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Summary

Background It has been suggested that exposure to certain microbes and their products,
particularly during neonatal and early childhood periods, may shift the immune response
towards a T-helper cell (Th) 1 phenotype and thereby prevent the development of and/or
alleviate the clinical symptoms of allergic airway diseases.
Objective We evaluated the ability of the live vaccine strain (LVS) of Francisella tularensis to
suppress airway eosinophilia and pulmonary pathology in a murine model of allergic airway
disease.
Methods C57BL/6 mice were sensitized by intraperitoneal injection of ovalbumin (OVA) on
days 1 and 14, and challenged intranasally (i.n.) with OVA on day 21 or thereafter. Some
sensitized mice were i.n. treated with live LVS or its cell-free sonicate extract (CFSE) before
i.n. OVA challenge. Bronchoalveolar lavage fluid, regional lymph node cells, lung tissues and
serum samples were collected 3–7 days after the i.n. challenge.
Results Intranasal and, to a lesser degree, intradermal immunization of OVA-sensitized mice
with LVS suppressed the development of airway eosinophilia and associated pulmonary
pathology induced by i.n. OVA challenge. Moreover, CFSE prepared from LVS showed a
similar inhibitory effect whereas neither LPS nor DNA purified from F. tularensis LVS had
such an effect. The inhibition was associated with the reduction in mRNA expression and
protein levels of Th2 cytokines IL-5 and IL-13 in the lungs and the enhanced production
of OVA-induced IFN-g by local draining lymph node cells, but not with the serum levels
of OVA-specific IgG1 or IgE.
Conclusion F. tularensis LVS is capable of suppressing allergic airway inflammation probably
through a Th1-mediated suppression of an ongoing Th2 response mechanism, and raises the
possibility of exploring LVS and its components as potential therapeutic modalities for human
allergic asthma.
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Introduction

Allergic asthma is a chronic respiratory disease character-
ized by airway inflammation, excessive mucus pro-
duction, reversible airway obstruction, and airway
hyper-reactivity (AHR) [1]. The aetiopathogenesis of
allergic asthma is complex and encompasses the interplay
between genetic predisposition, environmental triggers,
and dysregulated immune response [1, 2]. The precise
mechanism of chronic airway inflammation that charac-
terizes persistent asthma remains elusive, but appears to
result from a strongly allergen-driven type 2-skewed

CD41 T helper type 2 (Th2) lymphocyte infiltration of the
airways with the induction of Th2 cytokines IL-4, IL-5,
IL-13, and IL-25 [1]. These cytokines function in concert
with CC chemokines (such as eotaxins and thymus and
activation-regulated chemokines) and, to a lesser extent,
CXC chemokines and result in the recruitment and activa-
tion of eosinophils and IgE production [1, 2]. Infiltration
of eosinophils and other inflammatory cells in the lower
respiratory tract is the hallmark of allergic asthma, and
may be important in the pathogenesis of this disease [1, 2].

Asthma now affects approximately 8–10% of the US
population, is the leading cause of hospitalization among
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children o15 years of age, and costs the society billions
of dollars annually [3]. Despite its public health and
economic significance, there are relatively few novel
therapies and strategies with proven efficacies available
for clinical management of asthmatic patients [1, 4].
Although current standard therapies, inhaled bronchodi-
lators (b2-receptor agonists) and anti-inflammatory drugs
(corticosteroids), provide effective symptomatic control
for the majority of asthma patients, they are sometimes
accompanied by certain side-effects, particularly in chil-
dren and in patients with severe asthma requiring high-
dose treatments [1]. Moreover, these therapies require
long-term daily administration, and they do not target
the underlying immune mechanisms causing allergic
asthma [1].

The rapid increase in asthma incidence in both the
developed and developing countries over the past few
decades suggests that certain environmental, in addition
to genetic factors, may contribute to the development of
allergic asthma [5]. In this regard, increasing epidemiolo-
gical and clinical data have suggested that a lack of early
childhood exposure to microbial stimulation could favour
the development of allergic diseases in genetically predis-
posed individuals (hygiene hypothesis) [5]. As asthma and
allergic airway diseases are disorders associated with a
predominant Th2 immune response, suppression of the
aberrant allergen-specific Th2 response through antagon-
ism or the induction of regulatory T cells by certain
microbes and their products, particularly during neonatal
and early childhood periods, may shift the immune
response towards a T-helper type 1 (Th1) phenotype and
thereby prevent the development of and/or alleviate the
clinical symptoms of allergic airway diseases [6–9]. In-
deed, recent experimental and clinical studies have sup-
ported the notion that immunization with certain
microbes and their products can reduce asthma-like
responses [6–16]. However, not all microbe-elicited Th1-
biased host responses can alleviate the asthma-like symp-
toms [17], and indeed some (e.g. Bordetella pertussis) may
even exacerbate airway hyperresponsiveness under cer-
tain circumstances [18] although the relative contribution
of infection-induced severe lung damage and immunolo-
gical effects on airway hyperresponsiveness remains to be
determined.

Francisella tularensis is a gram-negative, facultative
intracellular bacterium and the causative agent of tular-
emia. The live vaccine strain (LVS) of F. tularensis, derived
from a virulent type B strain of F. tularensis by passage on
culture media [19], is attenuated for humans and had been
used as an investigational new drug (IND) until very
recently. LVS immunization induces strong local and
systemic pro-inflammatory and Th1 cytokine responses
in both human and murine vaccines [20, 21]. Because
human allergic asthma and allergic airway diseases are
Th2-mediated immune disorders, it was interesting to

investigate if LVS immunization would exert any influence
on the development of allergic airway inflammation. In
this study, we have examined the ability of LVS to suppress
the development of airway eosinophilia and associated
pulmonary pathology in a mouse model of allergic asthma.
The results of this study raise the possibility of exploiting
LVS and its cellular components as potential therapeutic
modalities for human allergic asthma.

Materials and methods

Mice

Eight- to 10-week-old specific pathogen free (SPF) female
C57BL/6 and Balb/c mice were purchased from Charles
River Laboratories (St Constant, Quebec, Canada).
B6.129S7-Ifngtm1Ts/J (IFN-g� /� ) and C57BL/10SnJ
(TLR-41/1) mice of a similar age and sex were purchased
from Jackson Laboratories (Bar Harbor, ME, USA) and
age- and sex-matched C57BL/10ScNCr (TLR-4� /� ) mice
were purchased from National Cancer Institute at Freder-
ick (Frederick, MD, USA). Mice were housed under SPF
conditions in the Animal Facility, Institute for Biological
Sciences, National Research Council Canada (Ottawa) and
given free access to sterile water and ovalbumin (OVA)-
free diet. The animals were maintained and used in
accordance with the recommendations of the Canadian
Council on Animal Care Guide to the Care and Use of
Experimental Animals.

Francisella tularensis live vaccine strain and preparation
of cellular components from Francisella tularensis live
vaccine strain

F. tularensis LVS (ATCC 29684) was grown in modified
Mueller–Hinton broth, harvested and frozen at � 70 1C in
the presence of 10% (w/v) sucrose [22]. The cell-free
sonicate extract (CFSE) was prepared essentially in the
same manner as that for Helicobacter pylori CFSE as
described previously [23]. Briefly, F. tularensis LVS was
grown on cysteine heart agar supplemented with 1% (w/v)
haemoglobin for 72 h at 37 1C. Bacterial cells were har-
vested into sterile saline and disrupted by 5 min of
sonication (30 s pulses at 60%, at 1 min intervals) on ice
using a Branson sonifier (model B15, Branson Sonic
Power Company, Banbury, CT, USA). Cell debris and
unbroken cells were removed by centrifugation at
14 000 g for 20 min at 4 1C. The supernatant was aliquoted
and stored at �80 1C until use. The sterility of the CFSE
was confirmed by plating on cysteine heart agar supple-
mented with 1% (w/v) haemoglobin, and its protein
concentration was determined by the Bradford method
(Bio-Rad Laboratories, Hercules, CA, USA) using bovine
serum albumin as the standard. In some experiments,
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CFSE was heated in a water bath at 55 1C for 60 min or at
100 1C for 30 min before use.

Purified F. tularensis LVS lipopolysaccharide (LPS) was
kindly provided by Dr Malcolm Perry [24]. F. tularensis
LVS DNA was purified using QIAamp DNA Mini Kit
(Qiagen Inc., Mississauga, ON, Canada).

Induction of airway eosinophilia and live vaccine
strain immunization

Mice were sensitized by intraperitonial (i.p.) injection of
2 mg OVA (Sigma Chemical, Co., St Louis, MO, USA) in 100
mL of Imject Alum (Pierce Laboratories, Rockford, IL, USA)
on days 0 and 14 (hereafter referred to as sensitized mice).
On day 21 or thereafter, mice were intranasally (i.n.)
challenged with 100 mg OVA in 50 mL of phosphate-
buffered saline (PBS). The live LVS immunization was
given either i.n. (100 or 200 cfu in 50 mL of PBS) or
intradermally (i.d.) (2�105 cfu in 50 mL of PBS) at least 3
weeks before the i.n. OVA challenge. This was to allow
sufficient time for the mice to clear the infection since
mice normally clear such infection by 15 days after
administration [22]. In other experiments, sensitized mice
were i.n. treated with heat-killed LVS (HK-LVS, equivalent
to 107 cfu), 20 mg LVS LPS, 150 mg CFSE, 10 mg F. tular-
ensis LVS DNA or PBS in 50 mL volume, 7 days before i.n.
OVA challenge or at the time of OVA sensitization (day 0)
as indicated in results. Mice were anesthetized by i.p.
injection of xylazine and ketamine for all i.n. treatments
and challenges.

Bronchoalveolar lavage and histopathology

Mice were killed by CO2 asphyxiation 3 or 7 days after i.n.
OVA challenge. Blood samples were collected by cardiac
puncture, and sera separated and stored at �80 1C. The
trachea was then exposed through a midline incision and
cannulated with a plastic catheter. The lungs were lavaged
by instillation of five 1.0 mL aliquots of PBS supplemen-
ted with 3 mM EDTA [25]. Total lavage cell numbers were
counted on a haemocytometer, and differential cell counts
were carried out on cytospin preparations stained with
Hema3 Stain Set (Fisher Scientific, Middletown, VA, USA).
BAL fluid (BALF) was centrifuged at 3000 g for 7 min,
supernatants were removed and stored at �80 1C. In some
experiments, the lungs were removed immediately after
lavage, fixed by immersion in 10% neutral buffered
formalin, and processed by standard paraffin embedding
methods (Department of Pathology and Laboratory Med-
icine, University of Ottawa, Ottawa, Canada). Sections
were cut 4 mm thick, stained with haematoxylin and eosin
(H&E) and examined by light microscopy. In other experi-
ments, the lungs from each mouse were minced into small
pieces with scissors and homogenized in 2 mL of lysing
buffer (300 mM NaCl2, 15 mM Tris, 2 mM MgCl2, and 2 mM

Triton X-100, pH 7.4) supplemented with Completes

protease inhibitors (Roche Diagnostics Canada, Laval, QC,
Canada). The supernatant was collected following centri-
fugation at 14 000 g and used for cytokine assays.

Enzyme-linked immunosorbent assay for
ovalbumin-specific immunoglobulin isotypes

Serum OVA-specific IgG1 and IgG2a were measured using
OVA-coated microtitre plates (Immulon 2, Thermo Lab-
systems, Franklin, MA, USA) and detected using alkaline
phosphatase conjugated goat anti-mouse IgG1 or anti-
mouse IgG2a, respectively (Caltag Laboratories, Burlin-
game, CA, USA), in conjunction with pNPP substrate (KPL
Inc., Gaithersburg, MD, USA) [26]. Serum OVA-specific
IgE was measured using anti-IgE mAb (4B-39, BD Bio-
sciences, Mississauga, Ontario, Canada)-coated microtitre
plates and detected using OVA-biotin/streptavidin–horse-
radish peroxidase (HRP) in conjunction with TMB sub-
strate (KPL Inc.) [6].

Total RNA isolation and real-time reverse transcriptase
polymerase chain reaction for cytokine mRNA expression

For cytokine mRNA study, groups of five mice were killed
at day 3 after i.n. OVA challenge and their lungs and
tracheobronchial lymph nodes (TBLNs, the major draining
lymph nodes of the lungs) were removed and immersed
immediately in RNAlaters (Qiagen Inc.). Relative
amounts of cytokine mRNA in the TBLN and lung were
estimated using a real-time PCR-based method essentially
as described elsewhere [27]. Briefly, total RNA was
extracted from tissues, cDNA prepared, amplified and
quantified using primers and probes designed with the
Primer3 program available at http://frodo.wi.mit.
edu/cgi-bin/primer3/primer3_www.cgi. Levels of PCR
product were normalized to the housekeeping gene
b-2-microglobulin (b2m), and data presented as the
average of relative expression values in CFSE-treated
mice compared with those in the corresponding tissues
of PBS-treated mice [27].

In vitro re-stimulation of local draining lymph node cells

Groups of OVA-sensitized C57BL/6 mice were i.n. treated
with either CFSE or PBS 7 days before i.n. OVA challenge.
Mice were killed 7 days after the challenge and their TBLN
were collected and used for in vitro culture to determine
cytokine production in response to OVA stimulation.
Single-cell suspensions (4�106 cells/mL) from the TBLNs
of the CFSE- or PBS-treated OVA-sensitized mice were
prepared and cultured in 48-well tissue culture plates in
complete RPMI-1640 (Sigma-Aldrich, St Louis, MO, USA)
supplemented with 10% certified, heat-inactivated fetal
bovine serum (Invitrogen, Grand Island, NY, USA), 50 mM
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2-mercaptoethanol (Sigma-Aldrich), and 100 U/mL peni-
cilin G and 100 mg/mL streptomycin (Invitrogen). The cells
were either stimulated with 1 mg/mL OVA or medium
alone. Culture supernatants were collected 72 h later and
assayed for cytokine levels by Luminex.

Determination of cytokine levels in the bronchoalveolar
lavage supernatant and lung homogenates

The levels of IFN-g, IL-4, IL-5, IL-10, IL-12p70, and IL-13
in the BALF and lung homogenate supernatant were
measured by the BeadlyteR Mouse Cytokine Detection kit
(Upstate Biotechnology, Lake Placid, NY, USA) on a
LuminexR 100IS system (Luminex Corp, Austin, TX, USA)
[27]. The analysis was done in duplicate, and the cytokine
concentrations were calculated against the standards
using Beadviews software (ver. 1.03, Upstate). The lower
limit of detection was o 2 pg/mL for IL-4, IL-10, and
IL-13, 5.54 pg/mL for IL-12p70, 8.97 pg/mL for IFN-g, and
30.9 pg/mL for IL-5, respectively.

Statistical analysis

All parametric data are presented as mean� standard
deviation (SD) for each group, and non-parametric data
are presented as median (ranges). Differences between
groups were analysed by Student’s t-test or by one-way
and two-way ANOVA followed by the Tukey–Kramer multi-
ple comparison test, when appropriate. Po 0.05 was
considered to be statistically significant. All statistical
analyses were done using GraphPad Prisms version 4.0
(GraphPad Software, San Diego, CA, USA).

Results

Francisella tularensis live vaccine strain immunization
inhibits airway eosinophilia and pulmonary pathology
in ovalbumin-sensitized mice

Allergic asthma is a chronic pulmonary disease character-
ized by persistent airway and tissue infiltration of eosino-
phils and other inflammatory cell types. To examine the
effect of F. tularensis LVS immunization on the develop-
ment of airway eosinophilia and associated pulmonary
pathology, groups of OVA-sensitized C57BL/6 mice were
immunized with varying numbers of live LVS or PBS by
either i.n. or i.d. route on day 0. The mice were i.n.
challenged with OVA on day 21 and killed 7 days later.
As anticipated, OVA challenge of PBS-treated sensitized
mice induced the infiltration of large numbers of eosino-
phils and mononuclear cells, as well as some neutrophils
into the lung, while the cohort group that was challenged
with PBS contained only a few alveolar macrophages in
their BALF (data not shown). In contrast, i.n. immuniza-
tion of OVA-sensitized mice with either 100 or 200 cfu of

live F. tularensis LVS before the OVA challenge signifi-
cantly inhibited eosinophil influx in the BALF (up to 95%)
without affecting the recruitment of macrophages, as
compared with PBS-treated mice (Fig. 1). Similarly, i.d.
immunization of OVA-sensitized mice with 2�105 cfu of
live F. tularensis LVS before OVA challenge resulted in a
60% inhibition of total eosinophil number in the BALF
(Fig. 1). These results demonstrated that both i.n. and, to a
lesser degree, i.d. LVS immunization prevented the devel-
opment of allergic airway eosinophilia in mice that were
prior sensitized to OVA.

We next examined whether LVS infection of the host
was essential for the above-observed suppression of
allergic airway eosinophilia. In this series of experiments,
groups of OVA-sensitized C57BL/6 mice were i.n. treated
with either 150 mg CSFE or PBS 7 days before i.n. OVA
challenge. As shown in Fig. 2, CFSE administration
effectively inhibited the eosinophilia in the BALF at a
magnitude comparable with that induced by live LVS
inoculation (Fig. 1), resulting in approximately a 99%
decrease in airway eosinophilia at day 3 and nearly 90%
at day 7 following i.n. OVA challenge. Histological exam-
ination of lung sections showed that OVA challenge
induced dramatic perivascular and peribronchial
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Fig. 1. Inhibition of airway eosinophilia in OVA sensitized mice by live
Francisella tularensis LVS. Mice were sensitized i.p. with OVA/alum on
days 0 and 14. Sensitized mice were treated with LVS or PBS by the
indicated route on day 24, and intranasally (i.n.) challenged with OVA on
day 45. Seven days after the i.n. OVA challenge, mice were euthanized,
and their lungs were lavaged. Total and differential cell counts in the
bronchoalveolar lavage (BAL) were enumerated on cytospin prepara-
tions. Each bar represents the mean total number of eosinophils in the
BAL fluid� SD (n = 5). The data presented are representative of 1 of at
least 2 separate experiments with similar results. ��Po 0.01 compared
with PBS-treated group. OVA, ovalbumin; LVS, live vaccine strain; PBS,
phosphate-buffered saline ; i.p., intraperitoneally; i.d., intradermally.
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infiltration of various types of inflammatory cells in
PBS-treated, OVA-sensitized mice, and CFSE treatment
noticeably reduced the overall intensity of the cellular
infiltration, pulmonary pathology (Fig. 3) and mucus
production (Fig. 4). Similar inhibitory effects by CFSE on
the airway eosinophilia and associated pulmonary pathol-
ogy in response to OVA challenge were also observed in

Balb/c mice (data not shown) or when CFSE was
administered at the time of OVA sensitization (day 0)
(Fig. 5). In addition, i.n. administration of 107 cfu equiva-
lent heat-killed LVS (HK-LVS) also resulted in inhibition
of pulmonary eosinophilia (�60%) although the effect
was not as strong and consistent as CFSE treatment (data
not shown).
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Fig. 2. Upper panel: Inhibition of airway eosinophilia in OVA-sensitized mice by intranasal treatment with Francisella tularensis LVS cell-free sonicate
extract (CFSE). Mice were sensitized i.p. with OVA/alum on days 0 and 14. Sensitized mice were i.n. treated with either 150 mg CFSE or PBS on day 29 and
i.n. challenged with OVA on day 36. Cells in the bronchoalveolar lavage (BAL) were collected at 3 or 7 days after OVA challenge and differential cell
types were enumerated on cytospin preparations. Each bar represents the mean total numbers of eosinophils in the BAL fluid�SD (n = 5). The data
presented are representative of one of at least two separate experiments with similar results. ��Po 0.01 compared with PBS-treated group. Lower panel:
BAL cells from OVA-sensitized mice that were treated with PBS (a and c) or CFSE (b and d), and killed on day 3 (a and b) or day 7 (c and d) after i.n.
challenge with OVA. The majority of BAL cells from CFSE-treated mice (b and d) are large alveolar macrophages with a foamy cytoplasm, whereas the
BAL cells from PBS-treated mice (a and c) consist of mainly eosinophils with a donut- or horseshoe-shaped nucleus and a pink granular cytoplasm.
HemaStat-3 staining, scale bar = 100mm. OVA, ovalbumin; LVS, live vaccine strain; PBS, phosphate-buffered saline; i.p., intraperitoneally; i.n.,
intranasally.
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Although the above experiments convincingly showed
that CFSE is effective in the inhibition of airway eosino-
philia in OVA-sensitized mice, and that bacterial infection
of the host is not essential for the inhibitory effect of LVS,
it must be noted that the CFSE used in our study was
nevertheless a crude preparation and could potentially
contain other bacterial components (such as LPS and
DNA) in addition to bacterial proteins. In this regard,
recent studies have shown that earlier childhood exposure
to bacterial LPS reduces the risk of developing allergic
airway diseases [28] and treatment of mice with Escher-
ichia coli LPS or bacterial DNA suppresses the develop-
ment of airway hyper-reactivity in the mouse model of
asthma [9, 14, 29]. For this reason, additional experiments
were performed to determine the potential role of the LPS
or bacterial DNA in F. tularensis-mediated inhibition of
airway eosinophilia in OVA-sensitized mice. Groups of
OVA-sensitized C57BL/6 mice were i.n. administered with
either LPS or DNA purified from F. tularensis LVS, or with
one of the two heat-treated CFSE preparations at 7 days
before the i.n. OVA challenge. As shown in Fig. 6, neither
LPS nor DNA purified from F. tularensis LVS at the
indicated concentrations had any significant effect on
the inhibition of airway eosinophilia in this model. On
the other hand, treatment with CFSE significantly reduced

the number of eosinophils in the BAL. However, prior
heating of CFSE at 100oC for 30 min, but not at 55oC for
60 min, significantly abolished the inhibitory effect of
CFSE (Po 0.05). Moreover, the suppression of airway
eosinophilia by CFSE was independent of the TLR4 path-
way as the treatment remained effective in TLR4� /� mice
(Fig. 7). Collectively, these results suggest that a heat-
sensitive component(s) in CFSE, other than LPS or DNA, is
the likely active component in effecting the suppression of
airway eosinophilia.

Inhibition of airway eosinophilia by live vaccine strain or
cell-free sonicate extract does not significantly involve
immunoglobulin isotype switch from immunoglobulin G1
and immunoglobulin E isotypes

As the first step toward understanding the potential
mechanism(s) of LVS-mediated inhibition of airway eosi-
nophilia, the effect of treatment of OVA-sensitized mice
with LVS or CFSE on the serum levels of Th2-dependent
production of antigen-specific IgG1 and IgE was exam-
ined and compared. In agreement with published reports
[6, 10, 12, 13], OVA-sensitization alone induced only
background levels of OVA-specific IgE and IgG1 (Fig. 8).
i.n. OVA challenge induced a significant increase in serum

Fig. 3. Representative lung sections from a normal control mouse (a) and from OVA-sensitized mice treated with PBS (b), LVS (c) or CFSE (d) 7 days
before i.n. OVA challenge. The mice were sensitized and treated as described in Fig. 2 and killed 7 days after the OVA challenge. The lungs were fixed and
tissue sections were stained with haematoxylin and eosin (H&E). Compared with the control mouse (a), note the severe pulmonary inflammation in the
areas adjacent to various-sized airways in PBS-treated, OVA-sensitized/challenged mouse (b) whereas the inflammation was relatively minor in the
lungs of mice treated with LVS immunization (c) or with CFSE (d). Scale bar = 200mm. OVA, ovalbumin; LVS, live vaccine strain; PBS, phosphate-
buffered saline; CFSE, cell-free sonicate extract; i.n., intranasally; BAL, bronchoalveolar lavage.
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Fig. 4. Representative periodic acid-Schiff (PAS) stained lung sections
from OVA-sensitized mice treated with PBS (a), LVS (b), or CFSE (c) 7 days
before i.n. OVA challenge. The mice were sensitized and treated as
described in Fig. 2 and killed 7 days after the OVA challenge. The lungs
were fixed and tissue sections were stained with PAS to visualize the
mucus-producing goblet cells (dark purple). Compared with the PBS-
treated sensitized mouse (a), note nearly complete absence of goblet cell
hyperplasia and mucus production in LVS (b) or CFSE (c) treated, OVA-
sensitized/challenged mouse. Scale bar = 100mm. OVA, ovalbumin; LVS,
live vaccine strain; CFSE, cell-free sonicate extract; PBS, phosphate-
buffered saline; i.n., intranasally.
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Fig. 5. Inhibition of airway eosinophilia in OVA-sensitized mice by live
Francisella tularensis LVS and CFSE. Mice were treated i.n. with either live
F. tularensis LVS (200 cfu), 150mg CFSE, or PBS at day 0 and sensitized
i.p. with OVA/alum on days 0 and 14. The mice were then intranasally
challenged with OVA on day 46. Seven days after the i.n. OVA challenge,
mice were euthanized, and their lungs were lavaged. Total and differential
cell counts in the bronchoalveolar lavage (BAL) were enumerated on
cytospin preparations. Each bar represents the mean total number of
eosinophils in the BAL fluid� SD (n = 5). ��Po 0.01 compared with PBS-
treated group. OVA, ovalbumin; LVS, live vaccine strain; CFSE, cell-free
sonicate extract; PBS, phosphate-buffered saline; i.n., intranasally.
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Fig. 6. Inhibition of airway eosinophilia in OVA-sensitized mice by
different Francisella tularensis LVS components. Mice were sensitized
i.p. with OVA/alum on days 0 and 14 and treated by i.n. with different
LVS components in 50mL of PBS on day 24 as indicated: 150mg CFSE
(CFSE), 150mg CFSE heated to 55 1C for 60 min (CFSE, 55C), 150mg CFSE
heated to 100 1C for 30 min (CFSE, 100C), 20 mg LPS (LPS), 10mg DNA
(DNA) or PBS alone. Mice were i.n. challenged with OVA on day 31. Cells
in the bronchoalveolar lavage (BAL) were collected 7 days after OVA
challenge and different cell types were enumerated on cytospin prepara-
tions. Each bar represents the mean total eosinophils per mouse
lung� SD (n = 5). The data presented are representative of one of at least
two separate experiments with similar results. �Po 0.05 compared with
PBS-treated group. OVA, ovalbumin; LVS, live vaccine strain; CFSE, cell-
free sonicate extract; PBS, phosphate-buffered saline; i.n., intranasally;
i.p., intraperitoneally; LPS, lipopolysaccharide.

�c 2008 The Authors
Journal compilation �c 2008 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 1–13

F. tularensis-induced suppression of airway eosinophilia 7



OVA-specific IgG1 and IgE in sensitized mice (Po 0.001).
However, treatment of sensitized mice with LVS or CFSE
showed no significant effect on either the serum OVA-
specific IgE or IgG1 levels, as compared with PBS treat-
ment (P4 0.05) (Fig. 8) although a moderate reduction in
the serum level of OVA-specific IgE was observed in LVS-
treated sensitized mice (Fig. 8).

Inhibition of airway eosinophilia by cell-free sonicate
extract is associated with local suppression of T helper
type 2 immune responses

It is now well established that airway eosinophilia and
inflammatory responses associated with allergic asthma
are regulated by multiple pro-inflammatory mediators,
and Th2 cytokines play crucial roles in the pathogenesis of
allergic asthma [1, 2]. To examine the effect of CFSE
treatment on the local cytokine profile, the mRNA expres-
sion of IFN-g and IL-12p70 (Th1-associated), IL-4, IL-5,
and IL-13 (Th2-associated), and IL-10 (regulatory/sup-
pressor function associated) were determined in the lung
and TBLNs, and their corresponding protein levels were
assayed in the BAL and lung homogenate supernatants
from mice killed at day 3 after i.n. OVA challenge.
Compared with PBS treatment, CFSE treatment moder-
ately reduced the IL-5 and IL-13 mRNA expression and
slightly increased the IFN-g and IL-12p40 mRNA expres-
sion in the TBLNs (Table 1). Similarly, CFSE treatment
showed substantial inhibitory effect on the expression of

IL-5 and IL-13 mRNA in the lungs but the effect on mRNA
expression of other cytokines was less discernable (Table 1).
Consistent with the mRNA expression pattern, CFSE treat-
ment also significantly reduced the levels of IL-4, IL-5,
and IL-13 in the BAL and, to a lesser degree, in the lung
homogenates in response to the i.n. OVA challenge (Fig. 9).

To further determine the potential mechanism
underlying the suppression of airway eosinophilia and
associated pathology induced by CFSE, groups of
OVA-sensitized C57BL/6 mice were i.n. treated with either
CFSE or PBS 7 days before i.n. OVA challenge. Mice were
killed 7 days after the challenge and the lung draining
lymph nodes, TBLN, were collected and used for in vitro
culture to determine cytokine responses to OVA restimula-
tion. As it can be seen in Fig. 10, compared with TBLN cells
from PBS-treated, OVA-sensitized mice, TBLN cells from
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Fig. 7. Inhibition of airway eosinophilia in OVA by Francisella tularensis
LVS cell-free sonicate extract (CFSE) in TLR4� /� and TLR41/1 mice.
TLR4� /� and TLR41/1 mice were sensitized i.p. with OVA/alum on days
0 and 14 and treated by i.n. with 150 mg CFSE (solid bars) or PBS (open
bars) on day 24. Mice were i.n. challenged with OVA on day 31. Cells in
the bronchoalveolar lavage (BAL) were collected 7 days after OVA
challenge and different cell types were enumerated on cytospin prepara-
tions. Each bar represents the mean total eosinophils per mouse
lung� SD (n = 5). The data presented are representative of one of at least
two separate experiments with similar results. �Po 0.05 compared with
PBS-treated group. OVA, ovalbumin; LVS, live vaccine strain; PBS,
phosphate-buffered saline; i.n., intranasally; i.p., intraperitoneally.
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CFSE-treated, OVA-sensitized mice produced significantly
higher amounts of IFN-g (Po 0.05) and substantially
lower, although not statistically significant, amounts of
IL-10, IL-5, and IL-13 in response to OVA re-stimulation.
The amount of IL-12p70 and IL-4 was generally at the
limit of detection (data not shown). On the other hand,
medium stimulation induced only minimal amounts of
cytokine production by TBLN cells in both groups of mice
(Fig. 10). Furthermore, the suppression of airway eosino-
philia by CFSE treatment was significantly, although not
completely, impaired in OVA-sensitized IFN-g� /� mice as
compared with WT mice (Fig. 11).

Discussion

The hygiene hypothesis proposes that a lack of early
childhood exposure to microbial stimulation could favour
the development of allergic diseases in genetically predis-
posed individuals [5]. It predicts that certain infections
prevent the induction of aberrant allergen-specific Th2
immune responses through antagonism or the induction
of regulatory T cells. Indeed, several recent clinical and
experimental studies have shown the potential of using
bacteria-based vaccines (particularly those from Myco-
bacterium spp.) as new immunotherapeutics for the pre-
vention and treatment of asthma and other allergic
disorders [8]. However, not all infections that elicit a
predominantly Th1 immune response in the host alleviate
effects of aberrant allergen-specific Th2 immune re-
sponses, and some such as B. pertussis infection even
contradictorily exacerbate the allergy symptoms [17, 18]

although the relative contribution of infection-induced
severe lung damage and immunological effects on airway
hyperresponsiveness remains to be determined. On the
other hand, systemic immunization with heat-killed
whole-cell B. pertussis inhibits allergic airway reactions
(airway eosinophilia, lung inflammation, and airway
hyperresponsiveness) [16], despite the fact that both B.
pertussis infection and immunization with heat-killed
B. pertussis cells induce Th1 immune responses [16, 18].
Hence, it is impossible to rationally predict the potential
effect of different Th1 response-eliciting microbes and
their components on the allergic airway disease. In this
report, using a mouse model of allergic airway disease, we
found that both live F. tularensis LVS and its CFSE, but not
LPS or DNA purified from F. tularensis LVS, significantly
inhibited airway eosinophilia and its associated pulmon-
ary pathology as well as the pulmonary Th2 cytokine (IL-5
and IL-13) response. Although previous studies have
demonstrated the ability of a number of microbes and

Table 1. Relative cytokine mRNA expression in lung and tracheobron-
chial lymph nodes (TBLNs) in OVA-sensitized and CFSE-treated mice
after i.n. OVA challenge

Cytokine TBLNs Lung

IL-4 0.96 (0.62–1.48) 0.36 (0.27–0.50)
IL-5 0.57 (0.45–0.72) 0.19 (0.12–0.30)
IL-13 0.59 (0.37–0.96) 0.17 (0.11–0.24)
IL-10 0.70 (0.56–0.88) 1.53 (2.58–2.58)
IFN-g 1.27 (0.71–2.28) 0.57 (0.41–0.81)
IL-12p35 0.72 (0.49–1.07) 0.37 (0.18–0.76)
IL-12p40 1.60 (0.80–3.23) 2.51 (1.48–4.26)

Mice were sensitized and treated as described in Fig. 2 and were
euthanized 3 days after i.n. OVA challenge. The lungs and TBLNs were
collected for RNA extraction. Relative levels of cytokine mRNA
expression were determined by real-time RT-PCR analysis as described
in ‘Materials and methods’. Mouse b2 microglobulin RNA was measured
and used to calculate relative expression using the formula Rel
Exp = 2� (DDCT). Results shown are the average of relative expression
values determined using cDNA from 5 CFSE-treated mice with ranges in
parentheses in relation to the corresponding expression levels in 5 PBS-
treated mice.
OVA, ovalbumin; CFSE, cell-free sonicate extract; i.n., intranasally;
TBLNs, tracheobronchial lymph nodes; PBS, phosphate buffered saline.
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their products to modulate the course of allergic asthma in
the mouse model, many of these treatments were only
successful if initiated before OVA sensitization or imme-
diately before airway challenge [6, 16, 30]. It is therefore
interesting to note that LVS or CFSE immunization/treat-
ment in the current study was capable of inhibiting airway
eosinophils and its associated pulmonary pathology in
mice that had already been sensitized to OVA. In this
regard, our results further support a broad role for
microbes and their products in different aspects of the
pathogenesis of allergic asthma, and raise the possibility
of exploring LVS and its cellular components as potential
immunotherapeutics for the treatment of human allergic
asthma.

The current understanding of the immunopathogenesis
of allergic asthma suggests that CFSE may suppress OVA-

induced allergic airway eosinophilia through a number of
mechanisms such as the induction of Th1 immune re-
sponses and suppression of Th2 immune responses and
the induction of IL-10 and TGF-b-secreting regulatory T
cells (Th3 cells, CD41CD251 cells, TR cells, and NKT cells)
[31, 32]. In this study, we have shown (Table 1 and Figs 9
and 10) that CFSE treatment increased IFN-g production
in response to OVA by local draining lymph node cells and
reduced the local expression and production of several
Th2 cytokines (IL-5 and IL-13) which are known to play
crucial roles in the pathogenesis of human allergic asthma
[2, 33]. On the other hand, LVS immunization appears to
have no substantial effect on local mRNA expression and
production of IL-10. These data imply that LVS suppresses
allergic airway eosinophilia in this model through a Th1
(IFN-g)-mediated suppression of the ongoing Th2 re-
sponse. Indeed, it is well established that LVS immuniza-
tion has diverse local and systemic immunomodulatory
functions including the induction of a strong Th1 (IFN-g
and IL-12) immune response [34, 35]. Our data have also
shown that the suppression of airway eosinophilia by
CFSE treatment was significantly reduced, although not
completely abolished, in OVA-sensitized IFN-g� /� mice,
as compared with WT mice (Fig. 11). The observation of
only a partial reduction of the CFSE treatment effect in
IFN-g� /� mice was not entirely surprising since it is
possible that additional, probably redundant, mechanisms
are also involved in CFSE-mediated suppression.

One of the consistent findings in this study was the
inhibition of local mRNA expression and production of
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Fig. 10. Cytokine responses to in vitro restimulation with OVA (top panel)
or medium (bottom panel) by tracheobronchial lymph node (TBLN) cells
from CFSE (closed bars)- or PBS (open bars)-treated OVA-sensitized mice.
Groups of OVA-sensitized C57BL/6 mice were i.n. treated with either
CFSE or PBS 7 days before i.n. OVA challenge. Mice were killed 7 days
after the challenge and their TBLNs were collected and used for in vitro
culture to determine cytokine production in response to OVA stimulation.
Single cell suspensions (2�106 cells/mL) were re-stimulated in vitro for
48 h with either OVA (1 mg/mL) or culture medium only. The level of
cytokines in the supernatants was determined by Luminex. Data are
presented as mean� SD (n = 5) and are representative of two independent
experiments. ��Po 0.01 compared to cells from PBS-treated group.
OVA, ovalbumin; PBS, phosphate-buffered saline; i.n., intranasally.
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Fig. 11. Inhibition of airway eosinophilia in OVA by Francisella tular-
ensis LVS cell-free sonicate extract (CFSE) in IFN-g� /� and wild-type
(WT) C57BL/6 mice. IFN-g� /� and WT mice were sensitized i.p. with
OVA/alum on days 0 and 14 and treated by i.n. with 150mg CFSE (solid
bars) or PBS (open bars) on day 24. Mice were i.n. challenged with OVA
on day 31. Cells in the bronchoalveolar lavage (BAL) were collected 7
days after OVA challenge and different cell types were enumerated on
cytospin preparations. Each bar represents the mean total eosinophils per
mouse lung�SD (n = 5). ��Po 0.01 compared with the PBS-treated
group. OVA, ovalbumin; LVS, live vaccine strain; PBS, phosphate-
buffered saline; i.n., intranasally.
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IL-13 by LVS and CFSE treatment. In this regard, IL-13
contributes to asthma associated pulmonary inflamma-
tion probably through multiple mechanisms. IL-13 is the
major Th2 cytokine that induces the chemoattractants for
eosinophils (eotaxin) and Th2 cells [thymus and activation
regulated chemokine (TARC), and eotaxin] [36]. IL-13
enhances IgE production [37], which may augment early-
phase inflammation. In the chronic asthma model, anti-
IL-13 mAb dramatically reduced levels of eotaxin as well
as KC and MIP-1a, further confirming its important role in
regulating chemokine production [38]. However, neutra-
lization of endogenous IL-13 alone only partially sup-
pressed airway eosinophilia and pulmonary inflammation
[38], indicating the pathological redundancy among mul-
tiple pro-inflammatory cytokines/chemokines in the per-
petuation of asthmatic airway inflammation.

The similar levels of serum OVA-specific IgE and IgG1
between PBS- and CFSE-treated groups (Fig. 8) suggests
that inhibition of airway eosinophilia did not involve the
suppression of these Th2 response-associated parameters
in this study. This finding corroborates studies examining
the suppression of allergic airway diseases in mice using
live or heat-killed BCG [6, 30], heat-killed Mycobacterium
vaccae [10], and mycobacterial PIM [12], but differs from
others where a reduction in OVA-specific IgE level was
observed in the treatment group [9, 13, 39]. It is somewhat
surprising that there was no change in the serum levels of
OVA-specific IgE and IgG1 in the CFSE-treated mice in the
current study, whereas these mice demonstrated a sub-
stantial reduction in the mRNA expression and production
of Th2 cytokines IL-5 and IL-13. The most likely explana-
tion for this is that cytokines other than IL-5 and IL-13 are
sufficient to maintain serum levels of these antibodies. In
this regard, CFSE did not significantly alter the local
mRNA expression and production of IL-4, another key
Th2 cytokine that mediates important pro-inflammatory
functions in asthma [40]. IL-4 induces Ig isotype switch-
ing from IgM to IgE in B cells and induces Th2 cell
differentiation and up-regulates low-affinity IgE recep-
tors (FcRII, CD 23) [40]. Although most of these Th2
cytokines (IL-4, IL-5, and IL-13) share many of their
biological functions, there are subtle differences in the
regulation of host immune responses among these cyto-
kines [33, 40]. For example, IL-13 is the most widely
produced cytokine in allergic inflammatory tissues and
IL-5 is the most important eosinophilopoetic cytokine
whereas IL-4 plays the most significant role in the induc-
tion of IgE production [40]. IL-4� /� mice fail to develop
detectable IgG1 or IgE in the serum following anti-IgD
treatment or infection with the nematode Nippostrongylus
brasiliensis, both potent inducers of IgG1 and IgE re-
sponses [41]. On the other hand, IL-5� /� mice do not
develop blood and tissue eosinophilia in response to
helminth infection but their serum levels of specific IgG1
and IgE are not significantly affected [42].

The immune response to whole live bacterium is com-
plex and multifaceted. This is likely to lead to some side-
effects and impede its potential use as a therapeutic agent
for the treatment of allergic asthma. Continuous efforts
have been made to identify and evaluate the potential
active bacterial component(s) responsible for the pro-
tective effect. In this regard, a number of bacterial
components, including LPS, unmethylated DNA (CpG),
heat-shock proteins and Mycobacterium bovis lipoarabi-
nomannan (LAM) and phosphatidylinositol mannan
(PIM), have been demonstrated to be capable of inhibiting
airway eosinophilia in mouse models of allergic asthma
and in human clinical trials [8, 9, 12, 14, 29, 43, 44]. In this
study, we have shown that bacterial protein(s), rather than
LPS or DNA, from LVS is the likely candidate for the
inhibition of airway eosinophilia and its associated pul-
monary pathology. It should be noted that F. tularensis
LPS does not share many biological characteristics with
other gram-negative bacteria [45] and LAM and PIM are
not the constituents of F. tularensis cell walls [46]. More-
over, CFSE remains effective in the inhibition of airway
eosinophilia in TLR4� /� mice, suggesting that TLR4, the
major receptor for LPS function, does not play an im-
portant role in the inhibition. Thus, further identification
and characterization of the active immunomodulatory
components of F. tularensis LVS responsible for the
protective effects in allergic airway diseases may lead to
the generation of synthetic compounds or agonists devoid
of the unwanted characteristics of whole bacteria for
evaluation in human clinical trials.
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