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a b s t r a c t
Viral vectors are promising vaccine candidates for eliciting suitable Ag-speciﬁc immune response. Since
Mycobacterium tuberculosis (Mtb) normally enters hosts via the mucosal surface of the lung, the best
defense against Mtb is mucosal vaccines that are capable of inducing both systemic and mucosal immunity. Although Mycobacterium bovis bacille Calmette-Guérin is the only licensed tuberculosis (TB) vaccine,
its efﬁcacy against adult pulmonary forms of TB is variable. In this study, we assessed the effectiveness of a novel mucosal TB vaccine using recombinant human parainﬂuenza type 2 virus (rhPIV2)
as a vaccine vector in BALB/c mice. Replication-incompetent rhPIV2 (M gene-eliminated) expressing
Ag85B (rhPIV2–Ag85B) was constructed by reverse genetics technology. Intranasal administration of
rhPIV2–Ag85B induced Mtb-speciﬁc immune responses, and the vaccinated mice showed a substantial
reduction in the number of CFU of Mtb in lungs and spleens. Unlike other viral vaccine vectors, the
immune responses against Ag85B induced by rhPIV2–Ag85B immunization had an advantage over that
against the viral vector. In addition, it was revealed that rhPIV2–Ag85B in itself has an adjuvant activity through the retinoic acid-inducible gene I receptor. These ﬁndings provide further evidence for the
possibility of rhPIV2–Ag85B as a novel TB vaccine.
© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Abbreviations: BAL, bronchoalveolar lavage; BCG, Mycobacterium bovis bacille
Calmette-Guérin; BEAS cells, bronchial epithelial cells; hPIV2, human parainﬂuenza
type 2 virus; pLN, pulmonary lymph node; Mtb, Mycobacterium tuberculosis; NHBE,
normal human bronchial epithelial; rhPIV2–Ag85B, recombinant hPIV2 expressing
Ag85B; TB, tuberculosis.
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Recombinant viral vector vaccines have several advantages for
preventing infection with pathogens [1]. The vaccines induce a
full spectrum of immune responses including humoral and cellular immune responses. These immune responses can be initially
induced at the viral vector infection site such as mucosal immune
responses [2]. Moreover, the viral vector itself has adjuvant activities through the innate immune systems [3]. Pre-existing or
post-priming immune responses against the vaccine vector itself,
however, could be an obstacle to effective immune responses
to recombinant Ag [4]. Negligible immune responses against
vector viruses compared with recombinant vaccine Ags after
immunization is considered most desirable for recombinant viral
vaccines.

Author's personal copy
1728

K. Watanabe et al. / Vaccine 32 (2014) 1727–1735

Fig. 1. Expression of Ag85B and advantageous effects in cellular immune response against Ag85B versus virus vector in immunized mice. (A) Construction of rhPIV2–Ag85B.
(B) Expression of Ag85B (left panel) and NP (right panel) gene in BEAS cells infected with rhPIV2 or rhPIV2–Ag85B at each time point was determined by real-time PCR.
Total RNA was extracted at 6, 24, and 48 h after infection. Fold increase of each target gene was normalized to ␤-actin, and the expression levels are represented as
relative values to naïve cells. Error bars represent standard deviation. ND indicates non-detected. (C) Expression of Ag85B and NP proteins was detected by anti-Ag85B and
anti-NP antibodies at 6 and 24 h after infection, respectively. (D and E) Mice were immunized 1 (D) or 2 (E) times with rhPIV2 or rhPIV2–Ag85B at a 2-week interval by intranasal
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Mycobacterium bovis bacille Calmette-Guérin (BCG) has substantially contributed to the control of tuberculosis (TB) for more
than 80 years and affords about 80% protection against tuberculosis
meningitis and miliary tuberculosis in infant and young children.
However, it is well known that the protective efﬁcacy of BCG against
pulmonary TB in adults is variable and partial [5,6]. Therefore,
development of new vaccines is urgently needed for the elimination of TB as a public health threat and should be a major global
public health priority.
Many infectious diseases, including TB, initially establish infection on mucosal surfaces. Therefore, the best defense against these
predominantly mucosal pathogens is mucosal vaccines that are
capable of inducing both systemic and mucosal immunity. However, the mucosal immune system is quite unique and is different
from systemic immune responses [7,8]. Mucosal immunization
provides mucosal immune responses in all mucosal effector tissues
in the concept of a common mucosal immune system [9].
Human parainﬂuenza type 2 virus (hPIV2) is a member of
the genus Rubulavirus of the family Paramyxoviridae and possesses a single-stranded, nonsegmented and negative-stranded
RNA genome. This virus does not have a DNA phase during its life
cycle and can avoid genetic modiﬁcations. Additionally, this virus
becomes replication-incompetent by elimination of some viral
genes [10]. Moreover, it is likely to lead to elicit stronger inserted
antigen-speciﬁc immune responses than vector-speciﬁc responses
unlike other viral vaccine vectors using inserted antigen expression mechanisms of hPIV2. In the present study, we evaluated
the effectiveness of intranasal administration of Ag85B-expressed
non-replicating human parainﬂuenza type 2 virus (rhPIV2–Ag85B),
which induces weak immune responses against a viral vector, as a
novel mucosal TB vaccine.

2. Materials and methods
2.1. Immunization
Six-week-old BALB/c female mice were immunized with
rhPIV2–Ag85B or rhPIV2 control vector 3 or 4 times at 2-week intervals by intranasal inoculation of 1 × 108 TCID50 virus in 20 l PBS.
Another group of mice was intramuscularly immunized twice with
Ag85B DNA vaccine [11] and intranasally immunized twice with
rhPIV2–Ag85B. As a control group, a group of mice was vaccinated
using 1 × 107 CFU of BCG Tokyo by subcutaneous injection.

2.2. Infection assay
Two weeks (rhPIV2–Ag85B-immunized mice) or 6 weeks
(BCG-immunized mice) after the ﬁnal immunization, mice were
challenged with M. tuberculosis (Mtb) Kurono strain by inhalation. This bacterial preparation and infection assay were performed
as previously described [12]. In brief, the mice were infected via
the airborne route by placing them into the exposure chamber
of a Glas-Col aerosol generator. The nebulizer compartment was
ﬁlled with 5 ml of a suspension containing 106 CFU of Kurono
strain so that approximately 50 bacteria would be deposited in
the lungs of each animal. Eight weeks after Mtb infection, mice
were sacriﬁced and the preventive effects of the vaccine were
assessed.
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2.3. Cell culture
Human bronchial epithelial cells (BEAS cells) and primary
cultured normal human bronchial epithelial (NHBE) cells were
obtained from the American Type Culture Collection (Manassas, VA) and Lonza (Walkersville, MD). These cells were grown
in bronchial epithelial growth medium containing supplements
(Lonza). These cells were infected with rhPIV2 or rhPIV2–Ag85B
(MOI of 10) or treated with recombinant Ag85B (10 g/ml) for
6–48 h in a 37 ◦ C incubator with a 5% CO2 atmosphere.
2.4. FACS analysis
Spleen, pulmonary lymph node (pLN), and bronchoalveolar
lavage (BAL) cells were obtained from immunized mice, and singlecell suspensions were prepared. The cells were incubated with
recombinant Ag85B protein (10 g/ml ﬁnal concentration) for 4 h
in the presence of Brefeldin A at 37 ◦ C with 5% CO2 . The cells were
stained for surface markers with anti-CD3 and anti-CD4 (BD Biosciences, San Joes, CA) for 30 min at 4 ◦ C, followed by ﬁxation for
30 min at 4 ◦ C in 2% paraformaldehyde. IFN-␥ was detected by
staining with anti-IFN-␥ (BD Biosciences) for 30 min at 4 ◦ C. Flow
cytometry data collection was performed on a FACS Canto II (BD
Biosciences). Files were analyzed using FACSDiva Software (BD Biosciences). BEAS cells infected with rhPIV2–Ag85B were stained with
anti-ICAM-1 (BioLegend, San Diego, CA) and analyzed as described
above.
2.5. Evaluation of Ag85B-speciﬁc immune responses by ELISPOT
assay
The number of Ag85B-speciﬁc, IFN-␥-secreting cells was determined by the ELISPOT assay according to the method reported
previously [11]. Triplicate samples of whole, CD4+ , and CD8+ T
cells (separated by a MACS system) (Miltenyi Biotec, Bergisch Gladbach, Germany) collected from the spleen, pLN, and BAL were
plated at 1 × 106 cells/well. These cells were stimulated by addition
of 2 × 105 mitomycin C (Sigma–Aldrich, Saint Louis, MO)-treated
syngeneic spleen cells infected with recombinant vaccinia virus
expressing Ag85B or rhPIV2–Ag85B.
2.6. Statistical analysis
Data are presented as means ± SD. Statistical analyses were performed using the Mann–Whitney U test. Statistically signiﬁcant
differences compared with the control are indicated by asterisks.
3. Results
3.1. Characteristics of rhPIV2–Ag85B
A construction of rhPIV2–Ag85B is shown in Fig. 1A. To examine gene expression levels of the inserted Ag85B, BEAS cells
were infected with rhPIV2–Ag85B. Abundant and rapid expression of mRNA of Ag85B was observed in BEAS cells infected with
rhPIV2–Ag85B compared with the expression of NP mRNA (Fig. 1B).
These results were also conﬁrmed by analysis of protein expression
(Fig. 1C). The production of Ag85B was earlier than that of NP, which
is usually the earliest synthesized protein in hPIV2 infection.

inoculation (n = 5 per group). Spleen, pLN, and BAL cells were collected from immunized mice (n = 5 per group) 2 weeks after the ﬁnal immunization for examination by an
ELISPOT assay. These isolated cells were stimulated in vitro with syngeneic spleen cells infected with control rhPIV2, rhPIV2–Ag85B, or recombinant Ag85B protein (rAg85B)
(10 g/ml ﬁnal concentration) for 24 h. Error bars represent standard deviations. Statistically signiﬁcant differences are indicated by asterisks (*, P < 0.05 compared to the
group stimulated with rhPIV2).
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These responses were considered to be advantageous effects
in cellular immune response to inserted Ag85B versus rhPIV2
vector. To conﬁrm this advantageous response, cells from immunized mice were re-stimulated in vitro with syngeneic spleen
cells infected with rhPIV2 or rhPIV2–Ag85B. Although responses
to both Ag85B and rhPIV2 vector were observed, Ag85B-speciﬁc
responses were clearly seen, especially in pLN and BAL cells after
single immunization (Fig. 1D). After performing immunization
twice, Ag85B-speciﬁc responses were also seen in spleen cells as
booster effects more than responses to the vector virus (Fig. 1E).
These results indicated that rhPIV2–Ag85B immunization elicited
inserted Ag85B-speciﬁc immune responses without being hidden
by vector responses.
3.2. Intranasal administration of rhPIV2–Ag85B prevents
infection with Mtb in mice
To investigate the ability of intranasal administration of
rhPIV2–Ag85B to elicit a protective effect against pulmonary TB,
rhPIV2–Ag85B-immunized mice were aerosol-infected with highly
pathogenic Mtb kurono strain [13]. One group of mice were
intranasally immunized with rhPIV2–Ag85B 4 times at 2-week
intervals, and another group of mice were intranasally immunized
with rhPIV2–Ag85B twice following intramuscular immunization
with Ag85B DNA twice (Fig. 2A). Intranasal administration of
rhPIV2–Ag85B resulted in a decreases in granulomatous lesions and
inﬂammatory area. However, there were no apparent histopathological differences, such as inﬁltrating cell types, between the each
group of mice, and these results are similar to the results of another
study focusing on TB vaccine [14]. On the other hand, these vaccine
effects were clearly seen by staining for acid-fast bacillus. Mice
immunized with rhPIV2–Ag85B showed a substantial reduction
in the inﬁltration of bacteria, and this inhibitory effect on bacterial expansion was correlated with the number of rhPIV2–Ag85B
intranasal administrations (Fig. 2B). CFU of Mtb in spleens from
both groups of immunized mice was also signiﬁcantly lower than
those in mice immunized with the control vector (Fig. 2C). As for a
preventive effect on Mtb infection in the lung, the mice immunized
with rhPIV2–Ag85B clearly showed a substantial reduction in CFU.
3.3. Ag85B-speciﬁc immune response is elicited by rhPIV2–Ag85B
administration
The capacity of rhPIV2–Ag85B intranasal immunization to elicit
effector cells that recognize endogenously expressed Ag85B was
assessed. Spleen, pLN, and BAL cells obtained from immunized
mice were re-stimulated in vitro with syngeneic spleen cells
infected with the recombinant vaccinia virus expressing Ag85B, and
endogenously expressed Ag85B-speciﬁc cellular immune response
was examined by ELISPOT assays. Both CD4+ and CD8+ splenocytes exhibited Ag85B-speciﬁc responses, and CD8+ T cells showed
much stronger responses than those of CD4+ T cells in splenocytes
from mice immunized with rhPIV2–Ag85B (Fig. 3A). Ag85B-speciﬁc
responses were also seen in both CD4+ and CD8+ T cells at almost
the same levels in pLN and BAL cells (Fig. 3B and C).
3.4. Analysis of Ag-speciﬁc effector cells and immune responses in
pLN cells and the lung
Delayed initial activation of effector cells in lungs has been
reported in the case of Mtb infection [15]. To control bacterial
expansion in the early phase of infection, rapid Mtb Ag-speciﬁc
CD4+ T cell responses are required. Thus, we next analyzed recruitment of Ag85B-speciﬁc IFN-␥+ CD4+ T cells in pLN and BAL cells
in mice immunized with rhPIV2–Ag85B. Mice were intranasally
immunized with rhPIV2–Ag85B or the control vector virus 3 times

Fig. 2. Repeated immunization with rhPIV2–Ag85B results in protection from TB.
(A) Groups of mice were vaccinated in this schedule. (B) Histological images of the
lungs of Mtb-infected mice. Groups of mice (n = 10) immunized 4 times with rhPIV2
(left panel), 2 times with Ag85B DNA vaccine and 2 times with rhPIV2–Ag85B (middle panel) or 4 times with rhPIV2–Ag85B (right panel) were challenged by Mtb
infection. Arrows point to tubercles. Lower panels in (B) show magniﬁed images
of images in the middle panels. (C) Inhibition of bacterial growth by immunization
with rhPIV2–Ag85B in the lung and spleen. Groups of mice immunized 2 times with
Ag85B DNA vaccine and 2 times with rhPIV2–Ag85B or immunized 4 times with
rhPIV2–Ag85B or BCG were challenged by Mtb infection. The numbers of Mtb CFU
in the lung and spleen were determined by a colony enumeration assay. The bacterial load is represented as mean log10 CFU per organ. Error bars represent standard
deviations. Statistically signiﬁcant differences are indicated by asterisks (*, P < 0.05,
**, P < 0.005).
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Fig. 3. Induction of Ag85B-speciﬁc cellular immune responses in rhPIV2–Ag85B-immunized mice. Mice were immunized with rhPIV2, rhPIV2–Ag85B, or BCG (n = 5 per
group) according to the schedule shown in Fig. 2A. Two (rhPIV2 or rhPIV2–Ag85B) or 4 weeks (BCG) after the ﬁnal immunization, the spleen, pLN, and BAL were collected.
Isolated cells from the spleen (A), pLN (B), or BAL (C) were separated into whole (left panels), CD4+ (middle panels), and CD8+ (right panels) T cells and examined for IFN-␥
production in an ELISPOT assay. These cells were stimulated in vitro with syngeneic spleen cells infected with control vaccinia virus (Vac) or recombinant vaccinia virus
carrying the Ag85B gene (Vac-Ag85B) for 24 h. Error bars represent standard deviations. Statistically signiﬁcant differences are indicated by asterisks (*, P < 0.01 compared to
the group stimulated with Vac).

at 2-week intervals. Another group of mice were immunized
with BCG by subcutaneous injection. Two weeks (rhPIV2–Ag85Bimmunized mice) or 6 weeks (BCG-immunized mice) after the ﬁnal
immunization, all mice were challenged with Mtb Kurono strain by
inhalation (Fig. 4A). At each time point after immunization or Mtb
challenge, the percentage and absolute number of Ag85B-speciﬁc
IFN-␥+ CD4+ cells were determined by ﬂow cytometry. Before Mtb
challenge, the percentage of IFN-␥+ CD4+ cells in pLN cells was
increased by immunization with rhPIV2–Ag85B but not by BCG
immunization (Fig. 4B and C, top). However, a signiﬁcant increase
in IFN-␥+ CD4+ cells was not detected in BAL cells (Fig. 4B and C, bottom). Interestingly, expansion of IFN-␥+ CD4+ cells occurred after
Mtb challenge in BAL cells more dramatically than that in pLN cells
in terms of absolute number (Fig. 4C). These responses induced
by rhPIV2–Ag85B immunization were much stronger than those
induced by BCG immunization.
Similarly, an increase in Ag85B-speciﬁc responses was observed
by the ELISPOT assay (Fig. 4D). The number of Ag85B-speciﬁc IFN-␥
secreting cells increased in pLN cells from mice immunized with
rhPIV2–Ag85B in a number of immunizations-dependent manner.
Furthermore, strong Ag85B-speciﬁc responses were detected after
Mtb challenge in pLN and BAL cells, and the responses were much
stronger than those in BCG immunized mice.

(Fig. 5B). The mRNA expression of intracellular receptors, RIG-I,
MDA5, and TLR3, and the induction of cytokines, IL-6 and IL-15
were also enhanced by infection with rhPIV2–Ag85B, whereas
these effects were not observed with the addition of recombinant
Ag85B protein (Fig. 5C and D). Furthermore, the expression of
ICAM-1 was induced by infection with rhPIV2–Ag85B (Fig. 5E).
Similar results were obtained after infection with rhPIV2 vector
alone or rhPIV2-GFP (Supplemental Fig. 2). Other co-stimulation
molecules, CD80, CD86, ICAM-2 and selectin, were not detected
(data not shown).
To further investigate the participation of these receptors in
innate immune activation induced by rhPIV2–Ag85B infection,
expression of these receptors was knocked down by transfecting
siRNA. At 48 h after transfection with siRNA, expression levels of
these receptors were reduced by approximately 90% or expression
was no longer detectable (Fig. 5F). IFN-␤ production induced by
rhPIV2–Ag85B infection was inhibited when the cells were treated
with RIG-I siRNA. For other receptors, MDA5 and TLR3, siRNA treatment did not result in inhibition of IFN-␤ production induced
by rhPIV2–Ag85B infection (Fig. 5G). This result was conﬁrmed
by phosphorylation of IRF3, which is a downstream molecule of
RIG-I in epithelial cells. The phosphorylation of IRF3 induced by
rhPIV2–Ag85B infection was inhibited when epithelial cells were
treated with siRNA of RIG-I (Fig. 5H).

3.5. rhPIV2–Ag85B induces innate immune responses
4. Discussion
We explored innate immune responses induced by
rhPIV2–Ag85B infection. We conﬁrmed that Ag85B did not
affect the viability of rhPIV2–Ag85B infected cells (Supplemental
Fig. 1) [44–46]. Type I IFNs were assessed after infection with
rhPIV2–Ag85B in NHBE and BEAS cells as an indication of innate
immune responses. Both types of cells showed mRNA expression
of type I IFNs after infection with rhPIV2–Ag85B but not after
addition of recombinant Ag85B protein (Fig. 5A). Production of
IFN-␤ was also detected in the culture supernatant by ELISA

In the present study, we demonstrated the effectiveness of
hPIV2 vectors for TB vaccines to induce systemic and mucosal
immune responses. The rhPIV2 vector is a weak immunogenic;
however, intranasal immunization with rhPIV2–Ag85B showed
more potent protection against pulmonary TB in BALB/c mice than
did conventional BCG vaccination. The rhPIV2–Ag85B shows a vaccine effect by itself alone, and this effect is more useful than the
effects of other vectors for TB vaccines.
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Fig. 4. Analysis of Ag-speciﬁc effector cells and these immune responses in pLN and BAL. (A) Groups of mice were immunized with rhPIV2, rhPIV2–Ag85B, or BCG (n = 10 per
group) and challenged by Mtb infection in this schedule. (B) Representative ﬂow cytometry plots of IFN-␥+ cells on gated CD4+ cells from pLN (top panels) and BAL (bottom
panels) are shown. Numbers shown beside the gates represent the percentages within CD4+ T cells. (C) Kinetics of recruitment of Ag85B-speciﬁc IFN-␥+ cells in pLN (top
panel) and BAL (bottom panel). Absolute numbers of IFN-␥+ CD4+ cell populations at each time points are shown. Error bars represent standard deviations. (D) Isolated cells
from the pLN and BAL at each time point were examined for IFN-␥ production in an ELISPOT assay. These cells were stimulated in vitro with syngeneic spleen cells infected
with control vaccinia virus (Vac) or recombinant vaccinia virus carrying the Ag85B gene (Vac-Ag85B) for 24 h. Error bars represent standard deviations.
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Viral vectors are promising vaccine candidates for eliciting
Ag-speciﬁc immune responses [16,17]. Pre-existing anti-vector
antibodies, however, constitute an obstacle for use in humans
[18–20]. Although antibodies against hPIV are known to cross-react
with Sendai virus, Sendai virus vector is considered to be effective for human use by intranasal administration [21]. Additionally,
Sendai virus vector is not affected by antibodies against Sendai virus
for induction of T cell responses, especially when it is administered
intranasally [4]. From these ﬁndings, intranasal administration of
the hPIV2 vector is also considered to be effective for human use.
In fact, multiple administrations with rhPIV2–Ag85B also showed
preventive effects more clearly than did immunization 2 times with
rhPIV2–Ag85B (Fig. 2).
Many viral vectors have been tested as recombinant viral vaccines eliciting suitable recombinant Ag-speciﬁc immune responses,
and many of these vaccine vectors are not vaccine viruses such
as vaccinia virus Ankara (MVA), adenovirus, Sendai virus, and
CMV. These viral vectors have also been used in several vaccine trials in TB or HIV vaccine [22–24]. Experience in the HIV
vaccine ﬁeld has emphasized the importance of avoiding antivector immune responses when developing a vectored vaccine
[25]. Immune responses to vaccine vectors prevent the induction
of aimed immune responses against recombinant Ag. From these
ﬁndings, elimination of the immunogenicity of a vaccine vector is
critical for a recombinant viral vaccine. The immunogenicity of viral
vectors depends on the amount of vector viral proteins. Approximately 80 poxvirus proteins are encoded by its over 130–300 kbp
and the adenovirus genome sizes are 26–45 kbp. The genome sizes
of these two viral vectors are much larger than that of hPIV2
(15.65 kbp), and induction of immune responses to hPIV2 vector
might be lower than other viral vectors. In TB vaccines, recombinant
vaccinia virus and adenovirus, which are immunogenic viruses, did
not show clear vaccine effects against TB infection by immunization with themselves alone. These two recombinant TB vaccines,
adenovirus and MVA, were utilized as boost immunization after
BCG priming [26,27]. These heterologous prime-boost strategies
diminish immune responses to the vector virus and indicate the
possibility of a practical and efﬁcient strategy for prevention of TB
[28,29]. On the other hand, the most common method for obtaining an attenuated virus is gene elimination of the viral construct
protein to make a replication-deﬁcient virus in vivo. The rhPIV2
vector is a weak immunogenicity by elimination of structural protein (M) gene; however, the rhPIV2–Ag85B shows a vaccine effect
by immunization with itself alone, and this effect is more useful
than the effects of other vectors for a recombinant TB vaccine.
The hPIV2 vector has an additional advantage over other viral
vectors. The inserted Ag85B gene, which is only 978 bp, is a minor
component of rhPIV2–Ag85B. Despite that, the cellular immune
response against Ag85B had an advantage over that against the
virus vector in mice. This advantageous effect is thought to depend

Fig. 5. Evaluation of adjuvant activity of rhPIV2–Ag85B in vitro. NHBE and BEAS
cells were treated with rAg85B protein (10 g/ml) or infected with rhPIV2–Ag85B
(MOI of 10) for 24 h, and the increases in mRNA levels of IFN-␣, IFN-␤ (A), RIG-I,
MDA5, TLR3 (C), IL-6, IL-15 (D), and ICAM-1 (E, left panel) were determined by
real-time PCR. Fold increase of each target gene was normalized to ␤-actin, and the

expression levels are represented as relative values to the control. Culture supernatants were also collected, and amounts of secreted IFN-␣ and IFN-␤ were
measured by ELISA (B). Expression of ICAM-1 was also conﬁrmed by FACS analysis in BEAS cells (E, right panel). Data are averages of triplicate samples from three
identical experiments, and error bars represent standard deviations. Statistically
signiﬁcant differences between control cells and rhPIV2–Ag85B-infected cells are
indicated by asterisks (*, P < 0.01). BEAS cells were treated with siRNA targeting RIGI, MDA5, TLR3, or the negative control siRNA (NC) for 48 h. Depletion of them was
examined by immunoblotting (F). Those cells were stimulated by rAg85B protein
(10 g/ml) or infected with rhPIV2–Ag85B (MOI of 10) and then production of IFN␤ was measured by ELISA (G). Data are averages of triplicate samples from three
identical experiments, and error bars represent standard deviations. Statistically
signiﬁcant differences are indicated by asterisks (*, P < 0.01 compared to NC). The
effects of depletion of RIG-I on IRF3 phosphorylation were tested. BEAS cells treated
with NC or siRNA targeting RIG-I (R) for 48 h were infected with rhPIV2–Ag85B or
not infected (control). Whole IRF3 and phosphorylated IRF3 (pIRF3) were detected
by immunoblotting 6 h after infection (H).
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on Ag85B expression mechanisms. The frequency with which viral
RNA polymerase reinitiates the next mRNA at gene junctions is
imperfect, and this leads to a gradient of mRNA abundance that
decreases according to distance from the genome 3 end [30]. Insertion of the Ag85B gene into the 3 proximal ﬁrst locus between
the leader sequence and the NP gene results in the highest level
of gene expression. Ag85B is transcribed earlier and more abundantly than other viral products (Fig. 1B and C). This property
of rhPIV2–Ag85B leads to elicit stronger Ag85B-speciﬁc immune
responses than vector-speciﬁc responses in our system (Fig. 1D
and E), although recombinant virus vaccine immunization usually
induces overwhelming viral-speciﬁc immune responses compared
with an inserted gene product [31,32]. We also demonstrated that
intranasal administration of the rhPIV2 vector had no adverse
effects and provided sufﬁcient immunogenicity and a sufﬁcient
vaccine effect against Mtb in mice. These results suggest that
intranasal administration of rhPIV2–Ag85B does not cause functional failure as a vaccine by multiple administrations, and these
features of the rhPIV2 vector are deﬁnitely advantages for clinical
use.
Another major feature of rhPIV2–Ag85B is effective prevention
of TB by intranasal administration. Vaccination in the respiratory
tract may enhance protection against Mtb infection, since Mtb
initially establishes infection on mucosal surfaces of the respiratory tract. Indeed, a number of recombinant TB vaccines have
been developed and evaluated for respiratory mucosal immunization [33–35]. It is important to note that lack of Ag-speciﬁc
effector cells persists even up to about 21 days after pulmonary
Mtb infection caused by a bacterial component [15,36]. In the
present study, the arrival of Ag-speciﬁc T cells was detected in
lung and pLN by rhPIV2–Ag85B immunization, and this arrival of
effector cells was recognized faster than BCG immunization after
Mtb challenge (Fig. 4B and C). We were able to establish a novel
intranasal vaccine, rhPIV2–Ag85B, against TB by utilizing various
advantages of intranasal administration. Nasal administration of
a vaccine to induce mucosal and systemic immune responses has
several advantages other than the induction of effective immune
responses. It is even possible that intranasal administration of
replication-incompetent rhPIV2–Ag85B limits the areas of infection in respiratory organs and induces a respiratory tract mucosal
immune response in addition to a systemic immune response
against TB. Our study suggested that intranasal administration
of rhPIV2–Ag85B, which can induce both mucosal and systemic
immune responses against Mtb, has a great advantage as a TB vaccine.
Attempts have been made to use various types of adjuvants
for enhancing an immune responses to vaccines, including vaccines against TB [37]. In fact, a protein-based TB vaccine required
the addition of an adjuvant to induce effective immune responses
[38–41]. For the generation of adaptive immune responses, induction of innate immunity is crucial for vaccines to elicit potent
Ag-speciﬁc immune responses. Pattern recognition receptors have
been studied as potential targets for an adjuvant. dsRNA is a
dominant activator of innate immunity because viral dsRNA is
recognized by TLR3, RIG-I, and MDA5 [42,43]. As a result, it was
demonstrated that the rhPIV2 vector had a potent adjuvant activity as dsRNA recognized by the RIG-I receptor and enhanced not
only local innate immunity but also systemic adaptive immunity.
It is possible that no extra addition of an adjuvant is required to
prevent TB by vaccination with rhPIV2–Ag85B. Furthermore, the
inhibitory effects on the growth of rhPIV2–Ag85B in vivo by IFN
through the innate receptor are not required to consider since the
rhPIV2 vector is replication-incompetent in vivo by elimination of
the M gene (Fig. 1A).
In summary, our results provide evidence for the possibility of rhPIV2–Ag85B as a novel intranasal vaccine for eliciting

Mtb-speciﬁc
mucosal
immunity.
Immunization
with
rhPIV2–Ag85B showed signiﬁcant protection against TB without any prime vaccine or addition of an adjuvant in mice. Further
studies will contribute to the ultimate goal of establishing a new
vaccine strategy that can deﬁnitely prevent Mtb infection.
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