
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



A

a
c
M
a
a
©

K

1

i
o
v
i
m
t

t
[
c
h
i
t
t

S
T

0
d

Vaccine 25 (2007) 3380–3390

The Canarypox-virus vaccine vector ALVAC triggers the release
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bstract

We investigated the mechanism by which ALVAC activates innate immunity. Combining ALVAC with protein antigens significantly
ugmented antigen-specific IgG2a responses; this was dependent on the presence of bioactive interferon (IFN)-�. Immuno-depletion of NK
ells prior to ALVAC immunisation abrogated IFN-� production indicating that they are the main cellular source of early IFN-� in vivo.

urine bone-marrow derived dendritic cells (BMDCs) cultured in the presence of ALVAC secreted high levels of the chemokines CXCL10

nd CCL2 and up-regulated expression of the maturation markers CD40, CD80 and CD86. Therefore, we conclude that ALVAC acts as an
djuvant through a mechanism requiring NK cell derived IFN-�, DC activation and chemokine secretion.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Adjuvants improve the adaptive immune response to co-
njected antigen by activating innate immunity [1]. In spite
f intense research, there is still a limited number of adju-
ants available for human use, in particular to enhance the
nduction of the polarized Th1 response required for opti-

um protective immunity to viral infection and for cancer
herapy [2,3].

Vaccination strategies based on the Canarypox-virus vec-
or ALVAC have shown potential in both infectious disease
4,5] and cancer [6]. ALVAC, a large DNA virus whose repli-
ation is confined to avian hosts, has a good safety profile in
umans [5]. Despite its attenuated nature, ALVAC does cause
nflammation at the site of injection as evidenced by infiltra-

ion of neutrophils [7]. Furthermore, previous reports show
hat ALVAC possesses adjuvant activity [7,8].

∗ Corresponding author. Present Address: Education and Research Centre,
t. Vincent’s University Hospital, Elm Park, Dublin 4, Ireland.
el.: +353 1 2774940.
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In this study, we confirm that ALVAC acts as an adju-
ant, enhancing antigen-specific IgG2a to co-injected protein
ntigen in mice. Intra-muscular (i.m.) injection of ALVAC
ncreases levels of circulating IFN-� and IFN-� shortly
fter injection. ALVAC enhanced antigen-specific IgG2a
esponses to co-injected protein antigen in IFN-� Receptor
nockout (IFN-�R−/−) mice but not IFN-�R−/− mice, indi-
ating the importance of bioactive IFN-� in mediating the
djuvant effect of ALVAC. Immuno-depletion of NK cells
ramatically impaired the ability of ALVAC to induce cir-
ulating IFN-�, indicating that these cells are the major pro-
ucer of this cytokine in vivo. A previous study has shown that
LVAC triggers TNF-� production by human DCs [9]. As the

nteraction between NK and DCs is important for the induc-
ion of the innate immune response [10] we investigated the
ffect of ALVAC exposure on murine BMDC regarding matu-
ation and cytokine production. We show that under the exper-
mental conditions we used, low levels of apoptosis were
etected, and that ALVAC induces the maturation of DCs

up-regulation of CD40, CD80 and CD86 expression) and
he production of low levels of inflammatory cytokines (IL-6,
NF-� and IL-12). However, a marked increase in the secre-

ion of the chemokines CXCL10 and CCL2 was observed.

mailto:Elizabeth.Ryan@ucd.ie
dx.doi.org/10.1016/j.vaccine.2006.12.048
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Therefore, this leads us to suggest that ALVAC can act
s a Th1 polarizing adjuvant by inducing local inflammation
7], resulting in DC maturation and chemokine production
hich in turn causes the recruitment of IFN-� secreting NK

ells.
Understanding the mechanism of adjuvant action of

LVAC, will allow more effective targeting of the desired
mmune response by taking advantage of the fact that
LVAC can be manipulated to encode a variety of immuno-
odulatory transgenes, e.g. GM-CSF [11] or IL-12 [12] that

an further enhance the activation of NK cells or DCs.

. Materials and methods

.1. Mice

Six to eight week old female Balb/c ByJ mice (Charles
iver, Les Oncins, France) or 129/Sv, IFN-� receptor knock-
ut and IFN-� receptor knockout (B + K Universal, Hull, UK)
ere used. Animals were housed and experiments carried
ut in an accredited facility under the guidelines of Sanofi-
asteur’s local ethics committee.

.2. Antigens

In this study we used ALVAC-HIV, vCP1452 (Sanofi-
asteur, Marcy l’Etoile, France) a recombinant Canarypox
ector that contains the genes for HIV-1 envelope gp120
strain MN) linked to the trans-membrane portion of HIV-1
p41 (strain LAI), the HIV-1 LAI gag gene encoding for the
ntire gag protein, the sequence of the pol gene encoding the
rotease, and a synthetic polynucleotide encompassing sev-
ral known human CTL epitopes from the nef and pol gene
roducts. It also contains sequences encoding the E3L and
3L vaccinia virus proteins in the C6 site. ALVAC Placebo

Sanofi-Pasteur) contains a mixture of 10 mM Tris–HCl
uffer pH 9.0, virus stabilizer and freeze-drying medium.
oth ALVAC and Placebo were re-constituted in sterile
.9% saline prior to injection. Recombinant HIV Tat pro-
ein from the HIV-1IIIB isolate and glycoprotein B (gB) from
ytomegalovirus (CMV) were purified from bacterial culture
t Sanofi-Pasteur. All vaccines used in this study were clini-
al grade and were verified to be free of lipopolysaccharide
LPS) and other impurities.

.3. The adjuvant effect of ALVAC

Groups of 10 Balb/c, 129/Sv, IFN-�R knockout, or IFN-
R knockout mice were immunised i.m. in the quadriceps
ollowing anaesthesia with Imalgene 500 (Merial, Lyon,
rance) with either gB (2 �g/dose), Tat (20 �g/dose), alone or
n combination with Placebo or ALVAC (1/10 human dose).
ice were boosted at day 21 and serum and spleen samples

aken at day 35. Anti-Tat and gB antibody titres and specific
ellular responses were then analysed as described below.

l
d
P
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.4. Specific anti-Tat and anti-gB antibody titration by
LISA

Maxi-Sorp ELISA plates (Nunc, Wiesbaden, Germany)
ere coated with 1 �g/ml of either Tat or gB in PBS
vernight at 4 ◦C. Plates were blocked with 1% non-fat milk
Gibco, Paisley, UK) at 37 ◦C for 1 h, after washing serial
ilutions of serum samples and standards were added for 1 h
t 37 ◦C. Plates were then washed and the detection antibody,
oat-anti-mouse IgG-HRP (Jackson ImmunoResearch Lab-
ratories, Inc., West Grove, PA) was added for a further hour
t 37 ◦C. Plates were washed, and a tetramethlybenzidine
ubstrate solution added (Tebu Bio-Labs, Le Perray-en-
velines, France), the enzyme reaction was stopped with

he addition of phosphoric acid (1 M), and OD values at
50 nm were determined. Antibody titres were calculated
rom the linear regression curve of a standard specific
erum originating from the same animal species as the
amples, present on each ELISA plate (Softmax softwareTM,

olecular Devices, Sunnyvale, CA). The titre of the
tandard had been previously determined in 15 independent
xperiments.

.5. IFN-γ ELISPOT

MultiScreen HTS plates (Millipore, Bedford, MA) were
oated overnight at 4 ◦C with anti-IFN-� capture mono-
lonal antibody (mAb) (Clone No. R4-6A2, BD Pharmingen,
an Diego, CA), washed and blocked. Responder spleen
ells were added at a concentration of 2 × 105 cells/well in
PMI 1640 (Gibco) supplemented with 10% FCS (Hyclone,
ogan, UT), Penicillin-Streptomycin (Gibco), 200 mM l-
lutamine (Gibco), and 50 mM �-mercaptoethanol (Gibco).
ells were stimulated in triplicate with 1 �g/ml of 9 or 15
er Tat or gag peptides (Neosystem, Strasbourg, France),
edium alone as negative control and PMA (Sigma–Aldrich,
t. Louis, MO)/anti-CD3 (BD Pharmingen) as positive con-

rol. ALVAC specific immune responses were measured by
dding P815 cells (Mouse lymphoblast-like mastocytoma
ell line) that had been infected with a multiplicity of infec-
ion (MOI) of 20 of parental virus (CpPP) overnight. Cultures
ere incubated overnight at 37 ◦C/5% CO2. The following
ay, detection using mAb IFN-�-biotin (clone No. XMG1.2,
D Pharmingen), followed by Streptavidin-HRP (Southern
iotech, Birmingham, AL) was visualized using 3-amino-
-ethylcarbazole (AEC) substrate (Sigma–Aldrich). IFN-�
roducing spots were counted using an automated ELISPOT
eader equipped with SpotTM software (MicroVision Instru-
ents, Evry, France).

.6. In vivo IFN-γ capture assay
ALVAC’s ability to induce early circulating IFN-� fol-
owing i.m. injection was evaluated using an in vivo IFN-�
etection assay as described by the manufacturer (BD
harmingen). Briefly, prior to i.m. injection with ALVAC or
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lacebo groups of Balb/c mice were given an intraperitoneal
i.p.) injection with 10 �g/dose of a biotin-IFN-� mAb, serum
amples were removed at various time-points and frozen at
20 ◦C until analysis of the IFN-� mAb complex by ELISA.

n some experiments, NK cells were depleted using anti-
sialo GM1 polyclonal antibody (Cedarlane Laboratories,
ntario, Canada) i.p. at day −5 and day 0 at 30 �g/dose.
ontrol mice received the same dose of non-specific rab-
it IgG (Caltag Laboratories, Burlingame, CA). The capture
FN-� mAb with either Placebo or ALVAC were injected
s described and serum samples were collected at 72 h post-
mmunisation, and frozen at −20 ◦C until analysis by ELISA.
pleens were removed from both control and treated animals
nd the efficacy of the NK cell depletion measured by eval-
ating the % of spleen cells expressing the NK cell marker
D49b by flow cytometry using a specific mAb, clone no.
X5 (BD Pharmingen).

.7. Cytokine detection

Secretion of cytokines/chemokines was analyzed by
LISA using commercially available matched pairs of mAbs;
urine CXCL10 and CXCL16 (R&D Systems, Minneapo-

is, MN); murine IL-10, TNF-�, IL-5, IFN-�, IL-12p40, IL-6,
nd human IL-10 and IL-12p70 (BD PharMingen, San Diego,
A). The limit of sensitivity for detection was 15 pg/ml for
ll ELISA assays. Murine IFN-� was detected in serum sam-
les using a commercially available ELISA kit as instructed
Endogen, Rockford, IL). The detection range for this assay
as 12.5–500 pg/ml. In some experiments cytokine deter-
inations were performed using the cytometric bead array

CBA) mouse inflammation kit from BD Pharmingen as
escribed by the manufacturer. Samples were acquired on
BD FACscalibur and analysed with Cellquest ProTM soft-
are. The detection range for all cytokines by this method
as 39–5000 pg/ml.

.8. Bone-marrow derived DC generation

Bone-marrow was flushed from the femurs and tibiae of
Balb/c ByJ mice using cold complete RPMI. Cells were
ashed and re-suspended in complete RPMI supplemented
ith GM-CSF (5 ng/ml, R&D Systems). On day 3 fresh
edia containing GM-CSF was added to the adherent cells.
n day 7, cells were washed, phenotyped by flow cytometry

nd if >80% of the cells were CD11c+ they were then used
or experiments.

.9. FACs analysis of DC maturation in vitro

BMDCs were cultured at a concentration of 1 × 106 cells/
l in complete RPMI for 24 h in the presence of ALVAC at a

OI of 0.2 and 1, or the equivalent volume of Placebo. Cells

ultured in medium alone were used as a negative control
nd cells cultured with a Toll like receptor (TLR) 4 agonist
Sanofi-Pasteur) at a concentration of 0.1 �g/ml, as a positive

a
c

i

(2007) 3380–3390

ontrol. Cells were washed, re-suspended in PBS with 2%
CS and 0.01% NaN3; labelled with mAbs specific for CD3,
D4, CD8, CD19, CD11c, CD40, CD80, and CD86, with

he appropriate isotype controls (all from BD PharMingen).
ells were acquired using a FACScalibur (BD) and results
nalyzed using CellQuest ProTM Software (BD).

.10. Cell death analysis

Cell death analysis of either human peripheral blood
ononuclear cells (PBMCs) or murine BMDCs was carried

ut using the TACS Annexin-V-FITC Apoptosis Detection
it as described by the manufacturer (R&D Systems).

.11. Statistical analysis

All results are presented as mean ± S.E.M., unless other-
ise indicated. Differences between the means of multiple
roups in an experiment were analysed using one-way
NOVA analysis of variance. In the case where only two
roups are being considered results were analysed using a
wo-tailed independent variable Student’s T test. All analysis
as performed using StatView Software (SAS, Cary, NC).
-Values < 0.05 were considered significant.

. Results

.1. ALVAC enhances antigen-specific Th1 responses to
o-injected protein antigen

Groups of Balb/c mice were immunised i.m. with either
ntigen alone (Tat or gB) or in combination with Placebo or
LVAC. Mice received a booster immunisation after 3 weeks,

nd were sacrificed 2 weeks later in order to investigate
ntigen-specific immune responses. Titres of antigen-specific
gG and IgG1/IgG2a were determined by ELISA. The levels
f gB specific IgG observed in the group who received gB
nd ALVAC were higher than both the group that received
B alone, and the group immunised with gB and Placebo
Fig. 1A). A similar increase in antigen-specific IgG was
bserved when ALVAC was co-injected with another anti-
en, Tat (Fig. 1B). Looking at the particular subclasses of
gG, the addition of ALVAC to the antigens Tat or gB did
ot cause an increase in the levels of antigen-specific IgG1
Fig. 1C and D). However, a 2-fold increase was observed
n the levels of anti-gB IgG2a in mice that received gB and
LVAC compared to mice that received gB alone (Fig. 1E). A

imilar augmentation of Tat-specific IgG2a was observed in
he groups of mice that received Tat and ALVAC compared
o those that received either Tat alone or Tat and Placebo
Fig. 1F). These results clearly show that ALVAC can act as

n adjuvant augmenting antigen-specific IgG2a responses to
o-injected antigen.

Next, we investigated the effect of ALVAC on the cellular
mmune response to co-injected antigen. Groups of 10 Balb/c
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Fig. 1. Co-immunisation of ALVAC with either Tat or gB antigens augments the induction of either Tat or gB specific IgG2a. Five groups of Balb/c mice (10
per group) were immunised i.m. with gB (2 �g/dose), ALVAC (1/10 human dose), Placebo and either ALVAC or Placebo in combination with gB. The mice
were boosted at day 21 and at day 35 serum samples were taken. Titres of antigen-specific IgG (A), IgG1 (C) and IgG2a (D) values were determined by ELISA.
In a separate experiment 5 groups of Balb/c mice (10 per group) were immunised i.m. with Tat (20 �g/dose), ALVAC (1/10 human dose), Placebo and either
ALVAC or Placebo in combination with Tat. The mice were boosted at day 21 and at day 35 serum samples were taken. Titres of antigen-specific IgG (B), IgG1
(D) and IgG2a (F) values were determined by ELISA Values shown represent the mean endpoint titre ± standard error of 10 mice per group (A–F). Spleens
were removed from the mice that received Tat (20 �g/dose), ALVAC (1/10 human dose), Placebo and either ALVAC or Placebo in combination with Tat and
the number of gag, CpPP and Tat-specific cells secreting IFN-� were determined by ELISPOT. (G) Values are represented as the mean ± standard error of 5
mice per group, *p < 0.05, **p < 0.01, and ***p < 0.001, ns = not significant.
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Fig. 2. i.m. Injection of Balb/c mice with ALVAC induces circulatory IFN-�
and IFN-�. (A) At time 0, groups of mice (5–6 per group) were immunised
i.p. with 10 �g of a biotinylated anti-IFN-�-mAb (no azide/low endotoxin)
followed by i.m. immunisation of either placebo or ALVAC at 1/10 human
dose. At various time points serum samples were prepared from these mice
and frozen at −20 ◦C until analysis. Levels of the complex of mAb + IFN�

were determined by an ELISA using a standard curve generated using recom-
binant IFN-� that had been pre-incubated with biotinylated mAb. Results are
expresses as mean cytokine concentration ± standard deviation. *p < 0.05,
***p < 0.001 and ns = not significant. (B) In a separate experiment groups of
Balb/c mice (5 per group) were immunised with Placebo or ALVAC (1/10
h
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ice were immunised with Tat alone, Tat and Placebo or Tat
nd ALVAC and 2 weeks after a booster immunisation the
ice were sacrificed and their spleen removed to analyse

he cellular immune responses. The spleen cells were re-
timulated in vitro and the numbers of antigen-specific IFN-�
ecreting cells were determined by ELISPOT (Fig. 1G). The
umber of Tat-specific IFN-� secreting cells in the groups
f mice that received Tat alone or Tat and Placebo were
ot significantly different from background levels (Fig. 1G).
owever, Tat-specific IFN-� secreting cells were detectable

n the group that received Tat together with ALVAC. IFN-�
ecreting cells specific for the vector itself (CpPP) and for
ag (encoded by ALVAC) were detected in all groups that
eceived ALVAC (Fig. 1G). These data show that ALVAC
ugments both humoral and cellular type 1 responses to co-
njected antigen.

.2. Intra-muscular injection of ALVAC induces
irculating IFN-α and IFN-γ but with differing kinetics

Two major signalling pathways participate in the innate
mmune response to viral DNA, namely, the nuclear factor-
B (NF-�B)-dependent pathway leading to inflammatory
ytokine secretion (including IL-12 and IFN-�) and the type
IFN-dependent pathway inducing IFN-� and IFN-regulated
enes [13]. Therefore, we wished to determine if IFN-�
nd/or IFN-� were produced in vivo following an injection
f ALVAC. Groups of Balb/c mice were immunised simul-
aneously by the i.m. route with 1/10th of the human dose of
LVAC and i.p. with a biotin-conjugated anti-IFN-� mAb,

nd subsequently the mice were bled at various time-points
fter immunisation. Levels of the IFN-�:mAb complex were
etermined by ELISA. Significant quantities of IFN-� were
etectable in the circulation of mice 15 h after immunisation
Fig. 2A). The IFN-�:mAb complex continued to accumulate
n the circulation of the ALVAC immunised mice up to 72 h
ost-immunisation (Fig. 2A). The anti-IFN-� antibody is
table for up to 72 h in vivo. Using 1/50th of the human dose
esulted in less circulating IFN-� than 1/10th of the human
ose, illustrating the effect is dose-dependent (Fig. 2A).
n order to detect circulating IFN-� groups of Balb/c mice
ere immunised i.m. with 1/10th of the human dose of
LVAC and then bled at various time-points, and the levels
f IFN-� in the serum were determined by ELISA. A low
nd transient amount of IFN-� could be detected at 2 h in the
erum of ALVAC immunised mice (Fig. 2B). In summary,
LVAC immunisation induces a low amount of IFN-� and

ignificant amounts of IFN-� with very different kinetics.
FN-� being early and transient and IFN-� appearing
ater but more sustained. However, as we used an in vivo
apture assay to determine the circulating amounts of IFN-�
stable IFN-�:mAb complex) and a straightforward ELISA

pproach to detect the relatively labile IFN-�, we cannot
raw any conclusions about the relative importance of the
wo cytokines in the adjuvanticity of ALVAC from these
ata.

I
a
c
r

uman dose) at time 0. Serum samples were removed at various time-points
nd frozen at −20 ◦C until analysis. Levels of serum IFN-� were deter-
ined by ELISA in triplicate on serum pools from each group. Results are

xpressed as the mean cytokine concentration ± standard error.

.3. The ability of ALVAC to enhance antigen-specific
gG2a to co-injected antigen depends on bioactive
FN-γ not IFN-α

As we demonstrated that ALVAC could induce both innate
FN-� and IFN-� (albeit in different amounts and with var-
ed kinetics), we wished to address the question whether
he induction of one or both of these cytokines were cru-
ial for the adjuvant activity of ALVAC. In order to do this
e immunised groups of wild type (129/Sv), IFN-�R−/−

nd IFN-�R−/− mice with either gB and Placebo or gB
nd ALVAC and then evaluated the gB specific immune
esponses. This approach enabled us to observe if ALVAC
aintained its adjuvant properties in the absence of bioactive
FN-� or IFN-�. Anti-gB specific IgG levels were similar in
ll groups of mice irrespective of mouse genotype or vac-
ine (Fig. 3A). Anti-gB specific IgG1 levels were marginally
educed in the groups that received gB and ALVAC compared
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Fig. 3. The ability of ALVAC to enhance gB specific IgG2a depends on bioactive IFN-�. Groups of wild type (129/Sv), IFN-� receptor knockout mice (IFN-
�R−/−), and IFN-� receptor knockout mice (IFN-�R−/−) were immunised i.m. with gB (2 �g/dose) in combination with either placebo or ALVAC (1/10 human
dose). The animals were boosted at day 21 and serum samples taken at day 35. Anti-gB specific IgG (A), IgG1 (B) and IgG2a (C) titres were determined by
E group, ***
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LISA. Results represented are the mean ± standard deviation of 5 mice per
as determined (D). A value of 1 indicates that equal amounts of antigen

nti-specific IgG1 than IgG2a, while values less than one signify that more

ith those that received gB and Placebo in each of the geno-
ypes (Fig. 3B). However, a clear augmentation of gB specific
gG2a was observed in both 129/Sv and IFN-�R−/− mice that
eceived gB and ALVAC compared to gB and Placebo. In con-
rast, no significant increase in anti-gB IgG2a was observed in
FN-�R−/− mice upon the addition of ALVAC to the protein
ntigen (Fig. 3C). These data indicates that although ALVAC
nduces both innate IFN-� and IFN-� production in vivo,
FN-� is dispensable for the augmentation of specific IgG2a
o co-injected antigen.

.4. NK cells produce the innate IFN-γ induced by
LVAC
NK cells are a major cellular source of the IFN-� pro-
uced during the first phase of the immune response to
nfection [14]. In order to determine their role in the innate

t
c
l
N

p < 0.001 and ns = not significant. The anti-gB specific IgG1:IgG2a ratio
IgG1 and IgG2a was produced, values greater than 1 indicate that more

han IgG1.

mmune response to ALVAC we depleted NK cells from
alb/c mice and then measured the ability of these mice to
roduce IFN-� in response to an i.m. injection of ALVAC.
K cell depletion was achieved using two doses of a poly-

lonal anti-asialo-GM1 Ab, one given 5 days before and the
econd together with the ALVAC injection. The efficacy of
his depletion is illustrated by the lack of CD49b (a NK cell
pecific marker in Balb/c mice) expressing cells in the spleens
f anti-asislo-GM1 treated mice compared with mice treated
ith an isotype control antibody (Fig. 4B). Groups of mice,

ither NK cell depleted or not, were immunised with Placebo
r ALVAC and were given a simultaneous i.p. injection of
iotin-anti-IFN-�. After 3 days, the mice were sacrificed and

heir serum analysed for the levels of circulating IFN-�:mAb
omplex by ELISA. We found that the induction of circu-
ating IFN-� by ALVAC was significantly reduced following
K cell depletion (Fig. 4A). This indicates that NK cells
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Fig. 4. ALVAC induction of circulating innate IFN-� that is dependent upon
the presence of CD49b+ NK cells. (A) NK cells were depleted from Balb/c
mice using polyclonal anti-asialo GM1 Antibody. Mice were injected i.p.
with 30 �g of antibody at day −5 and day 0, rabbit IgG was used as an iso-
type control. On day 0 biotinylated anti-IFN-� at 10 �g/dose was given i.p.
to all animals, and then the various groups were immunised i.m. with either
placebo or ALVAC at 1/10 human dose. Serum samples were prepared at day
3 and the levels of the circulating IFN-�:antibody complex were determined
by ELISA. Values shown are the mean ± standard deviation of 5 mice per
group, ***p < 0.001 and ns = not significant. (B) Treatment with Anti-asialo-
GM1 Ab reduced the % CD49b+ cells in the spleens of the treated mice from
3.381% (±0.38) in the control treated group to 1.129% (±0.17) in the anti-
asialoGM1 treated group (the average of 10 mice/treatment group ± standard
deviation). Spleen cells were isolated from 10 mice per group and the expres-
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ion of CD49b determined by flow cytometry using a PE-labelled specific
Ab. Quadrants were determined by the staining of the isotype control

ntibodies; representative FACs plots of 10 per treatment are shown.

re the primary source of the IFN-� secreted in response to
LVAC within the first 72 h of immunisation.

.5. Exposure to ALVAC up-regulates the expression of
o-stimulatory molecules by dendritic cells (DCs)

Activated DCs augment IFN-� production by NK cells
10]. Therefore, we wished to investigate if the exposure
o ALVAC activates DCs. In order for ALVAC to act as
n effective vaccine vector it must infect the host cells
n order to produce the antigens which are integrated in

ts genome. However, here as we are examining the adju-
ant effect of ALVAC we are interested in investigating the
mmuno-modulatory effects of exposing cells to ALVAC
ithout them necessarily becoming infected. In addition in

i
t
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i

(2007) 3380–3390

itro infection protocols using low or no serum conditions
nd a high MOI have been shown to induce apoptosis in the
arget cells [9]. Preliminary experiments showed that a MOI
f 0.2 to 1 did not induce significant cell death in murine
one-marrow derived DCs (BMDCs) over a culture period
f 24 h (data not shown). Murine BMDCs were cultured for
4 h at a concentration of 106 cells/ml in complete RPMI
upplemented with 10% FCS alone or with the addition of
LVAC with a MOI of 0.2, the equivalent volume of Placebo
r with a TLR4 agonist as a positive control. Cells were
hen stained with fluorescently labelled mAbs specific for
he co-stimulatory molecules CD40, CD80 and CD86 and
heir expression levels were analysed by flow cytometry. The
ercentage of BMDCs expressing co-stimulatory molecules
CD40, CD80 and CD86) was significantly increased fol-
owing exposure to ALVAC compared to medium alone or
lacebo (Fig. 5A–C). However, the enhancement of co-
timulatory molecule expression induced by ALVAC was
eaker than that observed following the stimulation of
MDCs with a TLR4 agonist (Fig. 5A–C). Nonetheless,

hese data illustrate that exposure to ALVAC activates DCs.

.6. Incubation of BMDCs with ALVAC in vitro
p-regulates secretion of the chemokines CXCL10 and
CL2

Activated DCs secrete inflammatory cytokines and
hemokines to recruit and activate the cells of both the innate
nd adaptive immune response. In response to ALVAC low
mounts of the pro-inflammatory cytokines IL-6, TNF-� and
L-12p40 are produced by DCs, and in general the amounts
re 10-fold less than those induced by the TLR4 agonist
sed as a positive control in these experiments (Fig. 6D–F).
owever, the levels of the chemokines CXCL10 and CCL2
roduced by BMDCs following incubation with ALVAC
xceeded or were equivalent to those induced by the TLR4
gonist (Fig. 6A and B). CXCL16 secretion by BMDC was
ot detected in response to ALVAC (Fig. 6C).

. Discussion

In order to reap the optimum benefit from therapeutic
mmunisation strategies in cancer or chronic viral infections,
accines will need to be formulated in such a way as to aug-
ent the Th1 effector arm of the immune response. In this

eport, we show that ALVAC can act as a Th1 polarizing adju-
ant in a mouse model (Fig. 1G). We show that bioactive IFN-
but not IFN-� is crucial for this adjuvant effect, as antigen-

pecific IgG2a responses to co-injected protein are enhanced
n IFN-�R−/− mice but not IFN-�R−/− mice (Fig. 3C).
mmuno-depletion of NK cells revealed that they are an

mportant source of the innate IFN-� produced in response
o ALVAC injection in vivo (Fig. 4A). Furthermore, we show
hat stimulation of murine BMDCs with ALVAC in vitro can
nduce DC maturation (Fig. 5A–C) and chemokine secretion
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Fig. 5. ALVAC exposure triggers DC maturation. Murine bone-marrow derived DCs were incubated for 24 h with either medium alone, Placebo (equivalent
v .2 or a T
a (B), or
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olume to ALVAC) both to serve as negative controls; ALVAC at an MOI of 0
nd labelled with anti-CD11c-FITC and anti-CD40-PE (A), anti-CD80-PE
ACs plots of one of three experiments are shown.

particularly CXCL10 and CCL2, Fig. 6A and B). Addi-
ionally, ALVAC injection resulted in an enlargement of the
ocal draining lymph node (popliteal) following i.m. injection
data not shown). Therefore, we can conclude that ALVAC
njection activates the innate immune response enhancing the
nduction of Th1 responses to co-injected antigen.

The recombinant ALVAC (vCP1452) that we use in this
tudy has been shown to be well tolerated in clinical tri-
ls [15]. Previous reports have shown that ALVAC can act
s an adjuvant [7,8]. In particular, Boudet et al. [7] showed
hat purified ALVAC in either an infectious or non-infectious
orm had an adjuvant effect when co-administered with the
ecombinant HIV antigen, gp160; resulting in an increase of
ntigen-specific IgG in both mice and guinea pigs. Hutch-
ngs et al. [8] furthered this by showing that this adjuvant
ctivity was common to other poxviruses (NYVAC, fowlpox
FP9), as well as ALVAC). The poxviruses: NYVAC, fowlpox
FP9), ALVAC and to a lesser extent, adenovirus all enhanced
he immune response to co-injected recombinant Hepatitis B
urface antigen (HBsAg) [8]. Interestingly, the combination
f the non-recombinant ALVAC vector with HBsAg induced
he strongest antigen-specific cellular response in the drain-

ng lymph node compared to the responses resulting from
ncluding the other poxvirus vectors investigated [8].

Two major TLR mediated signalling pathways participate
n the response to pathogens, the nuclear-factor �B (NF-�B)-

r
m
A

LR4 agonist at a concentration of 0.1 �g/ml. Cells were harvested, washed,
anti-CD86-PE (C), or the appropriate isotype control mAb. Representative

ependent pathway leading to the secretion of IL-12 and other
nflammatory cytokines and the type I IFN pathway which
ynergises with the NF-�B pathway for optimal IL-12p70
ecretion [13]. We show that injection of ALVAC results in
n increase in the levels of both circulating IFN-� and IFN-�
Fig. 2A and B). In order to determine if the induction of
ne or both of these cytokines was crucial for the adjuvant
ffect of ALVAC, we immunised wild type (129/Sv), IFN-
R−/− and IFN-�R−/− mice with gB (CMV) either with or
ithout ALVAC. Both the 129/Sv and IFN-�R−/− mice that

eceived gB and ALVAC produced higher titres of gB spe-
ific IgG2a when compared to the groups that received gB and
lacebo (Fig. 3), indicating that bioactive IFN-� is dispens-
ble for the adjuvant effect of ALVAC. A study investigating
he immunogenicity of adenovirus vectors demonstrated that
lthough type I IFN signalling is an important component of
denovirus-mediated DC maturation, it was dispensable dur-
ng the generation of transgene product specific CD8+ T cell
esponses [16]. Therefore, it appears that although IFN-� is
nduced by ALVAC and may well play a role in augmenting
he innate immune response, it is not required for its’ adjuvant
ffect.
Activated NK cells can secrete large amounts of IFN-� in
esponse to pathogens or activated DCs [17]. In order to deter-
ine if the IFN-� produced in response to immunisation with
LVAC (Fig. 2A) was produced by NK cells, we immunised
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Fig. 6. Exposure of Murine BMDC to ALVAC enhances CXCL10 and CCL2 secretion. Murine bone-marrow derived DCs were incubated for 24 h with either
m gative c
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edium alone, Placebo (equivalent volume to ALVAC) both to serve as ne
.1 �g/ml. Supernatant was removed and analysed for CXCL10 (A), CCL2
xpressed as mean concentration ± standard deviation and are representativ

K cell depleted mice with ALVAC and then determined
he levels of circulating IFN-� (Fig. 4A). The IFN-� pro-
uced in response to ALVAC in the NK cell-depleted mice
as significantly lower than that observed in mice treated
ith the isotype control indicating that NK cells are a sig-
ificant source of the IFN-� produced. It has been recently

eported that ALVAC preferentially infects human cells of the
onocytic lineage and was infact unable to infect human NK

ells in vitro [18]. Our data indicates that in a mouse model,
K cells do play a crucial role in mediating the inflammatory

w
c
a
N

ontrols; ALVAC at an MOI of 0.2 or a TLR4 agonist at a concentration of
CL16 (C), IL-6 (D), TNF-� (E), and IL-12p40 (F) by ELISA. Results are
e independent experiments.

esponse to ALVAC. Further studies with human cells in vitro
r ex vivo are required to determine the role of NK cells in
he innate response to ALVAC following vaccination in man.

Recently, it has become clear that there is an important bi-
irectional dialogue between DC and NK cells (reviewed by
10]). TLR-dependent microbial stimuli typically associated

ith Th1 responses confer on DCs the ability to activate NK

ells [19] to secrete IFN-� directly or induce NK cells the
bility to lyse immature DCs [20]. The discovery that human
K cells express TLR3 and TLR9 suggested the existence
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f TLR-based NK cell-DC crosstalk [21]. This might be rel-
vant in explaining how NK cells and DCs can be activated
imultaneously by the same pathogen and build an efficient
nnate immune response, which amplifies the downstream
daptive Th1 response [10].

A previous report showed that both mature and immature
uman DCs could be successfully infected with ALVAC [9].
any ALVAC infected immature DCs rapidly underwent

poptosis, and the endocytosis of infected, dead or dying
Cs by uninfected immature DCs was observed. Concur-

ently, a sub-population of ALVAC-exposed DCs matured.
aturation was driven by the TNF-� secreted following

xposure to ALVAC and partially by the ingestion of infected
ell debris [9].

We investigated the effect of exposing murine BMDCs
o ALVAC in vitro and found that exposure for 24 h to a

OI of 0.2 (conditions that did not induce a significant
mount of apoptosis) did activate DCs as evidenced by
heir up-regulation of the co-stimulatory molecules CD40,
D80 and CD86 (Fig. 5). Additionally, exposure to ALVAC

nduced murine BMDCs to secrete significant quantities
f the chemokines CXCL10 and CCL2 (Fig. 6). CXCL10
IP-10) is chemotactic for T cells [22] and NK cells [23]
xpressing CXCR3. While CCL2 (MCP-1) plays a role in
he recruitment of monocytes/macrophages by interacting
ith CCR2. Recent studies with CXCL10 neutralising anti-
odies or CXCL10−/− mice demonstrate that the absence
f functional CXCL10 results in increased mortality and
educed T cell infiltration within the brains of mice infected
ntracerebrally with a murine coronavirus [22,24], illustrating
he importance of this chemokine in co-ordinating a pro-
ective immune response against a viral pathogen. CCL2’s
nteraction with CCR2 is an important factor promoting
arly inflammatory responses and effective local antiviral
efense [25]. The ability of ALVAC to induce DCs to
ecrete chemokines, such as CXCL10 may provide the signal
equired for NK cells to migrate to DC-rich areas bringing
hem in close proximity enabling direct cell–cell contact,
hereby resulting in downstream Th1 responses.

We found that there was a significant increase in both size
nd cellularity in the local draining lymph node following
njection with ALVAC (data not shown). Using flow cytomet-
ic analysis of the lymph node cells we could not determine a
hange in the % of any cell type (data not shown). These data
n conjunction with previous work by Boudet et al. demon-
trate that ALVAC can trigger an inflammatory response,
nduce the migration of neutrophils to the site of inocula-
ion within 6 h of administration [7] and enlargement of the
ocal draining lymph node.

Therefore, we now propose the following mechanism for
he adjuvanticity of ALVAC: ALVAC causes inflammation,
nd PMN recruitment to the site of injection [7]. This, in

urn, causes the activation of local DCs (as demonstrated by
ncreased co-stimulatory molecule expression). These cells

ay then migrate to the local draining lymph node. Here, DC
ecretion of chemokines including CCL2 and CXCL10 cause
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n influx of cells including NK and T cells. The interaction
f the DC and NK cells in the local lymph node triggers
FN-� secretion by the NK cells that results in an increase
n Th1 cells specific for the co-administered protein. When
hese cells re-circulate to the B cell rich areas of the spleen
hey enhance isotype switching to IgG2a.
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