
Full Terms & Conditions of access and use can be found at
https://informahealthcare.com/action/journalInformation?journalCode=khvi20

Human Vaccines & Immunotherapeutics

ISSN: 2164-5515 (Print) 2164-554X (Online) Journal homepage: informahealthcare.com/journals/khvi20

Increased humoral immunity by DNA vaccination
using an α-tocopherol-based adjuvant

Ingrid Karlsson, Marie Borggren, Jens Nielsen, Dennis Christensen, Jim
Williams & Anders Fomsgaard

To cite this article: Ingrid Karlsson, Marie Borggren, Jens Nielsen, Dennis Christensen, Jim
Williams & Anders Fomsgaard (2017) Increased humoral immunity by DNA vaccination using
an α-tocopherol-based adjuvant, Human Vaccines & Immunotherapeutics, 13:8, 1823-1830,
DOI: 10.1080/21645515.2017.1321183

To link to this article:  https://doi.org/10.1080/21645515.2017.1321183

View supplementary material 

Published online: 16 Jun 2017.

Submit your article to this journal 

Article views: 1131

View related articles 

View Crossmark data

Citing articles: 4 View citing articles 

https://informahealthcare.com/action/journalInformation?journalCode=khvi20
https://informahealthcare.com/journals/khvi20?src=pdf
https://informahealthcare.com/action/showCitFormats?doi=10.1080/21645515.2017.1321183
https://doi.org/10.1080/21645515.2017.1321183
https://informahealthcare.com/doi/suppl/10.1080/21645515.2017.1321183
https://informahealthcare.com/doi/suppl/10.1080/21645515.2017.1321183
https://informahealthcare.com/action/authorSubmission?journalCode=khvi20&show=instructions&src=pdf
https://informahealthcare.com/action/authorSubmission?journalCode=khvi20&show=instructions&src=pdf
https://informahealthcare.com/doi/mlt/10.1080/21645515.2017.1321183?src=pdf
https://informahealthcare.com/doi/mlt/10.1080/21645515.2017.1321183?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/21645515.2017.1321183&domain=pdf&date_stamp=16 Jun 2017
http://crossmark.crossref.org/dialog/?doi=10.1080/21645515.2017.1321183&domain=pdf&date_stamp=16 Jun 2017
https://informahealthcare.com/doi/citedby/10.1080/21645515.2017.1321183?src=pdf
https://informahealthcare.com/doi/citedby/10.1080/21645515.2017.1321183?src=pdf


RESEARCH PAPER

Increased humoral immunity by DNA vaccination using an a-tocopherol-based
adjuvant

Ingrid Karlssona,†, Marie Borggrena,†, Jens Nielsena, Dennis Christensenb, Jim Williamsc, and Anders Fomsgaarda,d

aVirus Research and Development Laboratory, Department of Virus and Microbiological Special Diagnostics, Statens Serum Institut, Copenhagen,
Denmark; bDepartment of Infectious Disease Immunology, Vaccine Adjuvant Research, Statens Serum Institut, Copenhagen, Denmark; cNature
Technology Corporation, Lincoln, NE, USA; dInfectious Disease Research Unit, Clinical Institute, University of Southern Denmark, Odense, Denmark

ARTICLE HISTORY
Received 21 February 2017
Revised 31 March 2017
Accepted 16 April 2017

ABSTRACT
DNA vaccines induce broad immunity, which involves both humoral and strong cellular immunity, and can
be rapidly designed for novel or evolving pathogens such as influenza. However, the humoral
immunogenicity in humans and higher animals has been suboptimal compared with that of traditional
vaccine approaches. We tested whether the emulsion-based and a-tocopherol containing adjuvant
Diluvac Forte� has the ability to enhance the immunogenicity of a naked DNA vaccine (i.e., plasmid DNA).
As a model vaccine, we used plasmids encoding both a surface-exposed viral glycoprotein
(hemagglutinin) and an internal non-glycosylated nucleoprotein in the Th1/Th2 balanced CB6F1 mouse
model. The naked DNA (50 mg) was premixed at a 1:1 volume/volume ratio with Diluvac Forte� , an
emulsion containing different concentrations of a-tocopherol, the emulsion alone or endotoxin-free
phosphate-buffered saline (PBS). The animals received 2 intracutaneous immunizations spaced 3 weeks
apart. When combined with Diluvac Forte� or the emulsion containing a-tocopherol, the DNA vaccine
induced a more potent and balanced immunoglobulin G (IgG)1 and IgG2c response, and both IgG
subclass responses were significantly enhanced by the adjuvant. The DNA vaccine also induced CD4C and
CD8C vaccine-specific T cells; however, the adjuvant did not exert a significant impact. We concluded that
the emulsion-based adjuvant Diluvac Forte� enhanced the immunogenicity of a naked DNA vaccine
encoding influenza proteins and that the adjuvant constituent a-tocopherol plays an important role in this
immunogenicity. This induction of a potent and balanced humoral response without impairment of
cellular immunity constitutes an important advancement toward effective DNA vaccines.
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Introduction

Naked DNA vaccines (i.e., plasmid DNA) hold great potential
for influenza vaccines in pigs and humans.1,2 Compared to the
time-consuming production required for culturing recombined
influenza virus in fertilized eggs or cell culture, the DNA vac-
cine plasmids can be designed and produced fast, easy and safe.
More importantly, compared with the type-specific protein
vaccines, the DNA vaccines induce broader immunity, which
involves both cellular immunity and broad and long lasting
antibodies, and has been shown to protect against different
influenza A strains in various animals and man.3

DNA vaccines are considered safe, but the humoral immu-
nogenicity in humans and larger animals has been suboptimal
compared with that of traditional vaccine approaches.4 One
solution to improve immunogenicity is the insertion of DNA
vaccine genes into recombinant viral vectors such as adenovi-
rus,5 cytomegalovirus6 or poxvirus.7 However, this approach
also results in vector-specific immunity, thereby preventing its
use for further boosting or use with other vaccine inserts in the
same host. Moreover, pre-existing immunity to the viral vector,

such as adenovirus-5 (Ad5), was suggested to cause enhance-
ment of infection in the STEP study, where a larger number of
HIV infections was observed in the subgroup of vaccinated
men who were Ad5-seropositive and uncircumcised compared
with that in a comparable placebo group.8

These observations have encouraged further optimization of
the safe naked DNA vaccines, including promotor selection,9

codon optimization of the vaccine genes,10 improved plasmid
vector backbone 11 and different prime-boost combinations.9

Different delivery methods, such as gene gun and electropora-
tion, have been evaluated with good results.12-14 However, to
achieve a potential clinical application, simpler methods are
needed for DNA vaccine delivery. In this context, intradermal
delivery has been shown to be efficient for vaccines based on
naked DNA in both animal models15,16 and human trials.17

To further increase the immunogenicity of naked DNA vac-
cines, different adjuvants have been tested, including traditional
adjuvants such as aluminum salts18 and liposomes.19 Addition-
ally, molecular adjuvants, including plasmids encoding
cytokines such as interleukin (IL)-1220 and granulocyte
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macrophage-colony stimulating factor (GM-CSF),21 plasmids
encoding signaling molecules22 or Toll-like receptor ligands
such as imiquimod,23,24 poly (I:C) or CpG,25 have also been
used with varying success.

In this study, we tested whether the emulsion-based adju-
vant Diluvac Forte� containing a-tocopherol has the ability to
enhance the immunogenicity of a naked DNA vaccine. Emul-
sions have been used for many years as delivery systems for
vaccines and form the structural basis for adjuvants such as
MF59, AS03 and Freunds adjuvant. These adjuvants typically
act through recruitment of innate immune cells, such as neu-
trophils and monocytes to the site of injection, by the induction
of damage-associated inflammation.26,27 a-tocopherol, which is
a form of vitamin E, is a well-defined small molecule that was
found to possess immunomodulatory properties that has led to
its use in adjuvants for protein-based vaccines such as AS03,
which was used in the pandemic influenza vaccine Pandemrix�

from GSK. Diluvac Forte� and a-tocopherol has also been suc-
cessfully used together with protein-based livestock vaccines
against Aujeszky’s disease28,29 and porcine circovirus-associ-
ated disease 30 using needle-free delivery to the skin of pigs.
Although a-tocopherol was first described to increase the
humoral response to tetanus toxoid in the early 1970s,31 the
mechanism of action is not completely clear. The omission of
a-tocopherol in AS03 has been shown to modify the profile of
the innate immune response and result in a lower antibody
response.32 The physiological role of a-tocopherol is generally
considered its antioxidant function, and it has shown anti-
tumor activity mediated in part by nitric oxide-dependent
mechanisms. However, a-tocopherol has also been shown to
reverse the suppressive effect of T cell activation and thus
enhance the immune response to immunization.33-35

In the present studies, we investigated the ability of the
emulsion-based adjuvant Diluvac Forte and a-tocopherol to
enhance the immunogenicity of a DNA vaccine. We immu-
nized CB6/F1 mice with plasmids encoding a surface-
exposed viral glycoprotein (hemagglutinin) influenza A
strain A/California/07/09 (H1N1pdm) and the internal non-
glycosylated nucleoprotein of influenza A strain A/Brevig
Mission/1/18(H1N1). The DNA vaccine induced CD4C and
CD8C vaccine-specific T cells and a balanced IgG1 and
IgG2c response, where both IgG subclass responses were sig-
nificantly enhanced by Diluvac Forte and emulsions contain-
ing low levels (50 mg/ds) of a-tocopherol compared with
naked DNA vaccines administered in PBS and emulsions
without a-tocopherol. Interestingly higher doses (�100 mg/
ds) of a-tocopherol canceled out the effect.

Materials and methods

Construction of DNA vaccines

Influenza DNA vaccine genes were designed from amino acid
sequences published in GenBank (1918 NP: A/Brevig Mission/1/
18(H1N1) AY744935 and 2009 HA: A/California/04/2009
(H1N1)pdm09 ACP41105) using codon optimization and have
been used previously.15,36 The NTC9385R plasmid was used as
an expression vector.11 For comparison, we also immunized
with a mixture of the encoded recombinant hemagglutinin (HA)

from the A/California/04/09(H1N1)pdm09 and recombinant
nucleoprotein (NP) from A/Brevig Mission/1/1918(H1N1) (Sino
Biological, cat. no. 11055-V08B and 40204-V08B, respectively)
with and without the same adjuvant (Diluvac Forte�, MSD
Animal Health).

Animals and experimental design

Female CB6F1 mice (F1 of Balb/C £ C57BL/6) (6 to
8 weeks of age) were housed at Statens Serum Institut Ani-
mal Facility (Copenhagen, Denmark). The mice were
allowed free access to water and food. The animal experi-
ments were performed by certified animal handlers and in
accordance with the Animal Experimentation Act of Den-
mark and European Convention ETS 123. A total of 62
mice were separated into 3 experiments.

In the first experiment, 16 mice were divided into 2 groups,
with each mouse receiving 50 mg of DNA in a 50 ml volume
delivered by an intracutaneous needle injection at the base of the
tail. The naked DNA was premixed at a 1:1 volume ratio with
endotoxin-free phosphate-buffered saline (PBS, Gibco, cat. no.
14190–094) (group 1) or an a-tocopherol-based aqueous
solution (Diluvac Forte�, MSD Animal Health) (group 2). All
animals received 2 immunizations spaced 3 weeks apart and
were killed 2 (n D 4/group) or 4 (n D 4/group) weeks after the
final immunization. Non-stabilized blood samples were collected
before the first immunization, day 0 post first vaccination (pv1),
and on day 14 and 35pv1 for all animals and day 42 and 50pv1
for 4 animals/group. Sera were stored at ¡20�C for subsequent
examination. When animals were killed on day 35 and 50pv1,
splenocytes were isolated by passage of the spleens through a
70-mm nylon cell strainer (BD Bioscience, cat. no. 352350). Red
blood cells (RBC) were lysed with RBC lysing buffer (Sigma
Aldrich, cat. no. R7757) and washed. Splenocyte suspensions
were collected in RPMI 1640 medium (Gibco, cat. no.
61870–010) supplemented with 10% fetal calf serum (FCS,
Gibco, cat. no. 10270–106), 5 £ 10¡6 M b-mercaptoethanol
(Gibco, cat. no. 31350–010), 1% penicillin–streptomycin (Gibco,
cat. no. 15140–122), 1% sodium pyruvate (Gibco, cat. no.
11360–039), 1 mM L-glutamine (Lonza, cat. no. BE17–605E),
and 10 mM HEPES (Gibco, cat. no. 15630–056).

In a second experiment, we compared the effect of the adju-
vant on DNA – versus recombinant protein vaccines. Sixteen
mice were divided into 4 groups, and all mice receiving 50 ml of
either 50 mg DNA (2 groups) or a 1-mg mixture of recombinant
hemagglutinin (HA) from the A/California/04/09(H1N1)pdm09
and recombinant nucleoprotein (NP) from A/Brevig Mission/1/
1918(H1N1) (Sino Biological, cat. no. 11055-V08B and 40204-
V08B, respectively) (2 groups). These immunizations were also
delivered by an intracutaneous needle injection at the base of the
tail. The naked DNA and the protein mixtures were premixed at
1:1 with endotoxin-free PBS (first group) or Diluvac Forte� (sec-
ond group). All animals received 2 immunizations spaced 3 weeks
apart and were killed 2 weeks after the final immunization. Serum
samples were collected on day 0, 14 and 35pv1.

In a third experiment, we compared different concentra-
tions of a-tocopherol. Groups of 6 mice received 50 mg
DNA, mixed with a low (50 mg/ml), medium (100 mg/ml)
and high (150 mg/ml) concentrations of a-tocopherol in an
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“emulsion,” emulsion without a-tocopherol, or PBS. The
immunizations were delivered by an intracutaneous needle
injection at the base of the tail. All animals received 2
immunizations spaced 3 weeks apart and were killed 2 weeks
after the final immunization. Serum samples were collected
on day 0, 14 and 35pv1.

Preparation of emulsions

Weighed amounts of paraffin oil were mixed with 0, 25, 50 and
75% (w/w) a-tocopherol in glass vials. The water phase consist-
ing of 4% (v/v) polysorbate 80 dissolved in PBS (pH 7.4) was
added to the oil phase at a ratio of 4:1. A pre-emulsion was pre-
pared by high shear mixing (HSM) using a Heidolph Silent
Crusher equipped with a 6F shearing tool (Heidolph Instru-
ments GmbH, Schwabach, DE) at 25�C and 15,000 rpm for
5 min. The pre-emulsion was subsequently microfluidized
6 times at 20,000 psi using a LV1 Low Volume Homogenizer
(Microfluidics, Westwood, MA, USA).

Enzyme-linked immunosorbent assay (ELISA)

An ELISA was conducted to measure influenza-specific immu-
noglobulin G (IgG) responses in the sera as described previ-
ously.36 The influenza virus proteins used for coating were
homologous HA from A/California/04/09(H1N1) pdm09 and
NP from A/Brevig Mission/1/1918(H1N1) (Sino Biological, cat.
no. 11055-V08B and 40204-V08B, respectively). A horseradish
peroxidase-conjugated anti-mouse-IgG antibody (Sigma cat. no.
A4416) was used for the detection of total IgG. For the detec-
tion of IgG1 and IgG2c, goat-anti-mouse IgG1/HRP (Southern
Biotech cat. no. 1070–05) and goat-anti-mouse IgG2c/HRP
(Southern Biotech cat. no. 1079–05) were used, respectively.

Splenocytes and cell-mediated immune assay

Isolated splenocytes from vaccinated mice at day 35 and
50pv1 were cultured in v-shaped 96-well microtiter plates at
a density of 2 £ 106 cells/well in a volume of 250 mL RPMI
supplemented as described above. The cells were restimu-
lated in vitro with 5 mg/ml recombinant HA from A/Califor-
nia/04/09(H1N1) pdm09 and NP from A/Brevig Mission/1/
1918(H1N1) (Sino Biological, cat. no. 11055-V08B and
40204-V08B, respectively) and allowed to incubate 19 h at
37�C, following another 5 h with the addition of 10 mg/ml
Brefeldin A (Sigma cat. no. B6542). A total of 2.5 mg/ml
phorbol 12-myristate 13-acetate (Sigma cat. no. P1585) in
combination with 5 mg/ml ionomycin (Sigma cat. no. 10634)
served as a positive control, and media alone served as a
negative control. The stimulation was halted by 2 mM
EDTA (Sigma cat. no. E5134). The cells were stained with
anti-CD4 Alexa Fluor 488 (BD Biosciences cat. no. 557667),
anti-CD8 APC (BD Biosciences cat. no. 553035), anti-CD44
PerCP-Cy5.5 (BD Biosciences cat. no. 560570), anti-CD19
Alexa Fluor 700 (BD Biosciences cat. no. 557958) and a near
IR dead cell staining kit (Invitrogen cat. no. L10119), fixed
and permeabilized with Cytofix/Cytoperm (BD Biosciences
cat. no. 554714) and stained with anti-IFN-g PE-Cy7 (Bio-
sciences cat. no. 557649), anti-TNF BV 711 (Biosciences cat.

no. 563944) and anti-IL-2 BV605 (Biosciences cat. no.
563911). The stained cells were acquired using a BD LSRFor-
tessa Cell Analyzer and analyzed using FlowJo (Tree Star).
The initial gating used a forward scatter area (FSC-A) vs.
height (FSC-H) plot to define singlets. In a side scatter area
(SSC-A) vs. FSC-A, the splenocytes were defined. Dead cells
and CD19C cells were excluded before defining the
CD4CCD8- and CD4-CD8C cells. Finally, cytokine-express-
ing cells (IFN-g, TNF and IL-2) were identified within the
CD44C population. The combinations of IFN-g, TNF and
IL-2 were analyzed using the Boolean gating function in
FlowJo. The background frequencies (negative control) were
subtracted using Pestle version 1.7 (available at http://drmr.
com/pestle.zip). Subsequently, the data were evaluated and
graphed in Spice version 5.35 (available at http://exon.niaid.
nih.gov/spice).

Statistics

Differences between the groups were calculated using 2-way
ANOVA and Bonferroni multiple comparison test or Mann-
Whitney test (GraphPad Prism v.6, GraphPad software). Statis-
tical evaluation of the polyfunctional cytokine responses was
performed in Spice version 5.35 using a permutation test based
on Chi-squared to compare pie charts.

Results

The emulsion-based adjuvant Diluvac Forte� containing
a-tocopherol increased the vaccine-specific IgG titers after
DNA vaccination

Two groups of CB6F1 mice (n D 8 per group) were immu-
nized intracutaneously with 50 mg DNA vaccine, which coded
for influenza hemagglutinin (H1pdm09) and influenza nucleo-
protein (NP1918), mixed with Diluvac Forte� or PBS at day 0
and day 21. Vaccine-specific IgG was detected in the serum at
day 35 post DNA vaccination (Fig. 1). IgG specific for both
H1pdm09 and NP1918 was detected, although the titer was
approximately 2-fold higher against the surface-exposed glyco-
protein (hemagglutinin) than against the internal non-glycosy-
lated nucleoprotein. Moreover, the anti-nucleoprotein IgG
appeared to reach its maximum at day 35 post vaccination,
whereas the anti-hemagglutinin kept increasing until day 50
post vaccination, which was the last available time point. The
kinetics of the IgG response after DNA vaccination, with or
without Diluvac Forte�, was similar. However, Diluvac Forte�

was able to significantly increase the vaccine-specific IgG titers
against the influenza hemagglutinin and the influenza nucleo-
protein. The anti-hemagglutinin IgG after DNA vaccination
together with Diluvac Forte� was significantly higher at day
35, 42 and 50, and the anti-nucleoprotein IgG was significantly
higher at day 35 than that after DNA vaccination with PBS.

We compared the influence of Diluvac Forte� on the anti-
body response after DNA vaccination (H1pdm09, 50 mg DNA)
and after an immunization with protein (H1pdm09, 1 mg
recombinant protein) (Fig. 2A). At day 35 post first vaccina-
tion, the effect of the adjuvant was more pronounced when
used together with the DNA vaccine than the protein. The total
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IgG response was significantly increased if the DNA vaccine
was combined with Diluvac Forte� but not when the protein
immunization was combined with Diluvac Forte�.

We further assessed the type of IgG response, IgG1 or
IgG2c, induced by the DNA and protein immunizations. Both
the IgG1 and IgG2c responses after vaccination were signifi-
cantly increased when the DNA vaccine was combined with
Diluvac Forte�, while the protein immunization was not
(Fig. 2B and C). Although not adjuvanted by Diluvac Forte�,
the protein vaccine induced a high IgG1 response but no IgG2c
response, whereas the DNA primarily induced an IgG2c
(Th1 –like) antibody response.

We further evaluated the serum IgG response when the
DNA vaccine (encoding H1pdm09 and NP1918) was com-
bined with different concentrations of a-tocopherol
(Fig. 3A and B). The groups of mice received 50 mg DNA

mixed with a low (50 mg/ml) medium (100 mg/ml) and
high (150 mg/ml) concentrations of a-tocopherol in an
emulsion, emulsion without a-tocopherol, or PBS. The low
dose significantly increased both the H1pdm09- and
NP1918-specific IgG at day 35 compared with the emulsion
alone without a-tocopherol. The low dose was also signifi-
cantly more potent with the adjuvant than the high dose of
a-tocopherol. The NP1918-specific IgG was also signifi-
cantly increased by the medium dose of a-tocopherol. The
emulsion alone did not influence the IgG response and did
not differ from the DNA vaccine in PBS.

The types of H1pdm09-specific IgG response, IgG1 and
IgG2c, were also evaluated after the DNA immunization in
combination with a low, medium or high concentrations of
a-tocopherol in an emulsion, emulsion without a-tocopherol,
or PBS (Fig. 4A and B). For the total IgG, the highest titers of

Figure 2. The effect of Diluvac Forte� on IgG, IgG1 and IgG2c titers after DNA and protein immunization. Mice were vaccinated twice (on day 0 and 21) i.d. with 1 mg pro-
tein or 50 mg DNA with or without Diluvac (n D 4 in each group). The levels of IgG (A), IgG1 (B) and IgG2c (C) in the sera at day 35 were measured by ELISA against the
recombinant influenza H1pdm09 protein. The antibody titers are expressed as the reciprocal of the sample dilution giving an optical density (OD) value of 1.0. The error
bars indicate mean § SEM. If the groups differ significantly (p < 0.05), then the p-value is indicated. If the groups are not significantly different, then the p-value is not
shown.

Figure 1. The effect of Diluvac Forte� on IgG titers after DNA immunization. Serum IgG anti-H1pdm09 (A) and anti-NP1918 (B) induced by the immunization of mice with
a DNA vaccine (50 mg DNA/mice/immunization time point) mixed with Diluvac Forte or PBS. CB6F1 mice (n D 8/group) were immunized at day 0 and 21. Blood samples
were collected at day 14 and day 35 for all animals and at day 42 and 50 from 4 animals/group. The antibody titers are expressed as the reciprocal of the sample dilution
giving an optical density (OD) value of 1.0 (A) or 0.5 (B). The data are presented as the mean § standard error of the mean (SEM). ���: p < 0.001; ��: p < 0.01; �: p < 0.05
comparing the 2 groups.
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IgG1 and IgG2c were measured after immunization with the
low dose of a-tocopherol, which was significantly higher than
with the emulsion alone. No adjuvant effect was observed with
the emulsion alone.

Induction of vaccine-specific T cell responses after DNA
vaccination

We assessed the influence of Diluvac Forte� on T cell immunity
after DNA vaccination. Two groups of CB6F1 mice (n D 8 per

Figure 3. The effect of a-tocopherol on IgG titers after DNA immunization. Serum IgG anti-H1pdm09 (A) and anti-NP 1918 (B) at day 35 induced by immunization of mice
with a DNA vaccine (50 mg DNA/mice/immunization time-point) mixed with a-tocopherol at high (150 mg/ml) medium (100 mg/ml) and low (50 mg/ml) concentrations
in an emulsion, emulsion without a-tocopherol or PBS. CB6F1 mice (n D 6/group) were immunized at day 0 and 21. The antibody titers are expressed as the reciprocal of
the sample dilution giving an optical density (OD) value of 1.0. The error bars indicate the mean § SEM. If the groups differ significantly (p < 0.05), then the p-value is
indicated. If the groups are not significantly different, then the p-value is not shown.

Figure 4. The effect of a-tocopherol on IgG1 and IgG2c titers after DNA immunization. Serum IgG1 (A) and IgG2c (B) anti-H1pdm09 at day 35 induced by immunization of
mice with DNA vaccine (50 mg DNA/mice/immunization time-point) mixed with a-tocopherol at high (150 mg/ml) medium (100 mg/ml) and low (50 mg/ml) concentra-
tions in an emulsion, emulsion without a-tocopherol or PBS. CB6F1 mice (nD 6/group) were immunized at day 0 and 21. The antibody titers are expressed as the recipro-
cal of the sample dilution giving an optical density (OD) value of 1.0. The error bars indicate the mean§ SEM. If the groups differ significantly (p< 0.05), then the p-value
is indicated. If the groups are not significantly different, then the p-value is not shown.
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group) were immunized intracutaneously with a DNA vaccine
(50 mg DNA) encoding H1pdm09 and NP1918 and mixed with
Diluvac Forte� or PBS at day 0 and day 21. Splenocytes were
isolated at day 35 (n D 4 per group) (Fig. 5) and day 50 (n D 4
per group) (data not shown) post first vaccination. A vaccine-
specific cytokine response (IFNg, TNF and/or IL-2) in CD4C
and CD8C T cells was detected at both timepoints following a
24-h restimulation with recombinant influenza proteins
(H1pdm09 and NP1918), and the highest responses were seen
against the nucleoprotein (Fig. 5). However, Diluvac Forte� had
no significant impact on the total cytokine response. Diluvac
Forte� also did not influence the type of response, i.e., the differ-
ent combinations of IFNg, TNF and/or IL-2 (Figure S1). IL-17
and IL-5 were analyzed by ELISA after the 72-h restimulation
but were not detected (data not shown).

Discussion

In this study, we demonstrated that the emulsion-based adjuvant
Diluvac Forte� containing a-tocopherol enhanced the immuno-
genicity of a naked DNA vaccine in the Th1/Th2 balanced
CB6F1 mouse model. The model vaccine encoded 2 influenza
proteins, the surface-exposed glycoprotein (hemagglutinin) and
the internal non-glycosylated nucleoprotein. Diluvac Forte�

adjuvanted the humoral response against both types of proteins.
a-tocopherol was shown to be essential for enhancing the DNA
vaccine response in experiments where the vaccine was com-
bined with an emulsion equivalent to Diluvac Forte� but not
when a-tocopherol was excluded. The emulsion alone did not
act as an adjuvant for the DNA vaccine. The optimal concentra-
tion of a-tocopherol for adjuvanting the DNA vaccine was
50 mg/ml. The a-tocopherol in Diluvac Forte� is 75 mg/ml,
which is between the low (50 mg/ml) and medium (100 mg/ml)
concentrations tested here.

Without adjuvant, the DNA vaccine induced a very low
IgG1 response and a potent Th1 biased IgG2c response. Simi-
larly, the DNA vaccine combined with Diluvac Forte� induced
the IgG1 response but predominantly induced the IgG2c

response. Therefore, the adjuvant did not change the composi-
tion of the induced antibody responses but significantly
increased the magnitude. The bias toward IgG2c is interesting
because IgG2c is a potent mediator of antibody-dependent cel-
lular cytotoxicity (ADCC), and complement-dependent cyto-
toxicity (CDC) has been suggested to be important for
influenza vaccines.37 For comparison, we combined Diluvac
Forte� with the encoded recombinant protein immunization.
The protein vaccine without adjuvant induced only an IgG1
response, which was elevated when combined with Diluvac
Forte� and indicative of a polarized Th2 response. In this
model, Diluvac Forte� did not significantly enhance the immu-
nogenicity of the protein vaccine, as measured by vaccine-spe-
cific IgG in serum. The level of responses induced by the 2
model vaccines should not be directly compared, as the vaccine
doses were not equivalent and chosen to be suboptimal to bet-
ter detect any adjuvant effect. We used a suboptimal vaccine
dose, only 50 mg DNA, to better illustrate the effect of the adju-
vant on this small animal model. This finding suggests that the
DNA vaccine together with the adjuvant Diluvac Forte� indu-
ces a strong humoral immune response with broader functional
properties compared with the model protein vaccine. To verify
the functional properties of the humoral immune response
induced by the DNA vaccines, certain assays may need to be
performed. We did not verify the function properties of the
humoral immune response in this study; however, we have pre-
viously shown that a DNA vaccine together with Diluvac
Forte� can induce functional humoral immunity.15 The model
vaccine used here were included in a polyvalent vaccine and
tested together with Diluvac Forte� in pigs where it gave rise to
functional humoral immunity, both in a hemagglutination
inhibition assay and an influenza neutralization assay.15 Since
we used recombinant proteins corresponding to the DNA
encoded equivalents and not a whole inactivated protein vac-
cine, the adjuvant effect on the latter could differ and was not
investigated.

DNA vaccines are known to be potent inducers of cellu-
lar immunity.4,17,38,39 Additionally, in this study, we

Figure 5. The effect of Diluvac Forte� on (T)cell responses after DNA immunization. The total cytokine response, including IFNg , TNF and/or IL-2, in CD4C T cells (A) and
CD8C T cells (B) upon restimulation of the splenocytes isolated from the CB6F1 mice (Balb/C £ C57BL/6) immunized with a DNA vaccine with/without Diluvac Forte at
day 0 and 21 (n D 4 in each group). The splenocytes from day 35 were cultured in vitro in the presence of recombinant influenza NP1918 (5 mg/mL) or H1pdm09 (5 mg/
mL). After 24 h, the cytokine response was analyzed by intracellular cytokine staining followed by flow cytometry. PMA plus ionomycin was included as positive control,
and media alone served as the negative control (data not shown).
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observed an induction of vaccine-specific immunity. How-
ever, the cellular immunity did not appear to be affected
when the DNA vaccine was combined with Diluvac Forte�.
We evaluated the IFNg, TNF, IL-2, IL-5 and IL-17,
responses in splenocytes at 35 and 50 d post first vaccina-
tion, and IL-5 and IL-17 were not detected. IFNg, TNF and
IL-2 were detected in CD4C and CD8C T cells from the
spleen after vaccine-specific restimulation in vitro. There
was no difference between the animals that were vaccinated
with DNA in combination with Diluvac Forte�, or the ani-
mals that were vaccinated with DNA in combination with
PBS. Although we cannot exclude the possibility that the
influence of Diluvac Forte� on cellular immunity could
have been observed with a different read-out or in a differ-
ent compartment, immunization with this DNA vaccine in
combination with Diluvac Forte� did not appear to inter-
fere with the induction of a Th1-type cytokine T cell
response.

To increase the immunogenicity of nucleic acid vaccines
(DNA or RNA based), various means and adjuvants have been
previously evaluated,9 including the traditional adjuvant
alum.18 Additionally, molecular adjuvants, such as plasmids
encoding cytokines,20 costimulatory molecules,21 signaling
molecules22 or pattern recognition receptor ligands, have been
tested in animal models. These approaches often enhance cellu-
lar immunity and importantly, are not immediately available
for clinical application because they are not approved for use in
prophylactic vaccines for humans or animals. One major
advantage of the adjuvant Diluvac Forte� is that it is already
approved and used together with protein vaccines in pigs, and
a-tocopherol has been used in approved human vaccines (e.g.,
Pandemrix), which should improve its potential for attaining
approval in nucleic acid vaccines.

In this study, we demonstrated that the a-tocopherol-
based adjuvant Diluvac Forte�, approved and used in ani-
mal health, has the ability to enhance the immunogenicity
of a naked DNA vaccine encoding influenza proteins and
could adjuvant other nucleic acid-based vaccines. The
induction of a balanced and increased humoral response
without impairment to cellular immunity is an important
advancement toward a potent DNA vaccine with clinical
relevance for animals and humans.
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