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Background A candidate pandemic influenza H5N1 vaccine

should provide rapid and long-lasting immunity against

antigenically drifted viruses. As H5N1 viruses are poorly

immunogenic, this may require a combination of immune

potentiating strategies. An attractive approach is combining the

intrinsic immunogenicity of virosomes with another promising

adjuvant to further boost the immune response. As regulatory

authorities have not yet approved a surrogate correlate of

protection for H5N1 vaccines, it is important to test the

protective efficacy of candidate H5N1 vaccines in a viral challenge

study.

Objectives This study investigated in a murine model the

protective efficacy of Matrix-M adjuvanted virosomal influenza

H5N1 vaccine against highly pathogenic lethal viral challenge.

Methods Mice were vaccinated intranasally (IN) or

intramuscularly (IM) with 7Æ5 lg and 30 lg HA of inactivated

A ⁄ Vietnam ⁄ 1194 ⁄ 2004 (H5N1) (NIBRG-14) virosomal adjuvanted

vaccine formulated with or without 10 lg of Matrix-M adjuvant

and challenged IN with the highly pathogenic

A ⁄ Vietnam ⁄ 1194 ⁄ 2004 (H5N1) virus.

Results and conclusions IM vaccination provided protection

irrespective of dose and the presence of Matrix-M adjuvant, whilst

the IN vaccine required adjuvant to protect against the challenge.

The Matrix-M adjuvanted vaccine induced a strong and cross-

reactive serum antibody response indicative of seroprotection after

both IM and IN administration. In addition, the IM vaccine

induced the highest frequencies of influenza specific CD4+ and

CD8+ T-cells. The results confirm a high potential of Matrix-M

adjuvanted virosomal vaccines and support the progress of this

vaccine into a phase 1 clinical trial.
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Introduction

The influenza A H5N1 virus has since 2003 been reported to

infect nearly five hundred people causing serious illness with

mortality in more than 60% of cases.1 This has occurred

through sporadic transmission from birds to man, but reas-

sortment with other influenza A virus subtypes could lead to

a more transmissible and deadly virus. Furthermore, H5N1

viruses have evolved into different clades and subclades,

which are antigenically distinct. Therefore, an effective pre-

pandemic vaccine that provides protection against distinct

clades, in addition to drifted strains, is needed.

Vaccination is the best available method to limit the

impact of an influenza pandemic. H5N1 vaccines are less

immunogenic than both seasonal influenza and pH1N1

vaccines and an effective adjuvant is required to obtain

protective immune responses (reviewed in Ref. 2). The

immune stimulating complexes (ISCOMs) are cholesterol,

phospholipid and saponin containing adjuvants produced

from Quillaja saponaria Molina bark extract. The first gen-

eration of ISCOM based vaccines were produced by incor-

porating the antigen into the ISCOM particle.3 These early

ISCOMs contained a dozen different saponines, some of

which had an inacceptable toxicology profile in rodents

(reviewed in Ref. 4). It was later discovered that ISCOMs

were also effective when mixed with antigen immediately

prior to vaccination and these second generation ISCOMs

were named Iscom-Matrix (reviewed in Ref. 5). The third

generation ISCOM, Iscom-Matrix M (Matrix-M) was pro-

duced by incorporating two specific saponine fractions (A
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and C) into separate matrices leading to an improved

safety profile and comparable immunogenicity to the previ-

ous ISCOMs (unpublished data, K. Lövgren Bengtsson and

B. Morein).

It is generally accepted that whole virus vaccines are

more immunogenic than split vaccines in naı̈ve populations

but are also associated with higher incidence of adverse

reactions.6,7 One approach that combines the particulate

nature and hence immunogenicity of whole virus vaccines,

but in a more purified form is the virosomal vaccine (viro-

somes). Virosomes are produced by purifying the viral hae-

magglutinin and neuraminidase glycoproteins and

incorporating these into a virus-like particle. As the enve-

lope is reconstituted, virosomes have retained cell binding

and membrane fusion capabilities, and thus virosomal vac-

cines have been reported to be more immunogenic than

split and subunit vaccine formulations (reviewed in Ref. 8).

Furthermore, virosomal vaccines contain a lower amount

of residual egg proteins compared to whole vaccines and

are therefore less prone to cause allergic reactions (reviewed

in Ref. 9).

A needle-free intranasal influenza vaccine which may not

only provide immunity at the portal of viral entry but also

reduce viral transmission (reviewed in Ref. 10) is an attrac-

tive approach. Furthermore, intranasal vaccines may medi-

ate an enhanced cross-protective response against

antigenically drifted influenza viruses as mucosal IgA has a

wider specificity than serum IgG.11 However, intranasal

administration of influenza antigen alone is poorly immu-

nogenic in both humans and animals and novel mucosal

adjuvants that enhance the immunogenicity of intranasal

influenza vaccines are required (reviewed in Ref. 12).

Promising mucosal adjuvant activities have been shown by

cholera toxin B,13 Escherichia coli heat-labile enterotoxin14

and the bacterial second messenger bis(3,5)-cyclic dimeric

guanosine and inosine monophosphates.15,16 Previous gen-

erations of ISCOM have also shown promise as intranasal

adjuvants for influenza vaccine formulation although

requiring relatively high adjuvant doses (90–100 lg).17,18

Recent studies have found that candidate H5N1 pan-

demic vaccines can provide protection against highly path-

ogenic viral challenge in the absence of detectable HI

antibodies.19–21 In addition, serologic assays used as a sur-

rogate correlate of protection for seasonal vaccines have

shown limitations when used for evaluation of antibody

responses towards influenza H5N1. To evaluate the protec-

tive efficacy it is therefore important to conduct a challenge

study. In the study reported here, we evaluate the protec-

tive efficacy in mice of a Matrix-M adjuvanted virosomal

H5N1 vaccine administered intranasally (IN) and intramus-

cularly (IM). Protective efficacy was compared with the

kinetics of the humoural immune response assessed by

ELISA and haemagglutination-inhibition (HI), the cytokine

profiles and the qualitative and quantitative CD4+ and

CD8+ T-cell responses. This is the first report of protec-

tion against challenge induced by a Matrix-M adjuvanted

virosomal H5N1 vaccine, and our results support progres-

sion of the vaccine into a phase I human clinical trial.

Materials and methods

Vaccine and adjuvant
Inactivated influenza virosomal vaccine (Crucell, Leiden, the

Netherlands) was produced as previously described.7 The

vaccine strain was the reverse genetics seed virus (NIBRG-

14), derived from a reassortment between A ⁄ Vietnam ⁄
1194 ⁄ 2004 (H5N1) and A ⁄ Puerto Rico ⁄ 8 ⁄ 34 (H1N1) pro-

duced by the National Institute for Biological Standards

and Control (NIBSC), UK.22 Matrix-M adjuvant (Isconova,

Uppsala, Sweden ⁄ Crucell) was produced from purified Quil-

laia saponine extract and consists of mixtures of two sepa-

rately formulated saponine fractions, Matrix A and Matrix

C, mixed in proportions 91:9. The Matrix-M adjuvant and

antigen were mixed directly before vaccination.

Mice
Female BALB ⁄ c mice (6–8 weeks old) were purchased from

Charles River Laboratories (Kent, UK) and housed accord-

ing to the appropriate national regulations (Norway and

UK). The study was approved and conducted according to

Norwegian Animal Welfare Acts and the Animal (Scientific

Procedures) Act (UK).

Vaccination
Mice were IN or IM vaccinated with one or two doses

(21 days apart) of virosomal adjuvanted influenza A H5N1

vaccine with or without Matrix-M adjuvant (10 lg). The

study was divided into a protective efficacy and an immu-

nogenicity study. In both studies, four groups of mice (10

per group) were IM administered 7Æ5 or 30 lg HA, with or

without 10 lg Matrix-M, into the quadriceps muscles of

the hind leg (50–100 ll). Two groups of mice (10 per

group) were anaesthetized as previously described23 and IN

vaccinated with 7Æ5 lg HA (due to volume limitations only

the low dose was given IN), alone or with Matrix-M, by a

drop-wise administration of 5–5Æ5 ll vaccine per nostril

twice at 5-minute intervals. Two other groups of 10 mice

were used as controls and vaccinated with Matrix-M

(10 lg) and ⁄ or PBS by IM or IN administration. An over-

view of vaccination and sampling schedules is found in

Figure 1.

Protective efficacy study
The protective efficacy study was performed within the bio-

safety level 4 facility of the NIBSC. All procedures were car-

ried out according to the UK Home Office Licence
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regulations and the NIBSC Ethical Review Process

approved the study. The protective efficacy of the vaccine

was studied by infecting mice with the highly pathogenic

A ⁄ Vietnam ⁄ 1194 ⁄ 2004 H5N1 parent strain of NIBRG-14.

Three weeks after the second vaccination, each group of 10

mice was anaesthetized using ketamine (Vetalar; Pfizer

Limited, Kent, UK) and challenged IN with 100 times the

virus dose lethal to 50% of mice (MLD50) in 20 ll. Follow-

ing challenge, animals were weighed and observed for clini-

cal signs of disease (ruffled fur, neurological signs and

respiratory symptoms) for 14 days. Mice were euthanized

following excessive weight loss (>20%) or poor general

condition. Nasal wash samples [500 ll PBS ⁄ 0Æ14% bovine

serum albumin (BSA)] were collected at days 1–7 after

challenge to monitor viral shedding.

Virus recovery from nasal washes
The presence of replicative virus in the nasal washes of

challenged animals was quantified in confluent monolayers

of MDCK cells as previously described.19 Briefly, nasal wash

samples were diluted and incubated on confluent MDCK

cell monolayers. After 72 h incubation (35�C, 5% CO2) a

haemagglutination assay with 0Æ7% turkey red blood cells

was used to detect replicative viruses in the supernatant.

Wells were scored for the presence of virus and the titre

expressed as the 50% tissue culture infective dose (TCID50)

per ml. Titres were calculated by the Spearman–Karber

method.24,25

Immunogenicity study
The immunogenicity study was performed at The Influenza

Centre, University of Bergen, Norway. After vaccination,

sera and nasal washes (flushing twice with 350 ll

PBS + 0Æ05% BSA) were collected weekly throughout the

study and 21 days after first dose, five mice in each group

were sacrificed and cardiac blood collected, whilst the

remaining animals received a second dose of vaccine. Mice

that received the second vaccination were sacrificed 21 days

after the second dose and cardiac blood was collected. In

addition, mononuclear cells were isolated from spleens

using Lymphoprep� (Axis-Shield, Oslo, Norway) as previ-

ously described26 and resuspended in lymphocyte medium

[RPMI 1640 containing l-glutamine and supplemented with

0Æ1 mm non-essential amino acids, 10 mm Hepes pH 7Æ4,

1 mm sodium pyruvate, 100 IU ⁄ ml penicillin, 100 lg ⁄ ml

streptomycin, 0Æ25 lg ⁄ ml fungizone and 10% foetal calf

serum (FCS)] before use in the flow cytometry and bio-

plex cytokine assays.

Haemagglutination inhibition
Sera from day 21 after first and second dose were tested in

HI assay by standard methods using a 0Æ7% (v ⁄ v) turkey

erythrocyte suspension and a starting dilution of 1:8. The

homologous HI responses were evaluated using NIBRG-14-

virus (clade 1) and cross-reactive responses were evaluated

against reverse genetics modified A ⁄ Anhui ⁄ 1 ⁄ 05 (IBCDC-

RG-6) (clade 2Æ3Æ4) and A ⁄ Cambodia ⁄ R0405050 ⁄ 2007

(NIBRG-88) (clade 1). The serum HI titre was expressed as

the reciprocal of the highest dilution at which 50% hae-

magglutination was inhibited and negatives were assigned a

value of 4 for calculation purposes.

Detection of influenza specific antibodies
The influenza-specific serum or nasal wash immunoglobu-

lin classes and serum IgG subclasses (IgG1 and IgG2a) were

quantified using an ELISA assay, as previously

described27,28 except that plates were coated with A ⁄ Viet-

nam ⁄ 1194 ⁄ 2004 (H5N1) virosomes (2 lg ⁄ ml). The influ-

enza-specific antibody concentrations were calculated using

IgA, IgG, IgG1 and IgG2a standards and linear regression

of the log-transformed readings.

Cytokine detection
Cytokine secretion was investigated 21 days after the sec-

ond vaccination. Lymphocytes from spleens (106 cells ⁄ well)

were incubated (37�C, 5% CO2) for 72 h in 200 ll of lym-

phocyte medium containing 10 lg HA ⁄ ml of virosomal

H5N1 influenza antigen or medium alone. After incuba-

tion, the supernatants were removed and stored at )80�C

until used in the Bio-plex cytokine and IL-2 ELISA assays.

The Bio-plex (Bio-rad, Hercules, CA, USA) and IL-2 ELISA

(eBioscience, San Diego, CA, USA) cytokine kits were used

according to the manufacturer’s instructions to quantify

cytokines of the T helper 1 (Th1) (IFN-c, IL-2), Th2 (IL-4,

IL-5 and IL-10) and Th17 (IL-17) subsets. The cytokine

0
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Protective efficacy study

Sampling

Sacrifice
X

Challenge

Viral shedding

Days

X

X
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Figure 1. Overview of vaccination and sampling schedules The study

was divided into a protective efficacy and an immunogenicity study.

Groups of mice (10 per group) received intramuscular 7.5 or 30 lg HA,

with or without 10 lg Matrix-M, into the quadriceps muscles of the

hind leg (50–100 ll) or were intranasally vaccinated with 7.5 lg HA,

alone or with Matrix-M (10 lg). Control groups consisted of mice

receiving Matrix-M and ⁄ or PBS by intramuscular or intranasal

administration. In the immunogenicity study five mice in each group

were sacrificed at day 21 and the rest received a second vaccine dose.

In the protective efficacy study all mice received two doses of vaccine

and were challenged at day 41 with a lethal viral dose and observed for

viral shedding and weight changes. Sampling refers to nasal washes

and peripheral blood samples.
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concentrations for each individual mouse were calculated

by subtracting the basal release (concentrations in superna-

tants from cells incubated with lymphocyte medium alone)

from the concentrations in supernatants of cells stimulated

with H5N1 influenza antigen.

CD4+ and CD8+ T-cell responses
The influenza specific CD4+ and CD8+ T-cell responses

were measured by intracellular cytokine production. Live

splenocytes (106 cells ⁄ well) were incubated (37�C, 5% CO2)

overnight in 200 ll lymphocyte medium containing

10 lg ⁄ ml HA of virosomal H5N1 influenza antigen

(Crucell), 2 lg ⁄ ml anti-CD28 (Pharmingen, San Diego, CA,

USA) and 10 lg ⁄ ml Brefeldin A (BD Biosciences, San Jose,

CA, USA). Basal cytokine production was determined by

incubating splenocytes from vaccinated mice in lymphocyte

medium without antigen and the percentages of cytokine

positive cells were subtracted from that of influenza-stimu-

lated cells. As positive controls, cells were incubated in med-

ium containing the mitogens phorbol myristate acetate

(10 ng ⁄ ml) and ionomycin (250 ng ⁄ ml). Subsequently, cells

were stained for CD3, CD4, CD8, IFN-c, IL-2 and TNF-a
(BD Biosciences) using the BD Cytofix ⁄ Cytoperm kit

according to the manufacturer’s instructions and as previ-

ously described.29 Finally, cells (300 000 per sample) were

resuspended in PBS containing 5% FCS and 0Æ1% sodium

azide and light emission was measured by BD FACSCanto

flow cytometer. Data were analysed using FlowJo v8Æ8Æ6
(Tree Star, Ashland, OR, USA), Pestle v1Æ6Æ2 and SPICE

v5Æ0 (Mario Roederer; Vaccine Research Centre, NIH,

Bethesda, MD, USA) and multifunctional T cells were iden-

tified as previously described.28–30 T-cells were classified

based on cytokine IFN-c, IL-2 and TNF-a secretion as single

producers (one cytokine), double producers (two cytokines)

and triple producers (all three cytokines).

Statistical analysis
A two-tailed unpaired t-test [Prism v5Æ0a for Macintosh

and SPICE v5Æ0 (Mario Roederer)] was used to analyse dif-

ferences between groups and P-values <0Æ05 were consid-

ered significant.

Results

We have previously found that intramuscular administra-

tion of the virosomal Matrix-M adjuvanted H5N1 vaccine

induces a promising quantitative and qualitative CD4+ T-

cell response indicated by a high frequency of multifunc-

tional CD4+ T-cells in mice.28 Previous influenza H5N1

vaccines have been shown to be less immunogenic in

humans, generally requiring two doses to elicit a sufficient

immune response.31 To address the regulatory require-

ments, we thus conducted a detailed protective efficacy

and immunogenicity study with the proposed vaccine

strengths to be used in a clinical trial (7Æ5 and

30 lg HA).

Protection study
In this study, we have evaluated the protective efficacy of

a Matrix-M adjuvanted virosomal vaccine. Groups of 10

mice were used as controls or vaccinated with two doses

of 7Æ5 or 30 lg HA of virosomal adjuvanted influenza A

H5N1 vaccine alone or further adjuvanted with Matrix-

M and challenged 3 weeks after the second dose with

100 MLD50 of the highly pathogenic A ⁄ Viet-

nam ⁄ 1194 ⁄ 2004 (H5N1). Following challenge the mice

were evaluated for weight loss and clinical signs of dis-

ease for up to 14 days (Table 1). Nasal washings were

also collected daily from each mouse up to day 7 after

challenge to test for viral shedding. For non-vaccinated

control groups, the group receiving IM PBS is described

here, but similar results were found for two other groups

of 10 mice receiving PBS and Matrix-M adjuvant IN and

IM respectively.

All groups of mice displayed a temporary weight

decrease 1 day after challenge, which is probably due to the

anaesthetic, but the animals’ weights increased again by day

2 (Figure 2A). Two days post-challenge, seven control and

eight non-adjuvanted IN vaccinated mice had detectable

viral shedding from the nasal cavity (mean of

102 TCID50 ⁄ ml for both groups) and from day 3 these

mice started to lose weight dramatically (Figure 2A). These

mice also had signs of influenza disease, including ruffled

fur and reduced activity. By 6 days post-challenge, four

control mice had to be euthanized due to excessive weight

loss (>20%) and at day 7 the remaining mice in the con-

trol group were also euthanized due to clinical disease signs

or reduction in weight (Figure 2B). Two mice in the IN

non-adjuvanted group, died or were euthanized due to

signs of severe disease at 6 days post-challenge. A further

five mice in this group were euthanized at 7 and 8 days

post-challenge and one mouse at 10 days post-challenge.

Virus was recovered from the nasal cavity of all the unvac-

cinated mice and all except one of the mice vaccinated IN

without adjuvant (Figure 2C). This and two other mice

that were vaccinated IN with the non-adjuvanted vaccine

started to gain weight and survived the challenge. Thus, the

highly pathogenic A ⁄ Vietnam ⁄ 1194 ⁄ 2004 (H5N1) was fatal

to unvaccinated mice and also to mice vaccinated IN with

the non-adjuvanted vaccine. In contrast, the IM vaccinated

mice and the mice vaccinated IN with 7Æ5 lg HA formu-

lated with adjuvant lost little weight and all survived the

challenge. None of the IM vaccinated mice shed virus

except for one mouse in the 7Æ5 lg HA non-adjuvanted

group shedding 101Æ6 TCID50 ⁄ ml at day 4. Thus, the vac-

cine protected the mice from disease and death following

H5N1 vaccine confers protection against lethal viral challenge in a murine model
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viral challenge irrespective of adjuvant when administered

IM, whereas formulation with Matrix-M adjuvant was

required to protect the IN vaccinated mice.

Immunogenicity study

Haemagglutination inhibition antibody response
Despite the uncertainties in defining the correlates of pro-

tection for avian pandemic influenza vaccines, serum HI

titres of 40 are generally accepted by regulators as surro-

gates of protection.32 We have used a starting dilution of

1:4 and therefore an HI titre ‡32 endpoint as a surrogate

correlate of protection in this study. One dose (7Æ5 or

30 lg HA) of the Matrix-M adjuvanted vaccine given IM

induced HI titres ‡32 against the vaccinated H5N1 strain

(Figure 3A). After two doses, the vaccine induced HI anti-

bodies against the homologous strain in all vaccinated

groups and HI titres of ‡32 were achieved in all vaccinated

groups with the exception of two IN vaccinated mice that

did not receive Matrix-M. The highest geometric mean

titres (GMT) of 1024 were found in IM vaccinated mice

receiving 7Æ5 or 30 lg HA formulated with Matrix-M adju-

vant. The mice vaccinated IN with 7Æ5 lg HA had the low-

est HI GMT, but after two doses of vaccine, the adjuvanted

group obtained titres well above the protective threshold

(GMT 256). In contrast, the virosomal vaccine alone IN

group had a GMT of 16, which correlated with the protec-

tive efficacy study where the corresponding group suffered

from disease and death following lethal viral challenge.

Cross-reactive antibody response
Pandemic vaccines should be able to induce protection

against drifted influenza strains, and the geographically dis-

tinct H5N1 clades. We have therefore tested for cross-reac-

tive serum HI antibody against the clade 2Æ3Æ4 virus

IBCDC-RG-6 and the clade 1 virus NIBRG-88. After two

vaccine doses an HI titre ‡32 was found against the cross-

clade IBCDC-RG-6 in all IM vaccinated mice (Figure 3B),

whilst only mice immunized with the Matrix-M adjuvanted

vaccine had HI titres ‡32 against NIBRG-88 (Figure 3C).

Generally, higher HI titres were found against IBCDC-RG-

6 than NIBRG-88 (up to GMT 1024 and 128 respectively)

Table 1. Protection against lethal viral challenge

Group Parameter

Mouse

1 2 3 4 5 6 7 8 9 10

Control Max weight loss (g) 5Æ5 5Æ3 3Æ4 4Æ6 4Æ0 4Æ5 4Æ6 3Æ4 3Æ8 4Æ7
Viral shedding days 3 ⁄ 7 4 ⁄ 7 4 ⁄ 7 4 ⁄ 7 4 ⁄ 7 4 ⁄ 7 5 ⁄ 7 5 ⁄ 7 3 ⁄ 7 4 ⁄ 7
Died+(day) +(6) +(7) +(6) +(6) +(6) +(7) +(7) +(7) +(7) +(7)

7Æ5 ug

IN-

Max weight loss (g) 1Æ3 4Æ6 4Æ2 2Æ6 6Æ2 5Æ4 4Æ6 2Æ9 5Æ3 4Æ6
Viral shedding days 1 ⁄ 7 3 ⁄ 7 1 ⁄ 7 – 1 ⁄ 7 1 ⁄ 7 1 ⁄ 7 2 ⁄ 7 2 ⁄ 7 3 ⁄ 7
Died+(day) – +(8) +(8) – +(10) +(7) +(7) – +(6) +(6)

7Æ5 lg

IN +

Max weight loss (g) 0Æ8 0Æ7 0Æ7 0Æ8 – 1Æ1 1Æ1 0Æ1 – 1Æ7
Viral shedding days No viral shedding

Died+(day) All survived

7Æ5 lg

IM-

Max weight loss (g) – 0Æ3 0Æ4 0Æ7 1Æ2 0Æ4 1Æ1 0Æ6 1Æ3 0Æ6
Viral shedding days – – 1 ⁄ 7 – – – – – – –

Died + (day) All survived

7Æ5 lg

IM+

Max weight loss (g) 1Æ3 0Æ4 1Æ3 0Æ8 0Æ3 0Æ9 0Æ4 – 0Æ4 –

Viral shedding days No viral shedding

Died+ (day) All survived

30 lg

IM-

Max weight loss (g) 1Æ1 1Æ0 0Æ8 0Æ3 – 0Æ5 1Æ4 1Æ2 1Æ1 0Æ9
Viral shedding days No viral shedding

Diedt(day) All survived

30 lg

IM +

Max weight loss (g) 0Æ6 – 0Æ5 1Æ1 1Æ2 1Æ4 1Æ0 1Æ0 0Æ9 0Æ3
Viral shedding days No viral shedding

Died+(day) All survived

The table presents the outcome following highly pathogenic viral challenge. Mice were divided into groups of 10, which either received only PBS

or PBS and Matrix-M adjuvant (control) or were intranasally (IN) or intramuscularly (IM) vaccinated with two doses of 7Æ5 or 30 lg of virosomal

influenza H5N1 (RG-14) vaccine with (+) or without (-) Matrix-M adjuvant (10 lg). Maximum weight loss (max weight loss) is defined as the total

drop in weight from pre-challenge values, irrespective of any weight gain, experienced by each individual mouse for 14 days post-challenge. Viral

shedding was measured for 7 days and is presented as the number of days out of the seven that the individual mouse shed virus. The time point

at which diseased mice died is shown in brackets.
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Figure 2. Survival and weight loss following challenge Groups of ten

mice were either used as a control group or vaccinated with virosomal

influenza H5N1 (RG-14) vaccine, with (+) or without ()) Matrix-M

adjuvant, by the intranasal (IN) or the intramuscular (IM) route. Three

weeks after the second dose the mice were challenged with 100 MLD50

of highly pathogenic A ⁄ Vietnam ⁄ 1194 ⁄ 2004 (H5N1) virus. (A) The mice

were weighed for 14 days and observed for clinical parameters of

disease. The curve numbers state remaining mice in the respective

groups on the specific days (survival) and the mean weight is based

upon remaining mice. (B) Survival curve. (C) Nasal wash (NW) samples

were collected daily up to seven days post challenge and analysed for

presence of replicative virus (log10 TCID50 ⁄ ml) using MDCK cells.

Errorbars indicate SEM.
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Figure 3. Haemagglutination inhibition response Mice were

intranasally (circles) or intramuscularly (triangles) vaccinated with one or

two doses (three weeks apart) of virosomal vaccine (7,5 or 30 lg

HA ⁄ dose) alone or with 10 lg of Matrix-M adjuvant (filled symbols).

The serum HI response was determined three weeks after first and

second dose respectively towards NIBRG-14 (A), IBCDC-RG-6 (B) and

NIBRG-88 (C). The data show the geometric mean titre ±95%

confidence interval obtained from 5 mice in each group and is based

on geometric mean titre of three independent experiments. The dotted

line represents an HI titre of 32.
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and interestingly, only one dose of Matrix-M adjuvanted

vaccine was necessary to confer protective HI levels (GMT

64) towards IBCDC-RG-6 irrespective of the route of

administration. The results thus show that the vaccine

induced a better cross reactivity towards the clade 2Æ3Æ4
virus IBCDC-RG-6 than the clade 1 virus NIBRG-88.

Influenza specific antibody response
The vaccine induced high levels of influenza specific IgG

antibodies, especially after the second dose (Figure 4A and

B). The IgG antibody responses were higher in the IM vac-

cinated (up to 1500 lg ⁄ ml), compared with the IN vacci-

nated (up to 320 lg ⁄ ml) groups. From 2 weeks after the

first dose and throughout the study, regardless of adminis-

tration route, significantly higher antibody concentrations

(P < 0Æ05) were found in animals vaccinated with the

Matrix-M adjuvanted vaccine compared to the non-adju-

vanted groups. For the IgG subclasses (IgG1 and IgG2a),

the IM adjuvanted vaccine induced a mixed T-helper

response (Figure 4C) indicated by production of both IgG1

(up to 1000 lg ⁄ ml) and IgG2a (up to 450 lg ⁄ ml) (data

not shown). By contrast, the virosomal alone IM and the

IN vaccinated groups had a bias towards IgG1. A Th2

polarized response was thus induced in the non-adjuvant-

ed, but also the IN adjuvanted, vaccine groups.

Local IgA can prevent viral infection at the portal of

entry in the nasal cavity and is thought to be more cross-

reactive than IgG.33–35 We therefore measured influenza

specific IgA in the serum and nasal washes from immu-

nized mice (Table 2). No IgA was found in the IM vacci-

nated mice. However, for the IN vaccinated mice, IgA

levels in the serum were significantly higher (P < 0Æ05) in

the Matrix-M adjuvanted compared to the non-adjuvanted

animals. The nasal wash IgA levels were also higher in mice

that had received adjuvant compared to the non-adjuvant-

ed group, although the difference was only significant

(P < 0Æ05) at 1 week after the second dose. In the protec-

tive efficacy study, the IN Matrix-M adjuvanted group was

protected against challenge in contrast to the non-adjuvant-

ed group.

Cytokine response
The Th1 (IL-2 and IFN-c), Th2 (IL-4, IL-5 and IL-10) and

Th17 (IL-17) cytokine profiles of the vaccinated mice were

determined in ex vivo stimulated splenocytes isolated

3 weeks after the second dose (Figure 5). All groups pro-

duced the INF-c upon stimulation and in the IM vacci-

nated mice, the inclusion of Matrix-M significantly

(P < 0Æ05) increased the production of IFN-c compared to

their non-adjuvanted counterparts. However, Matrix-M did

not augment the IFN-c response in the IN vaccinated mice

(2 ng ⁄ ml produced in both groups). The Th2 cytokines IL-

4, IL-5 and IL-10 were detected in all vaccinated animals
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Figure 4. Influenza specific IgG and IgG subclass antibody response

Mice were intranasally (IN) or intramuscularly (IM) vaccinated with

virosomal influenza H5N1 (RG-14) and Matrix-M adjuvant (+) or antigen

alone ()). The serum influenza specific IgG, IgG1 and IgG2a

concentrations induced after vaccination was measured by ELISA. The

IgG concentration was measured at 7, 14 and 21 days (A) and 28, 35

and 42 days (B), whilst the IgG2a ⁄ IgG1 ratio was determined at day 21,

28, 35 and 42 days (C) post vaccination. Each column represents mean

IgG antibody concentration (lg ⁄ ml) or mean IgG2a ⁄ IgG1 ratio (a ratio

below 1.0 indicates a bias towards IgG1) from five vaccinated

mice ± SEM. * Indicates groups with significantly higher IgG

concentrations as compared to the other vaccine groups and ⁄ or the

control group (Two-tailed unpaired T-test, P < 0.05). N.D., not detected.
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and the highest concentrations (60 pg ⁄ ml IL-4, 10 ng ⁄ ml

IL-5 and 1 ng ⁄ ml IL-10) were found in mice vaccinated

with adjuvanted 7Æ5 or 30 lg HA vaccine by the IM route.

Matrix-M adjuvanted vaccine induced the highest Th2

cytokine concentrations, which were significantly

(P < 0Æ05) higher for IL-5 and IL-10 cytokines compared

to the virosomal alone groups. Thus, vaccination induced

all the analysed Th2 cytokines and high concentrations of

IFN-c particularly from the adjuvanted IM groups and the

cytokine profile agrees with the mixed Th1 ⁄ Th2 profile

which was observed for the IgG antibody subclasses. Inter-

estingly, the Th17 cytokine IL-17 was only produced from

splenocytes isolated from IN vaccinated mice, supporting

the induction of a different type of immune response when

using this route of administration compared with the IM

route.

The CD4+ and CD8+ T-cell responses
The ability of CD4+ T-cells to simultaneously secrete more

than one type of the cytokines TNF-a, IFN-c and IL-2 can

predict the degree of protection against Leishmania major29

and may be related to a good clinical outcome following

HIV-2 infection.30,36 These multifunctional cells may also

play an important role in protective efficacy of influenza

vaccines. Therefore, we have evaluated the ability of CD4+

Th1 cells from the vaccinated mice to secrete one or more

of the cytokines TNF-a, IFN-c and IL-2 (Figure 6A). All

three cytokines were produced and all IM vaccinated

groups had significantly higher (P < 0Æ02) frequencies of

cytokine producing cells as compared to the control group.

The highest percentages of cells producing each individual

cytokine were found in the Matrix-M adjuvanted IM

groups. These groups had significantly more (P < 0Æ05)

TNF-a, IFN-c and IL-2 cytokine positive T-cells as com-

pared to all other groups. For the IN vaccinated groups, a

lower number of cytokine producing cells was elicited, but

inclusion of Matrix-M led to a significantly higher

(P < 0Æ05) percentage of IFN-c and IL-2 cytokine produc-

ing cells compared to the group receiving only virosomes.

The percentages of cytokine producing CD8+ T-cells were

generally lower than those of CD4+ T-cells (Figure 6B).

Table 2. IgA response induced after vaccination

Days post first dose Days post second dose

Group 7 14 21 7 14 21

Serum IN) N.D. M.D. N.D. 138 (25)* 153 (26)* 170 (40)*

IN+ N.D. 293 (86) 275 (72) 5490 (1025) 3231 (598) 3111 (501)

IM+ ⁄ )
Control

N.D.

NW IN) N.D. N.D. N.D. 60 (11)* 25 (5) 9 (3)

IN+ N.D. N.D. N.D. 142 (16) 74 (26) 14 (3)

IM+ ⁄ )
Control

N.D.

The table presents the local and systemic influenza specific IgA response. 7Æ5 lg HA of virosomal influenza H5N1 (RG-14) vaccine was adminis-

tered intranasally (IN) or intramuscularly (IM) with (+) or without (-) Matrix-M adjuvant. Serum and nasal wash (NW) samples were collected 7, 14

and 21 days after the first and second dose and IgA concentration measured by ELISA. The IgA concentration is presented in ng ⁄ ml and brackets

indicate SEM. *Statistically different from the adjuvanted group (P < 0Æ05, two-tailed unpaired t-test). N.D.: not detected.
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Figure 5. Cytokine production from in vitro activated lymphocytes

Groups of ten mice were either used as control or vaccinated with

virosomal influenza H5N1 (RG- 14) vaccine, with (+) or without ())

Matrix-M adjuvant, by the intransal (IN) or the intramuscular (IM) route.

Splenocytes were isolated three weeks after second dose and incubated

for 72 hours with 10 lg ⁄ ml virosomal H5N1 RG-14 before analysis by

ELISA (IL-2) or Bioplex. Each row represents mean values from five mice

±SEM. * Indicates groups with significantly higher cytokine

concentrations as compared to the other vaccine groups and ⁄ or the

control group (Two-tailed unpaired T-test, P < 0.05).
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The highest numbers of IFN-c producing CD8+ cells were

found in the adjuvanted 7Æ5 lg IM and IN groups. Also

IL-2 and TNF-a producing cells were more represented in

the Matrix-M adjuvanted IM groups compared with all

other groups (significantly higher, P < 0Æ05).

Importantly, when administered IM, the vaccine induced

CD4+ T-cells to simultaneously produce two or three cyto-

kine types (Figure 7A). This was also most prominent for

the Matrix-M adjuvanted groups and the percentage of

cells simultaneously producing all three cytokines, or any

combination of two cytokines, was significantly higher

(P < 0Æ05) for the group receiving the 30 lg adjuvanted

dose as compared to the group receiving virosomes alone.

In contrast to the IM groups, only a small percentage of

cells from the IN vaccinated and the control mice pro-

duced more than one cytokine. The control and IN vacci-

nated mice produced almost exclusively one cytokine type,

whilst the IM administered vaccine induced a CD4+ T-cell

multifunctionality, with cells simultaneously secreting two

or more cytokines. Interestingly, the median fluorescence

intensity for each cytokine was higher for cells producing

two or three cytokines simultaneously (Figure 7B). Thus,

cells from the 30 lg adjuvanted group producing all three

cytokines simultaneously had a significantly higher

(P < 0Æ05) MFI for each individual cytokine compared with

cells producing only one cytokine. In addition to produc-

ing more than one type of cytokine, the multifunctional

cells are thus also able to produce higher concentrations of

each individual cytokine illustrating that these cells may

serve an important effector function.

Discussion

Before the spring of 2009 it was speculated that the cause

of the next pandemic would be H5N1 influenza transmit-

ted from birds to humans. This was not the case, but the

risk of an H5N1 pandemic has probably never been higher

due to the increased possibility of reassortment between

bird and swine influenza viruses.37,38 Pandemic avian can-

didate vaccines have thus far been poorly immunogenic,

requiring two immunizations and adjuvants to elicit an

adequate immune response. Effective immune potentiating

strategies are therefore needed. Our results show that the

Matrix-M adjuvanted virosomal H5N1 vaccine induces a

strong protective and cross-reactive immune response both

by IN and IM administration and thus, the vaccine is an

attractive human pandemic vaccine candidate. The vaccine

induced protection against lethal challenge in the group

receiving adjuvanted vaccine by the IN route, whilst mice

in the virosomal alone IN group suffered from severe dis-

ease and seven out of ten mice died. Thus, the ability of IN

administered Matrix-M adjuvanted virosomal vaccine to

protect against lethal viral challenge confirms a high effec-

tiveness of Matrix-M as an IN adjuvant. This is in agree-

ment with previous studies using higher doses of ISCOM

(90 lg) and Iscom-Matrix (100 lg).17,18 Also, in this study

we found an augmentation of the Matrix-M mucosal adju-

vant properties by using a higher antigen dose (7Æ5 lg HA)

compared with the dose (5 lg HA) we have previously

studied.28 All IM vaccinated groups were also protected

against challenge with the highly pathogenic parent virus.

This suggests a sufficient intrinsic immunogenicity of the

virosomal H5N1 vaccine when used IM and thus, it was

not possible to observe the Matrix-M adjuvant effect on

protection from viral challenge in the IM groups. This
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Figure 6. The intracellular CD4+ and CD8+ T-cell cytokine response

Mice were vaccinated intramuscularly (IM) or intranasally (IN) with 7.5

or 30 lg HA of virosomal influenza H5N1 (RG-14) vaccine formulated

with (+) or without ()) Matrix-M adjuvant. Splenocytes were isolated

three weeks after second dose and in vitro activated with 10 lg ⁄ ml

virosomal H5N1 RG-14 for 72 hours before fixation, intracellular

cytokine staining for CD3, CD4, CD8, IFN-c, IL-2 and TNF-a and analysis

by flow cytometry. Data is presented as the percentage of cytokine

producing (A) CD4+ cells and (B) CD8+ cells. *Indicates groups with

significantly higher percentages of cytokine producing CD4+ or CD8+

T-cells as compared to the other vaccine groups and ⁄ or the control

group (Two-tailed unpaired T-test, P < 0.05).
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finding has prompted ongoing pilot murine challenge stud-

ies using lower doses of the virosomal vaccine. In prelimin-

ary experiments, we analysed the effect of low antigen

doses of virosomal vaccine to provide a platform for future

analysis of adjuvants. Strikingly, the virosomal vaccine

alone protected mice from death at doses as low as 0Æ04 lg

HA (Table 3), although all these mice had virus in the

lower respiratory tract, which was not observed with the

higher doses (1 and 5 lg HA). A further group of mice

receiving a single dose of 1 lg virosomal vaccine alone also

experienced transient weight loss, but all the mice survived

challenge (data not shown). Interestingly, we found that a

single dose of Matrix-M adjuvanted virosomal vaccine

(7Æ5 lg HA) elicited similar HI antibody titres (GMT 196)

as found in the protected virosomal alone IM 7Æ5 lg HA

group, suggesting that a single dose of Matrix-M adjuvant-

ed vaccine would also provide protection. Furthermore, the

A

B

Figure 7. The polyfunctional CD4+ T-cell cytokine response after vaccination Mice were vaccinated intramuscularly (IM) or intranasally (IN) with 7.5

or 30 lg HA of virosomal influenza H5N1 (RG-14) vaccine formulated with (+) or without ()) Matrix-M adjuvant. Splenocytes were isolated three

weeks after second dose and in vitro activated with 10 lg ⁄ ml virosomal H5N1 RG-14 for 72 hours before fixation, intracellular cytokine staining for

IFN-c, IL-2 and TNF-a and flow cytometric analysis. (A) The columns show, for each vaccine group, the frequency of CD4+ T-cells (%) producing the

different possible combinations of the cytokines IFN-c, TNF-a and IL-2. *Indicates groups with significantly higher percentages of cytokine producing

CD4+ T-cells as compared to the other vaccine groups and ⁄ or the control group (Two-tailed unpaired T-test, P < 0.05). (B) In addition to producing

more than one cytokine type, the polyfunctional T-cells also had the highest production of the individual cytokines as indicated by median

fluorescence intensity (MFI). The MFI of the fluorophore conjugated antibodies for TNF-a, IL-2 and IFN-c were measured for cells that produced one

cytokine type (white columns), two cytokine types (light and dark grey columns) or all three cytokine types (black columns). MFI data is only

presented for intramuscularly vaccinated mice due to the low frequency of polyfunctional T-cells in the intranasal and control groups. *Indicates

significantly higher MFI for triple and ⁄ or double cytokine producing CD4+ T-cells as compared to single producers (Two-tailed unpaired T-test,

P < 0.05).

Table 3. Virosomal vaccine dose reduction

Control 0Æ04 0Æ2 1 5

Survival ·
p p p p

Weight loss
p

· · · ·
Lung titres

p p p
· ·

Nasal titres
p p p p p

The table presents the dose reduction studies of the virosomal vac-

cine. Groups of 20 mice were vaccinated IM with two doses

21 days apart of the virosomal vaccine (0Æ04, 0Æ2, 1 or 5 lg HA)

and challenged 3 weeks later with 100 MLD50 of A ⁄ Viet-

nam ⁄ 1194 ⁄ 2004 (H5N1). Ten mice in each group were sacrificed

on different days to test for the presence of virus in the lung and

nasal tissue, whilst the remaining mice were followed for 15 days to

monitor for changes in weight and clinical signs of disease.
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levels of cross-reactive HI antibodies against different

strains (GMT 128 for IBCDC-RG-6) suggest that the vac-

cine could be used for pre-pandemic vaccination. The

cross-protective capability of the vaccine against H5N1

viruses from different clades should be investigated in a

future murine challenge study.

A vaccine response consisting of both Th1 cells and Th2

cells is important for elimination of viral pathogens.39,40

The Matrix-M adjuvanted virosomal H5N1 vaccine elicited

a balanced Th response indicated by production of both

IgG1 and IgG2a antibodies in addition to Th1 (IFN-c) and

Th2 (IL-4, IL-5 and IL-10) cytokines. This finding is in

agreement with our previous results28 and to that observed

with the similar Iscom-Matrix adjuvant.5 But, in contrast,

results obtained with an IM administered Matrix-M adju-

vanted H9N2 vaccine showed that Matrix-M induced a

Th1 skewed type of immunity in mice.41 The contradictory

findings can be explained by a possible variation between

the studies in the fraction A and C proportions of the

Matrix-M adjuvant. Although, a more likely explanation is

that adjuvants cannot independently determine the Th

response, but that the type and formulation of viral antigen

also affects the response. The Th17 cytokine IL-17 was only

produced by lymphocytes isolated from IN vaccinated mice

and no significant difference in IL-17 concentration was

observed between the Matrix-M adjuvanted and virosomal

alone groups. IN vaccination has earlier been described as

eliciting IL-1742 and it has also been shown that IL-17 is

produced upon IN influenza viral challenge.43,44 In our

study IL-17 production did not coincide with protection

against lethal viral challenge and it remains to be elucidated

whether the Th17 cells have an important function in pro-

tection against influenza viral disease.

We have previously shown that IM administration of the

Matrix-M adjuvanted virosomal vaccine elicits high fre-

quencies of multifunctional CD4+ T-cells simultaneously

producing INF-c, IL-2 and TNF-a.20 In this study, we have

confirmed and extended our previous results by showing

that the multifunctional CD4+ T-cells also had a higher

cytokine production than the single producers as indicated

by MFI. We further found that the Matrix-M adjuvanted

vaccine induced a high percentage of CD8+ T-cells when

administered IM and importantly, it provided protection

from lethal viral challenge after both IN and IM adminis-

tration. A multifunctional T-cell response has previously

been associated with protection or an improved outcome

following disease.27,28,33 In this study the IN vaccinated

mice had the lowest multifunctional CD4+ T-cell response

irrespective of adjuvant use, but only the virosomal alone

IN vaccinated mice died from lethal viral challenge. A clear

association between the vaccines ability to elicit multifunc-

tional CD4+ T-cell responses and induce protection against

challenge was thus not found in this study. But, the mice

receiving vaccine formulated without adjuvant by the IN

route had a low percentage of cytokine producing T-cells

and the lowest levels of influenza specific IgG and haemag-

glutination inhibition antibody titres. From this study it

was therefore not possible to point out one single endpoint

as a surrogate correlate of protection and protection

appeared to be multifaceted illustrating the importance of

using a broad range of immunological methods combined

with a protective efficacy study when evaluating candidate

pandemic vaccines.

This is the first publication on the protective efficacy of

a virosomal H5N1 vaccine further adjuvanted with Matrix-

M. We conclude that both IM and IN administration of

the vaccine formulation is promising in terms of protection

against viral challenge and the studied immunogenicity

markers.
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