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a b s t r a c t

Due to the persisting threat of development of new highly pathogenic influenza A subtypes, a mucosal
vaccination which would induce a potent and cross-protective reaction is desirable. We succeeded in
mucosal immunization of mice with an inactivated influenza A virus by using delipidated Bacillus firmus
(DBF) as adjuvant.

The mechanism of adjuvant effect was followed in NALT by comparing the response after intranasal
immunization by inactivated influenza virus type A (H1N1) alone, adjuvant alone (DBF), or by a mixture of
virus + DBF. Expression of selected gene groups was tested via qPCR at 7 different time-points: cytokines
asopharynx-associated lymphoid tissue
NALT)
oll-like receptors (TLR)

(IL-2, IFN-�, IL-4, IL-6, and IL-10), type I interferons (IFN-�4, IFN-�11, IFN-�12, and IFN-�), toll-like
receptors (TLR2, TLR3, TLR7, and TLR9), iNOS and CCR7. Intranasally administered DBF and the mixture
of virus + DBF induced an elevated expression of IFN-�, IL-6 and IL-10 cytokines, type I interferons, iNOS,
and pDC markers in NALT. Multimarker qPCR data was analyzed by relative quantification and by principal
component analysis.

o be a
erated
DBF has been shown t
immunization. DBF accel

. Introduction

The influenza virus is a globally important respiratory pathogen
ausing nearly annual epidemics and occasional pandemics. Vac-
ination against influenza is currently conducted by parenterally
dministered split or subunit vaccines. These vaccines most often
nduce satisfactory homotypical systemic immunity, particularly
he production of IgG class serum antibodies, but they fail to induce

ucosal immunity or cross-protection. The threat of a sudden pan-
emic outbreak necessitates the development of better vaccines
apable of inducing both mucosal and heterosubtypical immunity.
atural infection is accompanied by the production of antibod-
es, especially of the IgA class, in the respiratory tract. They cause
cross-protection (usually only intrasubtypical) more efficiently

han serum antibodies. This finding implies that efficient immu-
ization should be performed by the mucosal route, which should

∗ Corresponding author. Tel.: +420 22496 8509; fax: +420 22496 8455.
E-mail address: peter.zanvit@lf1.cuni.cz (P. Zanvit).

165-2478/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.imlet.2010.08.006
very efficient adjuvant for the stimulation of innate immunity after IN
, increased, and prolonged the antiviral response.

© 2010 Elsevier B.V. All rights reserved.

induce the production of mucosal IgA class antibodies [1,2]. At
present, anti-influenza vaccination is mostly performed parenter-
ally using an inactivated vaccine. Mucosal immunization of humans
is licensed only in some countries and is used to a limited extent.
Because of the presence of live viruses (cold adapted mutants) in
this vaccine, its application is connected with a certain risk and
its restricted indication range excludes persons with the highest
risk – small children and old people [3]. Inactivated viruses are
usually not sufficiently effective in mucosal immunization; and
it is therefore necessary to use adjuvants capable of adequately
strengthening the immune response. The use of adjuvants in vac-
cination is important for several reasons. Current modern subunit
vaccines are better defined and often safer than the older whole-
virion vaccines. These vaccines are less reactogenic but, on the other
hand, also less immunogenic and the use of an adjuvant would

therefore be desirable [4,5]. The immunization of mice with an
inactivated influenza virus, as reported in our preceding studies,
caused an increase in the immune response with the aid of a bacte-
rial adjuvant, a delipidated form of the G+ bacterium Bacillus firmus
(DBF). As we have previously described [6,7], adjuvant immune

dx.doi.org/10.1016/j.imlet.2010.08.006
http://www.sciencedirect.com/science/journal/01652478
http://www.elsevier.com/locate/
mailto:peter.zanvit@lf1.cuni.cz
dx.doi.org/10.1016/j.imlet.2010.08.006
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esponse induced protection of immunized mice in vivo in an infec-
ious influenza model not only against the homologous virus used
or immunization but also against viruses of a different subtype
heterosubtypical protection).

The primary aim of the present study is to contribute to the elu-
idation of the mechanism of adjuvant effect of DBF, by studying
he changes in the gene expression in the nasopharynx-associated
ymphoid tissue (NALT) after intranasal immunization of mice. In
odents, NALT represents a paired lymphoid organ formed by an
ggregation of lymphoid cells in the upper airway, and is con-
idered to be the only well-organized lymphoid tissue of the
espiratory tract [8,9]. NALT is also an induction site of MALT
mucosa-associated lymphoid tissue) and the site of a considerable
sotype shift to the production of IgA class antibodies and clonal
xpansion of B lymphocytes [10]. NALT therefore plays an impor-
ant role in inducing an immune response against pathogens in the
pper airway. The first line of defense against influenza is innate

mmunity with its essential component, type I interferons, which
re mainly produced by plasmacytoid dendritic cells (pDC). This
unction is closely connected with their ability to express TLR7 and
LR9 in early endosomes, enabling them to recognize foreign viral
r bacterial nucleic acids.

To evaluate the effects of adjuvant immunization we studied
ia qPCR the expression of genes important for both the reaction
f innate and adaptive immunity: toll-like receptors recognizing
ntigens of G+ bacteria and microbial nucleic acids (TLR2, TLR3,
LR7, and TLR9), type I interferons (IFN-�4, IFN-�11, IFN-�12, and
FN-�), type Th1 and Th2 cytokines (IL-2, IFN-�, IL-4, IL-6, and IL-
0), and some other genes (CCR7 and iNOS) at time-points of 3, 6,
2, 24, 48, 72, and 168 h post-immunization.

. Materials and methods

.1. Bacteria

The B. firmus strain CCM 2212 (Czech Collection of Microor-
anisms, Masaryk University, Faculty of Science, Tvrdého 14, Brno,
zech Republic) was aerobically cultivated in a liquid medium com-
osed of peptone, beef extract, and urea (pH 7.2–7.4) at 37 ◦C to the

ate exponential phase. The cultures were washed with distilled
ater and inactivated by 0.4% aqueous formaldehyde at room tem-
erature for 30 min. All bacteria were killed under these conditions,
s proved by sterility tests. The inactivated biomass was washed
hree times with distilled water and lyophilized. Delipidated bac-
eria (DBF) were obtained from semi-dry biomass by overnight
xtraction with chloroform–methanol 2:1 (v/v). After extraction
nd drying at 50 ◦C, extraction was repeated. For the third extrac-
ion only chloroform was used. Liquid was filtrated out; and the

ass dried [11,12].

.2. Virus

Influenza virus A/PR/8/34 (H1N1) was proliferated by standard
ethods in the allantoic sac of chicken embryos. The result-

ng hemagglutination titer (HT) of the inoculated allantoid fluid
sed for immunization of mice was 1:256 and corresponded to
.2 × 104 EID50/ml. The virus was inactivated by formaldehyde
final concentration 0.025%) for 72 h at 4 ◦C; the efficacy of inac-
ivation was tested by three blind transfers.
.3. Animals

Adult BALB/c female mice (9–14 weeks old) were used for exper-
mentation. The mice were obtained from AnLab Prague.
etters 134 (2010) 26–34 27

2.4. Immunization

The mice were immunized intranasally (IN) under halothane
anesthesia by 5 �l of immunization mixture into each nostril (total
volume 10 �l). Mice received a: 10 �l PBS, b: 10 �l virus alone
(5 �l virus suspension + 5 �l PBS), c: 10 �l adjuvant alone (100 �g
DBF in PBS) or d: 10 �l mixture of virus + DBF (5 �l virus suspen-
sion + 100 �g DBF in 5 �l of PBS). Mice were challenged with one
dose and were killed in time intervals of 3 h, 6 h, 12 h, 1 d, 2 d, 3 d,
and 7 d after immunization. In each experiment, groups of 3 mice
were immunized.

2.5. Sample collection

The mice were exsanguinated from the abdominal aorta under
ether anesthesia. NALT was separated from the upper jaw by peel-
ing away the palate where NALT is localized bilaterally on the
posterior side [13]. Samples from individual animals were placed
in RNAlater stabilization reagent (Qiagen).

2.6. Histology

NALT samples fixed for a minimum of 24 h in 4% formaldehyde
were dehydrated by graded ethanol and embedded in paraffin.
7 �m sections were stained with Haematoxylin–Eosin.

2.7. RNA isolation

Samples were homogenized with Ultra-Turrax T8 homogenizer
(IKA) and total RNA was extracted using the RNeasy mini kit (Qia-
gen), following the manufacturer’s instructions. RNA integrity was
determined by gel electrophoresis in 1.5% agarose gel stained with
ethidium bromide. The purity of the RNA was assessed by the ratio
of absorbance at 260 and 280 nm. RNA purity was within a range of
2.0–2.1. The total RNA concentration was estimated by spectropho-
tometric measurements at 260 nm assuming that 44 �g of RNA per
milliliter equal one absorbance unit. RNA was stored in aliquots at
−70 ◦C until used for reverse transcription.

2.8. Real-time PCR

RNA was converted to cDNA using Taq-Man reverse transcrip-
tion reagents (Applied Biosystems). A reaction mix for real-time
PCR was made with Taq-Man Universal PCR master mix, water,
and Assays on demand gene expression products for IL-2, IL-4, IL-
6, IL-10, IFN-�, TLR2, TLR3, TLR7, TLR9, IFN-�4, IFN-�11, IFN-�12,
IFN-�1, CCR7, iNOS, and �-actin (all Applied Biosystems). 20 �l of
reaction mix was aliquoted to the wells on a real-time PCR plate;
and each sample was analyzed in duplicate. A volume of 5 �l of
cDNA was added to each well. The PCR reaction was run on a 7300
real-time PCR System (Applied Biosystems) using standard condi-
tions.

2.9. Data analysis and statistics

The threshold cycle (Ct) values obtained in qPCR were normal-
ized to technical replicates and further with the reference gene
(�-actin) as:

�Ct = Ctgoi − Ctref
where the index goi indicates the gene of interest and index ref
indicates the reference gene) The data was analyzed with Genex
software (version 4.3.8) [14,15]. The RNA relative quantity (RQ)
values are presented in Figure 2, having been calculated by the
��Ct method; whereas the Ct value for the control samples is



28 P. Zanvit et al. / Immunology Letters 134 (2010) 26–34

Fig. 1. Photomicrograph of the mice nasopharynx-associated lymphoid tissue
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NALT): the follicle (F) is covered with the columnar follicle-associated epithelium
FAE); at the edge of the follicle high endothelium venules (arrows) occur; arteries
A) and nerves (N) are present in the upper part of the soft palate (SP) covered from
he oral aspect with stratified squamous cells epithelium (SCE). Magnification = 40×.

epresented by their mean, as well as the Ct value for the treated
roups. To compare the effect of the immunization with the control
t each time-point, an unpaired t-test was calculated for each RQ
ene expression value. As this was an explorative study, we did not
erform any adjustment for multiple comparisons. Comparisons
hat generated p-value ≤ 0.05 were considered potentially involved
n the biological process (see Table 1).

The method of principal component analysis (PCA) was
mployed to disclose multivariate response to the treatment. PCA
or the gene expression data, as well as statistical tests, were pro-
uced with SAS v. 9.1.3 for Windows. As N = 3 for each treatment
roup, no formal test of normality of the data could be performed;
herefore the data was log-transformed to assure normal distri-
ution. PCA involves a mathematical procedure that transforms a
umber of variables (here expression values of various genes) into
smaller number of uncorrelated variables called principal com-
onents, by which the dimensionality of the data is reduced to a
umber that can be represented in a scatter plot (here two dimen-
ions). The first principal component accounts for as much of the
ariance in the data as possible; and each succeeding component
ccounts for as much of the remaining variance as possible. Nor-
alized expression values of all responding genes were taken as

he initial variables and reduced to only two principal components,
hus facilitating resolution of treatment clusters in the scatter plot.
arious functional groups of genes were composed; where treat-
ent groups tended to cluster distinctly, an involvement of the

roup in the studied process was presumed.

. Results

The change in gene expression in mice after IN immunization
as followed in three separate experiments because of the large
umber of genes and time intervals. In each experiment the mice
ere separated into controls that received only PBS (ctrl virus,

trl DBF or ctrl virus + DBF) and mice immunized either with the
nfluenza virus alone (virus), with adjuvant only (DBF), or with
he combination of the influenza virus plus adjuvant (virus + DBF).
xpression was determined at time-points of 3 h, 6 h, 12 h, 1 d, 3 d,
nd 7 d after IN immunization in NALT (Fig. 1). Changes in gene
xpression after immunization were expressed by means of rela-
ive quantification (RQ), as well as by principal component analysis
PCA).

.1. Relative quantification (RQ)
The method of relative quantification was used to study the gene
xpression in groups immunized with the virus, DBF or the com-
ination virus + DBF, relative to the expression measured in mice

mmunized with PBS (ctrl virus, ctrl DBF, ctrl virus + DBF). Results
re shown in Fig. 2 and their significance is given in Table 1. Indi- Ta
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Fig. 2. mRNA relative quantity (RQ) in nasopharynx-associated lymphoid tissue (NALT) in 7 time intervals after immunization. Results were calculated from normalized
gene expression data. The RQ values indicate the difference between the treated group and the controls. For each compared group the RQ average values ± S.E.M. are
shown. Asterisks indicate significant differences between treated groups (with virus alone, DBF alone and mixture of virus + DBF) and their controls (*p < 0.05; **p < 0.01 and
***p < 0.001).
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idual groups of immunized mice exhibited different dynamics of
ene expression.

These results imply that the main changes in gene expression
ccur during the first 24 h after immunization. Groups immunized
ith DBF alone or with the combination of virus + DBF display very

ast changes, peaking at 3 and 6 h post-immunization. Significant
hanges resulting from immunization with the virus alone were
etected later – 12 and 24 h after treatment. Immunization with the
irus alone mainly increases the expression of TLR7, IFN-�, and type
interferons. DBF significantly increases the expression of TLR2,

L-6, iNOS, IFN-�, and CCR7; and lowers the expression of IL-4. Rel-
tive to the virus alone, the combination virus + DBF accelerates the
xpression of TLR7 and type I interferons; when compared with DBF
lone it increases the expression of TLR7, CCR7, and iNOS. Immu-
ization with the combination virus + DBF has a faster and longer
ffects (3–72 h) on the increase in expression of type I interferons
particularly IFN-�4 and IFN-�1) than treatment with virus alone
r DBF alone.

.2. PCA analysis

The PCA method makes it possible to reduce a multidimensional
pace to two-dimensional one, thereby facilitating the graphical
xpression of differences between individual immunizations. To
arry out PCA analysis, individual genes were divided into four
unctional groups. This enabled us to study the differences in gene
xpression between these functional groups of genes at individual
ime-points and in individual immunized groups. The functional
roups were as follows: (1) TLR7, TLR9, and CCR7 – genes char-
cteristic for pDC; (2) IFN-�4, IFN-�11, IFN-�12, and IFN-�1 –
ype I interferons; (3) IL-4, IL-6, and IL-10 – Th2 cytokines; (4)
L-2 and IFN-� – Th1 cytokines. Individual groups of mice were
haracterized by ellipses, indicating their range of values. Light col-
red ellipses represent for non-immunized controls, dark colored
llipses illustrate the state after immunization (blue: immuniza-
ion with virus alone, red: immunization with DBF alone, green:
mmunization with combination virus + DBF). The distance of con-
rol ellipses (ctrl) from the ellipses corresponding to groups of

ice immunized with virus alone, DBF alone, or the combination
irus + DBF, reflects the magnitude of difference between these
roups. It should be noted that this plot does not provide infor-
ation on whether the difference is due to a decrease or increase

n expression relative to the expression in controls. Increased or
ecreased expression can be inferred from the results of relative
uantification.

At 3 h post-immunization the difference in expression of genes
haracteristic for pDC in the group immunized with the virus alone
ere very low in contrast to the group immunized with DBF; with

he largest change found in mice immunized with the combina-
ion virus + DBF. Expression of genes encoding type I interferons
n this interval was most conspicuous in groups immunized with
he virus alone and those immunized with virus + DBF. The largest
ifference in expression of groups of genes characteristic for Th1
r Th2 response was detected in groups immunized with DBF or
ith virus + DBF. At this time-point, immunization with the virus

lone had a Th1 polarization (Fig. 3a). At 6 h post-immunization,
he groups immunized with the virus alone and with DBF, exhib-
ted alterations in expression of genes characteristic for pDC; and

still more conspicuous difference in expression in the group
mmunized with virus + DBF. No marked difference was found in
he expression of genes typical for type I interferons. The group

mmunized with the virus alone exhibited a dominant expression
f genes characteristic for Th1 as compared with Th2, in contrast to
ice immunized with DBF or with virus + DBF, in which a marked

ifference in both Th1 and Th2 responses was detected (Fig. 3b).
t the 12 h time-point, no pronounced change in the expression
tters 134 (2010) 26–34

of genes typical for pDC was found between individual groups of
mice. The largest difference in expression of genes encoding type I
interferons was detected in the group immunized with virus + DBF,
relative to groups immunized with the virus alone or with DBF.
Groups immunized with the virus alone or with the virus + DBF
showed a prevalence of Th1 over Th2 response, while mice immu-
nized with DBF exhibited a marked difference in both Th1 and Th2
responses (Fig. 3c). At 24 h post-immunization the genes character-
istic for pDC displayed the largest difference in groups immunized
with virus alone or with virus + DBF, relative to the group immu-
nized only with DBF. The biggest difference in expression of genes
encoding type I interferons was found in the group immunized with
the virus alone or with the virus + DBF. Mice immunized with DBF
or virus + DBF displayed a difference mainly in the expression of
genes characteristic for Th2 response. The group immunized with
the virus alone showed a change in the expression of genes typical
for both Th1 and Th2 responses (Fig. 3d).

The results of PCA imply that the most pronounced changes in
the group of genes characteristic for pDC were detected in the group
immunized with the virus + DBF. This group exhibits a similarity
between the expression of genes of the functional groups for pDC
and genes for type I interferons. Groups immunized with the virus
alone evince a probable activation of pDC only later at 12–24 h
post-immunization. In contrast, the group immunized with the
virus + adjuvant exhibited a marked change in expression of genes
typical for pDC occurring very early on 3 h post-immunization; and
this increased expression persisted until 24 h. Immunization with
DBF alone elicited a mild difference in the expression of genes char-
acteristic for both pDC and type I interferons. Mice immunized with
the virus alone showed a Th1 polarization of the immune response
at 3–12 h post-immunization, however; 24 h after immunization
the response was rather Th1/Th2 mixed. In groups immunized with
DBF or virus + DBF, the type of immune response in the interval
of 3–12 h post-immunization was mixed (Th1/Th2); at 12 h it was
slightly polarized towards Th1; and at 24 h it was Th2-skewed.

The most efficient in terms of protection of the organism against
virus infection appears to be immunization with the combination
virus + DBF, which leads to a fast antiviral immune response based
on pDC activation, the production of interferons, and the activation
of a mixed Th1/Th2 immune response.

4. Discussion

The adjuvant used in our previous studies, the delipidated
form of the nonpathogenic environmental G+ bacterium B. firmus,
has previously been reported to have marked immunostimula-
tory properties in both in vitro and in vivo tests [16–19]. Even
in high doses inactivated bacteria do not damage the viability
of tissue culture cells; and mice tolerate high doses very well
of not only inactivated but also live bacteria (intraperitoneal or
mucosal application, Prokesova – not published data). The excellent
adjuvant properties of this bacterium were first described for intra-
tracheal immunization of mice in combination with the protein
antigen ovalbumin [20,21], and later for intratracheal immuniza-
tion with inactivated type B and also type A influenza viruses.
Immunization with inactivated influenza viruses in combination
with the adjuvant induced a high antibody response, both in serum
(high production of class IgG antibodies) and in respiratory tract
mucosa (high production of class IgA antibodies) and provided
in vivo protection against influenza infection. The adjuvant was

also demonstrated to have an effect on the induction of a marked
intersubtypic cross-protection [6,7]. We are aware of differences
between mouse and human immune systems and influenza virus
is not natural pathogen for mice. Nevertheless, mice are used by
absolute majority of researchers as model animal for influenza
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tudies. Strain A/PR/8/34 H1N1 was selected as a strain strongly
athogenic for mice and as a strain commonly used in experimen-
al work. Moreover, the strain mentioned above is currently used
or construction of vaccinal influenza virus reassortants.

ig. 3. (a–d) Principal component analysis (PCA). Results point out the differences in th
ontrols, for the 4 different gene functional groups (pDC, type I interferons and Th1/Th2 cy
virus immunization, dark red – DBF, and dark green – combination of virus + DBF) and t
etters 134 (2010) 26–34 31
The present study should contribute to clarifying the mecha-
nism of adjuvant effect of DBF. The evaluation of the action of the
adjuvant was based on changes in gene expression in NALT after
intranasal immunization. In rodents, NALT is localized on both sides

e gene expression patterns between the treated groups and their corresponding
tokines). The dark color has been used for imaging of the treated groups (dark blue
he light color for their corresponding controls.
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Fig. 3.

f the nasopharyngeal duct on the upper side of the soft palate,

nd is considered an analogue of the Waldeyer’s ring in humans.
t consists of a number of follicles and includes regions rich in B
nd T lymphocytes, antigen presenting cells – dendritic cells and
acrophages. The intrafollicular region contains high endothelium
inued )

venules (HEVs), expressing a large amount of adhesive molecules,

in which lymphocytes from blood circulation are captured and
penetrate into the follicles. The epithelium covering NALT (so-
called follicle-associated epithelium, FAE) contains a large number
of antigen-transporting cells (M-cells). NALT is thus composed of
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ymphoid cells that function in inducing and regulating the mucosal
mmune response [9,22]. Expression of mRNA of cytokines charac-
eristic for Th1 and Th2 response in CD4+ cells in NALT was used
o demonstrate a marked predominance of cytokines characteris-
ic for Th0; thus indicating that these T lymphocytes are capable
f inducing a very fast activation of immune response of both Th1
nd Th2 types after recognition of the antigen on the nasal mucosa
23]. Intranasal administration of an antigen (e.g. bacterial cell wall
r virus-associated antigens) in combination with cholera toxin as
mucosal adjuvant led to a marked activation of the Th2 immune

esponse and the stimulation of IgA producing B lymphocytes in
oth upper and lower airways, as well as in the intestinal and uro-
enital tract [23,24].

Our results show that immunization with DBF alone has a very
ast effect, affecting the expression of the genes under study very

arkedly already 3 h after immunization and decreases at later
ime-points. This is supported by the fact that bacterial adjuvants
upport mainly innate immunity. Affecting innate immunity then,
nfluences adaptive immunity. DBF causes a highly significant early
ncrease in expression of IFN-�, which can considerably support
he immune response of the Th1 type, important in the defense
gainst viral infection. PCA analysis indicates that immunization
ith DBF brings about a marked change in type Th2 cytokines (IL-

, IL-10, and IL-6); however, this cannot be ascribed to stimulation
f Th2 response because the expression of IL-4 is not significantly
ncreased at any time-point – in fact at the first time-points of 3
nd 6 h, the expression of IL-4 is significantly lowered. The large
ifferences in PCA are apparently due to a markedly increased
xpression of IL-6, which along with the concomitantly increased
xpression of iNOS, is mainly caused by the inflammatory action of
BF. At the same time, DBF tends to also increase the expression of

L-10. An environment with increased concentrations of IL-6 and
L-10 is known to support the production of IgA, with the IgA class
ntibodies being an important component of mucosal protection
gainst influenza virus. In contrast to the group immunized with
BF, mice immunized with the virus alone exhibited delayed and

hort-term changes in the followed genes expression. Only 24 h
fter immunization was a significant increase in expression of both
L-4 and IFN-� demonstrated. Comparison of the results of RQ and
CA indicates that the onset of the Th1 type response occurs 12 h
fter immunization; therefore there appears to be a mixed Th1/Th2
esponse with a slight Th1 accent.

Adjuvant immunization with virus + DBF brings about a com-
ination of the observed responses to the virus and to DBF

ndividually. The response is fast, protracted, and has a mixed
h1/Th2 character: the Th1 response being the strongest after 3
nd 6 h, while with Th2 after 12 and 24 h. At later time-points
he changes in expression are small. Innate immunity represents
he first defense line in protection against viruses. Innate immu-
ity cells express on their surface “pattern recognition receptors”
PRR), which can affect the synthesis of type I interferons as well
s the synthesis of pro-inflammatory cytokines after activation.

total of 13 types of toll-like receptors (TLR) that have so far
een described in mice as capable of specific recognition of char-
cteristic pathogen-associated molecular patterns (PAMP) on the
urface of microbes. TLR2 recognizes different bacterial compo-
ents such as lipoproteins, lipopeptides, and peptidoglycans and is
he principal receptor for the recognition of G+ bacteria [25]. TLR2
s thus important for recognition of DBF obtained from G+ B. firmus.
ur results point to a significantly increased expression of TLR2
t the time interval of 3–6 h after immunization in mouse groups

hat were immunized either with DBF alone or with the combi-
ation virus + DBF. TLR3 and TLR7 participate in the recognition
f influenza virus in certain cell populations. After the recogni-
ion of the influenza virus by TLR7 present in early endosomes of
DC, a strong production of type I interferons sets in [26]. TLR9,
etters 134 (2010) 26–34 33

which is also expressed in pDC, is able to recognize nonmethy-
lated CpG regions in viral and bacterial ssDNA [27,28]; thus this
receptor could also participate in the recognition of the bacte-
rial adjuvant. Mature pDC are also characterized by an increased
expression of the chemokine receptor CCR7, which plays a key
role in the migration of pDC to lymph nodes. Our data demon-
strate strong activation of genes characteristic for pDC (TLR7, TLR9,
and CCR7), mainly in the group immunized with virus + DBF, at
time-points soon after immunization. DBF alone does not cause
any marked increase in TLR7 expression. The group immunized
with the virus alone evinced only a non-significant increase in TLR7
expression 3 and 12 h after immunization, whereas the increase
after 24 h was already significant. These data imply that immuniza-
tion with the virus alone and with virus + DBF activates pDC, the
immunization with virus + DBF causing a more marked and faster
activation of genes typical for pDC. The increase in TLR3 expression
was at the limit of significance, especially in the group immunized
with virus + DBF in the interval of 24–72 h; whereas groups immu-
nized with the virus alone or with DBF exhibited a relatively weaker
increase in TLR3 expression.

Plasmacytoid dendritic cells, as the main producers of type I
interferons, ensure an early innate protection against viral infec-
tion. The mouse genome contains 14 known IFN-� genes and 3
IFN-� pseudogenes. The highest anti-proliferation and antiviral
activity relative to IFN-�1 is exhibited especially by IFN-�4, IFN-
�11, INF-�12, and IFN-� [29]. For instance the activity of IFN-�4 is
5–10× higher than that of IFN-�1 [30,31]. A two-step mechanism of
expression has been described in interferons [32,33]. Transcription
of genes encoding IFN-�4 and IFN-� takes place very early after
viral infection and is governed by the transcription factor IRF3.
Transcription of further genes of interferons is then controlled by
transcription factor IRF7. Viral infection first activates the expres-
sion of IFN-�4 and IFN-�; then followed by an increase in the
expression of other interferon types. Our data indicate that in the
group immunized with the virus + DBF, the increase in expression
of interferons IFN-�4, IFN-�11, IFN-�12, and IFN-� begins early
after immunization and can be detected at all time-points from 3
to 72 h, with a significant increase in IFN-�4 and IFN-� expression
24 h after immunization. The group immunized with the virus
alone exhibited a significantly increased expression of IFN-�4 and
IFN-� at 12 h post-immunization, while the group immunized
with DBF showed only a non-significant increase in the expression
of these genes 6 and 24 h after immunization. Type I interferons
released by pDC not only prevent viral infection but also activate
NK cells, myeloid dendritic cells (mDC), as well as B and T lympho-
cytes; and therefore participate in the regulation of both innate and
adaptive elements of immunity. Adjuvant immunization extends
this period during which the genes for type I interferons are
activated.

Intranasal immunization with inactivated influenza virus in
combination with our bacterial adjuvant increases the expression
of a number of genes encoding the components of both innate and
adaptive immunity. This results in an acceleration and extension of
expression of genes for type I interferons, which is caused by the
activation of pDC. Later mDC are also apparently activated, which
are responsible for the expression of TLR3. Adjuvant immuniza-
tion also supports the development of type Th1 immune response,
which is indispensable for the development of cellular immunity,
playing an important role in antiviral defense. The bacterial adju-
vant supports the expression of inflammation mediators that can
also positively affect antigen presentation and a specific immune

response.

Our study represents a screening of the expression of a large
number of genes at a number of time-points after IN immunization.
The products of these genes participate in the activation of both
innate and adaptive immunity.
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