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Abstract
A better understanding of mucosal immunity is required to develop more protective vaccines
against Mycobacterium tuberculosis. We developed a murine aerosol challenge model to
investigate responses capable of protecting against mucosal infection. Mice received vaccinations
intranasally with CpG-adjuvanted antigen 85B (Ag85B/CpG) and/or Bacillus Calmette-Guerin
(BCG). Protection against aerosol challenge with a recombinant GFP- expressing BCG was
assessed. Mucosal prime/boost vaccinations with Ag85B/CpG and BCG were protective, but did
not prevent lung infection indicating more efficacious mucosal vaccines are needed. Our novel
finding that protection correlated with increased airway dendritic cells early post-challenge could
help guide the development of enhanced mucosal vaccines.
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1. Introduction
One third of the world’s population is infected with Mycobacterium tuberculosis (Mtb), the
causative agent of tuberculosis (TB), leading to 1–2 million deaths annually [1]. Although
the Bacille Calmette-Guérin (BCG) vaccine has been used for prevention of TB since 1921
efficacy rates of intradermal BCG vaccination are highly variable [2]. Meta-analyses suggest
that BCG vaccination can reduce pulmonary TB by approximately 50% [3]. These partially
protective effects appear to wane within 10–15 years of infant BCG vaccination, and there is
little evidence to support prolonged benefits [4].

Heterologous prime/boost vaccination strategies induce robust T cell responses and may
improve protection compared to BCG alone [5–7]. Therefore, many new TB vaccine
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approaches under development focus on “booster” vaccines to enhance and extend immunity
acquired after primary BCG immunization [8]. Another potentially useful strategy is
mucosal vaccination. BCG is usually delivered intradermally which is not expected to
induce optimal mucosal TB immunity. Regional immunity in the lung may be important for
enhanced protection at the site of initial infection, and intranasal (IN) or other mucosally
delivered vaccines might induce Mtb specific mucosal immunity capable of preventing TB
infection [9].

In the present work, we investigated whether prime/boosting intranasal vaccinations with
BCG and Ag85B/CpG can induce mucosal protection against primary mycobacterial
infection of the lung better than a single dose of BCG given intranasally. We use a
recombinant BCG expressing green fluorescent protein (GFPrBCG) strain for aerosol
challenge to allow sensitive detection of infection, and to maximize our ability to identify at
least partially protective mucosal immune responses that can be iteratively improved.

2. Materials and methods
2.1 Animals and organisms

Studies using six to eight week old NCI/Charles River Laboratory C57BL/6 mice were
carried out in AAALAC accredited facilities, and approved by the Institutional Animal Care
and Use Committee of Saint Louis University (A3225-01). Mycobacterium bovis Bacillus
Calmette- Guerin (BCG) and GFPrBCG were grown, frozen and titered as previously
described [10].

2.2 Immunizations
Prior to IN immunization with BCG and/or CpG-adjuvanted protein (10μl volume split
between naris), mice were anesthetized by intraperitoneal injection of ketamine (60 mg/kg)
and xylazine (5mg/kg). Based on previously published data [11] and upon our preliminary
dose-optimization studies, mice received 1×107 CFU of BCG Danish strain (Statens Serum
Institut, Denmark) 8 twice on two consecutive days and/or 10μg Ag85B (provided by M.A.
Horowitz [12]) mixed with 10μg CpG 1826 (Coley Pharmaceuticals).

2.3 Aerosol challenge and determination of BCG growth
Stock vials of GFPrBCG were thawed, sonicated (Digital Sonifier 450 sonicator) and diluted
in 0.9% saline containing 0.04% Tween-80 to a final concentration of ~1×107 CFU/ml.
Mice were challenged with aerosolized BCG using a nose-only inhalation exposure system
(NOIES; CH Technologies) as described previously[13]. Animals were exposed to
aerosolized BCG for 20 minutes with an air pressure of 20 psi, an air flow rate of 2.0 liters/
min and a BCG suspension flow rate of 1.0 ml/min, followed by 5 min of air flow only.
Growth of BCG in tissues was evaluated 24 hours to 6 months after aerosol challenge.
Lungs and spleens were homogenized in albumin-dextrose-catalase (ADC) supplemented
Middlebrook 7H9 media and plated on Middlebrook 7H10 agar containing oleic-acid-
albumin-dextrose-catalase (OADC) enrichment ±Kanamycin (30μg/ml).

2.4 Bronchoalveolar lavage
Bronchoalveolar lavage (BAL) was performed to collect cells for use in IFN-γ ELISPOT
and flow cytometric analyses. Briefly, mice were euthanized, and the trachea was exposed
and cannulated. The lungs were lavaged three times with 1ml PBS. Red blood cells were
lysed in NH4Cl lysis buffer, then cells washed with PBS, before being resuspended in
complete media.
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For flow cytometric analysis, cells were stained using the following antibodies: FITC-anti-
CD40, PE-anti-MHCII, PerCP-anti-CD8, PE-Cy7-anti-CD11c, APC-anti-CD19 and Pacific
Blue-anti-CD4 (BD) and analyzed using an LSR II Flow Cytometry unit (BD) and FlowJo7
software (TreeStar, Ashland, OR) [14].

2.5 Antigen-specific IFN-γ E LISPOT responses
IFN-γ production was measured by ELISPOT assay using splenocytes (5×105 cells/well) or
cells obtained by BAL (5×104 cells/well). Cells were stimulated overnight with recombinant
Ag85B protein (10μg/ml), Mtb culture filtrate proteins (MtbCF, 10μg/ml, Colorado State
University), Mtb whole cell lysate (MtbWL, 10μg/ml) [15], live BCG (MOI of 2.0, 0.2 and
0.02), or medium alone. Results are reported as numbers of IFN-γ spot-forming cells (SFC)
per million cells.

2.6 Statistical analysis
Mann–Whitney U tests and Spearman-Rank tests were performed using Statistica v6.0
software (Statsoft, Tulsa, OK). Probability values below 0.05 were considered significant.

3. Results
3.1 Intranasal BCG vaccination results in long-term infection and induces potent CD4+ and
CD8+ T cell responses in the airways of mice

To investigate persistence of BCG after mucosal immunization, mice were vaccinated IN
with 1×107 BCG on two consecutive days (optimal immunogenic dose determined in
preliminary experiments; not shown) and kinetics of BCG persistence in lungs and spleens
were examined at various time points post-vaccination (day 3, week 2, week 3, week 4,
month 2, month 4 and month 6). We observed peak BCG CFU in the lungs and spleens 2
weeks following IN infection (>5×106 CFU/mouse), though high numbers of BCG persisted
throughout the first month of infection (>5×105 CFU/mouse). Importantly, low levels of
BCG persisted in the lungs (250–450 CFU/mouse), for at least 6 months post-vaccination
(Fig. 1A).

BAL cells are important for mucosal protection in the lungs, and responses by BAL cells
serve as a potential surrogate marker for assessing new TB vaccines [16]. To examine the
kinetics of BCG-specific T cell responses in the lungs, mice were vaccinated intranasally
with BCG, and BAL cells were harvested at various time points for flow cytometry and
IFN-γ ELISPOT assays. We observed an increase of both CD4+ and CD8+ T cells in the
lungs of mice within the first four weeks following vaccination (Fig. 1B). The absolute
numbers (AN) of BAL CD4+ and CD8+ T cells increased within 3 days post-immunization,
peaked 2 weeks post-immunization, and remained increased through week 4 (Figs. 1C&D).
It is noteworthy that during the time period of T cell influx into the lungs of BCG vaccinated
mice (3 days to 4 weeks post-vaccination), a log decrease in absolute number of airway
CD11c+ cells was observed (Fig. 1E). These CD11c+ cells expressed other markers
characteristic of dendritic cells (DC) including high levels of MHC-II and CD40 (not
shown).

IFN-γ responses produced by BAL cells after in vitro stimulation with MtbCF or BCG in
ELISPOT assays confirmed that antigen-specific CD4+ and CD8+ T cells were recruited into
the lungs (Fig. 1F), and also demonstrated that the frequencies of TB-specific T cells among
BAL cells were 10 fold greater than the frequencies present among spleen cells (the
numbers of Mtb culture filtrate- and live BCG-stimulated IFN-γ-producing SFC detectable
in BAL were 3,386±93 and 1506±179/million cells, respectively; the matching results for

Blazevic et al. Page 3

Microbes Infect. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



splenocytes were more than 10 fold lower with 268±32 and 21±3/million cells,
respectively).

3.2 Development of a sensitive challenge model system for detection of mucosal
protection against initial lung infection

As an initial screen for mucosal immune responses relevant for protection against initial TB
infection, we developed an aerosol BCG challenge model. We reasoned that if a mucosal
vaccine does not protect against a BCG mucosal challenge it would not protect against an
Mtb mucosal challenge. To distinguish BCG persisting in the lungs of mice after BCG
vaccination from mycobacteria establishing a new infection, post-challenge naïve mice were
challenged with aerosolized GFPrBCG. Numbers of CFUs in the lungs of GFPrBCG-
infected mice increased 3 fold from day 0 to 2 weeks and were more than 10 fold higher 4
weeks post-infection (Fig. 2A). Homogenized lungs after wild type (WT) BCG vaccination
and GFPrBCG challenge were plated on selective (kanamycin) and nonselective 7H10
Middlebrook agar. As shown (Fig. 2B), GFPrBCG grows on both types of media and is
fluorescent under ultraviolet lighting, whereas WT BCG does not grow on selective agar and
is not fluorescent under ultraviolet illumination.

3.3 Ag85B vaccinations with and without BCG priming partially protect against mucosal
infection

The protective efficacy of IN immunization against aerosol infection was examined after
immunizations with BCG alone, Ag85B/CpG alone, or various prime/boosting combinations
of BCG and CpG ±Ag85B. Groups of 8 mice were vaccinated IN three times, two weeks
apart with BCG and/or CpG±Ag85B. Two months after the first immunization, mice were
challenged with aerosolized GFPrBCG. The numbers of GFPrBCG were assessed in the
lungs one month post-challenge (Fig. 2C). All BCG and/or Ag85B/CpG vaccinated mice
were significantly protected compared to controls (P<0.05). Although there was a trend for
enhanced protection, BCG priming followed by Ag85B/CpG boosting did not significantly
enhance protective mucosal immunity. Similar results were seen in additional experiments
challenging mice 7.5 months after immunization (data not shown).

Figure 2D presents the results of IFN-γ ELISPOT assays conducted using BAL cells
collected 2 weeks post-aerosol challenge. Immunization with BCG±Ag85B induced
increased IFN-γproducing T cells specific for Mtb secreted proteins and live BCG when
compared to naïve mice, while immunization with Ag85B protein alone failed to show
differences after Mtb secreted protein and live BCG stimulation compared with the control
group. The numbers of antigen-specific T cells recruited into the lungs and reactive with
Ag85B, Mtb CF and Mtb WL were 2–8 fold higher when BCG priming was followed by
Ag85B/CpG boosting (Fig. 2D). However, IFN-γ ELISPOT responses in BAL cells
stimulated with live BCG were similar between BCG/Ag85B prime/boosted mice and mice
vaccinated with BCG alone.

The failure to enhance overall responses to all antigens expressed by the challenge strain
may explain why the prime/boost vaccination protocol was not significantly more protective
than BCG vaccination alone. To assess potential bio-markers capable of guiding the
development of more successful mucosal vaccine strategies, we studied correlations between
immune subsets recruited to the lungs early (day 3) after aerosol challenge, and the levels of
protection measured by CFUs of the challenge strain present 4 weeks post-aerosol challenge.
The numbers of CD4+ and CD8+ airway T cells present on day 3 post-challenge did not
correlate with protection, however, spearman rank tests confirmed significant (positive)
correlations between the absolute numbers of CD11c+, CD11c+CD40+ and CD11c+MHC-
II+ dendritic cells in BAL on day 3 post-challenge and the mean protective value in lungs
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(log10 GFPrBCG in lungs for naïve mice minus log10 GFPrBCG in lungs for immunized
mice) 4 weeks post-aerosol challenge (Table 1).

4. Discussion
BCG vaccination has not lowered the overall prevalence of TB infection and disease. In fact,
it is thought that current BCG vaccines provide very limited to no protection against
mucosal TB infection [17–19]. Thus, the development of a sensitive model to identify
partially protective mucosal immune responses remains of great importance. We reasoned
that an attenuated BCG strain would not overwhelm suboptimal mucosal immune responses
allowing for their sensitive detection, and that mucosal immune responses unable to protect
against BCG infection would not protect against more virulent Mtb challenges. Therefore,
we have developed a sensitive model that can identify the mechanisms of immunity
responsible for partial mucosal protection to allow for the iterative optimization of future
mucosal vaccination strategies.

This study presents evidence that BCG administered intranasally to mice results in chronic
infection and persists in host lungs for months. In addition, we developed a GFPrBCG
aerosol challenge model, which can be used to distinguish between BCG persistence after
vaccination and infection after aerosol challenge. Intranasal vaccinations with BCG and/or
Ag85B/CpG were partially protective against mucosal infection. These IN vaccinations
resulted in recruitment of both CD4+Th1 and CD8+ T cells into the airways of mice within
two weeks of infection. Large granular CD11c+ DCs noticeably decreased in frequency in
the lungs two weeks post-infection. However, the number of DCs present in the airways
three days post-aerosol challenge significantly correlated with levels of protection measured
4 weeks post-challenge.

Mucosal vaccination with soluble antigens has been shown to enhance protection against
mucosally invasive intracellular pathogens[20]. For example, IN vaccination of mice with
dimethyl-dioctadecyl-ammonium-bromide-adjuvanted Ag85 induced protective immunity
against virulent Mtb challenge [21]. Our results are consistent with these findings. Although
Ag85B/CpG boosting of BCG immunity did not significantly enhance protective mucosal
immunity, future subunit vaccines given IN may be useful in boosting immunity in BCG
primed individuals. Our new model will be useful in assessing these possibilities. In
addition, the protection provided by Ag85B/CpG IN vaccination alone in our model is
important because subunit vaccines in general are safer for mucosal delivery than live
vaccines.

Induction of potent immune responses at the initial site of mucosal TB infection in the lung
is likely to be essential for inducing optimal protection. It has been demonstrated that
mucosal immunization with BCG induces strong type-1 immune responses in mice,
associated with protection against mycobacterial challenges [22]. Although it is known that
BCG induces CD4+, CD8+, CD1-restricted αβ and γδ T cell responses, while soluble Ag85
protein likely induces only CD4+ and some CD8+ T cell responses, very little is known
about the immune subsets important for vaccine-induced mucosal protection [5, 23]. It has
been reported that mucosal vaccination with a recombinant adenovirus induces better
protection against Mtb aerosolized challenges, and that the numbers of TB specific CD4+

Th1 cells within the airways correlate with optimal mucosal protection [24]. In our current
study we did not find a correlation between airway T cells and protection. This may be
related to the time (3d post-challenge) we performed BAL which may have been too early to
see maximal T cell recruitment into the airways.

We observed a significant correlation between the number of airway DCs 3d post-challenge
and protection. This early DC correlation with protection has not been reported previously.
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Infected DCs migrate from the lungs of Mtb-infected mice into the mediastinal lymph
nodes, where they activate both memory and new antigen-specific T cells [25]. In addition,
early post-challenge, infected DCs could rapidly activate resident airway antigen specific T
cells already present in the airways. Both of these early effects mediated by DCs could
partially explain the novel correlation we have observed. More DCs present early post-
challenge could result in more relevant T cells being recruited earlier to the lungs. This
hypothesis will need to be further studied. The relative loss of DCs in BAL samples later
after mucosal challenge could be due to the development and recruitment of mycobacterial-
specific T cells capable of eliminating BCG-infected DCs.

Our newly developed GFPrBCG aerosol challenge model has a sensitive capacity for
identification of immune responses important for protective mucosal immunity against
mycobacterial infection. The use of BCG should not overwhelm partial immunity, and can
serve as an initial screen; providing the advantages of limiting biohazardous exposure to
laboratory personnel and serving as an initial milestone for the evaluation of mucosal
vaccines. This model will allow us to more carefully examine the efficacy of protection
against infection in future prime-boost immunization experiments because immune
responses unable to protect against BCG could not be expected to provide protection against
virulent Mtb. Of course, mucosal vaccination strategies and immune subsets protective
against aerosolized BCG will need to be further tested for the capacity to protect against
aerosolized Mtb challenge in order to confirm mucosal protection against virulent
Mycobacterium.
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Figure 1.
BCG persistence and recruitment of mycobacterial-specific T cells into the lungs of mice
after intranasal BCG vaccination (A–F). C57BL6/J mice were sacrificed 3 days to 6 months
after two administrations of 1×107 BCG on two consecutive days, and lung and spleen
homogenates were plated on Middlebrook agar and incubated at 37°C for >3weeks to
enumerate BCG (colony forming units, CFU) (A). C57BL6/J mice were immunized IN with
1×107 BCG two times on two consecutive days and bronchoalveolar lavage (BAL) cells
harvested 3 days, 2 weeks, 3 weeks and 4 weeks later for analysis by flow cytometry (B–E)
and IFN-γ ELISPOT (F). Shown in B are representative FACS plots of BAL cells from
naïve and BCG vaccinated mice (2 and 4 weeks post immunization). Absolute numbers
(AN) of BAL CD4+ T cells (C), BAL CD8+ T cells (D), and BAL CD11c+ cells (E), were
determined 3 days to 4 weeks post-BCG vaccination. Additionally, BAL cells from naïve
mice and IN BCG vaccinated mice were stimulated with Mtb culture filtrate (MtbCF) or live
BCG in IFN-γ ELISPOT assays 2, 3, and 4 weeks post-vaccination (F). Bars represent mean
values, and whiskers represent standard errors.
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Figure 2.
Mycobacterial growth and immune protection against aerosolized mycobacterial challenge
after intranasal prime-boost vaccination (A–D). Naïve C57BL6/J mice were infected by
aerosol with GFPrBCG with a challenge dose of ~250 GFPrBCG CFU/mouse, sacrificed at
day 0, 2 weeks and 4 weeks post-infection and lung homogenates were plated on kanamycin
selective 7H10 Middlebrook agar. BCG growth is reported as mycobacterial colony forming
units (CFU) per animal. Each time point represents data from of 3–4 mice per group (A). To
demonstrate our ability to properly discriminate between BCG used for vaccination and
BCG used for challenge, wild type BCG (WT BCG) and GFP-expressing recombinant BCG
(GFPrBCG) were plated on selective and nonselective (NS) 7H10 Middlebrook agar (with
and without 30μg/ml kanamycin, respectively). After incubation at 37°C for ~3 weeks,
colonies were visualized under white and ultraviolet (UV) light (B). The results of
immunization and challenge experiments are shown in panel (C). C57BL6/J mice were
vaccinated IN with 2 doses of a subunit vaccine containing Ag85B/CpG, with 2 consecutive
days of BCG intranasal vaccination alone, or with heterologous prime/boost combinations of
BCG and Ag85B/CpG (all mice received vaccinations or saline at time 0, week 2 and week
4) and subsequently challenged by aerosol with GFPrBCG two months after the initial
vaccination. Mice were sacrificed 4 weeks post aerosol challenge and lung homogenates
were plated on kanamycin selective 7H10 Middlebrook agar. Colonies of challenge
organisms (GFPrBCG), growing on selective plates are reported as the average
mycobacterial colony forming units (CFU) per animal. (Shown are means ± SE from 8 mice
per group, *p < 0.05 compared with the control group by Mann-Whitney U test.) BAL cells
from naïve mice and mice vaccinated IN with BCG and/or Ag85B/CpG (day 0, 2 weeks and
4 weeks) and subsequently challenged by aerosol with GFPrBCG two months after the
initial vaccination were harvested 2 weeks after aerosol challenge and stimulated overnight
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with Mtb antigens or live BCG in IFN-γ ELISPOT assays (D). The results are presented as
the numbers of IFN-γ spot forming cells per million BAL cells. Bars represent mean values,
and whiskers represent standard errors.
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Table 1

Specific immune cell subsets detected in bronchoalveolar lavage cells 3 days after aerosol challenge were
compared to the mean protective responses in lungs. This protection was determined based on number of
GFPrBCG colony forming units (CFU) counted 4 weeks post-aerosol challenge (log10 CFU GFPrBCG for
naïve mice minus log10 CFU GFPrBCG for immunized mice).

Comparison* Valid Spearman-Rank Test P-level

AN CD11c+ vs Protective Responses in Lungs 8 0.7381 0.036

AN CD11c+CD40+ vs Protective Responses in Lungs 8 0.7381 0.036

AN CD11c+ MHCII+ vs Protective Responses in Lungs 8 0.7143 0.046

AN – Absolute number;
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