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SUMMARY

In¯ammatory response differences between C57BL/6 and BALB/c mice following ovalbumin

(OVA) sensitization and a single challenge were investigated. Serum immunoglobulin (Ig)E and

IgG1 levels were higher in C57BL/6 mice than in BALB/c mice. In contrast, IgG2a levels in C57BL/6

mice were lower than in BALB/c mice. Furthermore, the number of eosinophils in®ltrating into

lungs in C57BL/6 mice was signi®cantly higher than in BALB/c mice after OVA challenge. The

levels of the T helper 2 (Th2)-type cytokines interleukin (IL)-4 and IL-5, generated in challenged

C57BL/6 lung tissue, were also higher than in BALB/c lung tissue. The participation of IL-4 and

IL-5 in the induction of eosinophil in®ltration into the lungs was con®rmed in both strains of mice

by injection of anti-IL-4 and anti-IL-5 monoclonal antibodies (mAbs). However, following OVA

stimulation, in vitro IL-4 and IL-5 production in splenocyte cultures from C57BL/6 mice was lower

than in splenocyte cultures from BALB/c mice. These results indicate that C57BL/6 mice induce

Th2-type responses in the lungs, while BALB/c mice induce T helper 1 (Th1)-type responses in the

lungs, despite considerable production of IL-4 and IL-5 from splenocytes. Therefore, local immune

responses are more important in the induction of allergic in¯ammation in the lungs and are different

from systemic immune responses, which are thought to depend on genetic background.

INTRODUCTION

Asthma is a chronic respiratory disease, characterized by

reversible dyspnoea, airway hyper-responsiveness and pulmon-

ary in¯ammation, accompanied by eosinophil in®ltration into

the tissue of the airway.1,2 Recent studies using sensitized

animals indicate that eosinophil in®ltration into the lungs is

closely related to late asthmatic response and airway hyper-

responsiveness.3,4 Additional evidence from studies using

monoclonal antibodies (mAbs) for the T helper 2 (Th2)-type

cytokines interleukin (IL)-4 and IL-5 indicates that these

cytokines play essential roles in antigen-induced eosinophil

in®ltration into in¯ammation sites.5,6 IL-4 induces vascular cell

adhesion molecule-1 (VCAM-1) expression in endothelial cells.

In turn, VCAM-1 selectively binds to very late antigen-4 (VLA-

4) on eosinophils and recruits them to the site of in¯ammation.7

Serum immunoglobulin (Ig)E levels elevated by IL-4 are also

associated with eosinophil in®ltration into the airway.5,8 IL-5

induces eosinophil differentiation, prolongs their survival and

acts as an eosinophil chemotactic factor.9,10 Additionally, IL-5

enhances IL-4-induced B-cell production of IgE.11 In contrast,

the T helper 1 (Th1)-type cytokines interferon-c (IFN-c) and

IL-12 inhibit eosinophil in®ltration,12,13 IgE and IgG1 secre-

tion, and enhance IgG2a secretion in vivo.14 Thus, cross-talk in

the cytokine network regulates the immune system, including

allergic responses.

Most animal models for asthma using guinea-pigs do not

properly re¯ect the complicated mechanism of human

pulmonary in¯ammation, especially the heterogeneous genetic

background of humans. Murine asthma models have several

advantages. Human and murine immune systems have similar

patterns of cytokine and immunoglobulin production. How-

ever, humans are different from mice in that they are

genetically heterogeneous compared with most congenic mouse

strains commonly used. Genetic background in mice is clearly

responsible for high or low IgE and IgG secretion after

immunization, which re¯ects the response state in atopic or

non-atopic patients, respectively.15 Consequently, different

strains of mice were compared for degree of pulmonary
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in¯ammation, resulting from asthmatic induction, to investi-

gate which strain more accurately re¯ects the response

observed in human asthma patients. This study provides useful

information for understanding the mechanism of human

asthmatic reaction.

MATERIALS AND METHODS

Animals and antigen

Male C57BL/6 Cr and BALB/c Cr mice were purchased from

Japan SLC (Hamamatsu, Shizuoka, Japan), maintained in

speci®c pathogen-free conditions and used at 5±8 weeks of age.

Ovalbumin (OVA; Grade V) was purchased from Sigma

Chemical Co. (St. Louis, MO).

Sensitization and challenge

The procedure of sensitization and challenge was modi®ed

from the method of Kung et al.16 Brie¯y, on day 0, mice were

sensitized with an intraperitoneal (i.p.) injection of 8 mg of

OVA and 2 mg of aluminum hydroxide gel (alum) dissolved in

0�5 ml phosphate-buffered saline (PBS). The animals received a

booster injection of this alum±OVA mixture 5 days later.

Twelve days after the ®rst sensitization, the mice were exposed

for 1 hr to aerosolized OVA (0�5%) dissolved in 0�9% saline.

The aerosolized OVA was produced by an ultrasonic nebulizer

(NE-U12; Omuron, Tokyo, Japan) at a ¯ow rate of 6 l/min.

Normal control mice were exposed for 1 hr to aerosolized 0�9%

saline vehicle.

Collection and measurement of eosinophils in lung

At various times after OVA challenge, mice were killed by an

i.p. injection of sodium pentobarbital. The trachea was

cannulated and bronchoalveolar lavage was performed with

four 1-ml aliquots of saline containing 1 U/ml of heparin. The

bronchoalveolar lavage ¯uid (BALF) was centrifuged at 48 and

resuspended in 0�3 ml of 0�9% saline. Total cells were counted

using a Celltac-a cell counter (Nihon Kohden, Tokyo, Japan).

Differential cell counts were performed on slides prepared

using a Cytospin 3
TM

centrifuge (Shandon Inc., Pittsburgh, PA)

and stained using a Diff-Quik
TM

Kit (Green Cross Corpora-

tion, Osaka, Japan). A total of 300 cells were counted to

calculate the eosinophil to neutrophil ratio in BALF.

Measurement of cytokine activity in the lung

Whole lungs were collected from mice at various time-points

after OVA challenge to measure the concentration of different

cytokines. Frozen lung tissue was chopped after thawing and

was suspended in 1 ml of 50 mM HEPES buffer containing

1 mM EDTA and 50 mM phenylmethylsulphonyl ¯uoride

(PMSF). Samples were homogenized using a Polytron
TM

tissue

disrupter (Kinematica, Lucerne, Switzerland) for 30 seconds

and centrifuged (at 15 000 g, for 20 min at 48). The levels of

IL-4, IL-5 and IFN-c were measured using an enzyme-linked

immunosorbent assay (ELISA) kit purchased from Amersham

(Little Chalfont, Bucks, UK).

Measurement of OVA-speci®c IgE, IgG1 and IgG2a in sera

Microtitre plates (96-well) were coated with 1 mg/ml of anti-IgE

mAb (Southern Biotechnology Associates, Birmingham, AL)

to detect IgE, or with 200 mg/ml of OVA to detect IgG1 and

IgG2a, in sodium bicarbonate buffer (pH 9�6). After overnight

incubation at 48, plates were washed with a PBS-Tween 20
TM

(0�05% v/v) solution and blocked for 2 hr at 378 in PBS

containing 10% bovine serum albumin (BSA). Serum samples

and immunoglobulin standards were appropriately diluted

(from 1 : 8 to 1 : 1000) in 1% BSA±PBS. The diluted samples

and standards were added to the microtitre plate and incubated

for 2 hr at room temperature. After washing three times with

PBS±Tween-20
TM

, biotin-labelled OVA, anti-IgG1 or anti-

IgG2a mAb (Zymed Laboratories, Inc. South San Francisco,

CA) were added and incubated for 1 hr at room temperature.

Plates were then incubated for a further 1 hr in the presence of

peroxidase-labelled streptoavidin. After washing four times

with PBS±Tween-20
TM

, 3, 3k, 5, 5k-tetramethyl (benzide) (TMB)
substrate solution (Sumitomo Bakelite Co., Ltd., Tokyo,

Japan) was added. After a 30-min incubation at room

temperature, stop solution (2N sulphuric acid) was added

and the plates were read in a plate reader at 450 nm. The

amount of immunoglobulin that induced 50% maximum

activity of murine IgE, IgG1 or IgG2a in the ELISA system

was de®ned as 1 unit.

Preparation of splenocytes for cytokine assay

Mice were sensitized with the alum±OVA mixture on day 0 and

on day 5. On day 12, spleens were removed, suspended and

minced in Eagle's minimum essential medium. Splenocytes in

suspension were cultured at 5 � 105 cells/well in 200 ml

of RPMI-1640 (Gibco BRL, Rockville, MD) supplemented

with 10% heat-inactivated fetal bovine serum (FBS; JRH

Biosciences, Lenexa, KS), 5 � 10±5
M 2-mercaptoethanol,

100 mg/ml streptomycin and 100 U/ml penicillin, in the

presence or absence of 1 mg/ml OVA. The culture supernatants

were collected for cytokine assay at different time-points.

Effects of antibodies on eosinophil in®ltration into lung

Anti-IL-4 mAb 1D11 was purchased from Endogen (Woburn,

MA). Anti-IL-5 mAb TRFK-5 was purchased from Genzyme

(Cambridge, MA). Normal rat IgG used as a control antibody

was purchased from Biopur AG (Bubendorf, Switzerland).

Antibodies (100 mg/kg/10 ml) were injected i.p. 2 hr before

OVA challenge.

Ethical considerations

All experiments were performed in accordance with the

regulations of the Animal Ethical Committee of Yamanouchi

Pharmaceutical Co., Ltd.

RESULTS

OVA-speci®c serum immumoglobulins in C57BL/6 and

BALB/c mice sensitized with OVA

OVA-speci®c serum IgE, IgG1 and IgG2a levels were examined

to compare humoral immune responses between two geneti-

cally different strains of mice. Both strains of mice showed

increases in serum IgE and IgG1 levels from day 8 to day 15,

and the IgE level of C57BL/6 mice on day 10 was signi®cantly

threefold higher than the IgE level of BALB/c mice (Fig. 1a,

P < 0�01). Furthermore, on day 10 the serum IgG1 level of

C57BL/6 mice was signi®cantly higher than that of the BALB/c

mice (Fig. 1b, P < 0�01). However, from days 8±15, C57BL/6
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mice generated a lower level of IgG2a than BALB/c mice

(Fig. 1c).

In®ltration of in¯ammatory cells into lungs after OVA

challenge in C57BL/6 and BALB/c mice

C57BL/6 and BALB/c mice were sensitized with alum-

precipitated OVA and challenged with aerosolized OVA to

compare the ability of late asthmatic responses to induce

accumulation of eosinophils in the lungs. The number of total

white blood cells (WBC) and eosinophils in the BALF

gradually increased with time, reached a peak 72 hr after

challenge and then decreased thereafter in both strains of mice

(Fig. 2a, 2b). The number of total WBC and eosinophils in

C57BL/6 mice was higher than in BALB/c mice throughout the

observation period. A marked 10-fold difference was evident

72 hr after challenge (P < 0�01). The number of neutrophils

reached a small peak 8 hr after challenge in BALB/c mice but

no apparent increase was observed in C57BL/6 mice (Fig. 2c).

Cytokine generation in lung tissue of C57BL/6 and BALB/c

mice after OVA challenge

To examine the cytokine production pro®le in the lung, the

amount of IL-4, IL-5 and IFN-c was directly measured in lung

tissue from both strains of mice after challenge. Compared with
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Figure 1. Time course of (a) ovalbumin (OVA)-speci®c serum immunoglobulin (Ig)E, (b) IgG1 and (c) IgG2a in C57BL/6 (d) and

BALB/c (s) mice sensitized with OVA. Mice were sensitized with aluminium hydroxide gel (alum)±OVA mixture on days 0 and 5 and

challenged on day 12. Serum samples were collected 0, 3, 5, 8, 10, 12 and 15 days after the ®rst sensitization. Day 0 data represent non-

sensitized mice, day 5 data represent mice sensitized only once and day 12 data represent non-challenged mice, respectively. Results are

presented as mean t SEM (n= 4 mice per group) and are representative of two separate experiments. Statistical signi®cance between

C57BL/6 mice and BALB/c mice was analysed using the Student's t-test. *P < 0�05, **P < 0�01 and ***P < 0�001 compared with

BALB/c mice.
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Figure 2. Time course of (a) total white blood cell (WBC), (b) eosinophil and (c) neutrophil in®ltration into the lungs after ovalbumin

(OVA) challenge in different strains of mice. Mice were sensitized with aluminium hydroxide gel (alum)±OVA mixture on days 0 and

5, and challenged on day 12. Bronchoalveolar lavage ¯uid (BALF) samples from C57BL/6 (d) and BALB/c (s) mice were collected 0,

8, 24, 48, 72 and 96 hr after OVA challenge. The 0-hr time-point represents sensitized but non-challenged mice. Results are presented

as mean t SEM (n = 6±10 mice per group) and are representative of two separate experiments. Statistical signi®cance between

C57BL/6 mice and BALB/c mice was analysed using the Student's t-test. **P < 0�01 compared with BALB/c mice.
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BALB/c mice, C57BL/6 mice generated a twofold greater level

of IL-4 in lung tissue throughout the observation period

(Fig. 3a). In C57BL/6 mice, a higher level of IL-5 was observed

from 8 hr up to 24 hr after OVA challenge, while in BALB/c

mice IL-5 generation reached a peak at 8 hr and had decreased

by < 50% at 24 hr (Fig. 3b). In contrast, the IFN-c level in

C57BL/6 mice was lower than that in BALB/c mice (Fig. 3c).

Effects of anti-IL-4 and IL-5 mAbs on eosinophil in®ltration in

C57BL/6 and BALB/c mice

To con®rm participation of IL-4 and IL-5 in the induction of

eosinophil in®ltration into the lungs, the effects of anti-IL-4

and anti-IL-5 mAbs were examined in both strains of mice.

Pretreatment with anti-IL-4 mAb or anti-IL-5 mAb 2 hr

before OVA challenge signi®cantly (P < 0�001) inhibited

eosinophil in®ltration into the lungs (Fig. 4). Furthermore,

pretreatment with a combination of both mAbs completely

inhibited in®ltration in both strains of mice (P < 0�001).

Cytokine production in splenocytes from sensitized C57BL/6

and BALB/c mice after OVA stimulation in vitro

It is likely that there are differences in cytokine production

between the lungs and other organs. Therefore, the ability of

splenocytes from both strains to produce antigen-speci®c

Th1/Th2 cytokines in vitro was examined. IL-4 production

by splenocytes from BALB/c mice 72 hr after stimulation was

signi®cantly higher than production from C57BL/6 mouse

splenocytes at the same time-point (Fig. 5a, P < 0�01). IL-5

production in splenocytes from BALB/c mice was slightly

higher than in splenocytes from C57BL/6 mice (Fig. 5b). IFN-c
production in C57BL/6 mice was almost the same as that in

BALB/c mice 72 hr after stimulation (Fig. 5c).

DISCUSSION

In this study, sensitized C57BL/6 mice showed dramatically

elevated levels of antigen-speci®c serum IgE compared with

sensitized BALB/c mice. This ®nding seems contradictory to

the fact that BALB/c mice are IgE high-responders, while

C57BL/6 mice are low-responders.17,18 BALB/c mice have also
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Figure 3. Differences in the time course of cytokine generation in lung tissue between C57BL/6 (d) and BALB/c (s) mice induced by

ovalbumin (OVA) challenge. Mice were sensitized with aluminium hydroxide gel (alum)±OVA mixture on days 0 and 5, and

challenged on day 12. Whole lungs from C57BL/6 and BALB/c mice were collected 0, 8, 16, 24, 48 and 72 hr after OVA challenge. The

0-hr time-point represents sensitized but non-challenged mice. Results are presented as mean t SEM (n = 6 mice per group) and are

representative of two separate experiments. Statistical signi®cance between C57BL/6 mice and BALB/c mice was analysed using the

Student's t-test. *P < 0�05, **P < 0�01 and ***P < 0�001 compared with BALB/c mice. IFN-c, interferon-c; IL, interleukin.
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Figure 4. Effects of anti-interleukin (IL)-4 and IL-5 monoclonal

antibodies on eosinophil in®ltration into the lungs of C57BL/6 and

BALB/c mice after ovalbumin (OVA) challenge. Mice were sensitized

with aluminium hydroxide gel (alum)±OVA mixture on days 0 and 5,

and challenged on day 12. Antibodies (100 mg/kg/10 ml) were injected

intraperitoneally 2 hr before OVA challenge. Results are presented as

mean t SEM (n = 10±12 mice per group) and are representative of

two separate experiments. Statistical signi®cance between the saline-

challenged normal group and the control antibody-treated group was

analysed using the Student's t-test. Statistical signi®cance between

antibody-treated groups was analysed using the Dunnett's multiple

range test. ###P < 0�001 compared with the normal group;

***P < 0�001 compared with the control antibody-treated group.
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been reported to exhibit Th2-dominant responses to parasite

infection or exogenous antigen challenge, while C57BL/6 mice

exhibit Th1-dominant responses to the same stimuli.8,19,20

These phenomena are believed to be attributable to the genetic

control of IL-4 production by BALB/c mice. T cells in BALB/c

mice are more likely to exhibit a Th2-like phenotype and lose

IL-12 responsiveness than those in other strains of mice.21,22

However, BALB/c mice do not always exhibit Th2-type

responses and C57BL/6 mice are not always committed to

Th1-type responses. For example, BALB/c mice immunized

with a low dose of Leishmania major exhibited Th1-type

responses, including high IFN-c production, and successfully

countered the infection.23 When C57BL/6 and BALB/c mice

are intratracheally inoculated with Cryptococcus neoformas 52,

C57BL/6 mice produce a high level of IL-5 and exhibit high

pulmonary eosinophilia compared with BALB/c mice.24

BALB/c mice with murine candidasis infection exhibit

Th1-type responses and produce lower IgE, IgG1 and higher

IgG2a levels compared with Th1-dominant responder DBA/2

mice.25 Constant & Bottomly have recently revealed that

immunization with low-dose antigen elicits Th2-type immune

responses, including high IgE secretion, while immunization

with high-dose antigen elicits Th1-type immune responses.26

Indeed, the dose of OVA antigen for immunization in the

present study (8 mg) was ®ve to 10 times lower than doses used

in conventional sensitization.18,27 The number of immuniza-

tions and challenges were also fewer than reported by

others.17,18 Mice were sensitized only twice in a short period

and singly challenged with aerosolized OVA. We examined the

effect of OVA sensitization, using different dose levels, on

serum IgE production (data not shown). BALB/c mice that

received two sensitizations with a very low dose of OVA

(100 ng), using the same protocol described in Fig. 1, failed to

produce IgE, although C57BL/6 mice sensitized with the very

low dose of OVA induced IgE secretion. On the other hand,

BALB/c mice sensitized with a very high dose of OVA (1 mg)

secreted a high level of IgE, as did C57BL/6 mice sensitized

with the low dose of OVA (8 mg) used throughout this study (T.

Morokata, unpublished). It is probable that a low dose of OVA

may induce different rates of IgE secretion in both strains

owing to differences in genetic background. These results

indicate that, under these conditions, OVA-sensitized C57BL/6

mice preferentially produce Th2-type immunoglobulins,

whereas BALB/c mice produce Th1-type immunoglobulins,

in the peripheral humoral immune system.

C57BL/6 mice exhibited a higher eosinophil in®ltration into

the lungs than BALB/c mice. Additionally, C57BL/6 mice

produced higher levels of IL-4 and IL-5 in lung tissue than

BALB/c mice. It is well known that IL-4 and IL-5 play

important roles in eosinophil in®ltration into the lungs. IL-4

evokes transendothelial migration of eosinophils by inducing

VCAM-1 expression.7 IL-5 strongly promotes the maturation,

adhesion and activation of eosinophils.9,10 Eosinophil in®ltra-

tion was completely inhibited in both strains following

administration of mAbs to IL-4 and IL-5, although the

quantity of Th2-type cytokine was different between strains.

Furthermore, it is probable that the chemoattraction and

activation of eosinophils by these Th2 cytokines result in the

local release of eosinophil-associated granule proteins, such as

major basic protein (MBP), eosinophil cationic protein (ECP)

and eosinophil-derived neurotoxin (EDN), followed by local

propagation of the in¯ammatory reaction and tissue

damage,28,29 although histological study remains to be

performed. These results indicate that eosinophil in®ltration

is caused by IL-4 and IL-5 and that the higher eosinophil

in®ltration observed in C57BL/6 mice, compared with BALB/c

mice, is probably caused by greater IL-4 and IL-5 generation in

local lung tissue .

Interestingly, there are apparent differences in the pattern

of cytokine production between spleen and lung tissue. In vitro
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cytokine assay showed that IL-4 production by splenocytes

from C57BL/6 mice was lower than that from BALB/c mice.

C57BL/6 mice seemed to exhibit Th1-type responses in splenic

tissue while BALB/c mice appeared to exhibit Th2-type

responses. Within 12 days after the ®rst OVA sensitization,

serum IgE secretion of C57BL/6 mice had peaked and started

to decrease, while IgG2a production had started to increase. It

is possible that differentiation of naive T cells into Th2-type

cells was induced by IL-4 during the early-stage immune

responses. Therefore, IL-4 production in C57BL/6 mice, which

is supposed to regulate serum IgE secretion and Th2-type

responses in the lungs, could not be detected in the supernatant

of splenocytes on the 12th day after sensitization.

Furthermore, there may be intrinsic differences in local

cytokine production between spleen and lung tissue. C57BL/6

mice were reported to exhibit Th2-dominant responses, while

BALB/c mice exhibited Th1-dominant responses to inhaled

OVA antigen. This ®nding might be explained by the

observation that IL-12 mRNA expression in lung-derived cells

from BALB/c mice stimulated with lipopolysaccharide is

higher than the corresponding response in cells from

C57BL/6 mice.27 Consequently, generation of IL-12 in BALB/c

mice may be higher than that in C57BL/6 mice in local lung

tissue where in¯ammatory responses are developing. Indeed, in

this study, generation of IFN-c, potently induced by IL-12, in

the lungs of BALB/c mice was higher than that in C57BL/6

mice. Furthermore, IFN-c may inhibit proliferation of Th2

cells30,31 and result in the inhibition of eosinophil in®ltration

into the lungs.12 Therefore, high levels of IL-4 in the lungs of

C57BL/6 mice might induce eosinophil in®ltration into the

lung, while high levels of IFN-c in the lungs of BALB/c mice

might suppress eosinophil in®ltration into the lungs. It is

evident that an imbalance in the Th1/Th2 response and genetic

background strongly in¯uence the triggering of asthmatic

reactions. There are some reports that directly compared the

pulmonary eosinophilia between C57BL/6 mice and BALB/c

mice; however, con¯icting views exist. Some groups reported

that in BALB/c mice which received a repeated aerosolized

OVA, a high level of serum IgE and airway hyper-responsive-

ness was induced without pulmonary eosinophilia27,32 and that

in C57BL/6 mice only a weak airway hyper-responsiveness

was induced compared with BALB/c mice, despite marked

pulmonary eosinophilia.18 Another group reported that

C57BL/6 mice decreased pulmonary eosinophilia compared

with BALB/c mice, despite a similar degree of airway hyper-

responsiveness.17 These reports have found no de®nitive

relationships between local and systemic immune responses

between the two strains of mice. Our results suggest that local

immune responses are more important in inducing accumula-

tion of eosinophils in the lungs, and are different from systemic

immune responses that are though to depend on genetic

background.

Haematological and histological characteristics of asthma

are: eosinophil in®ltration into the lungs, Th2-type cytokine

production and high levels of serum IgE. C57BL/6 mice used

during this study satisfy these three salient asthmatic features.

In contrast, there are some disadvantages in guinea-pig models:

lack of proper genetics, lack of immunological and biochemical

tools, and unestablished concept of Th1/Th2,33 although

guinea-pigs have been widely used for the asthma model

because of the high sensitivity of bronchial smooth muscle to

allergen and to histamine and lipid mediators, which are

considered to be major mediators for immediate asthmatic

response.34 The model, using C57BL/6 mice, offers many

advantages over guinea-pigs. C57BL/6 mice are congenic,

which limits variability in response, and exhibit Th2-type

reactions in local lung tissue when sensitized and challenged

with OVA.

In conclusion, C57BL/6 mice may be useful in elucidating

the mechanisms of asthmatic reactions because of the severity

of local pulmonary in¯ammation in this strain.
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