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Abstract
Influenza viruses continuously circulate in the human population and escape recognition by virus neutralizing antibodies induced
by prior infection or vaccination through accumulation of mutations in the surface proteins hemagglutinin (HA) and neuramin-
idase (NA). Various strategies to develop a vaccine that provides broad protection against different influenza Aviruses are under
investigation, including use of recombinant (r) viral vectors and adjuvants. The replication-deficient modified vaccinia virus
Ankara (MVA) is a promising vaccine vector that efficiently induces B and T cell responses specific for the antigen of interest. It
is assumed that live vaccine vectors do not require an adjuvant to be immunogenic as the vector already mediates recruitment and
activation of immune cells. To address this topic, BALB/c mice were vaccinated with either protein- or rMVA-based HA
influenza vaccines, formulated with or without the saponin-based Matrix-M™ adjuvant. Co-formulation with Matrix-M signif-
icantly increased HAvaccine immunogenicity, resulting in antigen-specific humoral and cellular immune responses comparable
to those induced by unadjuvanted rMVA-HA. Of special interest, rMVA-HA immunogenicity was also enhanced by addition of
Matrix-M, demonstrated by enhanced HA inhibition antibody titres and cellular immune responses. Matrix-M added to either
protein- or rMVA-based HA vaccines mediated recruitment and activation of antigen-presenting cells and lymphocytes to the
draining lymph node 24 and 48 h post-vaccination. Taken together, these results suggest that adjuvants can be used not only with
protein-based vaccines but also in combination with rMVA to increase vaccine immunogenicity, which may be a step forward to
generate new and more effective influenza vaccines.
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Introduction

Influenza A (H1N1 and H3N2) and B viruses cause respira-
tory tract infections and are responsible for substantial mor-
bidity and mortality during seasonal epidemics, particularly in
patients at high risk, such as the elderly. Due to accumulation
of mutations in the surface proteins hemagglutinin (HA) and
neuraminidase (NA), the antigenic properties of the virus
change continuously, resulting in escape from recognition by
neutralizing antibodies induced by prior infection or vaccina-
tion [1–3]. Furthermore, avian influenza viruses of various
subtypes have been shown to infect humans sporadically
[4–6]. Since virus neutralizing antibodies to these viruses are
virtually absent in the human population, they are considered
to have pandemic potential.

Currently used inactivated influenza vaccines contain com-
ponents from seasonal influenza viruses and aim at the
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induction of HA-specific neutralizing antibodies [7, 8].
Despite annual assessment of virus strains to be included in
the seasonal influenza vaccine, a mismatch between circulat-
ing influenza viruses and the vaccine strains occasionally
occurs, resulting in reduced vaccine effectiveness [9–11].
Furthermore, novel tailor-made influenza vaccines need to
be developed momentarily in case of an influenza virus
pandemic. Clearly, there is a need for improved influenza
vaccines that can be produced rapidly and are highly immu-
nogenic, inducing broadly protective immunity to various in-
fluenza viruses.

Presently, novel vaccine targets, adjuvants, and delivery
systems are under investigation to develop “next-generation”
influenza vaccines. Recombinant viral vaccine vectors,
including modified vaccinia virus Ankara (MVA) and adeno-
viruses, can be used to drive expression of any antigen of
interest, resulting in efficient induction of antigen-specific B
and T lymphocyte responses [12, 13]. Particularly, MVA is
considered to be of interest since it has an excellent safety
record in humans, including immunocompromised individ-
uals [12–15]. Design and rescue of recombinant (r)MVA ex-
pressing one or more antigens are relatively easy and can be
performed rapidly, and large numbers of vaccine doses can be
produced [12]. Previously, several rMVAvaccines expressing
HA from various influenza viruses have been evaluated
in vitro and in vivo and have shown to be immunogenic and
capable of inducing protective immunity against homologous
and heterologous influenza virus infections [13].

Another approach to enhance influenza vaccine immuno-
genicity is the use of adjuvants [16]. Adjuvants such asMF59,
AS03, Alum, ISCOMATRIX®, and Matrix-M™ adjuvant
have successfully been evaluated in clinical trials in combina-
tionwith seasonal and pandemic influenza vaccines, including
inactivated whole virus, split-virion, virosomal, and virus-like
particle vaccines [17–23]. Furthermore, MF59 and AS03 have
been approved for use in a seasonal and pre-pandemic A
(H5N1) influenza vaccine, respectively [24]. Matrix-M adju-
vant, made of Quillaja saponins formulated with cholesterol
and phospholipids into nanoparticles, is known to augment
Th1 and Th2 responses, induce antibodies of multiple sub-
classes, enhance immune cell trafficking, and allow antigen
dose-sparing [25–31]. Importantly, Matrix-M-adjuvanted vac-
cines have been shown to have an acceptable safety profile in
clinical trials [21–23]. Compared to other adjuvants,
Matrix-M performed as well or better in combination with
influenza vaccines in mice [27, 32].

In contrast to protein-based vaccines, which are poorly im-
munogenic without adjuvant, vector-based vaccines are gen-
erally thought not to require adjuvants due to the intrinsic
adjuvant activity of the vector backbone [33]. However, re-
cently, it was shown that immunogenicity of malaria and Rift
Valley Fever virus antigens expressed from adenovirus or
MVAwas improved by addition of Matrix-M [34, 35]. In the

present study, we show that the immunogenicity of both HA
protein- and MVA-based influenza vaccines was enhanced by
Matrix-M adjuvant. Co-formulation of either vaccine with
Matrix-M adjuvant increased absolute immune cell numbers
and activation in the lymph node (LN) draining the site of
vaccination up to 48 h after injection.

Material and methods

Matrix-M™ adjuvant

Novavax’s proprietary Matrix-M™ adjuvant consists of two
individually formed 40-nm-sized particles, each with a differ-
ent and well-characterized saponin fraction (Fraction-A and
Fraction-C). The Matrix-A and -C particles are formed by
formulating purified saponin from the treeQuillaja saponaria
Molina with cholesterol and phospholipid [36].

Preparation of HA protein

Recombinant HA (H1N1, A/Puerto Rico/8/34 [PR8]) was pro-
duced in HEK293F cells as an amino-terminal His-tagged fusion
protein containing a linker sequence (PGGPGS) and mcaspase3
cleavage site (DELD) but lacking the HA transmembrane se-
quence. The secreted (His6-PGGPGSDELD)-HA protein was
purified by metal affinity chromatography. After mcaspase treat-
ment (E/S mass ratio 1/30), the protein solution was loaded on a
Superdex G200 gel filtration column and the HAwere fractions
pooled. Analysis by SDS-PAGE/CBB staining and western blot
showed that mature (cleaved) HA protein was obtained with a
purity of at least 90%.

Generation of rMVA-HA

rMVA expressing HA under control of the early/late vaccinia
virus promotor PsynII using the MVA clonal isolate F6 was
produced as previously described [37]. In short, the
codon-optimized HA nucleotide sequence (PR8, accession
number CY033577) was purchased from Baseclear B.V. and
rMVAwas prepared through mCherry-dependent plaque selec-
tion in chicken embryo fibroblasts (CEF). To generate a final
vaccine preparation, the virus was amplified in CEF, purified by
ultracentrifugation through 36% sucrose, and reconstituted in
120-mM NaCl and 10-mM Tris-HCl pH 7.4. rMVA-HA con-
structs were characterized by PCR, sequencing, plaque titration,
western blot, and in vitro infection of various cell types.

Vaccination of BALB/c mice

Specified pathogen-free female BALB/c mice (8–10 weeks
old) were purchased from Charles River Laboratories
(Germany). Animals were housed in Makrolon type 3 cages,
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had access to food and water ad libitum, and animal welfare
was observed daily. All experiments were conducted in
compliance with European guidelines and the protocol ap-
proved by an independent animal experimentation ethical
review committee (Uppsala djurförsöksetiska nämnd). Two
separate experiments were performed. In the first experi-
ment, mice (n = 5 or 8/group) received two vaccinations
with 108 plaque forming units (PFU) of rMVA-HA or 1
or 10 μg of HA, formulated with or without 5-μg
Matrix-M, at a 4-week interval. All vaccines were admin-
istered subcutaneously (s.c.) in 100 μL at the base of the
tail. Blood samples were obtained at day 21 and day 42.
Spleens were collected in PBS during necropsy. In the sec-
ond experiment, mice (n = 30/group) were immunized in-
tramuscularly (i.m.) in the hind leg with a volume of 50 μL
containing 108-PFU rMVA-HA or 10-μg HA, with or with-
out 5-μg Matrix-M. The inguinal LN draining the hind leg
muscle was col lec ted in PBS at 4 , 24, or 48 h
post-vaccination (n = 10/group/timepoint).

Detection of IgG1 and IgG2a HA-specific serum
antibodies

Quantification of HA-specific IgG1 and IgG2a antibodies was
performed by ELISA as described previously [27]. Briefly,
96-well Maxisorp microplates (Nunc) coated overnight
(O/N) at 4 °C with 50-ng/well HA protein in 0.05-M
carbonate/bicarbonate buffer (Sigma-Aldrich). Serum from
untreated mice and HA-positive mouse serum was used as
negative or positive control, respectively. IgG1 and IgG2a
anti-HA titers were calculated using a four-parameter logistic
equation (Softmax software, Molecular Devices). The inflec-
tion point of the titration curve (EC50 value) was taken as titer
value.

Hemagglutination inhibition (HI) assay

Sera were treated with a receptor-destroying enzyme (filtrate
ofVibrio cholerae) O/N at 37 °C followed by heat inactivation
for 1 h at 56 °C. Sera were titrated in a twofold serial dilution.
The HI assay was performed in duplicate following a standard
protocol with 1% turkey erythrocytes and four HA-units of
influenza virus PR8, as described previously [38].

Fluorospot analysis of antigen-stimulated
splenocytes

Single-cell suspensions from spleens of individual mice, pre-
pared as previously described [27], were seeded on filter plates
coated with anti-interleukin 2 (IL-2) and -interferon gamma
(IFN-γ) capture antibodies (Mabtech), at 0.25 × 106 cells/
well in culture medium (Roswell Park Memorial Institute,
Sigma-Aldrich) supplemented with 10% heat-inactivated fetal

bovine serum (Sigma-Aldrich) and 100-U/ml penicillin,
100-μg/ml s t reptomycin , and 2-mM L-glutamin
(Sigma-Aldrich), followed by stimulation with 0.5-μg/well
HA protein. Concanavalin A (Sigma-Aldrich) and culture me-
diumwere used as positive and negative controls, respectively.
Triplicate samples were incubated for 18 h at 37 °C and IL-2
and/or IFN-γ spots were developed according to the manufac-
turer’s instructions (Mabtech). Spots were detected using an
AID ELR02 ELISpot reader (Autoimmune Diagnostika
GmbH).

Flow cytometry analysis of immune cells in the dLN

Single-cell suspensions from the draining (d)LN, prepared as
described previously [27], were stained with FVS780 (BD
Biosciences) for 15 min at room temperature to exclude dead
cells during analysis. Cells were washed and resuspended in
FACS buffer (PBS with 0.5% bovine serum albumin, 2-mM
EDTA, and 0.1% NaN3,) and incubated for 20 min at 4 °C
with anti-mouse CD16/CD32 (2.4G2, BD Biosciences). 5 ×
105 cells/well were transferred to a 96-well microtiter plate
(Nunc) and incubated with anti-mouse CD86:FITC (GL1),
I-A/I-E:BV605 (M5/114), CD8a:BV650 (53-6.7), CD19:
PerCP-Cy5.5 (1D3), CD3e:PerCP-Cy5.5 (145-2C11),
Ly-6G:BV786 (1A8) (all BD Biosciences), CD169:
AlexaFluor647 (3D6.112), CD11c:BV650 (N418), Ly-6C:
APC (HK1.4), CD69:BV421 (H1.2F3), CD3e:PE
(145-2C11), F4/80:BV421 (BM8), CD11b:PE (M1/70),
CD49b:APC (DX5), and CD4:BV785 (RM4-5) (all Nordic
Biosite) for 30 min at 4 °C. Fluorescence minus one controls
were prepared for each antibody in all antibody panels at ac-
quisition timepoints. Samples were analyzed on FACSCelesta
with FACSDiva software (BD Biosciences).

Statistical analysis

Serological and cellular data were analyzed using one-way
ANOVA with Tukey’s post-test for multiple comparisons or
Kruskal-Wallis with Dunn’s multiple comparisons test when
applicable.

Results

Addition of Matrix-M adjuvant enhanced HA-specific
humoral responses

To assess HA-specific antibody responses after vaccination
with either protein- or rMVA-based vaccines with or without
Matrix-M adjuvant, mice were immunized at days 0 and 28.
At 21 days after the primary vaccination, HA-specific serum
antibody responses were detected in all groups. Strongest an-
tibody responses of both IgG1 and IgG2a were detected after



vaccination with 10-μg HA adjuvanted with Matrix-M.
Without adjuvant, protein-based HA vaccines induced IgG1
and IgG2a responses inefficiently. After one immunization
with rMVA-HA, HA-specific IgG1 and IgG2a antibody re-
sponses were induced, which were not further enhanced by
Matrix-M addition (Fig. 1a–b). Fourteen days after the second
vaccination, HA-specific IgG1 and IgG2a levels were boosted
in all groups (Fig. 1c–d). Addition of Matrix-M to both HA
doses significantly increased IgG1 responses compared to
unadjuvanted HA or rMVA-HA vaccination with or without
adjuvant (Fig. 1c). The IgG2a responses after the second vac-
cination were comparable between adjuvanted HA groups and
both rMVA-HA vaccine groups and were elevated compared
to the unadjuvanted HA group (Fig. 1d). Use of Matrix-M did
not increase IgG1 or IgG2a responses after the second vacci-
nation with rMVA-HA.

Next, HI antibody titers were determined, which is consid-
ered a good proxy for the virus-neutralizing antibody re-
sponse. In contrast to the IgG1 and IgG2a responses detected
after primary vaccination, mice vaccinated with rMVA-HA
displayed significantly elevated HI titers compared to those
vaccinated with HA, regardless of antigen dose and use of
adjuvant (Fig. 2a). After booster vaccination, HI titers were
detected in mice receivingMatrix-M-adjuvanted HA, whereas

lower HI titers were detected in only two out of five mice
receiving unadjuvanted HA. After two immunizations,
adjuvanted HA induced similar HI titers as rMVA-HA vacci-
nation (Fig. 2b). Of special interest, higher HI titers were
observed in mice vaccinated with adjuvanted rMVA-HA com-
pared to mice that received unadjuvanted rMVA-HA.

Addition of Matrix-M adjuvant enhanced HA-specific
cellular responses

To investigate HA-specific T lymphocyte responses after
booster vaccination, splenocytes were stimulated with HA
protein and the number of IL-2 and/or IFN-γ producing cells
was measured. Matrix-M-adjuvanted HA and rMVA-HA,
with or without adjuvant, induced significantly more IL-2
and/or IFN-γ producing splenocytes than HA alone.
Unadjuvanted HA hardly induced any IL-2 and/or IFN-γ
splenocyte responses (Fig. 3a–c). In contrast, co-formulation
of HAwith Matrix-M resulted in higher IL-2 responses com-
pared to rMVA-HA, adjuvanted or not, whereas rMVA-HA
induced higher IFN-γ responses compared to adjuvanted HA
(Fig. 3a–c). Mice vaccinated with Matrix-M-adjuvanted
rMVA-HA displayed stronger IL-2, IFN-γ, and IL-2/IFN-γ
double-positive responses compared those receiving

Fig. 1 HA-specific antibody
responses induced after
vaccination with HA protein or
rMVA-HAwith or without
Matrix-M adjuvant IgG1 (a) and
IgG2a (b) HA-specific antibody
responses 21 days after the
primary vaccination. c–d IgG1
and IgG2a HA-specific antibody
responses 14 days after the
booster vaccination. IgG1 (a, c) or
IgG2a (b, d) serum antibodies
were detected by ELISA using
purified HA protein and anti-
IgG1 or anti-IgG2a HRP-
conjugated antibodies. Data is
shown as mean ± 95% confidence
interval (CI). *p < 0.05;
**p < 0.01; ***p < 0.001;
****p < 0.0001. MM=Matrix-M
adjuvant
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unadjuvanted rMVA-HA, although the differences were ex-
clusively statistically significant for the IL-2 response
(Fig. 3a–c).

Matrix-M-adjuvanted vaccines increased cell numbers
in the dLN

It is known that injection of Matrix-M adjuvant alone leads to
influx of several types of immune cells to the dLN at early
timepoints, and this effect has been associated with increased
antigen-specific immune responses [27, 28]. As addition of
Matrix-M to either protein- or MVA-based vaccines increased
both HA-specific humoral and cellular immune responses, we
wanted to evaluate the early cellular immune response in the
dLN to explore possible differences when combining the ad-
juvant with the respective vaccine type. Mice were vaccinated
i.m. with HA or rMVA-HA, with or without Matrix-M, and
dLNs were collected 4, 24, and 48 h post-vaccination. At 4 h
post-vaccination, the mean number of total cells in the dLN of

all vaccine groups was similar (Fig. 4a). In contrast, after 24
and 48 h, the total cell count per dLN of mice vaccinated with
adjuvanted HA or rMVA-HA showed more than a twofold
increase compared to the unadjuvanted groups (Fig. 4a). Of
note, although not as strong as the adjuvanted vaccines, vac-
cination with unadjuvanted rMVA-HA also resulted an in-
crease in cell count per dLN compared to HA alone.

The relative contribution of different cell populations
(Supplementary Fig. 1) to the total cell number in each dLN
(n = 10/group) was determined. At all timepoints, regardless
of vaccine type or use of adjuvant, CD4+ T lymphocytes com-
prised the largest proportion of the total cell population,
followed by CD8+ T and B lymphocytes (Fig. 4b). No sig-
nificant difference in the percentage of neutrophils, macro-
phages, NK cells, or DCs was observed (Fig. 4b). In con-
trast, mice vaccinated with Matrix-M-adjuvanted HA or
rMVA-HA and to a lesser extent, unadjuvanted rMVA-HA
showed a strong increase in proportion and total number of
monocytes in the dLN over time, indicating recruitment

Fig. 2 Induction of HA-specific
HI antibody responses after
vaccination with rMVA-HA
adjuvanted with Matrix-M HI
serum antibody responses against
influenza virus A/Puerto Rico/8/
34 (H1N1) was measured 21 days
after the primary (a) or 14 days
after the booster (b) vaccination.
Data is shown as mean ± 95% CI.
*p < 0.05; **p < 0.01;
***p < 0.001. MM=Matrix-M
adjuvant

Fig. 3 Enhanced HA-specific splenocyte responses by Matrix-M-
adjuvanted vaccine spleens obtained 14 days after the booster
vaccination were stimulated with purified HA protein and the number
of IL-2 (a), IFN-γ (b), and IL-2/IFN-γ (c) producing splenocytes was

determined in spot forming units (SFU)/106 cells by Fluorospot assay.
Samples were tested in triplicate. The mean ± 95% CI of each group is
indicated. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. MM=
Matrix-M adjuvant

228 Immunol Res (2018) 66:224–233



and/or proliferation compared to HA alone (Fig. 4b–c).
Notably, the number of medullary sinus macrophages
(CD169+F4/80+) was increased by Matrix-M-adjuvanted
HA and rMVA-HA at 24 and 48 h after vaccination com-
pared to unadjuvanted vaccine preparations (Fig. 4d). At
48 h, the unadjuvanted rMVA-HA group also showed an
increase in medullary sinus macrophages compared to the
unadjuvanted HA group, but to a lesser extent than the
adjuvanted vaccines.

Cell activation in the dLN after vaccination
with Matrix-M-adjuvanted vaccine preparations

Activation of different cellular subsets was investigated by
measuring expression of CD69 (early activation marker
[39]), CD86 (T lymphocyte co-stimulatory signal [40]), and/
orMHC class II (often upregulated on antigen-presenting cells
(APC) after activation). Expression of both CD69 and CD86
was upregulated on DCs, monocytes, and B lymphocytes 24
and 48 h after vaccination with either Matrix-M-adjuvanted

HA or rMVA-HA compared to the respective unadjuvanted
vaccine preparation (Fig. 5a–b). Unadjuvanted rMVA-HA al-
so induced an increase in CD69+ and CD86+ DCs, monocytes,
and B lymphocytes compared to unadjuvanted HA at 24 and
48 h post-vaccination, however, only to a limited extent com-
pared to the adjuvanted vaccines (Fig. 5a–b). In addition to the
increase in CD69+ and CD86+ APCs, MHC class II expres-
sion in DCs was elevated at 24 and 48 h post-vaccination with
the adjuvanted vaccine preparations (Fig. 5c). CD69 expres-
sion was also assessed for T lymphocytes and NK cells. The
number of CD69+ NK cells and T lymphocytes was signifi-
cantly increased after vaccination with Matrix-M-adjuvanted
HA, or rMVA-HA, compared to their unadjuvanted counter-
parts (Fig. 6a–c).

Altogether, rMVA-HA induced relatively more activation,
recruitment, and/or proliferation of APC and lymphocytes
compared to unadjuvanted HA. However, addition of
Matrix-M adjuvant to either protein- or MVA-based HA vac-
cines significantly increased activation and recruitment and/or
proliferation for both vaccine preparations.

Fig. 4 Matrix-M-adjuvanted influenza vaccines induce influx of immune
cells in the dLN with maintained composition of cellular subsets except
for an increased monocyte population. a The total number of cells per
dLN. b Contribution (%) of the indicated cellular subsets in the dLN was
measured by flow cytometry at 4, 24, or 48 h after i.m. vaccination. c–d

Total cell count of CD11b+Ly6C+ monocytes (c) and CD169+F4/80+

medullary sinus macrophages (d) were determined by flow cytometry.
Data are shown as mean of 10 mice per group. *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001. MM=Matrix-M adjuvant
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Discussion

Adjuvants increase vaccine immunogenicity via different
mechanisms, including antigen delivery and general activa-
tion of innate immune responses [41]. Although use of adju-
vants for protein-based vaccines is well established and essen-
tial for efficient immune responses, addition of adjuvants to
vector-based influenza vaccines has not been previously stud-
ied. Here, the immunogenicity of influenza virus HA and

Fig. 5 Increased activation of APCs in the dLN 24 and 48 h after
vaccination with Matrix-M-adjuvanted influenza HA vaccines. a–b The
number of CD69+ or CD86+ DCs, monocytes, and B lymphocytes
recruited to the dLN was measured by flow cytometry 4, 24, and 48 h
after i.m. injection of the respective vaccine. c The mean fluorescence

intensity (MFI) of MHC class II of on DCs, monocytes, and B
lymphocytes in the dLN was measured by flow cytometry 4, 24, and
48 h post-injection. Data are shown as mean of 10 mice per group.
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. MM=Matrix-M
adjuvant

Fig. 6 Increased number of activated NK- and T lymphocytes in the dLN
at 24 and 48 h post-vaccination with Matrix-M-adjuvanted influenza HA
vaccines The number of CD69+ NK cells (a), CD4+ (b), and CD8+ (c) T
lymphocytes in the dLN was measured by flow cytometry 4, 24, and 48 h

after i.m. injection of the respective vaccines. Data are shown as mean of
10 mice per group. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
MM=Matrix-M adjuvant

230 Immunol Res (2018) 66:224–233

rMVA-HA vaccines was tested in the presence and absence
of Matrix-M adjuvant. Even if unadjuvanted rMVA-HA was
more immunogenic than unadjuvanted HA, co-formulation of
either vaccine preparation with Matrix-M enhanced
HA-specific immune responses and increased the cell number
and activation in the dLN.

For induction of proper HA-specific antibody responses of
IgG1 (indicative of Th2 responses) or IgG2a (indicative of
Th1 responses) subclasses, addition of Matrix-M adjuvant to
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HAwas required, but not to rMVA-HA. After two immuniza-
tions, adjuvanted HA induced significantly higher IgG1 anti-
body responses than rMVA-HA, whereas IgG2a antibody re-
sponses were similar. This is in line with previously published
data showing that MVA-based vaccines preferentially induce
Th1 responses [12, 13]. The observed potentiating effect of
Matrix-M on the IgG2a antibody responses has been shown
previously with various vaccine preparations in mice [27, 29,
31]. Induction of potent IgG2a responses bares relevance, as
murine IgG2 has key immunological effector functions, such
as enhanced FcγR binding important for protection against
viral infection [42]. Accordingly, passive immunization with
HA stalk-specific IgG2a antibodies has shown to protect mice
against influenza virus infection, while HA stalk-specific
IgG1 antibodies did not [43]. To induce functional antibodies,
a single vaccination with rMVA-HAwas sufficient for gener-
ating acceptable HI antibody titers, whereas for HA, regard-
less of adjuvantation, two vaccinations were required. This
may reflect a better conformational integrity of HA expressed
in vivo by rMVA-HA. Strikingly, addition of Matrix-M adju-
vant to the rMVA-HA vaccine significantly increased the HI
antibody response after both prime and booster vaccination, in
spite of the adjuvant having no clear effect on the HA-specific
IgG1 and IgG2a titers for the rMVA-HA vaccine.

Addition of Matrix-M adjuvant to HA potentiated
HA-specific IFN-γ and IL-2/IFN-γ cellular responses signif-
icantly compared to HA alone, in concordance with previous
studies [29–31, 44]. Interestingly, mice vaccinated with
rMVA-HA showed stronger IFN-γ responses than those vac-
cinated with adjuvanted HA. The rMVA-HA-induced cellular
responses could be even further increased by addition of
Matrix-M. Although the phenotype of the responding cells
was not determined, these are most likely CD4+ T lympho-
cytes as exogenous HA protein was used for stimulation.

It was previously shown in mice that injection with
Matrix-M adjuvant alone led to increased numbers of activat-
ed immune cells in the dLN compared to PBS or other adju-
vants [27, 28]. Here, the absolute number of cells in the dLN
of mice vaccinated with adjuvanted HA or rMVA-HA vac-
cines was significantly higher compared to mice vaccinated
with unadjuvanted vaccines 24 and 48 h post-vaccination,
indicative of proliferation and/or recruitment. The dLN cell
composition was stable, except for an increase in monocytes
after vaccination with adjuvanted vaccine preparations.
Recruited monocytes could mature into DCs and/or macro-
phages in situ and subsequently act as professional APC
[45], potentially improving vaccine efficacy. This could also
be the effect of the increase in CD169+ medullary sinus mac-
rophages, also detected in the dLN after injection with
Matrix-M-adjuvanted vaccines. Recently, CD169+ macro-
phages were shown to be important for the adjuvant properties
of the saponin-based adjuvant QS21 [46]. CD169+ macro-
phages have been shown to transport antigens trapped inside

the LN follicle to B lymphocytes and can cross-present anti-
gen directly to CD8+ T lymphocytes [47–49]. Thus, the in-
crease in CD169+ macrophages may play a role in the im-
proved adap t ive immune responses induced by
Matrix-M-adjuvanted vaccines.

Vaccination with unadjuvanted rMVA-HA induced a rela-
tive increase in monocytes accompanied by increased activa-
tion of CD86+ DC, CD86+ B lymphocytes, and CD169+

macrophages, confirming that MVA has intrinsic adjuvant
properties. Of interest, it was recently shown that APCs can
be infected by MVA and detected in the dLN of various spe-
cies including non-human primates [50]. Thus, the observed
adjuvant capacities of MVAmay be explained by direct infec-
tion of APCs, which travel to the dLN, shaping the immune
response.

In conclusion, our results show that influenza vaccines
based on recombinant HA protein or rMVA-HA can be poten-
tiated by Matrix-M adjuvant, resulting in improved humoral
and cellular responses. This is potentially mediated by recruit-
ment and activation of immune cells in the dLN. Combination
of a vector-based vaccine with Matrix-M adjuvant might
prove a promising step towards next-generation influenza
vaccines.

Acknowledgements The authors would like to thank Mark Pronk,
Jennifer Petersson, Dr. Cecilia Carnrot, Dr. Carolina Lunderius
Andersson, and Eva Spennare for excellent technical assistance.

Funding information This work was financially supported by the
European Research Council FP7 project FLUNIVAC (project number
602604).

Compliance with ethical standards

All applicable international, national, and institutional guidelines for the
care and use of animals were followed and approved locally by the ethical
review committee “Uppsala djurförsöksetiska nämnd.”

Conflict of interest SEM, KLB, and LS are employees of Novavax and
hold stock and/or stock options in the company. Other authors report no
conflict of interest.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecommons.
org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to
the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

References

1. Koel BF, Burke DF, Bestebroer TM, van der Vliet S, Zondag GC,
Vervaet G, et al. Substitutions near the receptor binding site deter-
mine major antigenic change during influenza virus evolution.
Science. 2013;342(6161):976–9. https://doi.org/10.1126/science.
1244730.

https://doi.org/10.1126/science.1244730
https://doi.org/10.1126/science.1244730


232 Immunol Res (2018) 66:224–233

2. Westgeest KB, de GraafM, FourmentM, Bestebroer TM, van Beek
R, Spronken MI, et al. Genetic evolution of the neuraminidase of
influenza A (H3N2) viruses from 1968 to 2009 and its correspon-
dence to haemagglutinin evolution. J Gen Virol. 2012;93(Pt 9):
1996–2007. https://doi.org/10.1099/vir.0.043059-0.

3. Wright PF, Neumann G, Kawaoka Y. Orthomyxoviruses. In: Knipe
DM, Howley PM, Cohen JI, Griffin DE, Lamb RA, Martin MA,
et al., editors. Fields virology. 6th ed. Philadelphia: Lippincott
Williams & Wilkins; 2013. p. 1186–243.

4. World Health Organization. Cumulative number of confirmed hu-
man cases for avian influenza A(H5N1) reported to WHO, 2003–
2007. http://www.who.int/influenza/human_animal_interface/
2017_07_25_tableH5N1.pdf?ua=1 Accessed: 25/09/2017. http://
www.who.int/influenza/human_animal_interface/2017_07_25_
tableH5N1.pdf?ua=1 Accessed 25/09/2017.

5. World Health Organization. Human infections with avian influenza
A(H5N6) virus. http://www.who.int/csr/don/07-december-2016-
ah5n6-china/en/. Accessed: 25/09/2017. Accessed 25/09/2017.

6. World Health Organization. Human infection with avian influenza
A(H7N9) virus in China. http://www.who.int/csr/don/28-june-
2017-ah7n9-china/en/. Accessed: 25/09/2017.

7. World Health Organization. WHO recommendations on the com-
position of influenza virus vaccines. http://www.who.int/influenza/
vaccines/virus/recommendations/en/. Accessed: 24/09/2017.

8. Shaw ML, Palese P. Orthomyxoviridae. In: Knipe DM, Howley
PM, Cohen JI, Griffin DE, Lamb RA, Martin MA, et al., editors.
Fields virology. 6th ed. Philadelphia: Lippincott Williams &
Wilkins; 2013. p. 1151–85.

9. Skowronski DM, Chambers C, Sabaiduc S, De Serres G, Dickinson
JA, Winter AL et al. Interim estimates of 2014/15 vaccine effec-
tiveness against influenza A(H3N2) from Canada’s Sentinel
Physician Surveillance Network, January 2015. Euro surveill.
2015;20(4).

10. Pebody RG, Warburton F, Ellis J, Andrews N, Thompson C, von
Wissmann B, et al. Low effectiveness of seasonal influenza vaccine
in preventing laboratory-confirmed influenza in primary care in the
United Kingdom: 2014/15 mid-season results. Euro surveill.
2015;20(5):21025.

11. Flannery B, Clippard J, Zimmerman RK, NowalkMP, JacksonML,
Jackson LA, et al. Early estimates of seasonal influenza vaccine
effectiveness—United States, January 2015. MMWR Morb
Mortal Wkly Rep. 2015;64(1):10–5.

12. Altenburg AF, Kreijtz JH, de Vries RD, Song F, Fux R,
Rimmelzwaan GF, et al. Modified vaccinia virus Ankara (MVA)
as production platform for vaccines against influenza and other
viral respiratory diseases. Viruses. 2014;6(7):2735–61. https://doi.
org/10.3390/v6072735.

13. de Vries RD, Rimmelzwaan GF. Viral vector-based influenza vac-
cines. Hum Vaccin Immunother. 2016;12(11):2881–901. https://
doi.org/10.1080/21645515.2016.1210729.

14. Parrino J, McCurdy LH, Larkin BD, Gordon IJ, Rucker SE, Enama
ME, et al. Safety, immunogenicity and efficacy of modified vaccin-
ia Ankara (MVA) against Dryvax challenge in vaccinia-naive and
vaccinia-immune individuals. Vaccine. 2007;25(8):1513–25.
https://doi.org/10.1016/j.vaccine.2006.10.047.

15. Overton ET, Stapleton J, Frank I, Hassler S, Goepfert PA, Barker D,
et al. Safety and immunogenicity of modified vaccinia Ankara-
Bavarian Nordic smallpox vaccine in vaccinia-naive and experi-
enced human immunodeficiency virus-infected individuals: an
open-label, controlled clinical phase II trial. Open Forum Infect
Dis. 2015;2(2):ofv040. https://doi.org/10.1093/ofid/ofv040.

16. Even-Or O, Samira S, Ellis R, Kedar E, Barenholz Y. Adjuvanted
influenza vaccines. Expert Rev Vacc. 2013;12(9):1095–108.
https://doi.org/10.1586/14760584.2013.825445.

17. Frey S, Poland G, Percell S, Podda A. Comparison of the safety,
tolerability, and immunogenicity of a MF59-adjuvanted influenza

vaccine and a non-adjuvanted influenza vaccine in non-elderly
adults. Vaccine. 2003;21(27–30):4234–7.

18. Madan A, Segall N, Ferguson M, Frenette L, Kroll R, Friel D, et al.
Immunogenicity and safety of an AS03-adjuvanted H7N9 pandem-
ic influenza vaccine in a randomized trial in healthy adults. J Infect
Dis. 2016;214(11):1717–27. https://doi.org/10.1093/infdis/jiw414.

19. Nicholson KG, Thompson CI, Klap JM, Wood JM, Batham S,
Newman RW, et al. Safety and immunogenicity of whole-virus,
alum-adjuvanted whole-virus, virosomal, and whole-virus intrader-
mal influenza A/H9N2 vaccine formulations. Vaccine. 2009;28(1):
171–8. https://doi.org/10.1016/j.vaccine.2009.09.103.

20. Chung KY, Coyle EM, Jani D, King LR, Bhardwaj R, Fries L, et al.
ISCOMATRIX adjuvant promotes epitope spreading and antibody
affinity maturation of influenza A H7N9 virus like particle vaccine
that correlate with virus neutralization in humans. Vaccine. 2015;33
(32):3953–62. https://doi.org/10.1016/j.vaccine.2015.06.047.

21. Cox RJ, Pedersen G, Madhun AS, Svindland S, Saevik M,
Breakwell L, et al. Evaluation of a virosomal H5N1 vaccine for-
mulated with Matrix-M adjuvant in a phase I clinical trial. Vaccine.
2011;29(45):8049–59. https://doi.org/10.1016/j.vaccine.2011.08.
042.

22. Study of parenterally administrated adjuvanted seasonal influenza
vaccine in healthy elderly volunteers. Identifier: NCT01444482.

23. A(H7N9) VLP antigen dose-ranging study with Matrix-M1 adju-
vant. Identifer: NCT02078674. [database on the Internet]. Available
from: https://clinicaltrials.gov/ct2/show/NCT02078674.

24. Del Giudice G, Rappuoli R. Inactivated and adjuvanted influenza
vaccines. Curr Top Microbiol Immunol. 2015;386:151–80. https://
doi.org/10.1007/82_2014_406.

25. Osterhaus AD, Rimmelzwaan GF. Induction of virus-specific im-
munity by iscoms. Dev Biol Stand. 1998;92:49–58.

26. Rajput ZI, Hu SH, Xiao CW, Arijo AG. Adjuvant effects of
saponins on animal immune responses. J Zhejiang Univ Sci
B. 2007;8(3):153–61. https://doi.org/10.1631/jzus.2007.
B0153.

27. 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. https://doi.org/
10.1016/j.vaccine.2013.01.039.

28. Reimer JM, Karlsson KH, Lovgren-Bengtsson K, Magnusson SE,
Fuentes A, Stertman L. Matrix-M adjuvant induces local recruit-
ment, activation and maturation of central immune cells in absence
of antigen. PLoS One. 2012;7(7):e41451. https://doi.org/10.1371/
journal.pone.0041451.

29. 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
Respir Viruses. 2011;5(6):426–37. https://doi.org/10.1111/j.1750-
2659.2011.00256.x.

30. Madhun AS, Haaheim LR, Nilsen MV, Cox RJ. Intramuscular
Matrix-M-adjuvanted virosomal H5N1 vaccine induces high fre-
quencies of multifunctional Th1 CD4+ cells and strong antibody
responses in mice. Vaccine. 2009;27(52):7367–76. https://doi.org/
10.1016/j.vaccine.2009.09.044.

31. 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 addi-
tional adjuvants. Vaccine. 2008;26(29–30):3640–6. https://doi.org/
10.1016/j.vaccine.2008.04.071.

32. 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. https://doi.org/10.
1371/journal.pone.0135723.

https://doi.org/10.1099/vir.0.043059-0
http://www.who.int/influenza/human_animal_interface/2017_07_25_tableH5N1.pdf?ua=1
http://www.who.int/influenza/human_animal_interface/2017_07_25_tableH5N1.pdf?ua=1
http://www.who.int/influenza/human_animal_interface/2017_07_25_tableH5N1.pdf?ua=1
http://www.who.int/influenza/human_animal_interface/2017_07_25_tableH5N1.pdf?ua=1
http://www.who.int/influenza/human_animal_interface/2017_07_25_tableH5N1.pdf?ua=1
http://www.who.int/csr/don/07-december-2016-ah5n6-china/en
http://www.who.int/csr/don/07-december-2016-ah5n6-china/en
http://www.who.int/csr/don/28-june-2017-ah7n9-china/en
http://www.who.int/csr/don/28-june-2017-ah7n9-china/en
http://www.who.int/influenza/vaccines/virus/recommendations/en
http://www.who.int/influenza/vaccines/virus/recommendations/en
https://doi.org/10.3390/v6072735
https://doi.org/10.3390/v6072735
https://doi.org/10.1080/21645515.2016.1210729
https://doi.org/10.1080/21645515.2016.1210729
https://doi.org/10.1016/j.vaccine.2006.10.047
https://doi.org/10.1093/ofid/ofv040
https://doi.org/10.1586/14760584.2013.825445
https://doi.org/10.1093/infdis/jiw414.
https://doi.org/10.1016/j.vaccine.2009.09.103
https://doi.org/10.1016/j.vaccine.2015.06.047
https://doi.org/10.1016/j.vaccine.2015.06.047
https://doi.org/10.1016/j.vaccine.2011.08.042
https://doi.org/10.1016/j.vaccine.2011.08.042
https://clinicaltrials.gov/ct2/show/NCT02078674
https://doi.org/10.1007/82_2014_406.
https://doi.org/10.1007/82_2014_406.
https://doi.org/10.1631/jzus.2007.B0153
https://doi.org/10.1631/jzus.2007.B0153
https://doi.org/10.1016/j.vaccine.2013.01.039
https://doi.org/10.1016/j.vaccine.2013.01.039
https://doi.org/10.1371/journal.pone.0041451
https://doi.org/10.1371/journal.pone.0041451
https://doi.org/10.1111/j.1750-2659.2011.00256.x
https://doi.org/10.1111/j.1750-2659.2011.00256.x
https://doi.org/10.1016/j.vaccine.2009.09.044
https://doi.org/10.1016/j.vaccine.2009.09.044
https://doi.org/10.1016/j.vaccine.2008.04.071
https://doi.org/10.1016/j.vaccine.2008.04.071
https://doi.org/10.1371/journal.pone.0135723
https://doi.org/10.1371/journal.pone.0135723


Immunol Res (2018) 66:224–233 233

33. Lehmann MH, Kastenmuller W, Kandemir JD, Brandt F, Suezer Y,
Sutter G. Modified vaccinia virus Ankara triggers chemotaxis of
monocytes and early respiratory immigration of leukocytes by in-
duction of CCL2 expression. J Virol. 2009;83(6):2540–52. https://
doi.org/10.1128/JVI.01884-08.

34. Collins KA, Snaith R, Cottingham MG, Gilbert SC, Hill AVS.
Enhancing protective immunity to malaria with a highly immuno-
genic virus-like particle vaccine. Sci Rep. 2017;7:46621. https://
doi.org/10.1038/srep46621.

35. Warimwe GM, Lorenzo G, Lopez-Gil E, Reyes-Sandoval A,
Cottingham MG, Spencer AJ, et al. Immunogenicity and efficacy of
a chimpanzee adenovirus-vectored Rift Valley fever vaccine in mice.
Virol J. 2013;10:349. https://doi.org/10.1186/1743-422X-10-349.

36. Lovgren K, Morein B. The requirement of lipids for the formation
of immunostimulating complexes (iscoms). Biotechnol Appl
Biochem. 1988;10(2):161–72.

37. Kreijtz JH, Suezer Y, van Amerongen G, de Mutsert G, Schnierle
BS, Wood JM, et al. Recombinant modified vaccinia virus Ankara-
based vaccine induces protective immunity in mice against infec-
tion with influenza virus H5N1. J Infect Dis. 2007;195(11):1598–
606. https://doi.org/10.1086/517614.

38. Palmer D.F. DWR, Coleman M.T. and Schild G.C. Advanced lab-
oratory technicals for immunological diagnostics. In: Welfare
USDHE, editor. Atlanta1975. p. 25–62.

39. Testi R, D'Ambrosio D, De Maria R, Santoni A. The CD69 recep-
tor: a multipurpose cell-surface trigger for hematopoietic cells.
Immunol Today. 1994;15(10):479–83. https://doi.org/10.1016/
0167-5699(94)90193-7.

40. Caux C, Vanbervliet B, Massacrier C, Azuma M, Okumura K,
Lanier LL, et al. B70/B7-2 is identical to CD86 and is the major
functional ligand for CD28 expressed on human dendritic cells. J
Exp Med. 1994;180(5):1841–7.

41. Bengtsson KL,Karlsson KH,Magnusson SE, Reimer JM, Stertman
L.Matrix-M adjuvant: enhancing immune responses by ‘setting the
stage’ for the antigen. Exp RevVacc. 2013;12(8):821–3. https://doi.
org/10.1586/14760584.2013.814822.

42. Nimmerjahn F, Ravetch JV. Divergent immunoglobulin g subclass
activity through selective Fc receptor binding. Science. 2005;310
(5753):1510–2. https://doi.org/10.1126/science.1118948.

43. DiLillo DJ, Tan GS, Palese P, Ravetch JV. Broadly neutralizing
hemagglutinin stalk-specific antibodies require FcgammaR interac-
tions for protection against influenza virus in vivo. Nat Med.
2014;20(2):143–51. https://doi.org/10.1038/nm.3443.

44. Bengtsson KL, Song H, Stertman L, Liu Y, Flyer DC, Massare MJ,
et al. Matrix-M adjuvant enhances antibody, cellular and protective
immune responses of a Zaire Ebola/Makona virus glycoprotein
(GP) nanoparticle vaccine in mice. Vaccine. 2016;34(16):1927–
35. https://doi.org/10.1016/j.vaccine.2016.02.033.

45. Qu C, Brinck-Jensen NS, Zang M, Chen K. Monocyte-derived
dendritic cells: targets as potent antigen-presenting cells for the
design of vaccines against infectious diseases. Int J Infect Dis:
IJID: Off Publ Int Soc Infect Dis. 2014;19:1–5. https://doi.org/10.
1016/j.ijid.2013.09.023.

46. Detienne S, Welsby I, Collignon C, Wouters S, Coccia M, Delhaye
S, et al. Central role of CD169+ lymph node resident macrophages
in the adjuvanticity of the QS-21 component of AS01. Sci Rep.
2016;6:39475. https://doi.org/10.1038/srep39475.

47. Carrasco YR, Batista FD. B cells acquire particulate antigen in a
macrophage-rich area at the boundary between the follicle and the
subcapsular sinus of the lymph node. Immunity. 2007;27(1):160–
71. https://doi.org/10.1016/j.immuni.2007.06.007.

48. Junt T, Moseman EA, Iannacone M, Massberg S, Lang PA, Boes
M, et al. Subcapsular sinus macrophages in lymph nodes clear
lymph-borne viruses and present them to antiviral B cells. Nature.
2007;450(7166):110–4. https://doi.org/10.1038/nature06287.

49. Gray EE, Cyster JG. Lymph node macrophages. J Innate Immun.
2012;4(5–6):424–36. https://doi.org/10.1159/000337007.

50. Altenburg AF, van de Sandt CE, Li BWS, MacLoughlin RJ,
Fouchier RAM, van Amerongen G, et al. Modified vaccinia virus
Ankara preferentially targets antigen presenting cells in vitro,
ex vivo and in vivo. Sci Rep. 2017;7(1):8580. https://doi.org/10.
1038/s41598-017-08719-y.

https://doi.org/10.1128/JVI.01884-08
https://doi.org/10.1128/JVI.01884-08
https://doi.org/10.1038/srep46621
https://doi.org/10.1038/srep46621
https://doi.org/10.1186/1743-422X-10-349
https://doi.org/10.1086/517614
https://doi.org/10.1016/0167-5699(94)90193-7
https://doi.org/10.1016/0167-5699(94)90193-7
https://doi.org/10.1586/14760584.2013.814822
https://doi.org/10.1586/14760584.2013.814822
https://doi.org/10.1126/science.1118948
https://doi.org/10.1038/nm.3443
https://doi.org/10.1016/j.vaccine.2016.02.033
https://doi.org/10.1016/j.ijid.2013.09.023
https://doi.org/10.1016/j.ijid.2013.09.023
https://doi.org/10.1038/srep39475
https://doi.org/10.1016/j.immuni.2007.06.007
https://doi.org/10.1038/nature06287
https://doi.org/10.1159/000337007
https://doi.org/10.1038/s41598-017-08719-y.
https://doi.org/10.1038/s41598-017-08719-y.

	Matrix-M™...
	Abstract
	Introduction
	Material and methods
	Matrix-M™ adjuvant
	Preparation of HA protein
	Generation of rMVA-HA
	Vaccination of BALB/�c mice
	Detection of IgG1 and IgG2a HA-specific serum antibodies
	Hemagglutination inhibition (HI) assay
	Fluorospot analysis of antigen-stimulated splenocytes
	Flow cytometry analysis of immune cells in the dLN
	Statistical analysis

	Results
	Addition of Matrix-M adjuvant enhanced HA-specific humoral responses
	Addition of Matrix-M adjuvant enhanced HA-specific cellular responses
	Matrix-M-adjuvanted vaccines increased cell numbers in the dLN
	Cell activation in the dLN after vaccination with Matrix-M-adjuvanted vaccine preparations

	Discussion
	References


