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Abstract
Background: Influenza virus infections are responsible for significant morbidity worldwide and therefore it remains
a high priority to develop more broadly protective vaccines. Adjuvation of current seasonal influenza vaccines has
the potential to achieve this goal.
Methods: To assess the immune potentiating properties of Matrix-M™, mice were immunized with virosomal
trivalent seasonal vaccine adjuvated with Matrix-M™. Serum samples were isolated to determine the hemagglutination
inhibiting (HAI) antibody titers against vaccine homologous and heterologous strains. Furthermore, we assess whether
adjuvation with Matrix-M™ broadens the protective efficacy of the virosomal trivalent seasonal vaccine against vaccine
homologous and heterologous influenza viruses.
Results: Matrix-M™ adjuvation enhanced HAI antibody titers and protection against vaccine homologous strains.
Interestingly, Matrix-M™ adjuvation also resulted in HAI antibody titers against heterologous influenza B strains, but
not against the tested influenza A strains. Even though the protection against heterologous influenza A was induced
by the adjuvated vaccine, in the absence of HAI titers the protection was accompanied by severe clinical scores and
body weight loss. In contrast, in the presence of heterologous HAI titers full protection against the heterologous
influenza B strain without any disease symptoms was obtained.
Conclusion: The results of this study emphasize the promising potential of a Matrix-M™-adjuvated seasonal trivalent
virosomal influenza vaccine. Adjuvation of trivalent virosomal vaccine does not only enhance homologous protection,
but in addition induces protection against heterologous strains and thus provides overall more potent and broad
protective immunity.
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Background
Influenza virus infections cause significant morbidity and
mortality, with 5 million severely ill and 250 –500.000
deaths annually, in particular among the elderly, the
immunocompromised and people with chronic diseases.
The estimated global attack rate of influenza virus is 5 –
10 % for adults and 20 – 30 % for children, which causes
large health and economic burdens for the society [1].
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Circulating seasonal influenza strains belong to A and B
viruses. Influenza A viruses are classified on the basis of
the antigenic properties of their hemagglutinin (HA) and
neuraminidase (NA) glycoproteins. To date, 18 HA
subtypes and 9 NA subtypes have been identified [2].
Influenza B viruses are classified in two lineages, B/Yamagata and B/Victoria [3]. While the host range of influenza
B viruses is limited to humans and seals [4], influenza A
viruses infect a broad range of hosts including humans,
birds and pigs [5]. There is a constant threat of influenza
A viruses crossing the species barrier and causing serious
disease burden in humans [6], as was recently demonstrated by human cases of avian H7N9 in China [7].
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Current trivalent seasonal influenza vaccines (TIV) are
designed to elicit protective immunity against two specific
influenza A strains (H1N1 and H3N2) and one B strain.
The vaccines are mainly based on HA and primarily induce
antibodies directed to the receptor binding site located on
the globular head of the HA molecule which prevent the
interaction of the virus with host cells and thereby block
viral entry. However, since the globular head of the HA is
highly variable [8, 9] seasonal vaccines require annual
updating to be effective. Each year the World Health
Organization provides recommendations for the composition of seasonal influenza vaccines, based on predictions
of the strains that will become dominant in the upcoming
season. These predictions are based on global monitoring
of the circulating H1N1, H3N2 and B strains, but this procedure is an error-prone process and mismatches between
circulating virus and vaccine strains occur frequently. A
particular challenge is posed by the fact that two B-strains
(one from each lineage) are co-circulating. In the last decade, the dominant strain was correctly predicted in only
50 % of the cases [10, 11].
Despite influenza strain variability, the HA contains
conserved epitopes that may be targeted by vaccination
[12–15]. For the development of a broadly protective influenza vaccine that protects against mismatched seasonal
strains and potential pandemic strains it may be beneficial
to redirect the immune response towards such conserved
epitopes.
A possible approach to this may be the use of adjuvants. It has been shown previously that adjuvants, such
as MF59, the AS03 adjuvant system and saponin-based
adjuvants have an ability to enhance and broaden the
immune response elicited by vaccination [16–26].
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Here we evaluated the ability of a seasonal trivalent
virosomal vaccine (TVV) adjuvated with the saponinbased adjuvant Matrix-M™ [27, 28] to elicit heterologous
hemagglutination inhibiting (HAI) antibodies and protection in mice. HAI antibodies are very potent at preventing
the entry of influenza virus into the cell, through blocking
the interaction between the HA head and cellular sialic
acid receptors, and in this way fully prevent infection
[29, 30]. Furthermore, the HAI titer is the only accepted
correlate of protection for influenza vaccines [31].
We demonstrate that Matrix-M™-adjuvated TVV improves homologous HAI titers and protection. In addition,
Matrix-M™-adjuvated TVV elicits heterologous HAI titers
against influenza B, but not against influenza A, and provides
protection against heterologous influenza strains in mice.

Results
Matrix-M™-adjuvated TVV elicits high homologous HAI
and protection

To investigate whether Matrix-M™ can enhance the overall
humoral immune responses after immunization with TVV,
we first evaluated vaccine homologous HAI responses in
mice against all three vaccine strains: H1N1, H3N2 and B.
A single immunization with a trivalent virosomal vaccine
(TVV) alone did not result in HAI responses against the
vaccine homologous H1N1 A/California/07/09 (non-significant compared to PBS, p = 1). Adjuvation with Matrix-M™
significantly enhanced the responses (p = 0.014 compared
to 1xTVV), to a level comparable to a prime-boost
immunization with TVV alone. A second immunization
with Matrix-M™-adjuvated TVV (TVV + MM) further significantly improved the HAI titers (p = 0.003 compared to
1xTVV + MM, Fig. 1, left panel, Additional file 1: Table S1).

Fig. 1 Matrix-M™ enhances homologous HAI responses induced by TVV. Mice (n = 8/group) were immunized with TVV (−) containing 3μg HA
per strain or TVV + MM (+). Three weeks later, serum samples were obtained and tested for HAI responses against vaccine homologous H1N1
A/California/07/09, H3N2 A/Perth/16/09 (A/Victoria/210/09-like), and B/Brisbane/60/08 (B/Victoria lineage). Black bars indicate medians of log2
transformed titers. (*p < 0.05, **p < 0.01, ***p < 0.001, compared to the vehicle control group (PBS) using Wilcoxon’s rank-sum test adjusted for
multiple comparisons). Results of the statistical comparisons between one and two immunizations and between immunizations with TVV and
TVV + MM are summarized in Additional file 1: Table S1
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Mice immunized with a single dose of TVV alone had
significant higher HAI titers against H3N2 A/Perth/16/
09 (a strain that shows 98.8 % amino acid homology
with the HA of the vaccine strain A/Victoria/210/09,
Additional file 5: Figure S4) compared to PBS (p < 0.001)
and adjuvation with Matrix-M™ further improved these
responses (p < 0.001 compared to 1xTVV). Prime-boost
immunization with TVV or TVV + MM did not further
significantly enhance the HAI response as compared to
single immunizations (p = 0.143 and p = 0.448, respectively,
Fig. 1, middle panel).
A pattern similar to that of the HAI response against
vaccine homologous H1N1 was observed for HAI responses against the B strain, where one immunization
with TVV + MM induced HAI titers against the vaccine
homologous B/Brisbane/60/08 strain (p < 0.001 compared
to PBS), and up to the level comparable to prime-boost
immunization with TVV alone. A second immunization
with TVV + MM significantly boosted the primary HAI
responses (p < 0.001 compared to 1xTVV + MM) (Fig. 1,
right panel).
Next we determined whether the enhanced homologous
HAI titers obtained after Matrix-M™ adjuvation of TVV
were associated with enhanced homologous protection.
Therefore, mice were immunized with various suboptimal
protective vaccine doses (suboptimal TVV doses were determined in a separate experiment, data not shown) with
or without the addition of Matrix-M™ followed by intranasal challenge with vaccine homologous strains H1N1 A/
Netherlands/602/09, H3N2 A/Perth/16/09 or B/Malaysia/
2506/04 (B/Victoria lineage) (sequence alignments in
Additional file 4: Figure S3, Additional file 5: Figure S4,
Additional file 6: Figure S5). The results demonstrate that
adjuvation with Matrix-M™ significantly improved TVVinduced protection against all three vaccine homologous
strains as compared to TVV alone. (p = 0.026, p < 0.001
and P < 0.001 in an across doses comparison for the homologous H1N1, H3N2 and B challenges respectively) (Fig. 2
and Additional file 2: Figure S1).
Matrix-M™-adjuvated TVV induces HAI responses against
heterologous influenza B, but not against influenza A
strains

In order to determine the breadth of the response, we
analyzed HAI responses induced by TVV and TVV +
MM against the heterologous influenza strains H1N1 A/
Brisbane/59/07, H3N2 A/Hong Kong/1/68 and B/Florida/
04/06 (B/Yamagata lineage). To compellingly assess the
breadth of the response of TVV + MM we selected strains
that show the highest difference possible in HA homology
compared to the corresponding subtypes in the vaccine
(the homology between the vaccine and challenge strains
is depicted in Fig. 3b and Additional file 4: Figure S3,
Additional file 5: Figure S4, Additional file 6: Figure S5).
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HAI titers against heterologous H1N1 and H3N2 strains
were not detected after 1 or 2 immunizations with TVV
or TVV + MM (Fig. 3a). Furthermore, no HAI responses
were detected against B/Florida/04/06 after one or two
immunizations with TVV. In contrast, after a single
immunization with TVV + MM, HAI titers were detected
in 4 out of 8 mice, although the overall group response
was not statistically significant (p = 0.154 compared to
PBS). The HAI response to the heterologous B strain was
increased after a second immunization with TVV + MM
(p = 0.003 compared to PBS) (Fig. 3a). We tested a second
strain of the B/Yamagata (B/Massachussets/01/12) lineage
and found also for this strain comparable levels of HAI
responses (Additional file 3: Figure S2B). These results
demonstrate that adjuvation of TVV leads to induction of
cross-reactive HAI against the two tested heterologous B
strains but not against the two heterologous A strains.
Matrix-M™-adjuvated TVV elicits protection against
heterologous influenza strains

To investigate whether adjuvation of TVV with Matrix-M™
improves protection against heterologous strains, mice
were immunized with a single dose of TVV or TVV +
MM (corresponding to 3μg of each HA as was used in
previous studies [32]). Four weeks later, mice were challenged with vaccine-heterologous wild-type derived mouse
adapted H1N1, H3N2, or influenza B virus (see Fig. 3b,
and sequence alignment Additional file 4: Figure S3,
Additional file 5: Figure S4, Additional file 6: Figure S5),
and monitored for 21 days for survival, body weight (Fig. 4)
and clinical signs (Additional file 3: Figure S2A).
Despite the absence of detectable HAI titers against
heterologous influenza A, Matrix-M™-adjuvated TVV was
able to provide significant protection against mortality after
heterologous challenge with H1N1 (A/Brisbane/59/07) and
H3N2 (A/Hong Kong/1/68) strains while immunizations of
non-adjuvated vaccine did not protect the animals against
weight loss and clinical signs or mortality (Fig. 4). Although
80 % (H1N1) and 100 % (H3N2) of animals survived
the challenge (p = 0.001 and p < 0.001 compared to PBS, respectively), they transiently lost substantial body weight and
experienced severe clinical symptoms, indicating that
this protection was not complete. However body weight
loss (p = 0.015 and p = 0.001 respectively) and clinical
scores (p < 0.001 and p < 0.001, respectively) were significantly lower compared to PBS.
We also investigated whether the enhanced crossreactive HAI response translated into enhanced protection
against vaccine heterologous B/Florida/04/06 (B/Yamagata
lineage). A single immunization with TVV alone protected
only 3 out of 10 mice, which was not statistically significant
(p = 0.412 compared to PBS). The mice lost substantial
body weight during the study period (p = 1 compared
to PBS) and exhibited severe disease symptoms (p = 1

Cox et al. Virology Journal (2015) 12:210

Page 4 of 10

100

100

75

75

50

25

0

0
14

21

100

100

75

75

50

0

0
14

14

21
15 µg TVV
5 µg TVV
1.7 µg TVV
0.6 µg TVV

25

7

7

50

25

0

3 ng TVV
0.3 ng TVV
0.03 ng TVV
PBS

0

% survival

% survival

7

30 ng TVV

50

25

0

H3N2

TVV+MM
Survival (%)

Survival (%)

H1N1

TVV

21

PBS

0

100

100

75

75

7

14

21
9 µg TVV

% survival

% survival

B

3 µg TVV

50

25

0

0
7

14

21

0.3 µg TVV

50

25

0

1 µg TVV
PBS

0

7

14

21

Fig. 2 Survival proportion of homologous challenged mice. Mice (6 or 10/group) were immunized once with different doses of seasonal trivalent
virosomal influenza vaccine (TVV) with or without Matrix-M™ or PBS and challenged with vaccine-homologous virus strains H1N1 A/Netherlands/
602/09, H3N1 A/Perth/16/09 or B/Malaysia/2506/04 and monitored for 21 days for survival, body weight loss and clinical symptoms (Additional file
2: Figure S1). Graphs represent Kaplan-Meier survival curves. The HA amino acid sequences of H1N1 A/Netherlands/602/09 and H1N1 A/California/
07/09 differ by 5 residues (99.5 % homology), those of H3N2 A/Perth/16/09 and H3N2 A/Victoria/210/09 differ by 7 residues (98.8 % homology),
and those of B/Malaysia/2506/04 and B/Brisbane/60/08 differ by 5 residues (99.2 % homology) (Additional file 4: Figure S3, Additional file 5: Figure S4,
Additional file 6: Figure S5)

compared to PBS). In contrast, immunization with TVV +
MM resulted in full protection (p < 0.001 compared to
PBS) with hardly any body weight loss (p < 0.001 compared
to PBS) and no clinical signs (p < 0.001 compared to PBS)
after challenge with the heterologous influenza B strain
(Fig. 4).

Discussion
Influenza vaccines need to be annually updated to efficiently protect against circulating strains. Therefore, it remains a high priority to establish broad reactive immunity
against influenza by vaccination. An attractive approach

may be to attempt redirecting the immune response
towards the conserved epitopes on the viral antigens
by adjuvated seasonal influenza vaccines.
It has previously been demonstrated that adjuvants
can enhance and broaden immune responses of seasonal
and pandemic vaccines in animal models and in humans
[16–24]. For example, MF59 (squalene oil-in-water emulsion [33] has been shown to enhance vaccine-elicited
humoral immune responses in animals [20, 34, 35] and in
humans [35–39] and it is currently licensed for use in
combination with a seasonal influenza vaccine (Fluad®).
Fluad and an MF59 adjuvated H5N1 pandemic vaccine

Cox et al. Virology Journal (2015) 12:210

Page 5 of 10

Fig. 3 The addition of Matrix-M™ induces HAI responses against a heterologous influenza B strain but not against heterologous H1N1 and H3N2
strains. a Mice (n = 7-8/group) were immunized with TVV (−) containing 3μg HA per strain or TVV + MM (+). Three weeks later, serum samples
were obtained and tested for HAI responses against H1N1 A/Brisbane/59/07 and H3N2 A/Hong Kong/1/68 and B/Florida/04/06 (B/Yamagata
lineage). Black bars indicate medians of log2 transformed titers (*p < 0.05, **p < 0.01, ***p < 0.001 compared to the vehicle control group (PBS)
using Wilcoxon’s rank-sum test adjusted for multiple comparisons). Comparisons between one and two immunizations and between immunizations
with TVV and TVV + MM are summarized in Additional file 1: Table S1. b Numbers indicate HA homology as percentages of amino acid similarity
(difference indicated in red) of the HA head region and of the whole HA sequence between vaccine strains and the assay virus strains (alignment of full
length HA’s in Additional file 4: Figure S3, Additional file 5: Figure S4, Additional file 6: Figure S5). H1/Cal = A/California/07/09. H1/Bris = A/Brisbane/59/
07. H3/Vic = A/Victoria/210/09. H3/HK = A/Hong Kong/1/68. B/Bris = B/Brisbane/60/08. B/Florida = B/Florida/04/06

candidate are known to induce H1 and H5 cross-reactive
HAI responses in ferrets [20] and in humans [16, 17,
36, 39], respectively. In adults, cross-reactive HAI responses were also detected against drifted H3N2 influenza
viruses [36]. MF59-adjuvated TIV also elicited some crossreactive HAI responses against heterologous influenza B
viruses in adults [37] but not in unprimed children [39].
Another adjuvant licensed for human use in combination with an H1N1 pandemic vaccine (Pandemrix®) is the
AS03 adjuvant system (α-tocopherol and squalene in an
oil-in-water emulsion [40]). It has been demonstrated, in
pre-clinical and clinical studies, that the AS03-adjuvated
H5N1 pandemic vaccines can elicit H5 cross-reactive HAI
responses which correlated to protection [18, 19, 41].

In our studies, we have used Matrix-M™, an adjuvant
that consists of a mixture of two purified and well characterized saponin fractions (Matrix-A and Matrix-C)
[27]. Compared to the original formulation that contained non-fractionated Quillaja saponins together with
viral antigens in a single particle [25], the individual particle formulation improves both adjuvant activity and the
safety profile in humans [21]. Matrix-M™ in combination
with TVV has been shown to enhance antibody and cellular
immune responses against influenza in mice [22] and
humans (Clinical-Trials.gov NCT01444482). Matrix-M™adjuvated virosomal H9N2 and H5N1 vaccines have been
evaluated in pre-clinical and clinical studies [21, 23, 42–45].
Mice immunized with an experimental H9N2 virosomal
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Fig. 4 Matrix-M™ adjuvated TVV enhances protection against heterologous H1N1 H3N2 and influenza B strains. Mice (n = 10/group) were
immunized once with TVV (containing 3μg HA per strain) with or without Matrix-M™. Four weeks later, mice were challenged with 25xLD50
of mouse-adapted heterologous H1N1 A/Brisbane/59/07, H3N2 A/Hong Kong/01/68 or B/Florida/04/06 and monitored for 21 days for
survival, body weight loss (clinical symptoms, Additional file 3: Figure S2A). Graphs represent the Kaplan-Meier survival curves (left) and
mean body weight change with 95 % confidence interval (right). Asterisks indicate statistically significant differences from the vehicle
control group (*p < 0.05, ** p < 0.01, ***p < 0.001, according to the materials and methods section)

vaccine showed enhanced homologous HAI responses [45].
In addition, cross-clade H5 HAI responses were observed
in mice that received a Matrix-M™-adjuvated H5N1
candidate vaccine compared to non-adjuvated H5N1
candidate pandemic vaccine in mice [23]. These findings
were later confirmed in humans [21, 43].
Most studies concerning adjuvated influenza vaccines
demonstrate cross-reactive responses against strains that
are closely related to the vaccine strain.
Recently, we have shown that mice immunized twice
with TVV + MM were protected from death after H5N1
and H7N7 challenge. Ferrets were partially protected
against H5N1, but not against H7N9 after two immunizations with TVV + MM [26].
In our study the H1N1 and H3N2 challenge strains only
show 87 % and 80 % homology (based on HA protein
sequence) with the corresponding vaccine strains and

yet a single immunization with TVV + MM could protect
mice against these influenza A strains.
The HA among influenza B strains is more conserved
compared to influenza A (>91 % based on HA protein
sequence as determined by alignment of the circulating
strains from 1970 to 2008, data not shown). Nonetheless,
the current TIV formulations are inadequate to elicit protection against both influenza B lineages, particularly in
naïve individuals [46, 47]. In addition, due to regular cocirculation of the strains from both lineages of influenza
B, it is particularly difficult to predict which influenza B
virus will be the dominant one in the upcoming season.
The frequent mismatch between the influenza B lineage
selected for seasonal vaccine and the dominant circulating
B lineage results in the poor efficacy of seasonal vaccines
against B strains [10]. One solution to improve vaccine efficacy against B strains is the inclusion of strains from
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both influenza B lineages in the vaccine, the so-called
quadrivalent influenza vaccine (QIV). An alternative approach may be the enhancement and broadening of the
vaccine-elicited immune response by an adjuvant such as
Matrix-M™. Our results demonstrate that a Matrix-M™
adjuvated seasonal trivalent virosomal vaccine elicits HAI
titers not only against vaccine homologous B/Brisbane/60/
08 but also against the vaccine mismatched B/Florida/04/
06 and B/Massachusetts/02/12 (93 % homology with the
vaccine strain for both) In addition to the enhanced protection against the vaccine matched B strain, full protection against a lethal challenge with the B/Florida/04/06
strain was achieved.
In contrast to influenza B, Matrix-M™-adjuvated TVV
did not elicit cross-reactive HAI responses against heterologous H1N1 or H3N2 influenza A strains. The lack of
cross-reactive influenza A HAI response is in agreement
with our previous study [26] and with studies that use a
monovalent H1N1 split influenza vaccine formulated as
ISCOMs [24, 48].
The presence of cross-reactive influenza B HAI and
the absence of cross-reactive influenza A HAI can be explained by the higher homology between the HA head of
the two B lineages, as compared to the homology for
H1N1 and H3N2 strains (Fig. 3b and Additional file 2:
Figure S1, Additional file 3: Figure S2, Additional file 4:
Figure S3). Similarly, cross-reactive HAI responses to
relatively more closely related H5N1 strains were shown to
be induced in mice immunized with a Matrix-M™-adjuvated
virosomal H5N1 vaccine (98.7 % and 96.5 % HA homology
of the NIBRG-88 and IBCDCRG-6 strains compared to the
NIBRG-14 vaccine strain, respectively) [23].
Considering that Matrix-M™-adjuvated TVV elicited
HAI titers against two heterologous influenza B strains
and provided full protection against challenge with the
heterologous B/Florida/04/06, it is conceivable that HAI
antibodies played a key role in protection, but does
not exclude the contribution of other immunological
mechanisms. Interestingly, despite the absence of HAI
titers against the two heterologous influenza A strains,
adjuvation with Matrix-M™ significantly improved TVVinduced protection against the heterologous H1N1
and H3N2 strains. In contrast to protection against
heterologous influenza B, protection against influenza
A was accompanied by the severe weight loss and disease
symptoms. It is conceivable that the mechanism of heterologous protection induced by Matrix-M™-adjuvated TVV
differs between influenza A and influenza B. We suggest
that cross-reactive HAI antibodies play a key role in
the protection against B/Florida/04/06. In the absence
of cross-reactive HAI titers, as is the case for the two
tested influenza A strains, other protective mechanisms are
likely to play a key role. These include neutralization mediated by HA stem-binding antibodies [12–14], antibody
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dependent cellular cytotoxicity (ADCC) [24, 48–50], or
T-cell mediated killing [24, 48, 51, 52]. The exact mechanism of protection against heterologous influenza A strains
induced by Matrix-M™-adjuvated TVV remains to be
identified.

Conclusion
The results of this study together with our previous
results [26] emphasize the promising potential of a
Matrix-M™-adjuvated seasonal trivalent virosomal influenza
vaccine. Adjuvation of trivalent virosomal vaccine does not
only enhance homologous protection, but in addition induces protection against heterologous strains and thus provides overall more potent and broad protective immunity.
Materials and methods
Statement of ethics

All mouse and ferret experiments were performed in accordance with Dutch legislation on animal experiments
and approved by the DEC Consult (Independent ethical
institutional review board).
Immunization

Six-to eight-week-old female BALB/c (H-2d) mice (specific pathogen-free) were purchased from Charles River
(France). H1N1 A/California/07/09, H3N2 A/Victoria/
210/09 and B/Brisbane/60/08 monovalent virosomes were
prepared by Crucell (Berne, Switzerland) using conventional procedures [53]. The monovalent virosomes were
mixed to obtain a trivalent virosomal vaccine (TVV).
Matrix-M™ (MM, 10μg/dose, Novavax AB, Uppsala,
Sweden) was mixed with TVV (at various doses, as indicated) before immunization (TVV + MM). Mice were
immunized intramuscularly (i.m.) 1 to 3-times with
TVV or TVV + MM 3 weeks apart with 100μl vaccine
(50 μl per hind leg). Control groups received 100 μl
PBS. Three weeks after the final immunization blood was
collected to assess serum HAI responses (data shown for
1x and 2x immunization only). In the challenge experiments mice received mouse adapted influenza virus four
weeks after the final immunization (data shown for 1x
immunization only).
Hemagglutination Inhibition (HAI) assay

HAI assays were performed as described before [45].
Briefly, sera were pre-absorbed with 0.5 % turkey red
blood cells (bioTRADING Benelux B.V., Mijdrecht, the
Netherlands) in PBS for 2 h. After removal by centrifugation, sera were treated for 16 h with receptor-destroying
enzyme (Sigma-Aldrich; St. Louis, MO, USA; diluted 1:25
in PBS) The receptor-destroying enzyme was heat inactivated for 30 min at 56°C. Two-fold serial dilutions of the
sera (initial dilution 1:8) were incubated for 1 h at room
temperature with influenza virus (H1N1 A/California/07/
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09 reassortant (NYMC X-181), H1N1 A/Brisbane/59/07,
H3N2 A/Perth/16/09, H3N2 A/Hong Kong/1/68, B/
Brisbane/60/08 reassortant (NYMC BX-35), B/Florida/
04/06, and B/Massachusetts/02/12) (see HA sequence
alignment in Additional file 4: Figure S3, Additional file
5: Figure S4, Additional file 6: Figure S5) standardized
to 8 hemagglutination units. Turkey red blood cells were
added and incubated for 60 min before hemagglutination
inhibition was determined. Each serum sample was tested
in duplicate. Titers were expressed as the reciprocal of the
highest dilution where complete agglutination inhibition
was observed.
Influenza challenge

Four weeks after the final immunization mice were anesthetized by intraperitoneal (i.p.) administration of 100 mg/
kg ketamine (Nimatek® 100 mg/ml, Eurovet, Cuijk, the
Netherlands) in combination with 20mg/kg xylazine
(Sedamun® 20 mg/ml, Eurovet). Mice were challenged
with 25xLD50 of (i) H1N1 A/Netherlands/602/09 or
mouse-adapted H1N1 A/Brisbane/59/07 or B/Florida/04/
06 (performed at Janssen Research and Development,
Leiden, the Netherlands) or (ii) mouse-adapted H3N2
A/Perth/16/09, H3N2 A/Hong Kong/1/68 or B/Malaysia/
2506/04 (performed at TNO Triskelion, Zeist, the
Netherlands) (HA sequence alignment see Additional file
4: Figure S3, Additional file 5: Figure S4, Additional file 6:
Figure S5) via the intranasal route (a total of 50μl, 25μl per
nostril). Notably, all challenge strains were wild-type or
wild-type derived and did not contain any PR8 derived
segments.
After challenge, mice were monitored for weight-loss,
clinical score and survival for 21 days or until humane
endpoint. Clinical scores for challenges performed at
Janssen Research and Development (i) were defined as:
0 = no clinical signs, 1 = rough coat, 2 = rough coat, less
reactive, passive during handling, 3 = rough coat, rolled
up, labored breathing, passive during handling, 4 = rough
coat, rolled up, labored breathing, unresponsive (=humane
endpoint) or found dead (=score 4).
Clinical scores for challenges at TNO (ii) were defined
as 0 = no clinical signs, 1 = rough coat, 2 = rough coat,
labored respiration 3 = rough coat, labored respiration,
hunched posture and/or blepharospasm, 4 = rough coat,
labored respiration, hunched posture, blepharospasm,
lethargic and/or thin/dehydrated. Humane endpoint was
defined as clinical score 4 for more than 2 consecutive
days (=score 5) and found dead = score 5.
Statistical analysis

Statistical differences between immunizations with TVV
with or without Matrix-M™ relative to negative control
group receiving PBS were evaluated for HAI titers. Additionally, the effect of two immunizations compared to
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one immunization and the effect of Matrix-M compared
to TVV alone were determined (Additional file 1: Table
S1). Data was log-transformed and comparisons between
groups were made using the Wilcoxon rank-sum test with
adjustment for multiple comparisons (2 fold Bonferroni
and for comparisons with PBS a stepwise approach testing
first 2x and then 1x vaccination).
In the challenge models the vaccine groups were compared to the vehicle control group for survival proportion,
change in body weight and clinical scores. For survival proportion after challenge, a Fisher’s exact test was performed.
For body weight loss and clinical score analysis, repeated
measurements in the challenge phase were summarized as
a single outcome per animal using an Area Under The
Curve (AUC) approach where missing values for animals
that died before day 21 were imputed with a lastobservation-carried-forward method. Body weight data
are expressed as the change relative to the day 0 measurement. The AUC was then defined as the summation
of the area above and below the baseline. An ANOVA
on AUC’s was done with group as explanatory factor.
Clinical scores were summarized as AUC per mouse
and groups were compared using a generalized linear
model with a cumulative logit distribution to compare
area under the curves for ordinal variable.
For the vaccine homologous challenges, survival proportion per dose was compared to the vehicle control
group using a 2-sided Fisher’s exact test. Across doses
TVV + MM was compared to TVV only in a logistic regression model with log(dose) as covariable, adjuvant as
factor and their interaction.
Statistical analyses were performed using SAS version
9.2 (SAS Institute Inc. Cary, NC, USA) and SPSS version
20 (SPSS Inc., IL, USA). Statistical tests were conducted
two-sided at an overall significance level of α = 0.05.

Additional files
Additional file 1: Table S1. Summary statistical analysis HAI assays.
(DOCX 17 kb)
Additional file 2: Figure S1. Body weight loss and clinical scores
following homologous challenges. Mice (6 or 10/group) were immunized
once with different doses of seasonal trivalent virosomal influenza
vaccine (TVV) with or without Matrix-M™ or PBS and challenged with
vaccine-homologous virus strains H1N1 A/Netherlands/602/09, H3N1 A/
Perth/16/09 or B/Malaysia/2506/04 and monitored for 21 days for survival,
body weight loss and clinical symptoms. Graphs represent mean
body weight changes with 95 % confidence interval and median clinical
scores with interquartile range. The HA amino acid sequences of H1N1 A/
Netherlands/602/09 and H1N1 A/California/07/09 differ by 5 residues (99.5
% homology), those of H3N2 A/Perth/16/09 and H3N2 A/Victoria/210/09
differ by 7 residues (98.8 % homology), and those of B/Malaysia/2506/04
and B/Brisbane/60/08 differ by 5 residues (99.2 % homology) (Additional
file 4: Figure S3, Additional file 5: Figure S4, Additional file 6: Figure S5).
(PDF 96 kb)
Additional file 3: Figure S2. Clinical scores of heterologous challenges.
A) Mice (n = 10/group) were immunized once with TVV (containing 3 μg
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HA per strain) with or without Matrix-M. Four weeks later, mice were
challenged with 25xLD50 mouse-adapted heterologous H1N1 A/Brisbane/
59/07, H3N2 A/Hong Kong/01/68 or B/Florida/04/06 and monitored for
21 days for survival, body weight loss and clinical symptoms Graphs
represent median clinical scores with interquartile range. Asterisks indicate
significance compared to the vehicle control group (*p < 0.05, ** p < 0.01,
***p < 0.001, according to the materials and methods section). B) Crossreactive influenza B HAI titers induced upon TVV + MM immunization. Mice
(n = 7-8/group) were immunized once or twice with TVV (−) (3μg HA
per strain) or TVV + MM (+). Three weeks after the last immunization,
serum samples were obtained and tested for HAI responses against B/
Massachusetts/02/12 (B/Yamagata lineage). Black bars indicate medians
of log2 transformed titers (*p < 0.05, **p < 0.01, ***p < 0.001 compared
to the vehicle control group (PBS) using Wilcoxon’s rank-sum test adjusted for
multiple comparisons). Comparisons between one and two immunizations
and between immunizations with TVV and TVV + MM are summarized in
Additional file 1: Table S1. (PDF 108 kb)
Additional file 4: Figure S3. Alignment of H1N1 strains based on
hemagglutinin amino acid sequence. H1/Cal = A/California/07/09
[GenBank: ACP44189.1], H1/NL = A/Netherlands/602/09 [GenBank
:AGU92700], H1/Bris = A/Brisbane/59/07 [GenBank: ADE28750.1]. Blue bar
indicates head domain defined as Cys59 to Cys292. (PDF 146 kb)
Additional file 5: Figure S4. Alignment of H3N2 strains based on
hemagglutinin amino acid sequence. H3/Vic = A/Victoria/210/09
[GenBank: AFM72883.1], H3/Perth = A/Perth/16/09 [GenBank: ACS71642.1],
H3/HK = A/Hong Kong/1/68 [GenBank: ACU79871.1]. Blue bar indicated
head domain defined as Cys68 to Cys293. (PDF 146 kb)
Additional file 6: Figure S5. Alignment of B-strains based on
hemagglutinin amino acid sequence. B/Bris = B/Brisbane/60/08 [GenBank:
ACN29380.1], B/Mal = B/Malaysia/2506/04 [GenBank: ACR15732], B/Florida =
B/Florida/04/06 [GenBank: ACF54246.1], B/Mass = B/Massachusetts/02/12
[GenBank: AGL06036.1]. Blue bar indicates head domain defined as Asn58 to
Glu307. (PDF 156 kb)

Page 9 of 10

3.

4.
5.

6.
7.
8.
9.

10.

11.

12.

13.

14.

15.

16.
Competing interests
All authors are or were employees of Janssen Research and Development,
Pharmaceutical companies of Johnson and Johnson or Novavax AB.
17.
Authors’ contribution
FC designed the experiments, interpreted the data and wrote the manuscript.
ES designed the animal studies and helped interpret the data and draft the
manuscript. MB acquired and analyzed the serological data and performed the
animal studies. MK and JT supported the design of the animal studies and
performed statistical analysis of the data. LD designed and coordinated the
animal studies. WK and KLB helped to draft the manuscript. JG and KR designed
the experiments, interpreted the data and helped to draft the manuscript. All
authors read and approved the manuscript.

18.

Acknowledgements
We thank Antonietta Impagliazzo for providing the structural analysis.

20.

Author details
1
Present Address: Infectious Diseases and Vaccines Therapeutic area, Janssen
Research and Development, Pharmaceutical companies of Johnson and
Johnson, Leiden, The Netherlands. 2Present Address: Janssen Prevention
Center, Center of Excellence of Janssen Research & Development, Janssen
Pharmaceutical companies of Johnson and Johnson, Leiden, The
Netherlands. 3Present Address: Novavax AB, Uppsala, Sweden. 4Present
Address: Sanofi, Global Biotherapeutics, Vitry-sur-Seine, France.

21.

22.

Received: 28 July 2015 Accepted: 23 November 2015

24.

References
1. WHO. Influenza. Fact sheet 211. 2009 http://www.whoint/mediacentre/
factsheets/fs211/en/.
2. Pica N, Palese P. Toward a universal influenza virus vaccine: prospects and
challenges. Annu Rev Med. 2013;64:189–202. PubMed PMID: 23327522.

25.

19.

23.

Rota PA, Wallis TR, Harmon MW, Rota JS, Kendal AP, Nerome K.
Cocirculation of two distinct evolutionary lineages of influenza type B virus
since 1983. Virology. 1990;175(1):59–68. PubMed PMID: 2309452.
Osterhaus AD, Rimmelzwaan GF, Martina BE, Bestebroer TM, Fouchier RA. Influenza
B virus in seals. Science. 2000;288(5468):1051–3. PubMed PMID: 10807575.
Webster RG, Bean WJ, Gorman OT, Chambers TM, Kawaoka Y. Evolution and
ecology of influenza A viruses. Microbiol Rev. 1992;56(1):152–79. PubMed
Pubmed Central PMCID: 372859.
Medina RA, Garcia-Sastre A. Influenza A viruses: new research developments.
Nat Rev Microbiol. 2011;9(8):590–603. PubMed.
Bao CJ, Cui LB, Zhou MH, Hong L, Gao GF, Wang H. Live-animal markets and
influenza A (H7N9) virus infection. N Engl J Med. 2013;368(24):2337–9. PubMed.
Knossow M, Skehel JJ. Variation and infectivity neutralization in influenza.
Immunology. 2006;119(1):1–7. PubMed Pubmed Central PMCID: 1782343.
Gerhard W, Yewdell J, Frankel ME, Webster R. Antigenic structure of
influenza virus haemagglutinin defined by hybridoma antibodies. Nature.
1981;290(5808):713–7. PubMed.
Ambrose CS, Levin MJ. The rationale for quadrivalent influenza vaccines.
Human Vaccines Immunotherapeutics. 2012;8(1):81–8. PubMed Pubmed
Central PMCID: 3350141.
Osterholm MT, Kelley NS, Sommer A, Belongia EA. Efficacy and effectiveness
of influenza vaccines: a systematic review and meta-analysis. Lancet Infect
Dis. 2012;12(1):36–44. PubMed.
Dreyfus C, Laursen NS, Kwaks T, Zuijdgeest D, Khayat R, Ekiert DC, et al.
Highly conserved protective epitopes on influenza B viruses. Science. 2012;
337(6100):1343–8. PubMed Pubmed Central PMCID: 3538841.
Ekiert DC, Bhabha G, Elsliger MA, Friesen RH, Jongeneelen M, Throsby M,
et al. Antibody recognition of a highly conserved influenza virus epitope.
Science. 2009;324(5924):246–51. PubMed.
Ekiert DC, Friesen RH, Bhabha G, Kwaks T, Jongeneelen M, Yu W, et al. A
highly conserved neutralizing epitope on group 2 influenza A viruses.
Science. 2011;333(6044):843–50. PubMed Pubmed Central PMCID: 3210727.
Ekiert DC, Kashyap AK, Steel J, Rubrum A, Bhabha G, Khayat R, et al. Crossneutralization of influenza A viruses mediated by a single antibody loop.
Nature. 2012;489(7417):526–32. PubMed.
Galli G, Hancock K, Hoschler K, DeVos J, Praus M, Bardelli M, et al. Fast rise of
broadly cross-reactive antibodies after boosting long-lived human memory
B cells primed by an MF59 adjuvanted prepandemic vaccine. Proc Natl
Acad Sci U S A. 2009;106(19):7962–7. PubMed.
Lopez P, Caicedo Y, Sierra A, Tilman S, Banzhoff A, Clemens R. Combined,
concurrent, and sequential administration of seasonal influenza and
MF59-adjuvanted A/H5N1 vaccines: a phase II randomized, controlled trial
of immunogenicity and safety in healthy adults. J Infect Dis. 2011;203(12):
1719–28. PubMed.
Baras B, de Waal L, Stittelaar KJ, Jacob V, Giannini S, Kroeze EJ, et al.
Pandemic H1N1 vaccine requires the use of an adjuvant to protect against
challenge in naive ferrets. Vaccine. 2011;29(11):2120–6. PubMed.
Baras B, Stittelaar KJ, Simon JH, Thoolen RJ, Mossman SP, Pistoor FH, et al.
Cross-protection against lethal H5N1 challenge in ferrets with an
adjuvanted pandemic influenza vaccine. PLoS One. 2008;3(1):e1401.
PubMed Pubmed Central PMCID: 2151135.
Forrest HL, Khalenkov AM, Govorkova EA, Kim JK, Del Giudice G, Webster
RG. Single- and multiple-clade influenza A H5N1 vaccines induce cross
protection in ferrets. Vaccine. 2009;27(31):4187–95. PubMed.
Cox RJ, Pedersen G, Madhun AS, Svindland S, Saevik M, Breakwell L, et al.
Evaluation of a virosomal H5N1 vaccine formulated with Matrix M adjuvant
in a phase I clinical trial. Vaccine. 2011;29(45):8049–59. PubMed.
Magnusson SE, Reimer JM, Karlsson KH, Lilja L, Bengtsson KL, Stertman L. Immune
enhancing properties of the novel Matrix-M adjuvant leads to potentiated immune
responses to an influenza vaccine in mice. Vaccine. 2013;31(13):1725–33. PubMed.
Pedersen G, Major D, Roseby S, Wood J, Madhun AS, Cox RJ. Matrix-M adjuvanted
virosomal H5N1 vaccine confers protection against lethal viral challenge in a
murine model. Influenza Other Respi Viruses. 2011;5(6):426–37. PubMed.
Sambhara S, Kurichh A, Miranda R, Tumpey T, Rowe T, Renshaw M, et al.
Heterosubtypic immunity against human influenza A viruses, including
recently emerged avian H5 and H9 viruses, induced by FLU-ISCOM vaccine
in mice requires both cytotoxic T-lymphocyte and macrophage function.
Cell Immunol. 2001;211(2):143–53. PubMed.
Morein B, Sundquist B, Hoglund S, Dalsgaard K, Osterhaus A. Iscom, a novel
structure for antigenic presentation of membrane proteins from enveloped
viruses. Nature. 1984;308(5958):457–60. PubMed.

Cox et al. Virology Journal (2015) 12:210

26. Cox F, Roos A, Hafkemeijer N, Baart M, Tolboom J, Dekking L, et al. Matrix-M
Adjuvated Seasonal Virosomal Influenza Vaccine Induces Partial Protection
in Mice and Ferrets against Avian H5 and H7 Challenge. PLoS One. 2015;
10(9):e0135723. PubMed Pubmed Central PMCID: 4581625.
27. Lovgren Bengtsson K, Morein B, Osterhaus AD. ISCOM technology-based
Matrix M adjuvant: success in future vaccines relies on formulation. Expert
Rev Vaccines. 2011;10(4):401–3. PubMed.
28. Bengtsson KL, Karlsson KH, Magnusson SE, Reimer JM, Stertman L. Matrix-M
adjuvant: enhancing immune responses by 'setting the stage' for the
antigen. Expert Rev Vaccines. 2013;12(8):821–3. PubMed.
29. Hirst GK. The Quantitative Determination of Influenza Virus and Antibodies
by Means of Red Cell Agglutination. J Exp Med. 1942;75(1):49–64. PubMed
Pubmed Central PMCID: 2135212, Epub 1942/01/01. eng.
30. Salk JE. A Simplified Procedure for Titrating Hemagglutinating Capacity of
Influenza-Virus and the Corresponding Antibody. J Immunol. 1944;49(2):87–98.
31. Wood JM, Levandowski RA. The influenza vaccine licensing process. Vaccine.
2003;21(16):1786–8. PubMed.
32. Roos A, Roozendaal R, Theeuwsen J, Riahi S, Vaneman J, Tolboom J, et al.
Protection against H5N1 by multiple immunizations with seasonal influenza
vaccine in mice is correlated with H5 cross-reactive antibodies. Vaccine.
2015;7. PubMed.
33. Valensi JP, Carlson JR, Van Nest GA. Systemic cytokine profiles in BALB/c
mice immunized with trivalent influenza vaccine containing MF59 oil
emulsion and other advanced adjuvants. J Immunol. 1994;153(9):4029–39.
PubMed.
34. Cataldo DM, Van Nest G. The adjuvant MF59 increases the immunogenicity
and protective efficacy of subunit influenza vaccine in mice. Vaccine. 1997;
15(16):1710–5. PubMed.
35. van den Brand JM, Kreijtz JH, Bodewes R, Stittelaar KJ, van Amerongen G,
Kuiken T, et al. Efficacy of vaccination with different combinations of MF59adjuvanted and nonadjuvanted seasonal and pandemic influenza vaccines
against pandemic H1N1 (2009) influenza virus infection in ferrets. J Virol.
2011;85(6):2851–8. PubMed Pubmed Central PMCID: 3067945.
36. Ansaldi F, Bacilieri S, Durando P, Sticchi L, Valle L, Montomoli E, et al. Crossprotection by MF59-adjuvanted influenza vaccine: neutralizing and
haemagglutination-inhibiting antibody activity against A(H3N2) drifted
influenza viruses. Vaccine. 2008;26(12):1525–9. PubMed.
37. Camilloni B, Basileo M, Di Martino A, Donatelli I, Iorio AM. Antibody
responses to intradermal or intramuscular MF59-adjuvanted influenza
vaccines as evaluated in elderly institutionalized volunteers during a season
of partial mismatching between vaccine and circulating A(H3N2) strains.
Immun Ageing. 2014;11:10. PubMed.
38. Vesikari T, Groth N, Karvonen A, Borkowski A, Pellegrini M. MF59-adjuvanted
influenza vaccine (FLUAD) in children: safety and immunogenicity following
a second year seasonal vaccination. Vaccine. 2009;27(45):6291–5. PubMed.
39. Vesikari T, Pellegrini M, Karvonen A, Groth N, Borkowski A, O'Hagan DT, et al.
Enhanced immunogenicity of seasonal influenza vaccines in young children
using MF59 adjuvant. Pediatr Infect Dis J. 2009;28(7):563–71. PubMed.
40. Morel S, Didierlaurent A, Bourguignon P, Delhaye S, Baras B, Jacob V, et al.
Adjuvant System AS03 containing alpha-tocopherol modulates innate
immune response and leads to improved adaptive immunity. Vaccine. 2011;
29(13):2461–73. PubMed.
41. Leroux-Roels I, Borkowski A, Vanwolleghem T, Drame M, Clement F, Hons E,
et al. Antigen sparing and cross-reactive immunity with an adjuvanted
rH5N1 prototype pandemic influenza vaccine: a randomised controlled trial.
Lancet. 2007;370(9587):580–9. PubMed.
42. Madhun AS, Haaheim LR, Nostbakken JK, Ebensen T, Chichester J, Yusibov V,
et al. Intranasal c-di-GMP-adjuvanted plant-derived H5 influenza vaccine
induces multifunctional Th1 CD4+ cells and strong mucosal and systemic
antibody responses in mice. Vaccine. 2011;29(31):4973–82. PubMed.
43. Pedersen GK, Madhun AS, Breakwell L, Hoschler K, Sjursen H, Pathirana RD,
et al. T-helper 1 cells elicited by H5N1 vaccination predict seroprotection. J
Infect Dis. 2012;206(2):158–66. PubMed.
44. Pedersen GK, Sjursen H, Nostbakken JK, Jul-Larsen A, Hoschler K, Cox RJ.
Matrix M adjuvanted virosomal H5N1 vaccine induces balanced Th1/Th2
CD4 T cell responses in man. Human Vaccines Immunotherapeutics. 2014;
23:10(8). PubMed.
45. Radosevic K, Rodriguez A, Mintardjo R, Tax D, Bengtsson KL, Thompson C,
et al. Antibody and T-cell responses to a virosomal adjuvanted H9N2 avian
influenza vaccine: impact of distinct additional adjuvants. Vaccine. 2008;
26(29–30):3640–6. PubMed.

Page 10 of 10

46. Belshe RB, Coelingh K, Ambrose CS, Woo JC, Wu X. Efficacy of live
attenuated influenza vaccine in children against influenza B viruses by
lineage and antigenic similarity. Vaccine. 2010;28(9):2149–56. PubMed.
47. Levandowski RA, Gross PA, Weksler M, Staton E, Williams MS, Bonelli J.
Cross-reactive antibodies induced by a monovalent influenza B virus
vaccine. J Clin Microbiol. 1991;29(7):1530–2. PubMed Pubmed Central
PMCID: 270149.
48. Sambhara S, Woods S, Arpino R, Kurichh A, Tamane A, Underdown B, et al.
Heterotypic protection against influenza by immunostimulating complexes
is associated with the induction of cross-reactive cytotoxic T lymphocytes. J
Infect Dis. 1998;177(5):1266–74. PubMed.
49. Jegaskanda S, Job ER, Kramski M, Laurie K, Isitman G, de Rose R, et al. Crossreactive influenza-specific antibody-dependent cellular cytotoxicity
antibodies in the absence of neutralizing antibodies. J Immunol. 2013;
190(4):1837–48. PubMed.
50. Jegaskanda S, Vandenberg K, Laurie KL, Loh L, Kramski M, Winnall WR, et al.
Cross-reactive influenza-specific antibody-dependent cellular cytotoxicity in
intravenous immunoglobulin as a potential therapeutic against emerging
influenza viruses. J Infect Dis. 2014. PubMed.
51. Bender BS, Croghan T, Zhang L, Small Jr PA. Transgenic mice lacking class I
major histocompatibility complex-restricted T cells have delayed viral
clearance and increased mortality after influenza virus challenge. J Exp Med.
1992;175(4):1143–5. PubMed Pubmed Central PMCID: 2119177.
52. Slutter B, Pewe LL, Kaech SM, Harty JT. Lung Airway-Surveilling CXCR3(hi)
Memory CD8(+) T Cells Are Critical for Protection against Influenza A Virus.
Immunity. 2014;39(5):939–48. PubMed.
53. Mischler R, Metcalfe IC. Inflexal V a trivalent virosome subunit influenza
vaccine: production. Vaccine. 2002;20 Suppl 5:B17–23. PubMed.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

