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a b s t r a c t

Background: There is a need for safe and potent adjuvants capable of delivering vaccine candidates over the
mucosal barrier, with good capacity to stimulate both mucosal and systemic cell-mediated and humoral
immunity. An adjuvant aimed for intranasal delivery should preferably deliver the antigen and minimize
the transfer into the close proximity of the central nervous system, thus avoiding damage on the olfactory
tissues. Advantages with a mucosal delivery route would be to provide mucosal and systemic immunity,
requiring lower vaccine doses then when given parentally. The aim of this study was to study if the N3
adjuvant intranasally administered with HIV DNA plasmids would be transferred into the olfactory tissues
and cause local inflammation and tissue damage.
Results: The N3 adjuvant alone and when combined with HIV-1 DNA gag plasmid and delivered intranasally
did not cause detectable damage to the nasal epithelium or the olfactory epithelium or bulb over a period
of 3 days after delivery. The intranasal administration of HIV-1 gagp37 DNA induced both a humoral
and a cell-mediated immunity against the gag antigen. Significantly higher HIV-1-specific humoral, but
not cell-mediated immune responses were seen in DNA/N3-immunized mice in comparison with HIV-1
DNA/saline-immunized animals.

Conclusions: A safe and convenient intranasal mode of HIV-1 DNA plasmid and adjuvant delivery was
shown not to interfere with the tissues in close proximity to the central nervous system. The N3 adjuvant
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. Background

In spite of all fascinating and promising mucosal delivery
odes for pharmacological drugs and vaccines their potential risk

actors need to be considered. In lately performed intranasal vac-
ine trials side effects such as Bell’s palsy or damaged olfactory
erves and nasal epithelium (NE) have been described [1–3]. These
nwanted side effects still should not discourage from develop-

ng vaccines and adjuvants for nasal administration, since there

re several advantages in using this route. First, the possibility
f avoiding needle and syringe and the risks associated, secondly
he nasopharyngeal-associated lymphoid tissues (NALT) contains
rich immunological environment including the nasopharyngeal
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enhances the HIV-1-specific immunogenicity and merits to be clinically

© 2008 Elsevier Ltd. All rights reserved.

onsils (Waldeyers ring). Second, immunizing via the nasal route
ave further shown capable of providing immunity both locally
nd in more distant mucosal and systemic regions which has been
hown to result in both cytotoxic CD8+ T-cells, and secretory IgA
4,5].

HIV-1 infection is commonly spread via mucosal transmission
6]. Thus the mucosal surfaces in the genital and rectal regions
re critical entry sites for the HIV, and in these compartments an
fficient blockade of transmission would have a strong impact on
he transmission rate and risk. If a HIV vaccine could be devel-
ped which could elicit an adaptive mucosal and systemic humoral
nd cell-mediated immunity against conserved, neutralizing HIV-1
nvelope epitopes this would be a truly prophylactic vaccine. Previ-
us studies have shown that passive transfer of HIV- or SIV-specific

mmunoglobulins can provide protective immunity to mucosal
HIV challenge [7] and that highly HIV-1- and -2-exposed indi-
iduals can develop HIV-specific neutralizing IgA in serum and
ucosa [8,9]. These studies suggests that it could be possible to

nduce a potentially protective immunity with HIV-1 DNA plasmids

http://www.sciencedirect.com/science/journal/0264410X
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s shown in our own [10–12] and studies by others [13–16]. These
nd other results suggest that needle-free intranasal HIV-1 DNA
mmunization followed by a heterologous recombinant or peptide
ntigen boost could be a powerful vaccine strategy which merit to
e evaluated in clinical studies.

. Methods

.1. Immunizations, antigens and adjuvants

For the safety study C57Bl/6 mice were immunized intranasally
nce with HIV-1 plasmid encoding gag of subtype B combined with
% N3 adjuvant or with empty adjuvant as control and one-third
roup with saline.

In the immunogenicity study female mice were immunized
hree times with 4-week intervals with the same HIV-1 DNA
lasmids intranasally. Group 1 with DNA and the 2% N3 adju-
ant, group 2 with DNA in saline and the third group with saline
nly. At 6 weeks after the final immunization serum and mucosal
pper airway washings and spleens were collected for analysis.
he plasmids used have been described elsewhere [17–19]. In
rief, the plasmids are driven by an immediate early CMV pro-
oter, the gene coding sequence which is followed by the HPV-16

ate poly(A) signal [17,19]. Adjuvant preparation [20]; 0.4 g of the
:1 (molar ratio) mixture of mono-olein and oleylamine, 9.6 ml
.1 M Tris buffer, pH 8.0 added in a beaker. The N3 emulsion
as formed by sonication for 2 min and the pH adjusted to 8.0.

he final vaccine formulation was 1:1 (v/v) mixture of a obtained
% N3 emulsion and a DNA solution having a concentration of
0 �g DNA/20 �l.

.2. Preparation of nasal, olfactory and cerebral samples for
istological analyses

Mice were sacrificed by CO2. The head were cut off and the
kin was removed and the head was immediately placed in 4%
araformaldehyde (pH 7.4).

.2.1. Fixation
The head was fixed in 4% paraformaldehyde for 24 h at room

emperature (RT).

.2.2. Decalcification
After fixation the head was washed in Tris buffer (pH 7.6) and

hen placed in 8% EDTA (pH 7.6) for decalcification. The decalcifica-
ion was performed in RT and the EDTA buffer was changed every
4th hour 6 times.

.2.3. Paraffin embedding
The heads were washed in tap water to remove the EDTA and

hen cut in three pieces. Each pieces was placed in a cassette, plastic
olders and dehydrated in a series of ethanol and xylene baths.
he dehydrate process is important to get out all of water from the
issue so that the paraffin can penetrate through it. Three baths
f paraffin at 60 ◦C were performed before the paraffin embedded
issues were placed in steel containers, filled up with paraffin and

et to cold down at ice.

.2.4. Sectioning of paraffin closes
A microtome (Leica, Mannheim, Germany) was used for section-

ng of the paraffin closes. Five micrometers thick sections were cut,
laced on a water bath and catch up on glass slices. Incubation for
h in 37 ◦C to attaches the tissue slice to glasses.
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.3. Immunohistochemical detection

This technique was used to detect if the adjuvant and DNA
accine may result in inflammatory reactions in the nose epithe-
ium in olfactory bulb (OB) or CNS. Antibody against a common

ouse leukocyte antigen (CD45) was used (BD Sciences, US). To
race the anti-mouse leukocyte antigen we used enzyme coupled
econdary antibodies, one was biotinylated avidin–biotin com-
lex (ABComplex, DAKO) and the other was alkaline phosphates
oupled (DAKO Cytomation, Dakopatts, Copenhagen, Denmark).
ndogenous alkalic phosphatase was blocked by Levamisol and
as performed simultaneously with the colour development. For

he biotinylated antibody we used AP substrate, and for the
lkaline phosphates antibody we use fast red substrate (3,3-
iaminobenzidin-tethrahydrochloride). All glasses were stained in
ematoxylin (Histolab, Gothenburg, Sweden) colour bath and they
ere then mothered and microscopically examined.

.4. Serum and mucosal samples

The mice were immunized i.n.a. with plasmid DNA or saline
ith or without adjuvant. The immunological assays used were for

he cellular responses were IFN-gamma ELISpot. The HIV-specific
umoral response was analysed by ELISA, which was performed on
erum IgG and IgA, fecal pellet IgG and IgA and vaginal wash IgA.

.5. Enzyme-linked immunosorbent assay for detection of IgG
nd IgA antibodies

Ninety-six well plates (NUNC-Maxisorp, Odense, Denmark)
ere coated with HIV-1 recombinant p24 antigens (Protein Sci-

nces, Meriden, CT). Mouse sera were diluted in phosphate
uffer saline (pH 7.4) with 0.5% bovine serum albumin (BSA,
oehring Mannheim, Mannheim, Germany) and 0.05% Tween 20
Sigma–Aldrich, Sweden, AB) and 100 �l of dilutions 1/100, 1/1000,
/10 000 and 1/100 000 were added to each well and incubated at
37 ◦C for 1.5 h.

Mucosal samples were tested as previously described [21,18,22].
orseradish peroxidase conjugated anti-mouse IgG (Biorad,
ichmond), dilution 1/3000 or anti-mouse IgA (Southern Biotech-
ologies, Birmingham, AL) dilution 1/1000, was added and

ncubated at +37 ◦C for 2 h and OPD (2 mg/ml orthophenylenedi-
mine in 0.05 M sodium citric acid pH 5.5 with 0.003% H2O2) was
dded as substrate at 100 �l/well. After a 30 min incubation period,
he reaction was stopped by adding 100 �l/well 2.5 M H2SO4 and
bsorbances were measured at 490 nm. Sera, vaginal secretions
nd feces from pre-immunized animals were used as negative con-
rols.

.6. Cell-mediated immunity

.6.1. Secretion of cytokines in mucosal washings
No significant differences in amounts of secreted local IFN-

amma in the nasal tissues could be found between the study
roups 1 and 2.

.7. Cell-mediated immunity assayed by ELISpot

Mice were anaesthetised with isoflourane and blood collected

y cardiac-punction. Blood was immediately placed in EDTA tubes.
DTA is a chelator who binds calcium and are there of an inhibitor
or blood coagulation. Spleen was collected and cut into small
ieces and then squeezed through a steel mesh down to a petri-dish
ontaining RPMI 1640 supplemented with l-glutamine, antibiotics
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nd 10% fetal calf serum cell medium (Gibco, Life Sciences, Pais-
ey, Scotland). The spleen cells were frozen in liquid nitrogen until
urther analysed by ELISpot.

The ELISpot assay was used to perform interferon-gamma T-
ells response analyses after DNA immunization with and without
he N3 adjuvant. All the three groups of mice were tested 4 weeks

fter the last immunization. Each test was performed in triplicate
nd negative and positive controls were used. The assay was per-
ormed according with the recommendations of the manufacturer
MabTech, Nacka, Sweden). In brief, 96-well plate was prepared

i
a
l
r

ig. 1. The typical tissue pattern in histochemical analyses of the upper airways of mic
djuvant after 24, 48 and 96 h. Figures (A)–(C) represents tissues from untreated normal m
K) represent olfactory epithelium (OE) tissues; (C), (F), (I) and (L) represent nasal epitheli
o plasmid DNA and 2% N3 adjuvant, (G)–(I) show the tissues 48 h after exposure and (J)–
6 (2008) 5101–5106 5103

ith antibody against the IFN-gamma. After incubation at 4–8 ◦C
ver night, blocking was performed with cell medium (containing
0% serum). After blocking, 100 �l of cell suspension containing
00 000 cells was added and incubated in 37 ◦C and 5% CO2 for
4 h. A biotinylated detection antibody was used against the anti-
en. Thereafter a complex of streptavidine–alkaline phosphatase

s added, and when substrate is added to alkaline phosphates,

coloured spot will develop. The plates were studied under a
ight microscope and reading is performed automatic in an ELISpot
eader (AID, San Diego, CA).

e immunized with 10 �g plasmid DNA dissolved in Tris buffer containing 2% N3
ice with (A), (D), (G) and (J) represent olfactory bulb (OB) tissues; (B), (E), (H) and

um (NE) tissues. The horizontal figures (A)–(F) show the tissue 24 h after exposure
(L) show tissues 96 h after exposure to plasmid DNA and 2% N3.
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.8. Statistical analyses

Statistical comparisons between the groups were performed
sing the nonparametric Mann–Whitney U-test. A significant dif-

erence was considered when a p-value of <0.05 was obtained.
ne-way ANOVA with Dunnetts post-test was performed using
raphPad Prism version 4.0a for MacIntosh, OS 9, Apple Graphic-
ad Software, San Diego, CA, was used for comparisons of medians
etween groups at p < 0.001 and <0.05 levels.

. Results

.1. Olfactory nerve and tissues

No inflammation or abnormal tissue structures after intranasal
xposure to the 2% N3 adjuvant or 10 �g pDNA gagp37 and 2% N3
djuvant was seen at 24, 48 or 96 h. In Fig. 1A–K a comparison
f representative tissue slides from naive mice and N3 adjuvant-
xposed mice after 24–96 h in tissues from olfactory bulb, nasal
pithelium or olfactory epithelium (OE) is shown. No differences
etween the tissues were detected in tissues from the three differ-
nt study groups suggesting that the adjuvant nor the pDNA gagp37
nduces changes or inflammation in the nasal or olfactory tissues
f treated animals.

When performing immunohistochemistry with antibodies
gainst the murine CD45-expressing cells to elucidate if N3
djuvant-immunized animals would have an increased invasion of
otentially inflammation causing cell populations in the nasal and
lfactory tissues 24–96 h after administration of the adjuvant (or
djuvant and plasmid DNA) no differences in tissues from naive
ntreated and immunized mice could be shown (data not shown).

.2. Immunoglobulins against HIV-1 in serum

HIV-1 DNA-induced systemic humoral immunity after three
mmunizations was strong in the mice when adjuvant N3 was used
Table 1). The difference between using adjuvant was seen, in mice
mmunized with DNA and N3 the serum IgG and IgA titers against
24 antigen became significantly higher then when no adjuvant
as used (p < 0.05).

.3. Fecal stool immunity in adult mice
Mucosal (fecal) immune responses were found in animals
mmunized via the intranasal routes, the highest HIV-1-specific IgA
iters found with adjuvanted vaccine where fecal IgG titers against
24 were significantly higher (p < 0.01)

3

a

able 1
umoral immunity against gagp24 in mice immunized with gagp37 DNA with and witho

roup Immunization Adjuvant Serum IgG rp24 Serum IgA
rp24

Fecal IgG
rp24

1 pDNA-p37 3× 2% N3 15,300 2780 144
95% CI 10,531–20,069 1502–4064 60–226

2 pDNA-p37 3× No 2680 900 17
95% CI 2008–3525 600-1190 7–26

3 Saline 2% N3 <100 <100 <4
95% CI N/A N/A N/A

4 – – <100 <100 <4
95% CI N/A N/A N/A

roup mean titers and 95% CI.
ompared between three groups of intranasally-immunized mice. Box plots show
he group median and 25% and 75% percentiles for each analysed group. Significant
ifferences between the groups are indicated by the (*) symbols where *p < 0.05,
*p < 0.01, ***p < 0.001.

.4. Nasal and vaginal wash immunity

Nasal group 1 anti-gag IgA titers were significantly higher then
roup 2 anti-gag IgA titers (p < 0.05). Nasal IgG titers were not sig-
ificantly different (Table 1).

Vaginal IgG titers in group 1 were significantly higher than in
roup 2 mice (p < 0.05). The vaginal IgA titers were not significantly
ifferent between groups 1 and 2. Both groups 1 and 2 mucosal
nti-gag titers were significantly stronger then the control group Ig
nti-gag reactivities (p < 0.001).

.5. Cell-mediated immunity

Interferon-gamma secreting spleen cells were significantly
igher in plasmid-DNA and N3 adjuvant-immunized mice (p < 0.01)
ompared with N3 only or naive mice (Fig. 2).
.6. Behavioural observations

Early after intranasal administration of the HIV-1 DNA and N3
djuvant or N3 adjuvant only was it possible to see that the mice

ut N3 adjuvant

Fecal IgA
rp24

Nasal wash
IgG rp24

Nasal wash
IgG rp24

Vaginal wash
IgG rp24

Vaginal wash
IgA rp24

40 7 6 7.7 5
23–60 3.5–10 4–8 3–12 2.5–7.5

24 3.7 2 1.6 0.7
1.6–46 2–5 0–4 0–3.7 0–2.4

<4 <2 <2 <2 <2
N/A N/A N/A N/A N/A

<4 <2 <2 <2 <2
N/A N/A N/A N/A N/A
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elt discomfort with the vaccine administration. The signs were
neezing and increased polishing of the nostrils and whiskers. This
iscomfort was seen for approximately 1 h after the vaccine admin-

stration, thereafter there was no difference in behaviour between
he vaccines and the control mice left untouched.

. Discussion

Even though side effects have been seen with mucosally deliv-
red experimental vaccines they seem often to be associated with
he chosen adjuvant combined with the vaccine itself [1–3]. Thus
here is a great need to find safe but sufficiently potent adju-
ants/vaccines which provide both immediate immunity and a
ong-lasting immune memory. In this category of substances a
ascinating area of research is among the natural or endogenous
andidates such as the fatty acid based adjuvants used in this and
revious work the N3 and L3 adjuvants [20,22,23].

In this study we show that the tested adjuvant the N3 no
etectable tissue damage on the nasal epithelium or on the olfac-
ory pathways the nasal and central nervous connecting tissues.
urther we show that the use of an adjuvant significantly enhances
mmune responses against the p24 antigen especially the humoral
mmune responses. The data indicate that the delivery of DNA

ith N3 adjuvant may mainly be an increased efficacy to deliver a
arger amount of DNA plasmid over the mucosa and to the antigen-
resenting cells rather then causing local inflammation and thereby
ecruiting and enhancing the immunogenicity. The inflammation
nd immune recruitment may instead take place in draining lymph
odes. This may be an advantage especially in individuals with
mall upper airways where an inflamed and even slightly swollen
asal tissue may de inconvenient, unwanted and disturbing, such
s in small children. However, it needs to be pointed out that
he architecture of the nasal cavity of a mouse is very different
rom a human so direct comparisons are not possible. This is in
oncordance with our previous studies with this and similar adju-
ants, but with other HIV-1 DNA plasmids such as the envelope
ene-expressing plasmids [22,23]. In this report we therefore focus
ore on the gag-antigen directed immunity a more conserved and

herefore attractive CD8+ CTL and CD4+ T-helper cell target anti-
en. In earlier studies with this pDNA gagp37 antigen we have
hown that the expressed antigen is a very immunogenic vaccine
andidate, with or without adjuvant [24]. It was therefore not sur-
rising that the IFN-gamma secreting cells were non-significantly
ifferent between the adjuvant and non-adjuvant-immunized ani-
als (Fig. 2). Further we have seen that when combining the DNA

lasmid-expressing gagp37 with the gp160-gene-expressing plas-
ids at the same injections site suppression of the HIV-1-specific

mmunity was noticed [25,26]. These previous studies were per-
ormed by syringe and needle or Biojector administration, and have
ot yet been studied when mucosal administration was performed.

t would therefore be desirable to perform a clinical trial with
ntranasally or otherwise mucosal delivery of a HIV-1 vaccine can-
idate consisting of a combination of DNA plasmids representing a
road HIV-1 clade repertoire. The gag-gene have an obvious place

n such a combination vaccine due to its relatively high conserva-
ion between clades, its strong correlation with reduced disease
rogression rates in patients responding persistently and strong
gainst it [27,28]. With this study, using intranasal delivery with a
ovel endogenous adjuvant an alternative to parenteral immuniza-
ion seem safe and possible.
. Conclusion

Intranasal administration of HIV-1 DNA gagp37 with the
ndogenous N3 adjuvant is safe and does not cause detectable dam-

[

[

6 (2008) 5101–5106 5105

ge in the nasopharyngeal and olfactory tissues. The N3 adjuvant
elivered HIV-1 DNA vaccine induces significantly higher gagp24-
pecific humoral immune responses, both systemically and on
ucosal surfaces. Thus the combination of HIV-1 DNA vaccines
ith 2% N3 adjuvant seems safe for intranasal administration.
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19] Rollman E, Bråve A, Boberg A, Gudmundsdotter L, Engstrom G, Isaguliants M,
et al. The rationale behind a vaccine based on multiple HIV antigens. Microbes
Inf 2005;7:1414–23.
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