INFECTION AND IMMUNITY, Mar. 2001, p. 1883-1888
0019-9567/01/$04.00+0 DOI: 10.1128/1AI.69.3.1883-1888.2001

Vol. 69, No. 3

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Interference between Host Resistance to Listeria monocytogenes
Infection and Ovalbumin-Induced Allergic Responses in Mice

DAISUKE MIZUKI,' TOMISATO MIURA,"* SANAE SASAKI,' MAYUKO MIZUKI,'
HIROO MADARAME,? anpD AKIO NAKANE'#

Department of Bacteriology, School of Medicine," and School of Allied Medical Sciences,” Hirosaki University,
Hirosaki, and Veterinary Teaching Hospital, Azabu University, Sagamihara,” Japan

Received 7 July 2000/Returned for modification 18 October 2000/Accepted 20 November 2000

Listeria monocytogenes promotes the induction of the T-helper 1 (Th1) cell response, while ovalbumin (OVA)
induces a Th2 cell response and allergic reactions, such as airway hyperreactivity and immunoglobulin E (IgE)
production. When mice were immunized with OVA on day 7 after L. monocytogenes infection, eosinophilia in
bronchoalveolar lavage and the production of total IgE, OVA-specific IgE, interleukin-4 (IL-4), and IL-5 in the
circulation were markedly suppressed. Cytokine responses, including IL-4, IL-5, IL-10, IL-13, and gamma
interferon, to OVA were decreased in the spleen cell cultures obtained from OVA-immunized mice that had
been infected with L. monocytogenes. Conversely, when OVA-immunized mice were infected with L. monocyto-
genes, conversion from the nonlethal infection to the lethal infection occurred. Host resistance to L. monocy-
togenes infection in OVA-immunized mice was enhanced by the administration of anti-IL-10 monoclonal
antibody. The present study indicates that striking interference is observed between Thl-inducing L. monocy-
togenes infection and Th2-driven OVA-induced airway hyperreactivity.

Antigen-specific CD4™ T-helper (Th)-cell responses can be
divided into two types, based on cytokine production and ef-
fector function (1). Differentiation of Thl cells, which can
produce interleukin-2 (IL-2), gamma interferon (IFN-vy), and
lymphotoxin, is driven by IL-12, while differentiation of Th2
cells, which can produce IL-4, IL-5, IL-10, and IL-13, is driven
by IL-4. Listeria monocytogenes, a facultative intracellular bac-
terium, induces the Th1 cell response in the infected host (14);
IFN-v plays a critical role in antilisterial resistance (11), while
IL-4 and IL-10 inhibit antilisterial resistance (3, 8).

Asthma is a disease caused by a type I allergic response to
allergens and characterized by chronic airway inflammation,
with recruitment of eosinophils. Th2 cells secreting IL-4, IL-5,
and IL-13 have an important role in the development of
asthma (12, 23). Previous reports indicated that IFN-y-domi-
nated immune responses to viral or mycobacterial infection in
childhood are associated with a reduced incidence of asthma
(25, 26). Recently, a mouse model of ovalbumin (OVA)-in-
duced allergic airway hyperresponsiveness reportedly revealed
a reduction in allergic responses, including eosinophilic airway
inflammation and serum immunoglobulin E (IgE) production,
as a result of infection with Mycobacterium bovis BCG (4) or
injection of killed M. vaccae (29) or killed L. monocytogenes
(10), which induces Thl cells (24). Therefore, we were inter-
ested in investigating the interaction between Th2-polarized
OVA-induced airway hyperreactivity and Thl-polarized L.
monocytogenes infection in mice.

In this study, female C57BL/6 mice, 6 to 8 weeks old, were
purchased from CLEA Japan, Inc., Tokyo, Japan. All animals
were maintained under specific-pathogen-free conditions at
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the Institute for Animal Experiments, School of Medicine,
Hirosaki University. Data were expressed as means and stan-
dard deviations (SD), and the Wilcoxon rank sum test was used
to determine the significance of the differences in bacterial
counts in the organs, cytokine titers, serum IgE levels, and
leukocyte counts between the control and experimental
groups. The generalized Wilcoxon test was used to determine
the significance of differences in survival rates.

The effect of L. monocytogenes infection on the induction of
OVA-induced allergic responses was investigated. L. monocy-
togenes 1b-1684 cells were prepared as described previously
(18). Mice were infected intranasally with 10° CFU of L.
monocytogenes; uninfected mice were given 0.01 M phosphate-
buffered saline (pH 7.4) only. Both groups were immunized
with OVA (Sigma Chemical Co., St. Louis, Mo.) on day 7
postinfection.

OVA-induced airway inflammation was induced according
to a modification of the method of Kung et al. (16). Briefly,
mice were injected intraperitoneally with 100 g of OVA in 0.1
ml of alum adjuvant (Pierce, Rockford, Ill.) on day 7 postin-
fection (day 0 of immunization) and boosted intraperitoneally
with 100 pg of OVA in alum on day 14 of immunization. The
mice were given 20 pg of OVA in a 20-ul volume of 0.85%
saline intranasally on days 25, 26, and 27 of immunization. As
a nonallergic control, mice were infected with L. monocyto-
genes, injected with alum only on day 0, and exposed to saline
only according to the schedule of OVA immunization.

On day 28 of immunization, mice in the three groups were
sacrificed, and the numbers of leukocytes in bronchoalveolar
lavage fluids (BALF) and serum IgE levels were estimated. To
obtain BALF, mice were killed, the trachea was cannulated,
and bronchoalveolar lavage was performed by flushing lungs
and airways three times each with 0.5 ml of phosphate-buffered
saline. BALF were pooled and centrifuged at 200 X g for 10
min at 4°C. The cell pellet was resuspended in 0.1 ml of saline
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FIG. 1. Effect of L. monocytogenes infection on eosinophilia in BALF and serum IgE levels in OVA-immunized mice. Mice were infected with
10® CFU of viable L. monocytogenes cells intranasally and immunized with OVA 7 days later as described in the text. BALF and sera were collected
24 h after the last intranasal exposure with OVA or saline on day 28 of immunization. Total numbers of leukocytes (A) and total numbers of
eosinophils (B) in BALF and total IgE (C) and OVA-specific IgE (D) levels in sera were determined. Uninfected and immunized mice as well as
infected and unimmunized mice were also used. Each result represents the mean and SD for a group of four mice. An asterisk indicates a significant
difference from the result for the uninfected OVA-immunized group at a P value of <0.01. The results were reproduced in three repeat

experiments.

containing 10% bovine serum albumin (fraction V; Sigma). A
total cell count was performed manually with a Fuchs-
Rosenthal chamber and staining with Tiirk solution. An eosin-
ophil count was performed manually with a Fuchs-Rosenthal
chamber and staining with Hinkelman’s solution. Total IgE
was determined by a double-sandwich enzyme-linked immu-
nosorbent assay (ELISA) according to the manufacturer’s pro-
tocol (PharMingen, San Diego, Calif.). OVA-specific IgE was
also measured with an ELISA. Pooled sera from OVA-immu-
nized C57BL/6 mice, arbitrarily assigned an OV A-specific IgE
titer of 10 U/ml, were included in each assay as a standard.
Total numbers of leukocytes in BALF were comparable in
OVA-immunized mice in the L. monocytogenes-infected group
and the uninfected group (Fig. 1A). Infiltration of leukocytes
into BALF was also observed in mice with L. monocytogenes
infection only. However, eosinophilia in BALF was reduced in
OVA-immunized mice infected with L. monocytogenes com-
pared with uninfected OVA-immunized mice (P < 0.01) (Fig.
1B). Eosinophilia was also reduced in lung tissues of OVA-
immunized mice by L. monocytogenes infection (data not
shown). High titers of total IgE were detected in the sera of
uninfected OVA-immunized mice, and the titers were reduced
in OVA-immunized mice infected with L. monocytogenes (Fig.
1C). Similarly, OVA-specific IgE was induced in the sera of
uninfected OVA-immunized mice, but the level was decreased
in OVA-immunized mice infected with L. monocytogenes (Fig.
1D). Total IgE and OV A-specific IgE were not detected in the

sera of L. monocytogenes-infected mice without OVA immu-
nization.

Next, the titers of IL-4 and IL-5 in the sera of these mice
were determined. IL-4 titers were determined by an ELISA as
described previously (18). The IL-5 assay was carried out using
an OptEIATM set (PharMingen). IL-4 was detected in unin-
fected OVA-immunized mice (66 = 9 pg/ml) but was not
detected in OVA-immunized mice infected with L. monocyto-
genes (less than 10 pg/ml). Similarly, IL-5 was induced in the
circulation of OVA-immunized mice (166 = 36 pg/ml), and
IL-5 production was decreased by L. monocytogenes infection
(117 = 15 pg/ml) (P < 0.05).

The effect of L. monocytogenes infection on cytokine re-
sponses in cultures of spleen cells obtained from OVA-immu-
nized mice was investigated. Spleen cell culturing was carried
out as reported previously (20). Spleen cells in RPMI 1640
medium (Nissui Pharmaceutical Co., Tokyo, Japan) supple-
mented with 10% fetal calf serum, 200 U of penicillin G per ml,
and 200 g of streptomycin per ml were placed in a 24-well
tissue culture plate (Greiner, Frickenhausen, Germany) at a
cell density of 107 cells/well in a final volume of 1 ml. The cells
were stimulated with OVA at a final concentration of 1 mg/ml
or with heat-killed L. monocytogenes (20) at a final concentra-
tion of 107 organisms/ml for 72 h. IFN-y and IL-10 assays were
carried out with ELISAs as described previously (18, 19). An
IL-13 ELISA was performed with rat anti-mouse IL-13 mono-
clonal antibody (MAb) (38213.11; R&D Systems, Minneapolis,
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TABLE 1. Effect of L. monocytogenes infection on cytokine production induced by OVA in cultures of spleen cells
obtained from OVA-immunized mice

Titer (pg/ml)” of the indicated cytokine after stimulation with:

Infection with Immunization

L. monocytogenes® with OVA“ OovA L rl;zlszgck;tl(lfggn os
IL-4 IL-5 IL-10 IL-13 IFN-y (IFN-y)
No Yes 38+ 11 508 + 380 388 + 143 737 £ 175 1,464 + 551 <10
Yes Yes 13 = 4¢ 231 * 42°¢ <10 151 = 121° <10 1,904 = 1,501
Yes No <10 <10 <10 36 = 28 <10 2,426 = 1,928

@ Mice were infected intranasally with 108 CFU of L. monocytogenes and immunized with OVA 7 days later.

b Spleen cells were collected 24 h after the last intranasal exposure to OVA or saline. Spleen cells were stimulated with OVA or heat-killed L. monocytogenes for
72 h, and cytokine titers in the supernatant fluids were determined. The results were reproduced in three repeat experiments.

¢ Significantly different from the result for the uninfected OVA-immunized group at a P value of <0.01.

Minn.) and biotinylated rabbit anti-mouse IL-13 antibody
(R&D Systems).

The levels of IL-4, IL-5, IL-10, IL-13, and IFN-y produced in
spleen cell cultures were compared for infected OVA-immu-
nized mice, uninfected OVA-immunized mice, and infected
and unimmunized mice (Table 1). IL-4, IL-5, and IL-13 titers
in OVA-stimulated cultures of spleen cell obtained from
OVA-immunized mice infected with L. monocytogenes were
markedly lower than those in samples from uninfected OVA-
immunized mice (P < 0.01). IL-10 production was completely
suppressed in these cells. These cytokines were not induced by
OVA in mice only infected with L. monocytogenes. Spleen cells
obtained from uninfected OVA-immunized mice produced
IFN-y in response to OVA, whereas IFN-y production was
suppressed in OVA-immunized mice infected with L. mono-
cytogenes. In contrast, the production of IFN-y in response to
heat-killed L. monocytogenes was comparable between OVA-
immunized mice and unimmunized mice infected with L.
monocytogenes.

Next, we investigated the effect of OVA immunization on
host resistance to L. monocytogenes infection. On day 28 of
immunization, OVA-immunized and unimmunized mice were
infected with 5 X 10* CFU of viable L. monocytogenes, and
survival was observed (Fig. 2A). Most of the OVA-immunized
mice succumbed to L. monocytogenes infection, but all of the
unimmunized mice survived because the 50% lethal dose of L.
monocytogenes used here for the unimmunized mice was 5 X
10° CFU. No mice were dead after 6 to 14 days of infection
(data not shown). To address whether the elimination of bac-
teria from the organs of OVA-immunized mice was inhibited,
OVA-immunized mice and unimmunized mice were infected
intravenously with 10* CFU of L. monocytogenes on day 28 of
immunization, and bacterial numbers in the spleens and livers
were determined 5 days later by culturing on tryptic soy agar
(Difco Laboratories, Detroit, Mich.). The numbers of L.
monocytogenes were significantly increased in both organs of
OVA-immunized mice compared with those of unimmunized
mice (P < 0.01) (Fig. 2B and C).

To determine whether IL-4 and IL-10 would be involved in
the suppression of antilisterial resistance in OVA-immunized
mice, the effects of the in vivo administration of anti—IL-4
MAD and anti-IL-10 MAb on bacterial growth in the spleens
and livers of OVA-immunized mice were investigated. Ascitic
fluid containing MAb against mouse IL-4 (11B11; rat IgG1)
(21), mouse IL-10 (JES5-2A5; rat IgG1) (17), or mouse IFN-y

(R4-6A2; rat 1gG1) (27) was partially purified by (NH,),SO,
precipitation (18). The mice were given a single intravenous
injection of 1 mg of anti-IL-4 MAb or anti-IL-10 MAb 1 h
before infection. Normal rat globulin was injected as a control.
All MAbs and normal rat globulin contained endotoxin at less
than 0.1 ng per injected dose, as determined by use of the
Limulus amoebocyte lysate assay. On day 28 of immunization
with OVA, mice were injected with anti-IL-4 MADb, anti-IL-10
MADb, or normal rat globulin 1 h before infection with 2 X 10?
CFU of viable L. monocytogenes, and the numbers of bacteria
in the spleens and livers of these animals were determined on
day 5 of infection. In vivo administration of anti-IL-4 MAD had
no significant effect on the elimination of L. monocytogenes
cells from the organs (Fig. 3A). In contrast, the numbers of
bacteria in the organs of OVA-immunized mice significantly
decreased when anti-IL-10 MAb was injected (Fig. 3B). The
effect of the in vivo administration of anti-IFN-y MAb on
antilisterial resistance was also examined. The numbers of bac-
teria in the organs of OVA-immunized mice treated with anti—
IFN-y MADb were significantly increased compared with those
in normal rat globulin-treated mice (Fig. 3C).

Recent studies indicated that the induction of OVA-induced
allergic airway hyperresponsiveness and the serum IgE re-
sponse are suppressed by prior or simultaneous infection with
M. bovis BCG (4) or injection of killed M. vaccae (29) or killed
L. monocytogenes (10). All of these bacteria can induce Thl
polarization or can act as Thl-inducing adjuvants (24). More-
over, the administration of IFN-y or IL.-12, which are critical
cytokines in the induction of Thl polarization (28), has been
reported to inhibit the induction of eosinophilia in airways and
serum IgE production in mice (6, 13). In the present study,
prior infection with L. monocytogenes inhibited eosinophilia in
BALF (Fig. 1) and lungs (data not shown) and serum IgE
production (Fig. 1). IL-4, IL-5, and IL-13 are reportedly crit-
ical in the induction of airway hyperresponsiveness and IgE
production by allergens (2, 5, 7, 30). In addition, IL-5 is known
to be a critical eosinophilia-inducing agent (2, 15). Moreover,
IFN-v is reportedly involved in the induction of airway inflam-
mation with lymphocytes and monocytes (9, 22). Here, the
serum IL-4 and IL-5 levels were reduced in OVA-immunized
mice infected with L. monocytogenes. Moreover, 1L-4, IL-5,
IL-10, IL-13, and IFN-y production in response to OVA was
markedly reduced in the spleen cells obtained from these mice
(Table 1). These results indicate that the suppression of OVA-
induced Thl and Th2 cell responses might be involved in the
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FIG. 2. Effect of OVA-induced allergy on susceptibility to an intravenous infection with L. monocytogenes. (A) OVA-immunized mice and
unimmunized mice were infected with 5 X 10* CFU of viable L. monocytogenes, and survival was observed. Eight mice were used in each group.
(B and C) Similarly, OVA-immunized mice and unimmunized mice were infected intravenously with 10* CFU of viable L. monocytogenes, and
bacterial numbers in the spleens (B) and livers (C) were determined on day 5 of infection. Each result represents the mean and SD for a group
of four mice. An asterisk indicates a significant difference from the result for the unimmunized group at a P value of <0.01. The results were

reproduced in three repeat experiments.

inhibition of OVA-induced allergic responses by prior infec-
tion with L. monocytogenes.

Erb et al. (4) reported that M. bovis BCG-induced inhibition
of airway eosinophilia was strongly reduced in IFN-vy receptor-
deficient mice, suggesting that IFN-y plays an important role in
M. bovis BCG-induced suppression. Hansen et al. (10) re-
ported that heat-killed L. monocytogenes as an adjuvant inhib-
ited eosinophilia and antigen-specific IgE and IL-4 production
and dramatically increased antigen-specific IFN-y production.
In the present study, OVA-specific IFN-y production was not
observed in spleens cells obtained from OVA-immunized mice
infected with L. monocytogenes, although L. monocytogenes-
specific IFN-y production was comparable to that in mice
exposed only to L. monocytogenes infection (Table 1). These

results suggest that OVA-specific IFN-y production might not
trigger the suppression of allergic responses in L. monocyto-
genes-infected mice.

When mice in which airway hyperreactivity had been in-
duced by OVA were infected intravenously with L. monocyto-
genes, conversion from the nonlethal infection to the lethal
infection occurred (Fig. 2A). Bacterial growth was significantly
enhanced in the spleens and livers of OVA-immunized mice
(Fig. 2B and C). IL-4 and IL-10 are known to play a detrimen-
tal role in host resistance against L. monocytogenes infection (3,
8). In the present study, administration of anti-IL-4 MAb
resulted in no significant effect on antilisterial resistance, while
neutralization of endogenous IL-10 by the corresponding MAb
augmented the elimination of bacteria from the spleens and
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The results were reproduced in three repeat experiments.

livers of OVA-immunized mice (Fig. 3). These results suggest
that IL-10 might play a critical role in the suppression of
antilisterial resistance in OVA-immunized mice.

In conclusion, interference between host resistance to L.
monocytogenes infection and OVA-induced allergic responses
was observed. We are now attempting to study whether listerial
cell components and products can inhibit OVA-induced airway
hyperreactivity and whether host resistance to other Thl-in-
ducing bacterial infections is attenuated in OVA-immunized
mice.
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tific research (10670247) provided by the Japanese Ministry of Edu-
cation, Science, Sports, and Culture.
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