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In the present study, we investigated whether allergen immunotherapy is effective in a murine model with
immunologic and pathophysiologic features reminiscent of allergic asthma. Ovalbumin-sensitized mice re-
ceived increasing (1 

 

m

 

g to 1 mg) subcutaneous doses of ovalbumin twice a week for 8 wk according to a
semirush immunotherapy protocol as used in allergic patients. During immunotherapy, an initial rise in se-
rum levels of ovalbumin-specific antibodies (immunoglobulin [Ig]G

 

1

 

, IgE, IgG

 

2a

 

) occurred, after which
IgE levels decreased sharply concomitant with an increase in IgG

 

2a

 

 levels. The increase in IgG

 

2a

 

 levels,
with the decline in IgE levels, suggests that during immunotherapy interferon-

 

g

 

 production is increased or
interleukin (IL)-4 production is decreased. After immunotherapy, inhalation challenge of the mice with
ovalbumin revealed almost complete inhibition (98%, 

 

P

 

 

 

,

 

 0.01) of eosinophil infiltration into broncho-
alveolar lavage and airway hyperresponsiveness (100% at 320 

 

m

 

g/kg methacholine, 

 

P

 

 

 

,

 

 0.05) compared
with sham-treated animals. In addition, IL-4 production of thoracic lymph node cells stimulated with oval-
bumin 

 

in vitro

 

 was largely reduced (60%, 

 

P

 

 

 

,

 

 0.05) after immunotherapy. Thus, effective immunotherapy
in this animal model appears to be due to modulation of antigen-specific T cells. Similar effects on airway
symptoms and IL-4 production can be obtained within 1 wk by three injections of the highest dose of oval-
bumin (1 mg). This animal model will be used as a preclinical model to improve allergen immunotherapy
and to gain more insight into the mechanisms involved. 

 

Van Oosterhout, A. J. M., B. Van Esch, G. Hof-
man, C. L. Hofstra, I. Van Ark, F. P. Nijkamp, M. L. Kapsenberg, H. F. J. Savelkoul, and F. R.
Weller. 1998. Allergen immunotherapy inhibits airway eosinophilia and hyperresponsiveness asso-
ciated with decreased IL-4 production by lymphocytes in a murine model of allergic asthma. Am. J.

 

Respir. Cell Mol. Biol. 19:622–628.

 

Allergen immunotherapy has been used since 1911 for
many allergic disorders (1). Analyses of clinical trials dem-
onstrated a reduction in required medication and of clini-
cal symptoms, such as peak expiratory flow rate and sen-
sitivity to bronchial provocation by allergen (2, 3). In
addition, allergen immunotherapy has been demonstrated

to inhibit allergic airway inflammation and airway hyper-
responsiveness (2, 3). Recently, Creticos and colleagues
(4) demonstrated a reduced seasonal increase in allergen-
specific immunoglobulin (Ig)E and reduced skin-test sen-
sitivity to allergens during immunotherapy. However, immu-
notherapy in asthmatic patients seldom results in complete
alleviation of symptoms, and there is always a risk of in-
ducing bronchoconstrictive responses and systemic ana-
phylaxis (2, 3). Thus, improvement of allergen immuno-
therapy is needed before widespread application in patients
with allergic asthma is considered. The specific immuno-
logic mechanisms by which immunotherapy achieves its
effect have not been fully elucidated (5). The induction of
“blocking antibodies,” downregulation of Th2 lympho-
cytes and/or upregulation of Th1 lymphocytes, or the in-
duction of CD8

 

1

 

 “suppressor” T cells have all been postu-
lated as possible underlying mechanisms (5, 6).

Studies in laboratory animals will be valuable as a pre-

 

(

 

Received in original form July 29, 1997 and in revised form February 2,
1998

 

)

 

Address correspondence to:

 

 Dr. A. J. M. Van Oosterhout, Department of
Pharmacology and Pathophysiology, Utrecht Institute for Pharmaceutical
Sciences, Utrecht University, P.O. Box 80.082, 3508 TB Utrecht, The
Netherlands. E-mail: A.J.M.VanOosterhout@far.ruu.nl

 

Abbreviations:

 

 bovine serum albumin, BSA; bronchoalveolar lavage fluid,
BALF; enzyme-linked immunosorbent assay, ELISA; immunoglobulin,
Ig; interferon-

 

g

 

, IFN-

 

g

 

; interleukin, IL; lymph nodes, LN; phosphate-buff-
ered saline, PBS.



 

Van Oosterhout, Van Esch, Hofman, 

 

et al.

 

: Allergen Immunotherapy in a Murine Asthma Model 623

clinical model to improve allergen immunotherapy and to
unravel the mechanisms involved. Recently, we developed
a murine model with immunologic and pathophysiologic
features reminiscent of allergic asthma. In this model,
mice are sensitized with ovalbumin without the use of an
adjuvant, leading to ovalbumin-specific IgE antibodies in
serum (7). Repeated exposure of sensitized mice to oval-
bumin aerosol induced airway inflammation characterized
by eosinophil infiltration in lung tissue, trachea, and bron-
choalveolar lavage fluid (BALF) and development of airway
hyperresponsiveness of methacholine and serotonin (8–10).

In the present study we examined whether a semirush
immunotherapy protocol according to human allergen im-
munotherapy was effective in this animal model. It is dem-
onstrated that ovalbumin immunotherapy induces a shift
in ovalbumin-specific antibodies from IgE to IgG

 

2a

 

 in se-
rum. Subsequent inhalation challenge with ovalbumin re-
veals an almost complete inhibition of airway eosinophilia
and hyperresponsiveness, which coincides with a reduced
production of interleukin (IL)-4 by antigen-specific T cells in
the draining lymph nodes. Furthermore, we demonstrate
that similar effects can be obtained within 1 wk by three
injections of the highest dose of ovalbumin (1 mg).

 

Materials and Methods

 

Sensitization and Challenge

 

Animal care and use were performed in accordance with
the guidelines of the Dutch Committee of Animal Experi-
ments. Specified pathogen-free male BALB/c mice (6 to 8
wk) were obtained from the Central Animal Laboratory,
Utrecht, The Netherlands. The mice were housed in mac-
rolon cages and provided with food and water 

 

ad libitum.

 

Active sensitization was performed by seven intraperito-
neal injections of 10 

 

m

 

g ovalbumin (grade V) in 0.5 ml py-
rogen-free saline on alternate data (one injection per day).
This sensitization procedure has been shown to induce
high titers of total IgE antibodies in serum, of which 80%
were ovalbumin specific (7). After sensitization, the ani-
mals were divided in two groups of 12 animals. According
to semirush allergen immunotherapy protocol as used in
allergic patients, one group was treated with increasing
(1 

 

m

 

g to 1 mg) subcutaneous doses of ovalbumin twice a
week for 8 wk prior to aerosol antigen challenge. The other
group was sham treated with saline injections of the same
volume (0.2 ml). Two days after the last injection, half the
animals from each group were exposed to repeated oval-
bumin (2 mg/ml) aerosols once a day for 8 d, and the other
half was exposed to saline aerosols. The aerosol was ap-
plied in a plexiglas exposure chamber (5 liters) coupled to
a Jet nebulizer (Pari IS-2 Jet nebulizer; PARI Respiratory
Equipment, Richmond, VA; particle size 2 to 3 

 

m

 

m),
driven by compressed air at a flow rate of 6 liters/min. Expo-
sure was performed for 5 min and in groups of six animals
maximum.

In an additional series of experiments, ovalbumin-sen-
sitized animals were treated by three subcutaneous injec-
tions of the highest dose of ovalbumin (1 mg) or saline on
alternate days. Two days after the last injection, the ani-
mals were challenged with ovalbumin or saline as previ-
ously described.

 

Serum Levels of Ovalbumin-specific Antibodies

 

A separate group of animals was sensitized as described
previously, and blood samples were taken after sensitiza-
tion and at various days during (sham) immunotherapy.
Sera were stored at 

 

2

 

20

 

8

 

C until levels of ovalbumin-spe-
cific IgE, IgG

 

1

 

, and IgG

 

2a

 

 were determined by enzyme-
linked immunosorbent assay (ELISA). To determine se-
rum levels of ovalbumin-specific IgE, 96-well microtiter
plates (Falcon 3912 microtest III; Falcon, Lelystad, The
Netherlands) were coated overnight at 4

 

8

 

C with 2 

 

m

 

g/ml
rat-antimouse IgE (EM 95) (11) diluted in 10 mM phos-
phate-buffered saline (PBS), pH 7.3. Subsequently, plates
were blocked by PBS containing 1% (wt/vol) bovine se-
rum albumin (BSA) and left to incubate for 1 h at room
temperature. After multiple washings with PBS containing
0.05% (vol/vol) Tween-20 (PBS-Tween), plates were loaded
with a twofold dilution series in RPMI 1640 medium of ap-
propriately prediluted serum samples and twofold dilu-
tions of an ovalbumin-specific reference standard in dupli-
cate. As a standard, pooled serum obtained from multiple
ovalbumin-boosted mice was used with an arbitrary con-
centration of 1,000 U/ml. The plates were incubated for 3 h
at room temperature. Ovalbumin-specific IgE was detected
with appropriately diluted digoxigenin-coupled ovalbumin
prepared with digoxigenin-3-O-methylcarbonyl-

 

«

 

-amino-
caproic acid 

 

N

 

-hydro-succinimide ester according to the
manufacturer’s instructions (Boehringer Mannheim, Alm-
ere, The Netherlands). After washing, plates were incubated
for 1 h at room temperature with 150 mU/ml peroxidase-
coupled sheep antidigoxigenin Fab fragments (Boehringer
Mannheim) diluted in PBS-Tween. Plates were then incu-
bated with 2,2

 

9

 

-azino-bis-(3-ethylbenthiazoline-6-sulfonic
acid) in 0.1 M citric acid containing 0.003% peroxide.
Plates were read at 419 nm, and IgE concentrations were
determined with reference to the standard curve. The de-
tection limit of the ELISA is 0.5 U/ml.

To determine ovalbumin-specific IgG levels, plates were
coated with 10 

 

m

 

g/ml ovalbumin in PBS. For detection, 0.3

 

m

 

g/ml biotinylated rabbit-antimouse IgG

 

1

 

 (Zymed, San
Francisco, CA), or 0.5 

 

m

 

g/ml biotinylated goat-antimouse
IgG

 

2a

 

 (Southern Biotechnology, Birmingham, AL) and 1.6

 

m

 

g/ml peroxidase-conjugated streptavidin (DAKO, Glos-
trup, Denmark) were used. A reference standard was used
with arbitrary units of each isotype of 1,000 U/ml. The de-
tection limit of the ELISA is 0.005 U/ml for IgG

 

1

 

 and 0.05
U/ml for IgG

 

2a

 

.

 

Airway Responsiveness 

 

In Vivo

 

Airway responsiveness was measured 

 

in vivo

 

 24 h after the
last aerosol exposure using a modified plethysmograph
(Buxco, EMKA Technologies, Paris, France) as described
by Corry and colleagues (12). In short, mice were anesthe-
tized by intraperitoneal injection of urethane (2 g/kg), and
placed on a heated blanket (30

 

8

 

C). The trachea was then
cannulated and a small polyethylene catheter was placed
in the jugular vein for intravenous administration. Sponta-
neous breathing of the animals was suppressed by intrave-
nous injection of tubocurarine chloride (3.3 mg/kg). When
the breathing stopped, the tracheal cannula was attached
to a ventilator (C. F. Palmer, London, UK). The inflation
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volume of the ventilator was 0.8 ml, of which the mice in-
haled approximately 0.15 ml per breath with a rate of 200
breaths per minute. Under these conditions, mice main-
tain physiologic arterial blood gas parameters (data not
shown). Changes in resistance were measured by use of a
plethysmograph coupled to a pressure transducer (M45;
Validyne Engineering Corp., Northridge, CA). By use of a
pulmonary mechanics analyzer (Buxco), lung resistance
(

 

R

 

L

 

) was measured by quantitating change in tracheal
pressure (

 

D

 

P

 

t

 

) divided by change in flow (

 

D

 

) at points of
equal volume (70% tidal volume). Changes in tracheal
pressure were measured using a pressure transducer con-
nected to the tracheal ventilation cannula; changes in flow
were measured by use of a pressure transducer connected
to the plethysmograph (pressure changes were calibrated
to changes in volume over the physiologic range studied).
At time intervals of at least 4 min and after the response
had returned to baseline level, doses of methacholine
ranging from 40 to 1,280 

 

m

 

g/kg were administered via the
jugular catheter. Concentrations of methacholine were
prepared in saline and kept on ice for the duration of the
experiment. For each dose of methacholine, the increase
in airway resistance was measured at its peak and ex-
pressed in cm H

 

2

 

O/ml/s.

 

Bronchoalveolar Lavage

 

Bronchoalveolar lavage was performed in the same ani-
mals that were used for airway hyperresponsiveness mea-
surements. In pilot experiments, it was observed that com-
bining the two techniques had no effect on total number of
cells derived from lavage or on the appearance of different
cell types. After completion of the dose-response curve to
methacholine, the animals were lavaged five times through
the tracheal cannula with 1-ml aliquots of pyrogen-free sa-
line warmed to 37

 

8

 

C. The BALF was kept on ice until fur-
ther processing. The BALF cells were washed with PBS
(400 

 

3

 

 

 

g

 

, 4

 

8

 

C, 5 min) and the pellet was resuspended in
150 

 

m

 

l PBS. Total numbers of BALF cells were counted in
a Burker-Türk chamber (Omnilabo, Breda, The Nether-
lands). For differential BALF cell counts, cytospin prepara-
tions were made and stained with Diff-Quik (Merz &
Dade A.G., Dudingen, Switzerland). After they were
coded, all cytospin preparations were evaluated by one ob-
server using oil immersion microscopy (magnification:

 

3

 

1,000). Cells were identified and differentiated into mono-
nuclear cells, lymphocytes, neutrophils, and eosinophils by
standard morphology. Per cytospin preparation, at least
200 cells were counted and the absolute number of each
cell type was calculated.

 

Effect of Immunotherapy on Cytokine Production

 

At the end of the experiment, thoracic lymph nodes (LN)
draining the lungs were removed from the paratracheal
and parabronchial region, transferred to cold PBS, and gen-
tly homogenized on a 70-

 

m

 

m cell strainer (Falcon) to obtain
a single-cell suspension. The cells were washed and resus-
pended in culture medium (RPMI 1640 containing 10%
heat-inactivated fetal calf serum, 1% glutamax I, 50 

 

m

 

g/ml
gentamycine, and 50 

 

m

 

M 

 

b

 

-mercapto-ethanol). Cells were
cultured in round-bottom 96-well plates (Costar, Badho-
evedorp, The Netherlands) at a concentration of 2 

 

3

 

 10

 

5

V·

 

cells per well in a volume of 200 

 

m

 

l. In preliminary experi-
ments, the optimal conditions for ovalbumin-induced cy-
tokine production by thoracic LN cells were established
(C. L. Hofstra, unpublished observations). The cells were
cultured for 5 d with plate-bound anti-CD3 (clone 17A2, 50

 

m

 

g/ml, coating for 18 h at 4

 

8

 

C) (13), ovalbumin (10 

 

m

 

g/
well), or medium only. The cells were cultured at 37

 

8

 

C
with 5% CO

 

2

 

 in humidified air. Each 

 

in vitro

 

 stimulation
was performed in triplicate. Supernatants were harvested,
pooled per mouse, and kept at 

 

2

 

20

 

8

 

C until IL-4 and inter-
feron-

 

g

 

 (IFN-

 

g

 

) levels were determined by ELISA.

 

IL-4 and IFN-

 

g

 

 ELISA

 

Flat-bottom microplates (96 wells, Maxisorp; Nunc, Life
Technologies, Breda, The Netherlands) were coated with
coat antibody (1 

 

m

 

g/ml) in PBS (anti-IL-4, 11B11; Pharm-
ingen, San Diego, CA) or PBS with 38 mM Na

 

2

 

CO

 

3

 

 and 43
mM KH

 

2

 

PO

 

4

 

 (anti-IFN-

 

g

 

, R4-6A2; Pharmingen) at 4

 

8

 

C
for 18 h. After coating, plates were washed with PBS con-
taining 0.05% Tween-20 and blocked with ELISA buffer
(2 mM ethylenediamene tetraacetic acid; 136.9 mM NaCl;
50 mM Tris; 0.5% BSA; and 0.05% Tween-20, pH 7.2) at
room temperature for 1 h while being shaken gently. After
washing, supernatant samples (diluted 1:1 with ELISA
buffer) and recombinant mouse (rm)IL-4 (Genentech
Inc., South San Francisco, CA) or rmIFN-

 

g

 

 (Genentech)
were applied and incubation was continued at room tem-
perature for 2 h. Thereafter, plates were washed and the
second biotinylated antibody diluted in ELISA buffer
was added followed by incubation at room temperature
for 1.5 h while being shaken. The second antibodies (1 

 

m

 

g/
ml) applied were antimouse IL-4 monoclonal antibodies
(BVD6-24G2; Pharmingen) and antimouse IFN-

 

g

 

 (XMG1.2;
Pharmingen). After washing, streptavidin-peroxidase (0.3

 

m

 

g/ml; Jackson, West Grove, PA) was added, and incuba-
tion was performed at room temperature for 1 h. After the
plates were washed, 0.4 mg/ml o-phenylenediamine-dihy-
drochloride in PBS containing 0.012% hydrogen peroxide
was added. After approximately 30 min the reaction was
stopped by adding 4 M H

 

2

 

SO

 

4

 

. Subsequently, optical den-
sity was measured at 492 nm. The detection limits of the
ELISAs were 16 pg/ml for IL-4 and 160 pg/ml for IFN-

 

g

 

.

 

Chemicals

 

Ovalbumin, 2,2

 

9

 

-azino-bis-(3-ethylbenthiazoline-6-sulfonic
acid), and o-phenylenediamine were purchased from the
Sigma Chemical Company (St. Louis, MO), urethane and
methacholine from Janssen Chimica (Beerse, Belgium),
and tubocurarine chloride from Nogepha (Alkmaar, The
Netherlands).

 

Data Analysis

 

Data are expressed as means 

 

6

 

 SEM, and comparisons be-
tween groups were made using Student’s 

 

t

 

 test. A differ-
ence was considered to be significant when 

 

P

 

 

 

,

 

 0.05.

 

Results

 

Serum Antibody Levels

 

Ovalbumin sensitization increased serum levels of ovalbu-
min-specific IgG

 

1

 

 and IgE, but not IgG

 

2a

 

, which reached a
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maximum level after 14 d (Figure 1). During immunother-
apy, serum levels of ovalbumin-specific IgE, IgG

 

1

 

, and
IgG

 

2a

 

 increased until Day 68. Thereafter, serum IgE levels
showed a sharp drop, whereas IgG

 

2a

 

 levels continued to in-
crease. Serum levels of ovalbumin-specific IgG

 

1

 

 remained
elevated after Day 68 of immunotherapy. These changes
in antibody levels were reflected in the levels of total anti-
body of each isotype (results not shown). During sham im-
munotherapy, ovalbumin-specific IgG

 

1

 

 levels rose to 920 

 

6

 

180 U/ml on Day 54 and tapered off thereafter, whereas
ovalbumin-specific IgG

 

2a

 

 levels remained undetectable.
Ovalbumin-specific IgE levels slowly rose from Day 33 on-
ward to 430 

 

6

 

 270 U/ml.
In a subsequent experiment, animals were treated with

three injections of the highest dose of ovalbumin (1 mg)
and repeatedly challenged with either saline or ovalbumin.
In sham-treated mice, ovalbumin challenge induced a sig-
nificant increase in the serum levels of ovalbumin-specific
IgE and IgG

 

1

 

, but not IgG

 

2a

 

, compared with saline-chal-
lenged animals (Table 1). In saline-challenged control ani-
mals, high-dose immunotherapy strongly increased the
serum levels of IgG

 

1

 

 and IgG

 

2a

 

 more than 25-fold and

10-fold, respectively, whereas serum levels of IgE only in-
creased twofold (Table 1). After high-dose immunother-
apy, ovalbumin challenge induced a significant decrease in
serum levels of ovalbumin-specific IgE and IgG

 

1

 

 and a sig-
nificant increase in IgG

 

2a

 

 compared with saline-challenged
animals (Table 1).

Bronchoalvolar Cell Infiltration

In sham-treated mice, ovalbumin challenge induced a sub-
stantial infiltration of eosinophils into the BALF compared
with saline-challenged animals (ovalbumin, 8.6 6 1.4 3 105

cells versus saline, 0.02 6 0.01 3 105 cells) (Figure 2A). Af-
ter immunotherapy, eosinophil infiltration was largely re-
duced (98%, P , 0.01), although ovalbumin challenge still
induced a small increase (P , 0.01) in eosinophil number
compared with saline-challenged control animals (ovalbu-
min, 0.15 6 0.03 3 105 cells versus saline, 0.04 6 0.01)
(Figure 2A).

No significant differences in eosinophils were observed
between saline-challenged mice in the immunotherapy group
compared with the sham-treated group. Furthermore, no
significant differences were observed between total num-
bers of leukocytes and mononuclear cells in BALF be-
tween the four different groups (Figure 2A). No neutrophils
were observed in the BALF of either group of animals.
Similar inhibitory effects (90%, P , 0.01) on BALF eosin-
ophil numbers were observed after high-dose immuno-
therapy (Figure 2B).

Airway Responsiveness to Methacholine

In sham-treated mice, ovalbumin challenge significantly po-
tentiated the increase in airway resistance after intravenous
administration of methacholine from 320 to 1,280 mg/kg,
compared with saline-challenged mice (results not shown).
The potentiation amounted to 510% at 320 mg/kg (P , 0.05),
220% at 640 mg/kg (P , 0.01), and 165% at 1,280 mg/kg (P ,
0.05). In Figure 3A, the responses of the groups to 320 mg/
kg methacholine are presented. Immunotherapy completely
inhibited the ovalbumin-induced airway hyperresponsive-
ness (Figure 3A) back to the response in sham-treated, sa-
line-challenged mice.

In an additional experiment, sensitized mice were
treated with three injections of the highest dose of ovalbu-
min and challenged afterward. This high-dose immuno-

Figure 1. Serum antibody levels during ovalbumin immunother-
apy. Serum levels of ovalbumin-specific IgE (circles), IgG1 (trian-
gles), and IgG2a (squares) in arbitrary units (U/ml) at various days
after sensitization and during ovalbumin immunotherapy. Arrow
indicates the start of immunotherapy. Results are expressed as
means 6 SEM of six animals.

TABLE 1

Serum ovalbumin-specific antibody levels of sensitized mice after immunotherapy with
three injections of ovalbumin (1 mg) or sham treatment (saline) and 

subsequent repeated challenge with either ovalbumin or saline

Ig Isotype
(U/ml)

Treatment Groups

Sham Immunotherapy (3 3 high dose)

Saline Ovalbumin Saline Ovalbumin

IgE 3,735 6 656 11,449 6 1,129* 6,828 6 146‡ 5,080 6 213*
IgG1 589 6 33 1,452 6 167* 14,764 6 542‡ 11,946 6 394*
IgG2a 94 6 22 137 6 14 1,102 6 119‡ 1,511 6 111†

Results are expressed as the mean 6 SEM of 7 to 12 animals.
*P , 0.01 and †P , 0.05 compared with saline-challenged mice of the same group and determined by Student’s t test.
‡P , 0.01 compared with sham-treated, saline-challenged mice.
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therapy completely inhibited the ovalbumin-induced air-
way hyperresponsiveness to methacholine when compared
with sham-treated animals (Figure 3B).

Effect of Immunotherapy on Cytokine Synthesis

Cultures of thoracic LN cells isolated from sham-treated,
ovalbumin-challenged mice produced significantly (P ,
0.01) increased levels of IL-4 compared with saline-chal-
lenged mice (ovalbumin, 802 6 165 pg/ml versus saline,
107 6 36 pg/ml) after antigen-specific stimulation in vitro
(Figure 4A). Immunotherapy significantly (P , 0.05) de-
creased the IL-4 production of LN cells with approxi-
mately 60% in ovalbumin-challenged animals. However,
after immunotherapy, cultures of LN cells isolated from
ovalbumin-challenged mice continued to produce signifi-
cantly (P , 0.05) increased levels of IL-4 compared with
saline-challenged mice (ovalbumin, 324 6 105 pg/ml ver-

sus saline, 68 6 19 pg/ml) after antigen-specific stimulation
in vitro (Figure 4A). No difference was observed in IL-4
production by LN cells between the sham treatment and
immunotherapy in saline-challenged animals.

In an additional experiment, sensitized mice were
treated with three injections of the highest dose of ovalbu-
min and subsequently challenged. After high-dose immu-
notherapy, LN cultures from ovalbumin-challenged ani-
mals produced significantly less IL-4 (85%, P , 0.05) upon
ovalbumin restimulation compared with sham-treated mice
(Figure 4B).

Ovalbumin stimulation did not induce detectable levels
of IFN-g in the LN cultures of the different groups. Poly-
clonal stimulation of LN cells with anti-CD3 induced de-
tectable levels of IFN-g in the supernatants. However, no
significant differences in the levels of IFN-g or IL-4 were
observed between different groups after anti-CD3 stimu-
lation (results not shown).

Figure 2. Ovalbumin-induced leukocyte infiltration into BALF.
Numbers of macrophages (open bars), eosinophils (closed bars),
and lymphocytes (hatched bars) in BALF of ovalbumin-sensi-
tized, sham-treated animals (left, sham) or after immunotherapy
(right, IT) using a semirush protocol (A) or high-dose immuno-
therapy (B) and repeatedly challenging with saline or ovalbumin.
Results are expressed as means 6 SEM of six animals. *P , 0.01
compared with saline-challenged mice of the same group and de-
termined by Student’s t test. #P , 0.01 compared with sham-
treated, ovalbumin-challenged mice and determined by Student’s
t test.

Figure 3. Ovalbumin-induced airway hyperresponsiveness. In-
crease in airway resistance after intravenous injection of 320 mg/
kg methacholine in ovalbumin-sensitized animals after either
sham treatment (sham) or immunotherapy using a semirush pro-
tocol (A) or high-dose immunotherapy (B) and repeatedly chal-
lenging with saline (open bars) or ovalbumin (black bars). Re-
sults are expressed as means 6 SEM of six animals. *P , 0.05
compared with saline-challenged mice of the same group and de-
termined by Student’s t test. #P , 0.05 compared with sham-
treated, ovalbumin-challenged mice and determined by Student’s
t test.
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Discussion
Here, we demonstrated that immunotherapy according to
an established human semirush allergen immunotherapy
protocol induces a shift in serum antibody isotypes and is
effective in reducing airway eosinophilia and hyperrespon-
siveness in a murine model of allergic asthma. Interest-
ingly, similar effects on airway symptoms and IL-4 produc-
tion can be obtained within 1 wk by three injections of the
highest dose of ovalbumin (1 mg). The mechanism by
which immunotherapy achieves these beneficial effects re-
mains speculative.

During the first month of immunotherapy, we observed
a rise in serum levels of ovalbumin-specific antibodies.
Thereafter, IgE levels dropped sharply, whereas IgG2a lev-
els continued to increase. Our data on a shift in serum an-
tibody isotypes are similar to the observations in humans
during allergen immunotherapy (14, 15). It has been sug-
gested that the increased levels of IgG antibodies compete
with IgE for allergen and thus may block IgE-mediated
events (15).

The shift in antibody isotypes is probably a reflection of
an altered T-lymphocyte response. IFN-g is an important
switch factor for IgG2a synthesis by murine B lymphocytes,
and low concentrations of IFN-g inhibit IL-4–induced in-
creases in IgE synthesis (16). In addition, IL-4 is much less
important for the production of IgG1 (16). Thus, the con-
comitant increase in IgG2a levels in conjunction with the de-
cline in IgE levels suggests that during immunotherapy
IFN-g production is increased or IL-4 production is de-
creased. One possibility could be that immunotherapy in-
duced a shift in the cytokine profile of antigen-specific
lymphocytes from a Th2- to a Th1-type response. Indeed,
we observed a diminished ovalbumin-induced IL-4 produc-
tion by lymphocytes obtained from the draining lymph nodes
after ovalbumin challenge. This reduction of IL-4 produc-
tion is antigen-specific because polyclonal stimulation in-
duced similar levels of IL-4. However, after immunother-
apy, IFN-g levels were not increased in lymphocyte cultures
stimulated with antigen in vitro. These data suggest that
immunotherapy affects the cytokine profile of antigen-spe-
cific Th2-lymphocytes but does not induce a Th1 shift. In-
terestingly, in human atopic patients, allergen immuno-
therapy has been shown to decrease allergen-induced IL-4
production by CD41 T lymphocytes (6). However, McHugh
and colleagues (17) reported increases in IFN-g and de-
creases in IL-4 production in short-term peripheral blood
mononuclear cell cultures following immunotherapy.

In humans, it has been demonstrated that during aller-
gen immunotherapy CD81 suppressor T cells are gener-
ated (18). These CD81 cells may be a source of IFN-g,
leading to the rise in IgG2a levels. Although we did not ob-
serve an increased IFN-g production in the draining LN
after immunotherapy, it remains possible that IFN-g-pro-
ducing CD41 or CD81 lymphocytes reside at another loca-
tion in the body. More studies are necessary to examine
this possibility in the mouse model.

After immunotherapy, antigen-induced infiltration of
eosinophils into BALF and airway hyperresponsiveness
were almost completely inhibited. The mechanism by
which immunotherapy affects these effector responses
could be similar to those responsible for the antibody iso-
type shift, that is, a shift in the IL-4/IFN-g ratio produced
by antigen-specific T lymphocytes. Interestingly, the ef-
fects of immunotherapy appear to be antigen-specific be-
cause immunotherapy with an unrelated antigen keyhole-
limpet hemocyanin did not affect the antigen-induced
eosinophil infiltration (A. J. M. Van Oosterhout, unpub-
lished observation). In humans it has been shown that im-
munotherapy results in a decrease in CD41 cell recruit-
ment and a reduction in local eosinophilia during allergen-
induced late responses in the nose (19). These changes
were accompanied by increases in allergen-induced IFN-g
mRNA-positive cells, whereas IL-41 and IL-51 cells re-
mained unchanged. Interestingly, CD81 lymphocytes pro-
ducing IFN-g have been demonstrated to be negative reg-
ulatory cells of airway hyperresponsiveness in a comparable
murine model (20). In addition, we (21) and others (22, 23)
have demonstrated that IFN-g administration during anti-
gen challenge can also prevent both airway eosinophilia and
hyperresponsiveness.

In humans, different immunotherapy protocols exist in

Figure 4. IL-4 production by thoracic lymph node cells. Levels of
IL-4 in supernatants of thoracic lymph node cells isolated from
ovalbumin-sensitized mice after either sham treatment (sham) or
immunotherapy using a semirush protocol (A) or high-dose im-
munotherapy (B) and repeatedly challenging with saline (white
bars) or ovalbumin (black bars). Results are expressed as means
6 SEM of six animals. *P , 0.05 and **P , 0.01 compared with
saline-challenged mice of the same group and determined by Stu-
dent’s t test. #P , 0.05 compared with sham-treated, ovalbumin-
challenged mice and determined by Student’s t test.



628 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL. 19 1998

which the main difference is the time before high doses of
allergen are administered (24). Immediate treatment with
high doses would result in fatal anaphylactic reactions.
However, the therapeutic effects of immunotherapy are
probably due to the high-dose treatment. In the present
study, we examined the effects of treatment with three
high doses of ovalbumin on antigen-induced symptoms.
Unlike humans, mice do not show severe anaphylactic re-
actions upon injection of high doses of ovalbumin when
the doses are given subcutaneously. High-dose immuno-
therapy induced a large increase in serum levels of ovalbu-
min-specific IgG1 and IgG2a and prevented the increase in
IgE during antigen challenge. Furthermore, antigen-induced
infiltration of eosinophils into BALF and airway hyperre-
sponsiveness were largely inhibited, concomitant with de-
creased IL-4 production of lymphocytes upon ovalbumin
restimulation. These data closely resemble the effects of the
semirush immunotherapy protocol. It is tempting to specu-
late that very short-term and high-dose immunotherapy
might be of therapeutic relevance in humans in anaphylac-
tic reactions could be prevented by methods such as anti-
IgE treatment (25) or the use of engineered recombinant
allergens lacking reactivity to IgE (26).

It can be concluded that immunotherapy in a murine
model of allergic asthma is effective in reducing airway
eosinophilia and hyperresponsiveness, which is associated
with a decreased IL-4 production by lymphocytes and a
shift in serum antibody isotypes. Although we treated the
mice prior to the induction of airway symptoms and not in
ongoing airway disease, this model closely resembles the
effects observed during allergen immunotherapy in hu-
mans. Thus, this animal model may be valuable as a pre-
clinical model to improve allergen immunotherapy and to
unravel the precise mechanisms involved in the beneficial
effects.
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