
Immunology 1999 98 329–337

Systemic mycobacterial infection inhibits antigen-specific immunoglobulin
E production, bronchial mucus production and eosinophilic inflammation induced

by allergen

X. YANG, S. WANG, Y. FAN & L. ZHU Immune Regulation of Allergy Research Group, Laboratory for Infection and Immunity,
Department of Medical Microbiology, Faculty of Medicine, University of Manitoba, Winnipeg, Manitoba, Canada

SUMMARY

As the burden of infectious diseases becomes reduced in many countries, a remarkable increase
in the incidence of allergies has occurred. The basis for the rise in atopic disorders as a correlate
of the decline in infectious diseases has not been defined. In the present study, we tested
experimentally whether prior systemic infection with Mycobacterium bovis bacillus Calmette
Guérin (BCG) had any effect on ovalbumin (OVA) Al(OH)3 (alum)-induced immunoglobulin E
(IgE) production, airway mucus production and eosinophilic inflammation. The data showed
that allergen-specific IgE production and OVA-induced eosinophilia and goblet cell development
were significantly inhibited by prior infection with BCG. Correspondingly, following immunization
with OVA alum, BCG-infected mice exhibited significantly higher levels of allergen-driven
interferon-c (IFN-c) production than the mice without infection. The ratio of IFN-c: interleukin
(IL)-4 production was higher in OVA-sensitized mice with prior BCG infection than in those
without infection. The abrogation of OVA-induced mucus production and pulmonary eosinophilia
in BCG-infected mice correlated with significantly decreased IL-5 production and increased IFN-c
and IL-12 production. These data provide direct evidence that intracellular bacterial infection
(i.e. BCG) can inhibit antigen-specific IgE and airway reactivity induced by environmental
allergen. Furthermore, the results suggest that changes in cytokine-producing patterns of T
lymphocytes and other cells may be the mechanism by which infections influence allergies.

INTRODUCTION correlation between delayed-type hypersensitivity (DTH )
responses to tuberculin (and therefore current or previous

Allergy is a state of immediate hypersensitivity that is mediated
mycobacterial infection) or history of measles infection, and

by immunoglobulin E (IgE) in response to normally harmless
immediate atopic reactions.8,9 Although epidemiological stud-

environmental antigens, termed allergens. In most developed
ies suggest a causal relationship between the reduction of

countries, #20–30% of the population currently suffer from
infectious diseases and the increase of allergic disorders, fewvarious forms of allergies.1,2 A well documented, but presently
model-based, hypothesis-driven studies have been performedunexplained, epidemiological finding is that allergic diseases
thus far to address the following questions: can certain existingappear to increase with advancing socioeconomic development
or previous infections inhibit IgE and allergic responsesand occur more often in industrialized countries than in
induced by allergens and, if so, what is the underlying mechan-developing areas.3–5 As a correlate, a significant increase in
ism by which infections manipulate atopic allergies?the prevalence of allergy over the recent decades in developed

Cytokines produced by CD4 T lymphocytes and other cellscountries has been associated with a striking reduction in
play a critical role in the regulation of immune responses,childhood infectious diseases and reduction in vaccinations.6,7
both to allergens and to infectious agents.10–14 It has beenEpidemiological studies suggest an innate connection between
widely demonstrated that in the two types of diseases, namelythe increased incidence of allergy and reduced incidence of
intracellular bacterial infection and allergy, differential cyto-infectious diseases. In particular, epidemiological surveys car-
kine patterns are often induced.12,13 Allergen-specific T cellsried out recently in Japan and Africa clearly showed an inverse
in atopic individuals belong disproportionately to the T helper
2 (Th2) subset, which produces relatively high levels of

Received 8 March 1999; revised 16 May 1999; accepted 16 May interleukin (IL)-4 and IL-5 and low, or undetectable, levels of
1999. interferon-c (IFN-c).15,16,17 In contrast, most intracellular

bacterial infections induce strong Th1-like responses charac-Correspondence: Dr Xi Yang, Department of Medical Micro-
terized by strong cell-mediated immunity and IFN-c pro-biology, Faculty of Medicine, University of Manitoba, Room 523,

730 William Avenue, Winnipeg, Manitoba, Canada R3E OW3. duction.15,18–20 We have shown in previous studies that the
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type of adjuvants used in immunization can significantly until used. The number of BCG bacilli, expressed as colony-
forming units (CFUs), was determined by plating dilutedinfluence the IgE responses and cytokine patterns induced by

an allergen, ovalbumin (OVA).21 Specifically, OVA induces culture on plates of Middlebrook 7H11 agar (Difco) containing
0·5% (v/v) glycerol and supplemented with 10% (v/v)Th2-like responses when Al(OH)3 (alum) is used as adjuvant,

while it induces Th1-like responses when complete Freund’s Middlebrook OADC enrichment (Difco). For infection,
different numbers of BCG bacilli (1–10×105 CFUs), dilutedadjuvant (CFA) is used as adjuvant. Although the mechanism

of the adjuvant effect is unclear, the presence of dead myco- in 200 ml of sterile saline, were injected into the lateral tail
vein of the mouse. For monitoring infection, the numbers ofbacteria in CFA may be one of the reasons for the inhibitory

effect of CFA on OVA-induced Th2-like responses because a viable bacteria in the lungs, liver, spleen, heart and kidney
were determined by plating serial dilutions of individual whole-recent study showed that treatment of mice with dead Brucella

abortus, immediately before allergen immunization, inhibited organ homogenates onto Middlebrook 7H11 agar containing
glycerol and Middlebrook enrichment. The number of CFUsIgE responses and Th2 cytokine production to the allergen.22

Antigen-specific IgE production, excessive bronchial mucus were counted after incubation for 3 weeks at 37° in an
atmosphere of 9% CO2.production and goblet cell development, and pulmonary

eosinophilic inflammation are among the hallmarks of atopic
asthmatic reaction. To directly address the question regarding Sensitization and challenge with allergen

Mice infected with BCG or treated with phosphate-bufferedthe causal relationship between intracellular bacterial infection
and the reduction of allergies, we examined in the present saline (PBS) were immunized intraperitoneally (i.p.) with 2 mg

of OVA (ICN Biomedicals, Montreal, Canada) in 2 mg ofstudy whether systemic mycobacterial infection has any influ-
ence on OVA-induced IgE production and airway mucus Al(OH)3 adjuvant (alum) 2 weeks following the infection

or treatment, as described previously.21 Mice were bled forproduction and eosinophilic inflammation. The data show that
prior systemic infection with bacillus Calmette Guérin (BCG) analysis of serum antibody production on days 10 and 14,

respectively, post-OVA immunization. On day 15 post-OVAis inhibitory for allergen-specific IgE production, goblet
cell development and pulmonary eosinophilic inflammation immunization, mice were challenged intranasally with 100 mg

of OVA (40 ml ) and were killed 7 days later. Bronchial andinduced by OVA. As a correlate, allergen-driven cytokine-
producing patterns following OVA immunization in BCG- pulmonary cellular infiltration and local cytokine production

were examined by differential cell counts and determinationinfected mice were significantly different from those in mice
without BCG infection. Specifically, following OVA immuniz- of cytokine proteins, respectively, in the bronchoalveolar

lavages (BALs).ation, BCG-infected mice exhibited significantly elevated
IFN-c production and decreased IL-4 production. The ratio
of IFN-c: IL-4 production induced by OVA alum immuniz- BAL and differential cell counts

The mouse trachea was cannulated and the lungs were washedation was significantly higher in mice infected previously with
BCG than in mice without prior BCG infection. The abro- twice with 1 ml of PBS. The BAL fluid was centrifuged

immediately and cells were resuspended in 0·5 ml of PBS. Thegation of bronchial mucus production and eosinophilia
induced by intranasal challenge with OVA correlated with cells were counted under a microscope and a drop of the cell

suspension was applied onto the surface of a glass slide andsignificantly decreased IL-5 and increased IFN-c and IL-12
production by splenocytes and correlated with elevation of spread to form a BAL smear. The slide was air-dried, fixed

with ethanol and stained with Fisher Leukostat Stain KitIL-12 production in local ( lung) tissues. The data provide
evidence that intracellular bacterial infection (BCG) can (Fisher Scientific, Ontario, Canada) to stain leucocytes. The

number of monocytes, neutrophils, lymphocytes and eosino-inhibit antigen-specific IgE responses and airway reactivity
induced by environmental allergen, and that changes in cyto- phils per 200 cells were counted, based on morphology and

staining characteristics.kine patterns may be the mechanism by which infections
influence allergies.

Histopathological analysis
Seven days following OVA challenge, lungs were collected and

MATERIALS AND METHODS
fixed in 10% buffered formalin. The fixed lungs were embedded
in paraffin, sectioned, stained by haematoxylin and eosin, andAnimals

Female C57BL/6 mice (6–10 weeks old) were obtained from examined for pathological changes under light microscopy.
Bronchial mucus and mucus-containing goblet cells wereCharles River Canada (Montreal, Quebec, Canada). Female

Sprague-Dawley rats were bred at the University of Manitoba stained by thionin using the method of Mallory.23
( Winnipeg, Canada) breeding facility. Animals were used in
accordance with the guidelines issued by the Canadian Council Cell culture

For examination of cytokine patterns in splenocytes, miceon Animal Care.
were killed either at day 5 postinitial OVA immunization or
at day 7 following intranasal challenge with OVA. The spleensOrganism and infection

M. bovis BCG (BCG Vaccine; Connaught Laboratories Ltd, were isolated aseptically and single cell suspensions were
cultured as described previously.24 Briefly, cells were culturedWillowdale, ON, Canada) was grown as dispersed cultures in

Middlebrook’s 7H9 broth (Difco Laboratories Inc., Detroit, at a concentration of 7·5×106 cells/ml (2 ml/well ), alone or
with OVA (1 mg/ml ) or immobilized anti-CD3 monoclonalMI ) containing 0·2% (v/v) glycerol and 0·05% (v/v) Tween-80

and supplemented with 10% (v/v) Middlebrook ADC antibody (mAb; 145-2C11; PharMingen, San Diego, CA), in
24-well plates at 37° in complete culture medium: RPMI-1640enrichment (Difco). The stock culture was stored at −80°
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containing 10% heat-inactivated fetal calf serum (FCS),
1% -glutamine and 5×10−5 2-mercaptoethanol (2-ME)
( Kodak, Rochester, NY ). Duplicate cultures were established
from the spleen cells of individual mice in each group. Culture
supernatants were harvested at various time-points for
measurement of cytokines.24

Determination of cytokines
Cytokines in the supernatants of spleen cell cultures, BALs
and lung homogenates were analysed by enzyme-linked immu-
nosorbent assays (ELISAs) using purified (for capture) and
biotinylated (for detection) antibodies (PharMingen), as
described previously.25 IFN-c levels in 72-hr culture super-
natants were measured by a two-mAb sandwich ELISA
( XMG1·2 for capture and R4-6A2 for detection). IL-5 levels
in 72-hr culture supernatants were measured using mAb TRFK
as capture antibody and mAb TRFK4 as detection antibody.
IL-4 levels were measured using 11B11 as capture antibody
and BVD6-24G2 as detection antibody. IL-12 p40 levels were
measured using mAb C15·6 and mAb C17·8 as capture and
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detection antibodies, respectively. Figure 1. Prior bacillus Calmette Guérin (BCG) infection inhibited
ovalbumin (OVA)-specific immunoglobulin E (IgE) production. Data

Determination of serum antibodies from two independent experiments are shown. C57BL/6 mice were
The level of allergen-specific IgE was determined by passive infected intravenously with 1×105 (a) or 1×106 (b) colony-forming

units (CFUs) of Mycobacterium bovis BCG or treated with phosphate-cutaneous anaphylaxis (PCA) of Sprague-Dawley rats, as
buffered saline (PBS) alone. Two weeks after BCG inoculation, micedescribed previously.21 Allergen-specific immunoglobulin G
were immunized intraperitoneally with 2 mg of OVA in 2 mg of(IgG)1 and IgG2a were measured using goat anti-mouse IgG1
Al(OH)3 (alum) adjuvant. Mice were bled at day 10 postimmunizationor goat anti-mouse IgG2a antibodies (Southern Biotechnology
for analysis of serum IgE production. Allergen (OVA)-specific IgEAssociates, Inc., Birmingham, AL), as described previously.21
levels in individual mice were determined by passive cutaneous ana-
phylaxis (PCA) using female Sprague-Dawley rats. Geometric mean

Statistical analysis titres (±SEM) of each group, plotted on a log2 scale, are presented.
Antibody titres (ELISA or PCA) were log transformed and *represents P<0·05.
analysed using the unpaired Student’s t-test. Cytokine levels
in different groups were analysed using the unpaired Student’s
t-test.

Systemic BCG infection modulates cytokine patterns of
immunocompetent cells elicited by allergen

RESULTS
The decrease of IgE and increase of IgG2a responses to OVA

BCG-infected mice show decreased serum allergen-specific IgE
in mice with prior BCG infection suggest that T-cell responses

production and elevated antigen-specific IgG2a production
to allergen were modulated by the infection. To examine
directly the effect of BCG infection on allergen-specific T-cellSerum antibodies, specific for OVA, in mice with or without

prior BCG infection, were measured at day 10 (IgE) or day activation, we compared Th1-related (IFN-c) and Th2-related
(IL-4) cytokine production in OVA-immunized mice with or14 (IgG1 and IgG2a) following OVA alum immunization. As

shown in Fig. 1, allergen-specific IgE production in the groups without prior BCG infection. Cytokine production by ex vivo
spleen cells from OVA-immunized mice was analysed usingof mice with previous BCG infection (1×105 or 1×106 CFUs)

was >10-fold lower than that in the uninfected control allergen (OVA)-specific and polyclonal T-cell (anti-CD3)
stimulation. As shown in Fig. 3, upon either allergen-specificmice (P<0·01) (Fig. 1). Some BCG-infected mice showed

undetectable (titre <20) antigen-specific IgE production fol- or polyclonal T-cell stimulation, IFN-c production in BCG-
infected mice was significantly higher than in mice withoutlowing OVA alum immunization. In contrast, following OVA

alum immunization, OVA-specific IgG2a production was prior BCG infection. The absolute value of IL-4 levels was
not significantly different between OVA-immunized mice with20–300-fold higher in mice with previous BCG infection than

in control mice (P<0·01) (Fig. 2). OVA-specific IgG1 levels or without prior BCG infection. Notably, however, largely as
a result of the increased IFN-c production, the ratio ofin BCG-infected mice, subsequently immunized with OVA,

were lower than those in control mice (with no BCG infection) IFN-c5IL-4 upon allergen-specific or polyclonal T-cell (anti-
CD3) stimulation was markedly increased in OVA-immunizedwhich were immunized with OVA (alum) (Fig. 2). Unlike

antigen-specific IgE responses, however, total serum IgE levels mice with prior BCG infection (P<0·05). IL-4 and IFN-c
were produced mainly by CD4 T cells because the presence ofafter OVA immunization were comparable among the groups

of mice with or without prior BCG infection (data not shown). anti-CD4 mAb (YTS 191·1) inhibited most (>80%) of the
production of these cytokines (data not shown). These resultsThis data suggests that prior systemic BCG infection can

modulate the isotypes of antibody response, including IgE, to indicate that prior BCG infection can modulate cytokine-
producing patterns of CD4 T cells to allergen (OVA) exposure,subsequent unrelated antigen (allergen) immunization.
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Figure 3. Effect of prior bacillus Calmette Guérin (BCG) infection onFigure 2. Bacillus Calmette Guérin (BCG) infection increased aller-
allergen (ovalbumin, OVA)-driven cytokine production by splenocytes.gen-specific immunoglobulin (Ig)G2a and decreased allergen-specific
Mice were infected with 1×106 colony-forming units (CFUs) of BCG,IgG1 production. Mice were infected with BCG (or treated with
or treated with PBS, and were immunized with OVA (2 mg) in alumphosphate-buffered saline, PBS) and subsequently immunized with
at 2 weeks postinfection. Mice were killed at day 5 following OVAovalbumin (OVA) in alum, as described in the legend to Fig. 1. Mice
immunization and splenocytes from individual mice were cultured atwere bled at day 14 post-OVA immunization, and allergen (OVA)-
7·5×106 cells/ml and stimulated with OVA (1 mg/ml ) or immobilizedspecific IgG1 and IgG2a antibodies in serum samples from individual
anti-CD3 monoclonal antibody (mAb; 145-2C11). Culture super-mice were determined by enzyme-linked immunosorbent assay
natants were harvested at 72 hr and tested for interferon-c (IFN-c)(ELISA). Titres were transformed to log10 and presented as
and interleukin-4 (IL-4) using enzyme-linked immunosorbent assaysmean±SEM. Data from two independent experiments are shown.
(ELISAs). *represents P<0·05; **represents P<0·01.Panel (a), mice were infected with 1×105 colony-forming units (CFUs)

of BCG. Panel (b), mice were infected with 1×106 CFUs of BCG.
**represents P<0·01. (Fig. 4a). Intravenous injection with 1×106 CFUs of BCG

almost completely inhibited pulmonary eosinophilia induced
by OVA (Fig. 4c, 4d). In parallel with the large proportion ofpredominantly enhancing IFN-c production and thus increas-

ing the ratio of IFN-c5IL-4. eosinophils in the BALs of the OVA-challenged mice without
prior BCG infection, a significant increase in the proportion
of macrophage/monocytes in the BALs was observed in mice

Systemic BCG infection inhibits bronchial mucus production and
with prior BCG infection (Fig. 4a, 4d). Macrophage/mono-

pulmonary eosinophilia induced by local challenge with allergen
cytes comprised <10% of total BAL cells in the OVA-
challenged mice without BCG infection but >35% of the totalCellular infiltration in the lungs of the mice challenged intra-

nasally with OVA was examined by differential counting of BAL cells in OVA-challenged mice with prior BCG infection
(Fig. 4a, 4c). The most common cell population in the BALBAL cells. In general, mice with prior BCG infection showed

less cellular infiltration following challenge with OVA than was lymphocytes, the proportion of which was not significantly
different among OVA-challenged mice either with or withoutthose without the infection (Fig. 4). Mice without prior BCG

infection showed massive pulmonary eosinophilia with BCG infection. Histological analysis also showed remarkably
reduced eosinophil infiltration in the bronchial and pulmonary0·3–6×106 eosinophils recovered from the BAL of each mouse.

In contrast, mice with prior BCG infection showed marginal tissues in mice with BCG infection that were OVA sensitized
and -challenged (Fig. 5). Mice without prior BCG infectionor undetectable eosinophil infiltration following the same

intranasal challenge with OVA. Intravenous injection of BCG showed massive eosinophilia in bronchial submucosa, alveolar
and perivascular sheaths, with infiltration of lymphocytes andat a dose of 1×105 CFUs inhibited eosinophilia, as shown by

comparing the number of eosinophils among control and a few monocytes following OVA challenge. In contrast, BCG-
infected mice developed infiltrations of mainly macrophage/infected mice: 5×106 eosinophils in control mice (without

BCG infection) versus 1×104 eosinophils in BCG-infected monocytes and lymphocytes around the small bronchi,
bronchioles and blood vessels in the lungs with very fewmice, representing a 500-fold decrease in eosinophilia

(Fig. 4b). Eosinophils comprised 25–30% of the total BAL eosinophils. Moreover, the mucus-containing goblet cells,
mucus secretion and bronchial epithelial hyperplasia inducedcells in the mice without BCG infection but <5% of the total

BAL cells following OVA challenge in the BCG-infected mice by OVA sensitization/challenge were also markedly decreased

© 1999 Blackwell Science Ltd, Immunology, 98, 329–337
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Figure 4. Prior bacillus Calmette Guérin (BCG) infection decreased pulmonary eosinophilic infiltration induced by ovalbumin
(OVA). Mice were injected intravenously with phosphate-buffered saline (PBS) or BCG and were subsequently (2 weeks later)
immunized intraperitoneally with OVA (2 mg) in alum. The mice were challenged with OVA (100 mg) at day 15 following OVA
immunization and were killed at day 7 post challenge. Pulmonary cellular infiltration were examined by differential cell counts of
the bronchoalveolar lavage (BAL). Data from two independent experiments using different doses of BCG for infection are
presented as mean±SEM. Experiment 1 (a, b) used BCG at 1×105 colony-forming units (CFUs) and Exp. 2 (c, d) used BCG at
1×106 CFUs for infections. The figure shows the absolute number of each infiltrating cell population (b, d) and the proportion
(a, c) of each cellular component comprising the total BAL cells. Experiment 1 (panel B) showed very few (10 000±3000)
eosinophils in the lung and Exp. 2 (d) showed undetectable eosinophil infiltration. **represents P<0·01; ***represents P<0·001.

(a) (b)

(c) (d)

Figure 5. Histological analysis of bronchial inflammatory reaction and mucus production induced by allergen challenge in mice
with or without prior bacillus Calmette Guérin (BCG) infection. Mice were injected intravenously with phosphate-buffered saline
(PBS) or BCG and subsequently (2 weeks later) immunized intraperitoneally with ovalbumin (OVA) (2 mg) in alum. The mice
were challenged with OVA (100 mg) at day 15 following OVA immunization and were killed at day 7 postchallenge. Lung tissues
were fixed routinely and sections were stained either with haematoxylin and eosin (a, c) for infiltrating cells and lung structure, or
with thionin (b, d) for mucus and mucus-containing goblet cells. (a) and (b), OVA-sensitized and -challenged mice without prior
BCG infection. (c) and (d), BCG-infected mice that were subsequently sensitized/challenged with OVA.
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in the BCG-infected mice (Fig. 5b, 5d). These results demon-
strate that systemic mycobacterial infection can suppress not
only allergen-specific IgE responses but also local allergic
inflammatory responses (eosinophilia) and mucus production
induced by allergen (OVA).

Systemic BCG infection inhibits allergen-driven IL-5/IL-4
production and increases IFN-c/IL-12 (p40) production by
splenocytes following intranasal challenge with OVA

To elucidate the mechanism by which BCG inhibits bronchial
and pulmonary eosinophilic inflammation induced by allergen
(OVA), we examined antigen-driven Th1-related (IFN-c/
IL-12) and Th2-related (IL-4/IL-5) cytokine production by
spleen cells collected from OVA-sensitized and -challenged
mice with or without prior BCG infection. Allergen-driven
IL-5 and IL-4 production in mice with prior BCG infection
was significantly lower than in those without BCG infection
(Fig. 6a, 6b). In contrast, OVA-driven IFN-c and IL-12 (p40)
production in mice with prior BCG infection was significantly
higher than in those without infection (Fig. 6c, 6d). These
results indicate that the inhibition of eosinophilia and the
enhancement of monocyte/macrophage infiltration caused by
prior BCG infection correlates with a switch of cytokine
patterns from dominant IL-5 and IL-4 production to dominant
IFN-c and IL-12 production.

Systemic BCG infection increases IL-12 (p40) production in the
lung

To elucidate the relationship between bronchial mucus pro-
duction and pulmonary eosinophilic inflammation and local
cytokine synthesis induced by allergen exposure, we examined
the level of Th1-related and Th2-related cytokines in BALs
collected from OVA-sensitized/challenged mice with or without
BCG infection. Most local cytokines that were analysed in the
study (IL-4, IL-5 and IFN-c) were present at the lower limit
of detection at the time of analysis, with a trend of slightly
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lower IL-4 levels in the mice with prior BCG infection,
Figure 6. Abrogation of eosinophilic inflammation correlated with acompared with those without prior BCG infection (data not
reduction of interleukin (IL)-5 and increases of interferon-c (IFN-c)shown). IL-12 (p40) was the only local cytokine that was
and IL-12 production. Ovalbumin (OVA)-driven cytokine production

readily detectable at the time of determination and its pro- by splenocytes of the mice described in Expt. 2 in Fig. 4 were examined
duction significantly differed between OVA-sensitized/chal- at day 7 postintranasal challenge with OVA. Data are presented as
lenged mice with or without BCG infection (Fig. 7). The data mean±SEM. *represents P<0·05; **represents P<0·01; and ***rep-
suggest that the increase in local IL-12 production, and thus resents P<0·001.
inhibition of Th2-like cytokine production, may contribute to
the abrogation of eosinophilia induced by allergen.

suggest that the epidemiologically demonstrated inverse associ-
ation between infection and allergies is a causal relationship.

DISCUSSION
Moreover, as prior BCG infection can inhibit de novo IgE
responses, it is possible that early vaccination with attenuatedRecently, Ern et al.26 reported that intranasal, but not intrader-

mal or subcutaneous, inoculation of M. bovis BCG abrogated intracellular bacteria is useful for preventing atopic allergies
(not limited to asthma) induced by environmental allergens.murine eosinophilia, in the lung, induced by OVA sensitization/

challenge. Our data confirmed their finding and extended it It should be noted, however, that this study was carried out
using only a single strain of mouse, C57BL/6. Further studiesby showing that systemic BCG infection can dramatically

inhibit allergen-specific IgE responses and bronchial epithelial using multiple mouse strains with different genetic back-
grounds is necessary to test whether the inhibitory effects ofhyperplasia and mucus production. To our knowledge, this is

the first experimental study that shows inhibition of allergen- BCG infection on allergy, as observed in this study, are related
to the host’s susceptibility to infection and/or allergy.specific IgE and mucus production following allergen exposure

caused by intracellular bacterial infection. As allergen-specific The demonstration of reduced bronchial mucus produc-
tion and epithelial hyperplasia is particularly important inIgE is the key element in most allergic diseases, our data

© 1999 Blackwell Science Ltd, Immunology, 98, 329–337
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circulating, but local lung, IL-5 is required for the development
of airway eosinophilia.36

How can prior intracellular bacterial infection modulate
the host’s cytokine-producing patterns and airway reactivity
induced by allergen? Recent studies show that Th1/Th2 cells
are derived from a common precursor lineage37,38 whose
selective differentiation is affected by microenvironmental fac-
tors that regulate transcriptional activation of cassettes of
specific cytokine genes.39–42 The early presence of IFN-c and
IL-12 favours Th1 polarization whereas IL-4 is the potent
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Figure 7. Abrogation of pulmonary eosinophilic inflammation corre- cytokine, which has the ability to enhance the differentiation
lated with an increase in local bronchoalveolar lavage (BAL) interleu- of Th-cell precursors into Th1-like cells. IL-12 can activate
kin (IL)-12 production. The BALs of the mice described in Fig. 4

transcription factors related to the Th1 phenotype, includingwere analysed for IL-12 production using a sandwich enzyme-linked
Stat4,43 which is activated solely by IL-12.44,45 In addition,immunosorbent assay (ELISA). Data are presented as mean±SEM.
human T cells fail to differentiate into Th2-like cells if IL-4 is*represents P<0·05.
absent at the site of antigen-specific cell antigen–peptide T-cell
interaction.41 Similarly, mice with germline disruption of the
IL-4 gene fail to generate Th2-like cells and fail to produce
IgE antibodies.46–48 IL-4 induces the development of Th2-likeevaluating the effect of intracellular bacterial infection on the

bronchial asthmatic reaction. Although the work of Ern et al. cells, via signalling, through the activation of Stat6, a transcrip-
tional factor for the Th2 phenotype.49–51 Intracellular bacteriahas demonstrated a reduction of pulmonary eosinophilia

(induced by allergen) caused by intranasal BCG infection, the often induce Th1-like responses because they can innately
activate macrophages, which produce IFN-c and IL-12, andrelevance of this change in infiltrating cells to a clinical

asthmatic reaction is not clear because the real role of eosino- natural killer (NK) cells, which produce IFN-c, thereby
establishing a setting for Th1-like T-cell priming. In contrast,philia in asthma is still debatable. There are numerous reports

which show an asthmatic reaction induced by various allergens allergens are poor stimulators of NK cells and macrophages.
They may fail to establish a setting for Th1 priming whenin the absence of bronchial eosinophilic inflammation.27–30

Therefore, abrogation of pulmonary eosinophilia may not being exposed in vivo, resulting in the development of Th2-like
cells. It is possible therefore that the Th1-like setting innecessarily mean reduction of the asthmatic reaction by BCG

infection. Our data, however, showed not only the abrogation the microenvironment of antigen-presenting cell–allergen
peptide–T-cell interaction, established by previous intracellularof pulmonary eosinophilia, but also decreases of mucus pro-

duction and epithelial hyperplasia, which are important com- bacterial infection, can direct the allergen-specific T cells to
Th1-like cells when allergen is subsequently exposed.ponents of the asthmatic reaction, thus unambiguously

indicating the inhibitory effect of intracellular bacterial infec- This study is informative for understanding the influence
of environmental factors on antigen-specific T-cell responses.tion (i.e. BCG) on the atopic asthmatic reaction.

Our data also suggest that alteration in cytokine patterns The modifying effect of microenvironmental factors on
immune responses to antigen in natural conditions in vivo isis crucial for bacterial infection-mediated suppression of the

allergic reaction. The decrease in allergen-specific IgE in BCG- largely unknown. Although the studies using cytokine-blocking
antibodies or gene knockout animals have demonstrated ainfected mice correlated with an elevation in IL-12 and IFN-c

production and an increase in the ratio of IFN-c5IL-4 pro- role of environmental cytokines in determining T-cell differen-
tiation, they all examine the influence of environmental cyto-duction. We and others have demonstrated that the ratio of

Th15Th2 cytokine synthesis elicited by allergen exposure is kines in a condition of general or complete deficiency of these
cytokines.10–12 Studies are very limited regarding the effect ofcritical in determining the type of immune responses and class/

subclass of antibodies, including IgE production, which is alteration in cytokine microenvironment induced by natural
physiological or pathological processes on T-cell responses toprobably more relevant to antibody class switch and clinical

status than the absolute value of particular cytokines.24,31–35 unrelated antigens.52 From this point of view, the present
study provides convincing evidence that non-specific micro-Thus, chemically modified OVA (OA-POL) treatment can

inhibit IgE production induced by native OVA (alum) immun- environmental factors induced by a natural infection may play
an important role in regulating antigen-driven cytokineization, mainly via a change (increase) in the ratio of

IFN-c5IL-4 synthesis.24,34 Local cytokine analyses in the patterns to unrelated antigen.
present study demonstrated significantly increased IL-12 pro-
duction following OVA challenge in BCG-infected mice, also ACKNOWLEDGMENTS
suggesting increased Th1 responses in these mice. The failure
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may be because of the time-point used in this study.
Nevertheless, cytokine analysis of splenocytes following OVA
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eosinophilia. J Exp Med 187, 561.chemical properties of human reaginic antibody. V. Correlation

of reaginic activity with cE globulin antibody. Immunology 97, 840. 27. M S.K., F K., O H. et al. (1998) Inhibition
of pulmonary eosinophilia does not necessarily prevent the airway3. C W.O.C.M. & M M.F. (1997) Asthma: an epi-

demic in the absence of infection? Science 275, 41. hyperresponsiveness induced by Sephadex beads. Int Arch Allergy
Immunol 116, 67.4. S V.H., D J.H., N A.J. & S I.

(1988) Changes in tuberculosis notification rates in the white 28. H E.M., V O A.J., V A I. et al. (1997)
Development of airway hyperresponsiveness is dependent onethnic group in England and Wales between 1953 and 1983.

J Epidemiol Commun Health 42, 370. interferon-gamma and independent of eosinophil infiltration. Am
J Respir Cell Mol Biol 16, 325.5. B I.N., H R.W., MB N.A. & MM

J. (1993) Trends in the prevalence of asthma and dyspnoea in 29. G J.,  L H.,   V H., et al. (1993)
T cell-mediated induction of airway hyperresponsiveness and alt-first year university students. Quart J Med 86, 1993.

6. S-L F. (1993) The epidemiology of atopic dermatitis. ered lung functions in mice are independent of increased vascular
permeability and mononuclear cell infiltration. Am Rev Respir DisMonogr Allergy 31, 9.

7. D R. (1992) Health and the environment in the 1990s. Am 147, 307.
30. G J., N F.P.,   V H. &  L H.J Public Health 82, 933.

8. S T., E T., S S. & H J.M. (1997) (1991) T-cell-mediated induction of airway hyperreactivity in
mice. Am Rev Respir Dis 144, 931.The inverse association between tuberculin responses and atopic

disorder. Science 775, 77. 31. S S.L., MK D.T., W A.D. & H H.

(1988) Characterization of T helper 1 and 2 cell subsets in normal9. S S.O., A P., H A.J. et al. (1996) Measles and
atopy in Guinea-Bissau. Lancet 347, 1997. mice: helper T cells responsible for IL-4 and IL-5 production are

present as precursors which require priming before they develop10. M T.R. & S S. (1996) The expanding universe of
T cell subsets: Th1, Th2 and more. Immunol Today 17, 138. into lymphokine-secreting cells. J Immunol 141, 3445.

32. B H., M T. & S S. (1989) Evidence for mouse11. A A.K., M K.M. & S A. (1996) Functional diversity
of helper T lymphocytes. Nature 383, 787. Th1- and Th2-like cells after total lymphoid irradiation. J Exp

Med 170, 1495.12. R S. (1997) The Th1/Th2 paradigm. Immunol Today
18, 263. 33. R S. (1991) Human Th1 and Th2 subsets: doubt no

more. Immunol Today 12, 256.13. R S. (1994) Lymphokine production by human T cells
in disease states. Annu Rev Immunol 12, 227. 34. G R.S., Y X. & H K.T. (1993) Allergen-specific

modulation of cytokine synthesis patterns and IgE responses in14.  V J.E. (1994) Atopic allergy and other hypersensitivity.
Curr Opin Immunol 6, 835. vivo with chemically modified allergen. J Immunol 150, 302.

35. F F.D., H J., K I.M. et al. (1990)15. K S.H. (1993) Immunity to intracellular bacteria. Annu
Rev Immunol 11, 129. Lymphokine control of in vivo immunoglobulin isotype selection.

Annu Rev Immunol 8, 303.16. R S. (1992) Induction of TH1 and TH2 responses: a
key role for the ‘natural’ immune response? Immunol Today 36. W A., M H., R P.M., X L.J., H Q. &

M J.G. (1995) Transfer of allergic airway responses with13, 379.
17. R D.S., H Q., Y S. et al. (1992) Predominant antigen-primed CD4+ but not CD8+ T cells in brown Norway

rats. J Clin Invest 96, 1303.TH2-like bronchoalveolar T-lymphocyte population in atopic
asthma. N Engl J Med 326, 295. 37. R A.S., P W.E., D M.M. &  S. G B.F.

(1992) The presence of interleukin 4 during in vitro priming18. L M.K., B R.W. & R N.E. (1994) Gamma
interferon induces rapid and coordinate activation of mitogen- determines the lymphokine-producing potential of CD4 T cells

from T cell receptor transgenic mice. J Exp Med 176, 1091.activated protein kinase (extracellular signal-regulated kinase) and
calcium-independent protein kinase C in human monocytes. Infect 38. S L.R., W Z.E., H F., S P. & L R.M.

(1993) Th1 and Th2 cell antigen receptor in experimental leish-Immun 62, 2722.
19. M T.E., M G.B. & L P.H. (1973) maniasis. Science 259, 1457.

39. L M., F D, M H.W. et al. (1997) InterferonImmunopotentiation with BCG. II. Modulation of the response
to sheep red blood cells. J Natl Cancer Inst 51, 1669. regulatory factor-1 is required for a T helper 1 immune response

in vivo. Immunity 6, 681.20. M G.B., L P.H. & I T. (1974) The
modifying effect of BCG on the immunological induction of 40. Z W. & F R.A. (1997) The transcription factor

GATA-3 is necessary and sufficient for Th2 cytokine geneT cells. J Exp Med 139, 1540.
21. Y X. & H K.T. (1993) Allergen-dependent induction expression in CD4 T cells. Cell 89, 587. 1997.

41. S R.A. & P W.E. (1994) Acquisition of lymphokine-of interleukin-4 synthesis in vivo. Immunology 78, 74.
22. S D.E., A I., I J., G M. & G B. producing phenotype by CD4+ T cells. Annu Rev Immunol 12,

635.(1997) Inhibition of primary and recall allergen-specific T helper
cell type 2-mediated responses by a T helper cell type 1 stimulus. 42. C S.L. & B K. (1997) Induction of Th1 and Th2,

CD4+ T cell responses: the alternative approaches. Annu RevJ Immunol 1997, 107.
23. M F.B. (1944) Pathological Techniques. W. B. Saunders, Immunol 15, 297.

43. J N.G., S S.J., W-N R.M. et al. (1995)Philadelphia.
24. Y X., G R.S., M T.R. & H K.T. (1993) Interleukin 12 signaling in T helper type 1 (Th1) cells involves

tyrosine phosphorylation of signal transducer and activator ofChemically modified antigen preferentially elicits induction of
Th1-like cytokine synthesis patterns in vivo. J Exp Med 178, 349. transcription (Stat) 3 and Stat4. J Exp Med 181, 1755.

44. M J., C S.E., W R.R. et al. (1996)25. Y X. & B R.C. (1998) Gene knockout B cell-deficient
mice demonstrate that B cells play an important role in the IL-12-deficient mice are defective in IFN gamma production and

type 1 cytokine responses. Immunity 4, 471.initiation of T cell responses to Chlamydia trachomatis (mouse
pneumonitis) lung infection. J Immunol 161, 1439. 45. T W.E., -D J.M., Y K. et al.

(1996) Requirement for Stat4 in interleukin-12-mediated responses26. E K.J., H J.W., S A., M H. & L G G.

(1998) Infection of mice with Mycobacterium bovis-bacillus of natural killer and T cells. Nature 382, 171.

© 1999 Blackwell Science Ltd, Immunology, 98, 329–337



Mycobacterial infection inhibits atopic asthmatic reaction 337

46. K M.H., S Y.L., H T. & G M.J. (1996) 50. K M.H., S U., S S.T. & G M.J. (1996)
Stat6 is required for mediating responses to IL-4 and for develop-Impaired IL-12 responses and enhanced development of Th2 cells

in Stat4-deficient mice. Nature 382, 174. ment of Th2 cells. Immunity 4, 313.
51. A T., N F., T M. et al. (1998) Abrogation of47. K R., R K. & M W. (1991) Generation and

analysis of interleukin-4 deficient mice. Science 254, 707. bronchial eosinophilic inflammation and airway hyperreactivity
in signal transducers and activatiors of transcription (STAT)48. K M., L G.G., B M., L M.C., B-

H. & K G. (1993) Disruption of the murine IL-4 gene 6-deficient mice. J Exp Med 187, 1537.
52. K J.N., W T.J., B T.R. et al. (1998)blocks Th2 cytokine responses. Nature 245, 1993.

49. L J.A., P V.L., D L., K S.M., A A.K. Modulation of airway inflammation by CpG oligodeoxynucleo-
tides in a murine model of asthma. J Immunol 160, 2555.& L A.H. (1996) Cytokine transcriptional events during

helper T cell subset differentiation. J Exp Med 184, 397.

© 1999 Blackwell Science Ltd, Immunology, 98, 329–337


