Eosinophil infiltration precedes development
of airway hyperreactivity and mucosal
exudation after intranasal administration

of interleukin-b to mice
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Recently, we demonstrated that antibody to interleukin-5 (IL-5) prevents the infiltration of
eosinophils in the respiratory airways and the development of bronchial hyperreactivity in an
animal model of allergic asthma. In this study we investigated the influence of long-term
intranasal administration of IL-5 on airway responsiveness in vitro, the infiltration of
inflammatory leukocytes, and mucosal exudation. Mice (BALB/c) received 1 pg of
recombinant human IL-5 in 30 pl of saline solution or vehicle alone twice a day for 1, 3,
and 7 days. At 3 and 7 days after IL-5 administration, the number of bronchoalveolar lavage
eosinophils increased approximately fourfold and sixfold, respectively. Blood eosinophil
numbers showed a similar increase. In addition, 7 days after IL-5 treatment, total lung
eosinophil peroxidase activity was significantly increased by 170% as compared with controls.
The maximal responsiveness of the trachea in vitro to methacholine was significantly
increased by 34%, as compared with controls, only at 7 days after IL-5 administration.
Furthermore, mucosal exudation was also only increased significantly at 7 days after IL-5
administration. It can be concluded that the IL-5-induced eosinophil infiltration precedes the
development of airway hyperreactivity and mucosal exudation. (] ALLERGY CLIN IMMUNOL

1995,96:104-12.)
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In patients with allergic asthma, inhalation of
allergen induces an IgE-mediated early asthmatic
reaction, and in approximately 50% of the patients
a late-phase bronchocontriction is also observed.
The late-phase bronchocontriction is correlated
with recruitment of inflammatory cells, in particu-
lar eosinophils, into the airways.'»2 Bronchial hy-
perreactivity is a characteristic feature of patients
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Abbreviations used

AMT: 3-Amino-1, 2, 4-triazole
BAL: Bronchoalveolar lavage
EPO: Eosinophil peroxidase

IL: Interleukin
OD: Optical density

with asthma and correlates well with the severity of
the disease. Moreover, bronchial hyperreactivity is
potentiated after allergen inhalation, especially
after the development of a late-phase reaction, and
is associated with infiltration of eosinophils.?>
During the last decade, it has become increas-
ingly clear that cytokines produced by T-helper
lymphocytes regulate various aspects of the patho-
genesis of allergic asthma. Allergen-specific T-
helper lymphocyte clones derived from the blood
of asthmatic patients produce predominantly inter-
leukin (IL)-4 and IL-5, a pattern compatible with
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the cytokine secretion profile of T, lymphocytes.®
In addition to the crucial role of T, cell-derived
IL-4 in the initiation of allergic asthma through the
regulation of IgE antibody production, these cells
may also participate in the effector phase of aller-
gic asthma.” After allergen inhalation, recruitment
of T-helper lymphocytes into the respiratory air-
ways has been observed in asthmatic patients.®
It has been demonstrated that these infiltrating
T-helper lymphocytes are activated and express
mRNA for IL-5 and granulocyte-macrophage col-
ony-stimulating factor’ Furthermore, IL-5 has
been shown to be the predominant eosinophil-
active cytokine in antigen-induced pulmonary late-
phase reactions in human beings.’® In contrast to
other T-lymphocyte—~derived cytokines that are
regulators of eosinophil proliferation and effector
function, such as IL-3 and granulocyte-macro-
phage colony-stimulating factor, the effects of IL-5
appear to be specific for eosinophils. These effects
include the growth of eosinophils from bone mar-
row precursor cells, induction of chemotaxis, and
expression of integrin-type adhesion molecules on
eosinophils, which are involved in adhesion to
endothelial cells.!*** IL-5 may therefore be in-
volved in the preferential eosinophil recruitment
observed in patients with asthma after allergen
inhalation. When activated, eosinophils can re-
lease mediators capable of inducing bronchocon-
striction and bronchial hyperreactivity.” Thus local
release of IL-5 in the airway tissue may be related
to the development of bronchial hyperreactivity.

Recently, it has been demonstrated that mono-
clonal antibody to IL-5 inhibits airway eosinophilia
after ovalbumin challenge in sensitized guinea pigs
and mice.!5'8 Additionally, antibody to IL-5 pre-
vents the development of bronchial hyperreactivity
after ovalbumin challenge of sensitized guinea
pigs.’> 1 In this study the influence of long-term
administration of IL-5 into the respiratory airways
on airway responsiveness to methacholine, infiltra-
tion of inflammatory leukocytes, and mucosal ex-
udation is examined.

METHODS
Administration of recombinant human IL-5

Animal care and use were performed in accordance
with the guidelines of the Dutch Committee of Animal
Experiments.

Male specific pathogen-free BALB/c mice, 6 to 8
weeks of age, were obtained from Harlan Olac (Zeist,
The Netherlands). The animals received 1 pg of recom-
binant human IL-5 (Glaxo, Greenford, U.K.) or saline
solution in a volume of 30 wl intranasally, while under
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light halothane anesthesia, twice a day. After 1, 3, and 7
days, tracheal responsiveness to methacholine, mucosal
exudation, blood and bronchoalveolar lavage (BAL)
leukocytes, and lung eosinophil peroxidase (EPO) activ-
ity were determined.

Tracheal responsiveness in vitro

At 1, 3, and 7 days after IL-5 or vehicle treatment,
mice were killed by an intraperitoneal injection of 0.25
ml of pentobarbital sodium (60 mg/ml). Subsequently,
the trachea was carefully removed from each animal and
transferred to a Petri dish containing a modified oxygen-
ated Krebs bicarbonate buffer (118.1 mmol/L NaCl; 4.7
mmol/L KCL; 2.5 mmol/L. CaCl, -6 H,0; 0.5 mmol/L
MgCl, - 6 H,0; 25.0 mmol/L NaHCO; 1.0 mmol/L
NaH,PO, - H,O; 11.1 mmol/L glucose). The trachea was
prepared free of excess tissue with the use of a binocular
preparation microscope, and pieces of approximately
6 mm in length (9 tracheal rings directly beneath the
larynx) were used. The tracheal segment preparations
were mounted in an organ bath filled with 20 ml of the
Krebs buffer and connected to a force displacement
transducer (Harvard Bioscience, Boston, Mass.) for reg-
istration of the isometric tension on a two-channel
recorder (Servogor type SE-120; Plato B.V., Diemen,
The Netherlands). The optimal basic tension for the
mouse tracheal preparations was 1 gm. The Krebs buffer
was aerated with a mixture of oxygen (95%) and carbon
dioxide (5%). Temperature was maintained at 37°C
with a constant temperature circulating unit. Before
drugs were applied to the organ bath, the preparations
were allowed to equilibrate for at least 1 hour. During
the equilibration, the bath fluid was exchanged every 15
minutes. Subsequently, a cumulative concentration re-
sponse curve to methacholine was established.

BAL and blood leukocytes

At 1,3, and 7 days after treatment, mice were killed by
an intrapetitoneal injection of 0.25 ml of pentobarbital
sodium (60 mg/ml). Blood samples were taken by retro-
orbital puncture for blood leukocyte counts. The trachea
was trimmed free of connective tissue, and a small
incision was made to insert a cannula into the trachea.
The lungs were filled in situ with 1 ml of NaCl-
ethylenediaminetetraacetic acid buffer (0.15 mol/L
NaCl, 2.6 mmol/L ethylenediaminetetraacetic acid).
Fluid was withdrawn from the lungs after gentle massage
and collected in a plastic tube on ice. This procedure was
repeated five times, and the cell suspensions recovered
from one animal were pooled. The cells were sedi-
mented by centrifugation at 400 g for 10 minutes at 4° C
and washed twice with Krebs bicarbonate buffer. The
cells were stained with Tiirk solution and counted. All
cell preparations were analyzed morphologically after
centrifugation on microscope slides. Air-dried prepara-
tions were fixed and stained with Diff-Quik (Merz &
Dade A.G., Diidingen, Switzerland). Differential counts
were made under oil immersion microscopy.
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TABLE 1. Maximal contraction of tracheal
segments in response to methacholine

Maximal contraction (mg)

Treatment day Control IL-5
1 1417 = 250 1732 £ 154
3 1534 = 147 1899 + 140

Maximal contraction of methacholine concentration response
curves of tracheal segments isolated from mice treated with
IL-5 (1 pg) or with saline solution in a volume of 30 pl twice
a day for the indicated time period. Results are expressed as
mean * SEM for six animals.

Histologic examination

At 3 and 7 days after treatment, mice were killed by an
intraperitoneal injection of 0.25 ml of pentobarbital
sodium (60 mg/ml). The lungs were filled in situ with a
fixative of 3.8% paraformaldehyde solution in phosphate
buffer (pH 7.4). The unfolded lungs were fixed for at
least 24 hours in the fixative, dehydrated, and embedded
in Paraplast (Sherwood Medical Company, St. Louis,
Mo.). Five-micrometer thick sections were stained with
hematoxylin and eosin. Slides were microscopically ex-
amined for the presence of eosinophils, and the results
are presented in tabular form.

Lung eosinophil peroxidase activity

Lungs were flushed through the pulmonary artery with
10 ml of saline solution and subsequently stored at
—70° C until analysis. Lungs were homogenized in 2 ml
of ice-cold 0.05 mol/L. Tris-HCI buffer (pH = 8) con-
taining 0.1% Triton X-100 with a Polytron (Ystral,
Dottingen, Germany). Lung homogenates were exposed
to five freeze-thaw cycles and centrifuged at 1600 g for 5
minutes at 4° C. The EPO activity in the supernatant was
measured according to the method of Strath and et al.,?®
which is based on the oxidation of o-phenylenediamine
by EPO in the presence of hydrogen peroxide. The
substrate solution consists of 10 mmol/L o-phenylenedi-
amine (Sigma Chemical Co., St. Louis, Mo.) in 0.05
mol/L Tris-HCl buffer (pH = 8) and 4 mmol/L hydrogen
peroxide (BDH, Poole, U.K.). Substrate solution (100
ul) was added to lung supernatant samples (50 pl) in a
96-well microplate and incubated at room temperature
for 60 minutes before the reaction was stopped by the
addition of 50 ul of 4 mol/L sulfuric acid. The absor-
bance was then measured at 492 nm with a Titertek
Multiskan (Flow Laboratories, Irvine, U.K.). Duplicate
incubations were carried out in the absence or presence
of the EPO inhibitor 3-amino-1,2,4-triazole (AMT) (2
mmol/L) (Sigma).?° Blanks were lung supernatant sam-
ples (50 pl) incubated with Tris-HCI buffer. Results are
expressed as optical density (OD) at 492 nm.

Mucosal exudation

Two hours before the end .of an experiment, Evans
blue dye (1.25%, 50 ul in sterile saline solution; Fluka
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Chemie AG, Buchs, Switzerland) was injected intrave-
nously into anesthetized mice. This allowed a 2-hour
“window” of mucosal exudation to be determined.
Shortly before the mice were killed, heparin was admin-
istered intravenously (10 U/ml blood), and a blood
sample was taken. BAL and blood samples were taken as
described above. Samples of lavage fluid, in a known
volume, were used to evaluate mucosal exudation. The
extravasation of Evans blue dye-labeled macromole-
cules from the microcirculation into bronchoalveolar
spaces was quantified by measuring the OD of the lavage
and plasma samples at a wavelength of 620 nm with a
spectrophotometer. The amount of mucosal leakage in
the lavage fluid (microliters per lung) was determined by
dividing the Evans blue dye content in the lavage fluid by
the Evans blue dye content in 1 ml of plasma.

Statistics

Student’s ¢ test was used for comparing BAL and
blood leukocytes, lung EPO activity, maximal contrac-
tions of tracheal segments in response to methacholine,
and mucosal exudation. An analysis of variance was used
to compare methacholine concentration response curves
of isolated tracheal segments. A p value of less than 0.05
was considered significant. Responses are presented as
means * SEM.

RESULTS
Tracheal responsiveness in vitro

At 1 day and 3 days after IL-5 treatment, the
maximal responsiveness of tracheal segments to
methacholine was slightly but not significantly en-
hanced as compared with saline-treated animals
(Table I). At 7 days after IL-5 treatment, the
maximal contraction of tracheal segments in re-
sponse to methacholine was significantly increased
by 34% = 4% (p < 0.05) as compared with
saline-treated animals (Fig. 1). Median effective
concentration values did not differ between the
saline- and the IL-5-treated mice at any time
point.

BAL and blood leukocytes

One day after IL-5 treatment, the relative num-
ber of mononuclear cells in BAL was increased
significantly (p < 0.05) to 186% = 21% as com-
pared with vehicle-treated animals (Fig. 2, 4). The
number of BAL mononuclear cells in IL-5-treated
animals did not differ from that in control animals
at 3 and 7 days after treatment. At 3 and 7 days
after IL-5 treatment, the relative number of BAL
eosinophils, but not the number of BAL neutro-
phils, was increased as compared with control
animals; the increase of BAL eosinophils in IL-5-
treated mice amounted to 450% = 100% (p <
0.05) and 589% = 100% (p < 0.01), respectively
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FIG. 1. Responsiveness to methacholine of tracheal segments isolated from mice treated with
IL-5 (1 ng) twice a day for 7 days (dotted line, n = 5) or saline solution (straight line, n = 6) in a
volume of 30 pl. *p < 0.01 compared with saline-treated animals as determined by analysis of

variance.

(Fig. 2, A). In Table II the absolute numbers of the
different leukocytes in the BAL of saline-treated
animals are given.

Three days after IL-5 treatment, the relative
numbers of blood lymphocytes, monocytes, neu-
trophils, and eosinophils were significantly in-
creased to 163% * 2% (p < 0.05), 270% * 42%
(p < 0.01), 183% = 15% (p < 0.01), and 320% =+
62% (p < 0.01) as compared with saline-treated
animals (Fig. 2, B). At 7 days after IL-5 treatment,
only the relative number of blood eosinophils was
significantly enhanced. The increase amounted to
590% = 58% (p < 0.01) as compared with control
treated animals. In Table II the absolute numbers
of the different leukocytes in the blood of saline-
treated animals are given.

Histologic examination

The results of the microscopic examination of
cosinophil presence in lung tissue are presented in
Table III. Overall, lungs of animals treated with
IL-5 for 3 or 7 days showed a mild increase in the
numbers of interstitial and alveolar eosinophils.
There was no obvious difference in peribronchial
eosinophils between IL-5- and saline-treated ani-
mals.

Lung EPO activity

Total lung EPO activity increased significantly
from 0.30 = 0.06 OD units in control animals to
0.81 = 0.14 OD units (p < 0.01) in animals treated
for 7 days with IL-5 (Fig. 3). The EPO activity

could be almost completely inhibited by the EPO
inhibitor AMT, which demonstrates that other
peroxidases are not involved.

Mucosal exudation

One day and 3 days after IL-5 administration, no
difference in mucosal exudation between saline-
and IL-5-treated mice was observed as determined
by Evans blue dye extravasation (Fig. 4). In con-
trast, at 7 days after IL-5 treatment, Evans blue dye
extravasation into the lavage fluid was significantly
increased by 78% * 19% (p < 0.01, Fig. 4) when
compared with a time-matched saline-treated con-
trol.

DISCUSSION

IL-5 is a growth, differentiation, and survival
factor for eosinophils and can induce adhesion to
endothelial cells, transmigration, and chemotaxis
of eosinophils.!-1% 2! In this study we have demon-
strated that long-term intranasal treatment with
IL-5 induces the selective infiltration of eosin-
ophils in the BAL fluid. In addition, interstitial
presence of eosinophils was observed in lung tis-
sue. These data are supported by the increase in
total lung EPO activity. The peroxidase activity
was almost completely inhibited by AMT, which is
a selective inhibitor of EPO.?°® In addition, the
number of eosinophils in the blood increased after
IL-5 treatment. This may be due to an effect of
IL-5 on precursor cells in the bone marrow. In-
deed, other investigators have demonstrated that
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FIG. 2. A, Number of bronchoalveolar mononuclear cells (open bars), neutrophils (hatched
bars), and eosinophils (black bars) in mice treated with IL-5 (1 g) twice a day for 1 (n = 4), 3
{n = 4), or 7 days (n = 5). B, Number of blood lymphocytes (open bars), monocytes
{cross-hatched bars), neutrophils (hatched bars), and eosinophils (black bars) in mice treated
with IL-5 (1 ng) twice a day for 1 (n = 8), 3 (n = 8), or 7 days (n = 7). Results are expressed as
percentage increase compared with the number of cells recovered from animals treated with
saline solution for the respective time periods (n = 6). *p < 0.05 and **p < 0.01 compared with
saline-treated animals as determined by Student’s t test.

intraperitoneal IL-5 treatment increases the num-
ber of cosinophils in the blood, bone marrow,
and—in particular—in the peritoneal cavity.?>2
However, despite the presence of increased num-
bers of eosinophils in the blood, these other inves-
tigators did not observe airway eosinophilia®
(D. Fattah; oral communication, 1994). Thus in
our experiments airway eosinophilia does not ap-
pear to be a passive consequence of an increase in
the number of blood eosinophils but rather a result
of other IL-5-mediated processes such as adhe-

sion, transmigration, and chemotaxis of circulating
eosinophils or increased survival of resident eo-
sinophils.' 13 421 Similarly, in IL-5~transgenic
mice with marked blood eosinophilia, tissue eosin-
ophilia seems to be related to the expression of
IL-5 in the tissue.>* The reason that we did not
observe airway eosinophilia at 1 day after IL-5
treatment may be that in naive mice the number of
eosinophils in the blood is very low. Although we
did not study higher doses of IL-5, recent studies
by Dr. Fattah have revealed that 10 pg of IL-5
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TABLE Il. Number of leukocytes in BAL fluid and blood
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Treatment time (days)

Leukocytes 1 3 7
BAL
Total number of cells X 10* N=4 N=4 N=5
Mononuclear cells 8.35 +1.27 14.53 = 2.99 3211 £ 234
Neutrophils 1.71 £ 0.71 0.93 = 0.27 148 £0.22
Eosinophils 0.02 + 0.02 0.06 = 0.04 0.19 = 0.08
Blood
Number of cells/ml % 10° N=38§ N=38§ N=7
Lymphocytes 40.22 + 3.47 37.90 = 3.18 3259 +3.24
Monocytes 0.55 = 0.13 0.91 + 0.13 211 =032
Neutrophils 4.96 = 0.28 5.05 + 0.68 4.53 = 0.75
Eosinophils 1.12 £ 0.18 0.95 = 0.18 1.16 = 0.17
Number of leukocytes in BAL fluid and blood of mice treated with saline solution twice a day for 1, 3, or 7 days.
TABLE 1ll. Histologic scores on lungs from mice treated with saline solution or IL-5
Day 3 Day 7
Treatment Animal No. Bronchial Interstitial Bronchial Interstitial
Saline solution 1 2 2 1 2
Saline solution 2 2 2 2 2
Saline solution 3 2 2 F2 2
IL-5 1 2 3 2 3
IL-5 2 F3 3 2 3
1L-5 3 2 3 2 3

Histologic scores on lungs from mice treated with saline solution or IL-5 twice a day for 3 or 7 days.
1, No eosinophils; 2, occasional eosinophils present; 3, general eosinophil presence; F, focal, not general, presence over whole

section.

induces a greater increase in lung eosinophil num-
bers than 1 pg (oral communication, December
1994).

The number of mononuclear cells in BAL and
the number of several other leukocytes in the
blood are also increased temporarily at 1 or 3 days
after IL-5 treatment, respectively. Although IL-5 is
regarded as relatively specific to eosinophils, other
leukocytes also respond to IL-5 (e.g., basophils, B
lymphocytes, and cytotoxic T lymphocytes),?>-2
which may partially explain alterations in leuko-
cytes other than eosinophils. Apart from the in-
crease in eosinophils, the increases in other leuko-
cytes in both BAL and blood are only temporary.
This suggests that they may not be related to IL-5
administration itself but to a nonspecific phenom-
enon. At present we have no explanation for this
phenomenon.

Repeated intranasal application of sterile saline
solution increases the number of mononuclear
cells and eosinophils in BAL and the number of

monocytes in blood. At present we have no precise
explanation for this observation. Saline solution
may induce an irritant reaction in the airways. It is
also possible that these changes in cell numbers are
due to the repeated halothane anesthesia.

In this study we have demonstrated that long-
term treatment with IL-5 induces an increased
maximal tension of the trachea in response to
methacholine. The relevance of tracheal respon-
siveness in vitro to airway hyperresponsiveness in
patients with asthma remains elusive. Few studies
have examined the responsiveness of isolated hu-
man airway smooth muscle preparations to con-
strictor stimuli.?® However, data exist that the in
vitro responsiveness to contractile stimuli is in-
creased.?! 32 In addition, it has been suggested that
muscle mass is increased in asthma, which may
lead to increased generation of smooth muscle
tension.®® Interestingly, in a murine model of al-
lergic asthma in which ovalbumin-sensitized mice
were exposed to ovalbumin aerosol, we have also
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FIG. 3. Total lung EPO activity in the absence or presence of the EPO inhibitor 2 mmol/L AMT
in animals treated with IL-5 {1 png, black bars, n = B) or sterile saline solution (open bars, n = 5)
twice a day for 7 days in a volume of 30 pl. **p < 0.01 compared with saline-treated animals as

determined by Student’s t test.
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FIG. 4. Mucosal exudation {microliters per lung) as determined by Evans biue dye extravasation
(leakage) into the lavage fluid in animals treated with IL-5 (1 ug) or sterile saline solution twice
a day for 1 (n = 6), 3{n = 5), or 7 days (n = 7) in a volume of 30 pl. **p < 0.01 compared with
saline-treated animals as determined by Student’s t test.

observed an increased maximal tension of isolated
tracheal segments in response to methacholine.?
The increase in the maximal responsiveness of
tracheal segments to methacholine after ovalbu-
min challenge or IL-5 treatment is comparable:
27% and 34%, respectively. Furthermore, the
number of BAL eosinophils (5.5 X 10°) in ovalbu-
min-challenged animals is comparable to the eosin-
ophil number after 7 days of IL-5 treatment
(11.2 X 10°). Although there is strong circumstan-
tial evidence that eosinophils are involved in the

development of hyperreactivity, a causal relation-
ship remains to be proven.” In our experiments, the
IL-5-induced eosinophil infiltration preceded the
development of hyperreactivity of airway smooth
muscle in vitro to methacholine. The number of
BAL eosinophils increased at 3 and 7 days after
IL-5 treatment, whereas the hyperreactivity was
only observed after 7 days. Histologic examination
of lung tissue also revealed that at both 3 and 7
days after IL-5 treatment, the number of intersti-
tial eosinophils was mildly increased. Although
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there seems to be a dissociation between eosino-
phil infiltration into the BAL and the develop-
ment of airway hyperreactivity, it remains possi-
ble that the eosinophils need to mature or
differentiate before they are capable of inducing
airway hyperreactivity. Long-term incubation of
eosinophils with IL-5 leads to the release of
eosinophil granule proteins.>> 3¢ These granule
proteins have been demonstrated in sputum,
lung tissue, and BAL fluid of patients with
asthmal> 373 and are capable of inducing bron-
chial hyperreactivity when incubated with airway
tissue in vitro or after in vivo administration.**-4?
Interestingly, Terada et al.** demonstrated that
repeated application of IL-5 onto the nasal
mucosa of patients with allergy induced an in-
creased response to histamine together with an
increased level of eosinophil cationic protein in
the nasal lavage fluid.

In our experiments the presence of airway hy-
perreactivity coincided with increased mucosal ex-
udation. Interestingly, eosinophil recruitment and
activation have been implicated in increased vas-
cular permeability and mucosal exudation in the
lung.*+-46 Tt is tempting to speculate that the IL-5~
induced infiltration of eosinophils is involved in the
increased mucosal exudation and development of
airway hyperreactivity.

In addition to eosinophils, it has been demon-
strated that IL-5 affects basophils, B lymphocytes,
and cytotoxic T lymphocyte effector functions.?2°
These cells may also be involved in IL-5-induced
hyperreactivity.

It can be concluded that IL-5 is a potentially
important mediator in airway eosinophilia, mu-
cosal exudation, and hyperreactivity in asthma.
Other data also point to the involvement of IL-5
in asthma pathology. First, IL-5 mRNA has been
demonstrated in bronchial biopsy specimens and
BAL cells of patients with allergic asthma*’- * or
symptomatic nonallergic asthma.* Second, IL-5
mRNA expression is increased in T-helper lym-
phocytes and eosinophils in patients with allergic
asthma after allergen inhalation.® 5° Third, acti-
vation of T-helper lymphocytes in asthma is
accompanied by increased serum levels of IL-5
and circulating eosinophils, which are both re-
duced by glucocorticoid therapy.>! Recently, we
and others have shown that antibody to IL-5
inhibits antigen-induced airway eosinophil infil-
tration and bronchial hyperreactivity in animal
models of allergic asthma.'>° To further estab-
lish the role of IL-5 in human asthma, the
development of IL-5 antagonists is awaited.

Van Oosterhout et al. 111

REFERENCES

L

10.

11.

12.

13.

14.

15.

De Monchy JGR, Kauffman HF, Venge P, et al. Bronchoal-
veolar eosinophilia during allergen-induced late asthmatic
reactions. Am Rev Respir Dis 1985;131:373-6.

. Rossi GA, Crimi E, Lantero S, et al. Late-phase asthmatic

reaction to inhaled allergen is associated with early recruit-
ment of eosinophils in the airways. Am Rev Respir Dis
1991;144:379-83.

. Cartier A, Thomson NC, Frith PA, Roberts R, Hargreave

FE. Allergen-induced increase in bronchial responsiveness
to histamine: relationship to the late asthmatic response
and change in airway caliber. J ALLERGY CLIN IMMUNOL
1982;70:170-7.

. Brusasco V, Crimi E, Gianiorio P, Lantero S, Rossi GA.

Allergen-induced increase in airway responsiveness and
inflammation in mild asthma. J Appl Physiol 1990;69:2209-
14.

. Ohasi Y, Motojima S, Fukuda T, Makino S. Airway hyper-

responsiveness, increased intracellular spaces of broncial
epithelium, and increased infiltration of eosinophils and
lymphocytes in bronchial mucosa in asthma. Am Rev
Respir Dis 1992;145:1469-76.

. Wierenga EA, Snoek M, Jansen HM, Bos JD, Van Lier

RAW, Kapsenberg ML. Human atopen-specific types 1 and
2 T helper clones. J Immunol 1991;147:2942-9.

. Van Oosterhout AJM, Nijkamp FP. Role of cytokines in

bronchial hyperresponsiveness. Pulm Pharmacol 1993;6:
225-36.

. Gerblich AA, Salik H, Schuyler MR. Dynamic T-cell

changes in peripheral blood and bronchoalveolar lavage
after antigen bronchoprovocation in asthmatics. Am Rev
Respir Dis 1991;143:533-7.

. Bentley AM, Meng Q, Robinson DS, Hamid Q, Kay AB,

Durham SR. Increases in activated T lymphocytes, eosi-
nophils, and cytokine mRNA expression for interleukin-5
and granulocyte/macrophage colony-stimulating factor in
bronchial biopsies after allergen inhalation challenge in
atopic asthmatics. Am J Respir Cell Mole Biol 1993;8:35-
42,

Ohnishi T, Kita H, Weiler D, et al. IL-5 is the predominant
eosinophil-active cytokine in the antigen-induced pulmo-
nary late-phase reaction. Am Rev Respir Dis 1993;147:
901-7.

Wang JM, Rambaldi A, Biondi A, Chen ZG, Sanderson CJ,
Mantovani A. Recombinant human interleukin-5 is a selec-
tive eosinophil chemoattractant. Eur J Immunol 1989;19:
701-5.

Clutterbuck EJ, Hirst EMA, Sanderson CJ. Human inter-
leukin-5 (IL-5) regulates the production of eosinophil in
human bone marrow cultures: comparison and interaction
with IL-1, JL-3, IL-6, and GM-CSF. Blood 1989;73:1504-12.
Lopez AF, Sanderson CJ, Gamble JR, Campbell HR,
Young IG, Vadas MA. Recombinant human interleukin-5
is a selective activator of human eosinophil function. J Exp
Med 1988;167:219-24.

Walsh GM, Hartnell A, Wardlaw AJ, Kurihara K, Sander-
son CJ, Kay AB. IL-5 enhances the in vitro adhesion of
human eosinophils, but not neutrophils, in a leucocyte
integrin (CD11/18)-dependent manner. Immunology 1990;
71:258-65.

Van Qosterhout ATM, Ladenius ARC, Savelkoul HFJ, Van
Ark I, Delsman KC, Nijkamp FP. Effect of anti-IL-5 and
IL-5 on airway hyperreactivity and eosinophils in guinea
pigs. Am Rev Respir Dis 1993;147:548-52.



112 Van Qosterhout et al.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34,

Chand N, Harrison JE, Rooney S, et al. Anti-IL-5 mono-
clonal antibody inhibits allergic late phase bronchial eosin-
ophilia in guinea pigs: a therapeutic approach. Eur J
Pharmacol 1992;211:121-3.

Gulbenkian AR, Egan RW, Fernandez X, et al. Interleu-
kin-5 modulates eosinophil accumulation in allergic guinea
pig lung. Am Rev Respir Dis 1992;146:263-5.

Nakajima H, Iwamoto I, Tomoe S, et al. CD4+ T-lympho-
cytes and interleukin-5 mediate antigen-induced eosinphil
infiltration into the mouse trachea. Am Rev Respir Dis
1992;146:374-7.

Mauser PJ, Pitman A, Witt A, et al. Inhibitory effect of the
TRFK-5 anti-IL-5 antibody in a guinea pig model of
asthma. Am Rev Respir Dis 1993;148:1623-7.

Strath M, Warren DJ, Sanderson CJ. Detection of eosi-
nophils using an eosinophil peroxidase assay. Its use as an
assay for eosinophil differentiation factors. J Immunol
Methods 1985;83:209-15.

Moser R, Fehr J, Olgiati L, Bruijnzeel LB. Migration of
primed human eosinophils across cytokine-activated endo-
thelial cell monolayers. Blood 1992;79:2937-45.

Fattah D, Quint DJ, Proudfoot A, O’Malley R, Zanders
ED, Champion BR. In vitro and in vivo studies with
purified recombinant human interleukin-5. Cytokine 1990;
2:112-21.

Anderson GP, Hengstler B, LeGros G. Kinetics and com-
partmentalization of interleukin-5 induced eosinophilia in
Balb/c mice in vivo [Abstract]. Am Rev Respir Dis 1992;
145:A239.

Sanderson CJ. Interleukin-5, eosinophils, and disease.
Blood 1992;79:3101-9.

Hirai K, Yamaguchi M, Misaki Y, et al. Enhancement of
human basophil histamine release by interleukin-5. J Exp
Med 1990;172:1525-8.

Bischoff SC, Brunner T, Deweck AL, Dahinden CA. Inter-
leukin-5 modifies histamine release and leukotriene gener-
ation by human basophils in response to diverse agonists. J
Exp Med 1990;172:1577-82.

Tavernier J, Devos R, Cornelis S, et al. A human high
affinity interleukin-5 receptor (IL5R) is composed of an
IL-5-specific « chain and a § chain shared with the receptor
for GM-CSF. Cell 1991;66:1175-84.

Ramos T. Interleukin-5 is a differentiation factor for cyto-
toxic T-lymphocytes. Immunol Lett 1989;21:277-84.
Nagasawa M, Ohshiba A, Yata J. Effect of recombinant
interleukin 5 on the generation of cytotoxic T cells (CTL).
Cell Immunol 1991;133:317-26.

Black J. Pharmacology of airway smooth muscle in chronic
obstructive pulmonary disease in asthma. Am Rev Respir
Dis 1991;143:1177-81.

De Jongste JC, Mons H, Bonta IL, Kerrebijn KF. In vitro
responses of airways from an asthmatic patient. Eur J
Respir Dis 1987;71:23-9.

Schellenberg RR, Foster A. In vitro responses of human
asthmatic airway and pulmonary vascular smooth muscle.
Int Arch Allergy Appl Immunol 1984;75:237-41.

Lambert RK, Wiggs BR, Kuwano K, Hogg JC, Pare PD.
Functional significance of increased airway smooth muscle
in asthma and COPD. J Appl Physiol 1993;74:2771-81.
Hessel EM, Van Qosterhout AIM, Hofstra CL, et al.
Repeated ovalbumin inhalation causes bronchial hyperre-
sponsiveness and eosinophil infiltration in sensitized mice
[Abstract]. Am Rev Respir Dis 1994;149:A754.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

49.

50.

SL.

J ALLERGY CLIN IMMUNOL
JULY 1995

Fujisawa T, Abu-Ghazaleh R, Kita H, Sanderson CJ,
Gleich GJ. Regulatory effect of cytokines on eosinophil
degranulation. J Immunol 1990;144:642-6.

Kita H, Weiler DA, Abu-Ghazaleh R, Sanderson CJ,
Gleich GJ. Release of granule proteins from eosinophils
cultured with IL-5. J Immunol 1992;149:629-35.

Wardlaw AJ, Dunnette S, Gleich GJ, Collins JV, Kay AB.
Eosinophils and mast cells in bronchoalveolar lavage in
subjects with mild asthma. Relationship to bronchial hyper-
reactivity. Am Rev Respir Dis 1988;137:62-9.

Frigas E, Loegering DA, Solley GO, Farrow GM, Gleich
GI. Elevated levels of the cosinophil granule major basic
protein in the sputum of patients with bronchial asthma.
Mayo Clin Proc 1981;56:345-53,

Filley WV, Kephart GM, Holley KE, Gleich GJ. Identifi-
cation by immunofluorescence of eosinophil granule major
basic protein in lung tissues of patients with bronchial
asthma. Lancet 1982;2:11-5.

Uchida DA, Ackrman SJ, Coyle AJ, et al. The effect of
human eosinophil granule major basic protein on airway
responsiveness in the rat in vivo. Am Rev Respir Dis
1993;147:982-8.

Jacoby DB, Gleich GJ, Fryer AD. Human eosinophil major
basic protein is an endogenous allosteric antagonist at the
inhibitory muscarinic M2 receptor. J Clin Immunol 1993;
91:1314-8.

Gundel RH, Letts LG, Gleich GJ. Human eosinophil major
basic protein induces airway constriction and airway hyper-
responsiveness in primates. J Clin Invest 1991;87:1470-3.
Terada N, Konno A, Tada H, Shirotori K, Ishikawa K,
Togawa K. The effect of recombinant human interleukin-5
on eosinophil accumulation and degranulation in human
nasal mucosa. J ALLERGY CLIN IMMUNOL 1992;90:160-8.
Yoshikawa S, Kayes SG, Parker JC. Eosinophils increase
lung microvascular permeability via the peroxidase-hydro-
gen peroxide-halide system. Am Rev Respir Dis 1993;147:
914-20.

Collins DS, Dupuis R, Gleich GJ, et al. Immunoglobulin
E-mediated increase in vascular permeability correlates
with eosinophilic inflammation. Am Rev Respir Dis 1993;
147:677-83.

Herbert CA, Edwards D, Boot JR, Robinson C. Stimulated
eosinophils and proteinases augment the transepithelial
flux of albumin in bovine bronchial mucosa. Br J Pharmacol
1993;110:840-6.

Hamid Q, Azzawi M, Ying S, et al. Expression of messenger
RNA for interleukin-5 in mucosal bronchial biopsies from
asthma. J Clin Invest 1991;87:1541-6.

Robinson DS, Hamid Q, Ying S, et al. Predominant
Th2-like bronchoalveolar T-lymphocyte population in
atopic asthma. N Engl J Med 1992;326:298-304.

Marini M, Avoni E, Hollemborg J, Mattoli S. Cytokine
mRNA profile and cell activation in bronchoalveolar lavage
fluid from nonatopic patients with symptomatic asthma.
Chest 1992;102:661-9.

Broide DH, Paine MM, Firestein GS. Eosinophils express
interleukin 5 and granulocyte macrophage-colony-stimulat-
ing factor mRNA at sites of allergic inflammation in
asthmatics. J Clin Invest 1992;90:1414-24,

Corrigan CJ, Haczku A, Gemou-Engesaeth V, et al. CD4
T-lymphocyte activation in asthma is accompanied by in-
creased serum concentrations of interleukin-5. Effect of
glucocorticoid therapy. Am Rev Respir Dis 1993;147:540-7.



