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BCG Infection during Pre-Sensitization or Even Post-Sensitization
Inhibits Airway Sensitivity in an Animal Model of Allergic Asthma

The objective of this study is to investigate whether BCG infection before, during
or after sensitization suppresses allergen-induced airway hyperresponsiveness
and eosinophilic inflammation in allergic asthma rats, and to determine the
required dose of BCG to induce such an inhibition. Eighty-seven Sprague-
Dawley (SD) rats were sensitized and provoked with ovalbumin (OA). A pre-
treatment of 6 x10* or 6 x10° colony forming units (CFUs) of BCG or saline
was done at four different times: 3 days before sensitization, at sensitization,
3 days before provocation, or at provocation. The assessment of tracheal
smooth muscle (TSM) responsiveness to electrical field stimulation or acetyl-
choline (ACh) and bronchoalveolar lavage (BAL) were performed 1 day after
OA provocation. Doses of 6 x10% CFUs inhibited TSM sensitivity of rats infected
3 days before sensitization or at sensitization, but not 3 days before provocation
or at provocation. However, doses of 6 x10° CFUs significantly inhibited not
only the airway eosinophilia of rats infected 3 days before sensitization or at
sensitization, but also the TSM sensitivity of rats infected 3 days before provo-
cation or at provocation. In conclusion, BCG infection suppresses the develop-
ment of sensitivity of airway smooth muscle and airway eosinophilic inflammation
in allergic asthma rats. Furthermore, a relatively high dose of BCG infection
inhibits airway sensitivity, even after allergen sensitization.
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INTRODUCTION

Bronchial asthma is a chronic inflammatory disorder
of the aitways which causes an associated inctease in the
existing bronchial hypertesponsiveness to a vatiety of
stimuli (1). A TH2 lymphocyte cytokine profile is instru-
mental in inidating and sustaining the inflammatory
process in bronchial asthma (2, 3). CD4™ T cells may be
divided into TH1 and TH2 populations, which sectete
different cytokines. TH1 cytokines inhibit the production
of TH2 cytokines, whereas TH2 cytokines, which are im-
portant in allergic disease, inhibit the production of TH1
cytokines, accentuating the production of polarized cyto-
kine profiles during immune responses (4).

The convetsion of TH2 into TH1 cells is thought to
be desirable in patients with allergic diseases, in particu-
lar bronchial asthma. Recent reports, supported by other
studies (5-7), show that viral (8) or bacterial infection (9)
may inhibit allergic diseases by producing cytokine pro-
files biased toward TH1 type. Mycobacterium species,
including bacillus Calmette-Guerin (BCG) used in the
vaccine to prevent tuberculosis, are known to be potent
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inducets of a TH1-type response (10-14). BCG vaccina-
tion was recommended at 4 weeks of life to all newborns
in Kotea (15).

We developed an animal model of allergic asthma in
which the sensitivities of airway smooth muscle to cho-
linergic stimuli increased in Sprague-Dawley (SD) rats
sensitized with 10 ug ovalbumin (OA) and provoked with
5% OA aerosols (16). The aim of this study is threefold:
1) to investigate whether BCG infection supptesses ait-
way hyperresponsiveness and eosinophilic inflammation
developed in OA sensitized and provoked SD rats; 2) to
determine the requited dose of BCG to induce such an
inhibition; and 3) to demonstrate whether BCG infection
even after allergen sensitization inhibits the development
of allergic asthma in the animal model.

MATERIALS AND METHODS

Experimental rats

Eighty-seven male SD rats (Sam-Yook animal com-
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Table 1. The characteristics of each group classified by the time points and dose of BCG infections and the procedures performed

for each group

Group Time points_ of BCG dose N 10 /JgOA 5%—OA Muscle BAL
BCG infection (CFUs) (87) sensitization ~ provocation study study
Contral - - 16 + + + +
BCG- | 3 days before 610 8 + + + +
sensitization 6x10° 9 + + + +
BCG- I at sensitization 6x10° 10 + + + +
6x10° 9 + + + +
BCG-1Il 3 days before 6x10° 7 + + + +
provocation 6x10° 10 + + + +
BCG-IV at provocation 610 8 + + + +
6x10° 10 + + + +

BCG, bacillus Calmette-Guerin; CFUs, colony forming units; N, the number of rats; OA, ovalbumin; BAL, bronchoalveolar lavage

pany Ltd.,, Korea) were used in this study. They were
specific pathogen-free rats that wete raised on standard
diets in an animal cate room at Chonnam National Uni-
versity Medical School undl they reached 200 g body
weight (17). They wete all sensitized and provoked with
OA and divided into five different groups according to
the time points of BCG infection in relation to OA
sensitization and provocation: 16 controls, 17 rats in-
fected with BCG 3 days before OA sensitization, 19 rats
infected with BCG at QA sensitization, 17 rats infected
with BCG 3 days before OA provocation, or 18 rats in-
fected with BCG at OA provocation. The two different
doses of 6x10* and 6x 10’ colony forming units (CFUs)
of BCG were used in each group (Table 1).

Protocol

Fig. 1 provided a schematic diagram of the time course
of OA sensitization and provocation, and BCG infection.

OA sensitization and provocation

All 87 SD rats wete actively sensitized with a sub-
cutaneous injection of 10 pg OA (Grade III, Sigma)
together with 200 mg AOH); and 1 mL killed Persaussis
vaccine (1X10"/mL, Korea Green Ctoss Corporation).
Two weeks later, they were provoked with 5% OA
aerosols using Pari Boy nebulizer (output=0.42 g/min,
mass median aerodynamic diameters=4.8 ym, pressure=
0.75 bat) in an exposute chamber (length=56 cm, width
=44 cm, height=46 cm) developed in our laboratory.

BCG infection

Seventy-one non-control rats were infected intraperi-
tonealy with live attenuated BCG (6x10* and 6x10°
CFUs, Pasteur Merieux, France) at the different time
points (Table 1).

Analyses for muscle and BAL studies
10 pg-OA sensitization
5%-OA provocation

i |

3 2 3 1
days weeks days || day

4 A
BCG (6 10* or 6x10° CFUs) infection by intraperitoneal
route in each time point

A

Fig. 1. Schematic representation of the time course of oval-
bumin (OA) sensitization and provocation, and BCG infection
in this experimental study.

Bronchoalveolar lavage (BAL)

The rats were euthanized by an intrapetitoneal injec-
ton of 5 mg/kg thiopental sodium and exsanguinated
through the infetior vena cava 24 hr after the provocation
with OA aetosols. The trachea was canulated with PE-20
polyethylene tube and BAL was performed by 5 lavages
with 4 mL physiologic saline (47C). The recovered fluid
was immediately centrifuged at 1,500 rpm for 10 min
at 4C (VS-6000, Vision, Kotea). The cell pellec was
resuspended with 0.5 mL PBS (pH=7.4). Total cells were
counted under light microscopy (100 X) using hemocyto-
meter (Neubauer chamber) after mixing the 50 pL cell
pellet solution with 950 ;L acetic acid (3%). The remain-
ing cell pellet solution was diluted with PBS to make
cell counts 1x10%mL. Cytospins were prepared for each
sample by centrifuge of 400 uL cell pellet solution at 700
tpm for 5 min at 4C (CF-120, Sakura, Japan). Two
slides for each sample were obtained. After fixations, each
slide was stained with Diff-Quik. Differential cell counts
of 500 cells in each slide were performed under light
mictoscopy (400X) and mean cell counts of the two
slides were used for statistical analysis. The cells wete
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classified as either neutrophils, eosinophils, lymphocytes,
ot macrophages by morphologic ctitetia.

Assessment of airway smooth muscle responsiveness

After BAL was petformed, the trachea was immedia-
tely removed and was placed in oxygenated fresh Krebs-
Henseleit (K-H) solution (115.5 NaCl, 4.16 KCl, 2.5
CaCly, 1.16 MgSQy, 1.6 NaH,POy4, 21.9 NaHCO;, and
11.1 mM glucose). The trachea was trimmed free of fat
and connective tissue and cut into 4 transverse pieces,
each containing 4 to 5 cartilagenous rings. The epithe-
lium was left intact. Tracheal ting segments wete mount-
ed vertically using platinum hooks inserted through the
lumen in 10 mL otgan baths containing K-H solution
(pH=7.4) bubbled with 95% O, and 5% CO, at 37C.
The uppet hook was fastened to a fotce transducer (Grass
FT03) using silk thread (Ethicon 4-0). Tissues were equil-
ibrated for one and a half hr with washing at least evety
20 min under a resting tension of 0.75 g. In a prelim-
inary study, the optimal tension for the contractle re-
sponse of tracheal ring segment of SD rats was found
to be 0.75 g. Isometric contractile responses were mea-
sured with force transducer and were recorded on a
polygraph (Grass 7 seties).

During the equilibtium period, the maximal response
to electrical field stimulation (EFS) was measured. The
lower platinum hook served as one of the poles of the
EFS soutce and the other pole for EFS was not placed
in physical contact with the segment; the two poles were
1 cm apatt. Pulses were delivered for 10 seconds from
an electrical stimulator (Dual Impedance Research Stimu-
lator, Harvard) with a voltage of 50 V. In the prelim-
inary study, the optimal voltage was 50. With a pulse
duration of 0.5 msec, 0.5, 1, 2, 5, 10, 20, 50 and 100
Hz were delivered with one and a half min intervals in
progtessively increasing pulses. After EFS-induced re-
sponses, the tissue was washed to regain the baseline
tension and the maximal responses to a high KCl K-H
solution (120 mM KCl in equimolar replacement for
NaCl) were measured. The tissue was then washed te-
peatedly to tegain the baseline tension and soaked for
30 min. Finally, the cumulative dose-response relation-
ships to acetylcholine (ACh: 0.1, 0.3, 1, 3, 10, 30, 100,
300, 1000 uM) were measured. The maximum active
tensions developed were recorded for each concentration.
The highest active tension developed for each dose of the
used stimulant was considered as the maximal response
to the stimulant. After the experiment, the segments
wete air-dtied and weighed.

The responses were exptessed as a gram force/gram tissue
(g/g) and a petcentage of the maximum response to the
high KCl (% KCl) for each dssue. The frequency of EFS
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(EFS-ECs0) and the cumulative dose of ACh (ACh-ECs)
causing 50% of the maximal responses wete calculated.

Statistical analysis

Tracheal ring segments which were unresponsive to
K, EFS, or ACh were excluded from data analysis
because they were considered as damaged specimens. The
mean value of EFS-ECso (Hz) ot ACh-ECso (uM) obtained
from each tracheal ring segment in each rat was used
in statistical analyses. Results were expressed as means
SEM values. Student’s t test ot Mann-Whitney U test
was used to determine the level of difference between
groups. Pearson’s correlation was used to examine the
relationships between aitway muscle sensitivities and
inflammatory cells of BAL fluid. A p value of less than
0.05 was consideted significant.

RESULTS

Decreased sensitivity of airway smooth muscle in BCG-
infected rats

When OA sensitized and provoked rats wete infected
with 6x10" CFUs of BCG, the sensitivities of tracheal
smooth muscle (TSM) to EES (EFS-ECso) significantly
decreased in rats infected 3 days before sensitization
(13.9210.88 Hz, p<0.05), at sensitization (14.061+1.16
Hz, p<0.03), or 3 days before provocation (13.4010.39
Hz, p<0.01) compared with controls (11.381+0.43 Hz).
However, EFS-ECsy in rats infected at provocation did
not significantly differ from the controls. The sensitivities
of tracheal smooth muscle (TSM) to ACh (ACh-ECso)
significantly decteased in rats infected 3 days before
sensitization (21.72£2.47 uM, p<<0.01) or at semsitiza-
tion (25.7613.62 uM, p<0.01) compared with controls
(12.65+1.22 yM). However, ACh-ECso in rats infected
3 days before provocation ot at provocation did not
significantly differ from the controls (Fig. 2). The max-
imal contractile responses (g/g) of TSM to EES signifi-
cantly decreased only in those rats infected 3 days before
sensitization and those to ACh significantly decreased
only in rats infected 3 days before sensitization ot at
sensitization (p<0.05, data not shown). The maximal
responses (% KCl) of TSM to EES or ACh in rats infected
at any time did not dectease compated with controls
(data not shown).

When OA sensitized and provoked rats wete infected
with 6x10° CFUs of BCG, the sensitivities of TSM to
EFS significantly decteased in rats infected 3 days befote
sensitization (13.5070.91 Hz, p<0.05), 3 days befote
provocation (16.94+1.15 Hz, p<<0.001), ot at provoca-



268
16 1 A *
* n=34
15 - n=28
_ n=27
< 14 % n=23
z
8 13
@
w 12 4 n=59
W@
10 I 1 I T T
Control BCG-I BCG-lI BCG-lll BCG-IV

Y.l. Koh, I.S. Choi, S.-C. Park, et al.

35 B

30 - n=38
1-

25 n=34

ACh-ECy, (uM)

20 §
n=31
©

5 T 1
Control BCG-I

A
(8]
1
>
F
(2]
o
>
A
N
~

T T T

BCG-Il BCG-lll BCG-IV

Fig. 2. The sensitivity of tracheal smooth muscle to EFS (A) and ACh (B) in controls and four different BCG (6 10° CFUs)-infected
groups (BCG-I, BCG-II, BCG-IIl, and BCG-IV). N refers to the number of tracheal muscle segments obtained from each group.
Data are expressed as means+SEM. *p<0.05 Tp<0.01 versus controls by the Student’s t-test.
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Fig. 3. The sensitivity of tracheal smooth muscle to EFS (A) and ACh (B) in controls and four different BCG (6 10° CFUs)-infected
groups (BCG-I, BCG-II, BCG-IIl, and BCG-IV). N refers to the number of tracheal muscle segments obtained from each group.
Data are expressed as means*+SEM. *p<0.05 'p<0.01, Tp<0.001 versus controls by the Student’s t-test.

ton (13.87£0.74 Hz, p<0.01) compared with conttols
(11.38+0.43 Hz). The EFS-ECs; in rats infected at sen-
sitization did not differ significantly from the controls.
Similarly, the sensitivities of TSM to ACh significantly
decreased in rats infected 3 days before sensitization
(26.01£3.90 uM, p<0.01), 3 days before provocation
(25.5814.92 M, p<0.05), ot at provocation (19.89+
2.23 M, p<0.01) compared with controls (12.651.22
uM, Fig. 3). The ACh-ECsy in rats infected at sensiti-
zation did not differ significantly from the controls. The
maximal contractile responses, expressed as either g/g or
% KCl, of TSM to EFS or ACh did not significantly
decrease in rats infected at any time compared with
controls (data not shown).

Decreased eosinophil counts of BAL fluid in BCG-
infected rats

When OA sensitized and provoked rats wete infected
with 6 X 10" CFUs of BCG, the mean total cell, neutro-
phil and lymphocyte counts of the BAL fluid did not
decrease in rats infected at any time compared with con-
trols. However, eosinophil counts of BAL fluid decreased,
although not significantly, in rats infected 3 days before
sensitization, at sensitization and at provocation com-
pared with controls (Fig. 4).

When OA sensitized and provoked rats wete infected
with 6 X10° CFUs of BCG, the mean total cell and neu-
trophil counts of BAL fluid did not significantly decrease
in rats infected at any time compared with controls.
Lymphocyte counts of BAL fluid significantly increased
in rats infected 3 days before provocation compared with
controls. Howevet, eosinophil counts of BAL fluid signifi-
cantly decteased in rats infected 3 days before sensitiza-
tion (0.8670.63 x10°/uL, p<0.01) or at sensitization
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Fig. 4. Numbers of total cells (A), neutrophils (B), eosinophils (C) and lymphocytes (D) in BAL fluid obtained from controls and
four different BCG (6 10* CFUs)-infected groups (BCG-I, BCG-Il, BCG-III, and BCG-IV). N refers to the number of rats in each
group. Data are expressed as meanstSEM. Comparisons between each BCG-infected group and control were performed by
the Mann-Whitney U-test. No statistical significance was observed.

(3.8673.36 X 10°/uL, p<0.01), but not in rats infected
3 days befote provocation or at provocation, compared
with controls (26.42+11.48 X 10°/uL, Fig. 5). In controls
and in rats infected with 6X10° CFUs of BCG, eosin-
ophil counts of BAL fluid significantly cotrelated with the
sensitivities of TSM to ACh (r=-0.236, n=53, p=0.04).

DISCUSSION

This study demonstrates the sensitivity of airway
smooth muscle to cholinergic stimuli, such as exogenous
ACh or endogenous ACh which are released from cho-
linetgic netves by EFS, and eosinophils in BAL fluid are
significantly reduced in OA sensitized and provoked rats
infected with BCG. Although this study does not show
the direct evidence that OA sensitization and provocation
can induce allergic asthmatic responses in SD rats, our
ptevious study demonstrated that aitway muscle sensi-

tivity and aitway eosinophilila significantly increased in
OA sensitized and provoked rats compared with non-
sensitized and non-provoked control rats. In addition,
eatly asthmatic response can be obsetved in 77.8% of 10
ug OA-sensitized and 5% OA-provoked rats (16).
Our results from this study suggest that BCG infec-
tion may hinder the development of bronchial asthma in
SD rats. The most likely explanation for the results can
be that TH1 cytokines produced during an active BCG
infection may block the expansion of TH2 cells, and thus
reduce airway eosinophils and sensitivities of airway
smooth muscle to cholinergic stimuli in this animal
model. Our observations ate suppotted by recently pub-
lished studies showing that BCG infection established a
THI1 type immune tesponse and then hindered allergic
sensitization, allergen-induced airway eosinophilia and the
development of incteased airway reactivity in an animal
model (18, 19). In the study by Herz et al. (18), BCG
immunization in OA-sensitized mice resulted in: 1)
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Fig. 5. Numbers of total cells (A), neutrophils (B), eosinophils (C) and lymphocytes (D) in BAL fluid obtained from controls and
four different BCG (6 10° CFUs)-infected groups (BCG-I, BCG-Il, BCG-III, and BCG-IV). N refers to the number of rats in each
group. Data are expressed as means+SEM. *p<0.05, Tp<0.01 versus controls by the Mann-Whitney U-test.

increased interferon (IFN)-y and decreased IL-4 produc-
ton by splenic mononuclear cells; 2) decreased OA-
specific IgE and IgGl serum antibody titers; and 3)
reduced IL-4 and IL-5 levels in BAL fluids. Etb et al.
(19) showed that BCG-induced inhibition of airway
eosinophilia was strongly reduced in IFN-y receptot-
deficient mice, indicating that BCG-induced inhibition
was mediated by IFN-y. Cytokine measutements are
needed to confirm that the supptessive effects of BCG
wete secondary to a TH1 induction.

To explotre the effects of the BCG dose or the time
point of BCG infection on airway hypetsensitivities and
eosinophilic inflammation, the expetimental rats wete
infected intraperitoneally with two different doses of
BCG (6x10* or 6X10° CFUs) at four different times:
3 days before OA sensitization; at OA sensitization; 3
days before OA provocation; or at OA provocation.
Doses of 6x10* CFUs of BCG, although they did not
significantly supptess the airway eosinophilia of rats
infected at any time, did inhibit aitway muscle sensi-

tivities of rats infected 3 days before sensitization ot at
sensitization, but not 3 days before provocation ot at
provocation. However, doses of 6x10° CFUs of BCG
significantly inhibited not only the aitway eosinophilia of
rats infected 3 days before sensitization or at sensitiza-
tion, but also the airway sensitivities of rats infected 3
days befote provocation or at provocation. These results
indicate that a telatively high dose of BCG may reduce
the airway hyperresponsiveness in asthma rats infected
not only duting allergen sensitization, but also during
allergen provocation; such a dose is also needed to sup-
ptess the airway eosinophilia developed in the asthma
rats. Unexpectedly, the airway muscle sensitivity of rats
infected at sensitization was not suppressed by doses of
6x10° CFUs of BCG (Fig. 3). This is possibly due to
a reduction in the release of an epithelium-detived inhibi-
tory factor (20), tesulting from incidental damage of
epithelium duting the process of tracheal muscle prepa-
ration, which may cause the decrease in the suppressive
effect of BCG on airway sensitivity.
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Recently, there wete a few animal studies showing the
supptessive effects of BCG on allergic response, in which
the different doses of BCG were used and BCG infection
was done at the different time points from one another.
In the study by Herz et al. (18), mice were infected
intravenously with 1x10° CFUs of BCG 14 days before
OA sensitization. Etb et al. (19) showed that BCG
numbers =2 x 10’ CFUs maximally inhibited airway eo-
sinophilia in mice infected intranasally 4 weeks before
OA ptovocation. Furthermore, Wang and Rook (21)
demonstrated that even the infection of mice with
Mycobacterium vaccae after OA sensitization could sup-
press an established allergic response. Unlike the other
studies, aitway muscle sensitivities in our expetimental
rats infected with 6X10° CFUs of BCG at OA provoca-
tion wete significantly inhibited, although muscle study
was petformed 1 day after BCG infection. The possible
explanation for this phenomenon can be that a low IFN-
y produced at days 1-2 after BCG infection (10) may
prevent the development of aitway hypetresponsiveness
by intetfering with eosinophil degtanulation (22). Infect-
ing the experimental rats with 6 10’ CFUs of BCG 3
days before sensitization was the most effective way to
inhibit aitway sensitivity and eosinophilic inflammation in
this study.

Airway responsiveness in this study was represented as
the sensitivity of aitway smooth muscle to cholinetgic
stimuli, and not the maximal contractile responses. The
maximal contraction of aitway smooth muscle did not
significantly decrease in rats infected with BCG. Our
previous study demonstrated that OA sensitized and pro-
voked SD rats had increased sensitivities, but not in-
creased maximal contractile responses, of airway smooth
muscle to cholinergic stimuli (16). There were other
reports that the sensitivities of airway smooth muscle
increased in rats sensitized with an allergen in an animal
model (23-25).

The limitation of this study is that the expetrimental
rats may have been infected with mostly unknown bac-
terial organisms during the process of out experiments,
although BCG infection (19) or aitway inflammation in
asthma (26) may in part contribute to airway neutto-
philia. However, there is no significant difference in neu-
trophil counts of BAL fluid between BCG-infected rats
and controls, indicating that this aitway neutrophilia
rarely influenced our results.

We propose that BCG vaccine given at 4 wks of life
for preventing tubetculosis in Korea (15) may be instru-
mental in hindeting the development of bronchial asthma
in children with atopic hetedity. Furthermote, our results
show that a relatively high dose BCG infection inhibits
airway sensitivity even after allergen sensitization, sug-
gesting that late BCG vaccination in children sensitized
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with aitborne allergens may be helpful in preventing the
development of airway hypetresponsiveness. Howevert,
accotding to recent epidemiological studies (9, 27), the
supptessive effect of BCG vaccine on the development
of atopic disorder in children is debatable (28). Further
cautious prospective and model-based clinical experi-
ments are needed to determine the clinical outcomes of
BCG vaccine in human populations.
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