Segmental allergen challenge in patients
with atopic asthma leads to increased
IL-9 expression in bronchoalveolar lavage

fluid lymphocytes
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Background: IL-9 is a T2 cell-derived cytokine that might be
involved in the pathophysiology of allergic diseases. Little is
known about its expression and release during the allergic
response in the human lung.

Objective: The expression of IL-9 was measured in 10 atopic
subjects with mild asthma and 5 nonatopic healthy control
subjects at baseline and 24 hours after segmental sham and
allergen challenge.

Methods: IL-9 protein was measured in bronchoalveolar
lavage (BAL) fluid by means of ELISA and detected within
the BAL cells by means of immunocytochemistry. Further-
more, IL9 mRNA expression of BAL cells was detected by
means of real-time PCR.

Results: Although only low or undetectable amounts of /.9
mRNA and IL-9 protein were present in nonatopic control
subjects and atopic asthmatic patients at baseline, there was
an increase after segmental allergen challenge in the atopic
subjects. Lymphocytes were identified as major cellular
sources of IL-9 production by means of immunocytochemistry.
Furthermore, IL-9 protein and 7.9 mRNA expression corre-
lated with eosinophil numbers in BAL fluid.

Conclusions: These findings demonstrate that IL-9 is specifi-
cally upregulated after local allergen challenge in the lungs of
atopic asthmatic patients. Lymphocytes are the major cellular
source of IL-9. The increased expression and its correlation
with eosinophil numbers suggest a potential role for IL-9 in
the late phase of the allergic response. (J Allergy Clin
Immunol 2003;111:1319-27.)
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Allergic asthma is a chronic inflammatory disorder
caused by an inappropriate immune response to allergen.
The pathophysiology of this response is characterized by
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the involvement of inflammatory cells, including mast
cells, eosinophils, and lymphocytes, which produce a
broad range of inflammatory mediators. It has been well
established that T2 lymphocytes and their cytokines
play a key role in this inflammatory response.

IL-9 is a member of the T2 cytokine family, and the
human /L9 gene has been mapped together with the other
Ty2-type cytokine genes /L4, IL5, and IL13 in the 5q31-
q33 region of chromosome 5.!

Several in vitro studies have revealed regulatory func-
tions of IL-9 associated with allergic inflammation. It
has been shown to stimulate the IL-4-mediated IgE pro-
duction of B cells and the proliferation of activated T
cells and mast cells.2# It induces influx and maturation
of eosinophils in synergy with IL-55 and upregulates the
cell-surface expression of their IL-5Ro., leading to dif-
ferentiation and increased survival.® Furthermore, 1L-9
has been shown to act on airway epithelial cells by
inducing T-cell and eosinophil chemotactic factors.5:78

In animal models the overexpression of IL-9 in /L9
transgenic mice leads to airway inflammation character-
ized by eosinophil cell infiltration, production of Ty2
cytokines, and increased airway hyperresponsiveness.9-10
In addition, intratracheal instillation of recombinant
murine IL-9 induced lung eosinophilia, expression of IL-
5Ra, and enhanced serum IgE levels in naive C57BL/6
mice.!l Moreover, treatment with an anti-IL-9 antibody
inhibits the eosinophilic inflammation and reduces air-
way hyperreactivity in the ovalbumin asthma mouse
model.12:13 In contrast to these findings, a recent study
has shown that allergen-induced pulmonary inflamma-
tion and airway hyperreactivity remained unaffected in
IL9 knockout mice.!4 The authors suggest that 1L-9 is
not obligatory for the development of the allergic inflam-
mation and that other T2 cytokines can act in a com-
pensatory fashion. However, one can conclude from the
present animal data that at least in established and ongo-
ing allergic inflammation IL-9 clearly plays a role and
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TABLE I. Clinical characteristics of the study subjects
PC,, FEV, Allergen
FEV, methacholine IgE Allergen provocationt
Subjects Age (y) Sex (% predicted) (mg/mL) (kU/L) sensitivity* (sQ-u)
Nonatopic control subjects
20 M 115 >8 8 — Dp 1000
18 M 114 >8 9 — Dp 1000
26 F 123 >8 14 — gp 1000
23 M 115 >8 26 — Dp 1000
22 F 113 >8 15 — gp 1000
Median 22 2F3M 115 >8 14 —
Range 18-26 113-123 8-26
Atopic asthmatic patients
22 M 118 >8 28 gp.ry,tp,mu,ri,Dp,Df,d Dp 1000
23 F 105 >8 27 gp,ry,Dp,Df,d,c Dp 1000
25 F 105 >8 305 gp,ry,tp,mu,ri,Dp ep 10
18 M 88 0.54 249 gp.ry,tp,mu,Dp,Df.d,c.f gp 1000
33 M 114 >8 502 ep,ry,Df gp 1000
29 F 106 0.15 214 gp.ry,tp,mu,ri,Df,d,c gp 1000
25 F 100 2.90 112 Dp.,Df,d,c Dp 1000
25 M 90 4.18 77 gp,ry,mu,d,c gp 1000
23 M 79 0.18 210 gp,ry,Dp,Df,d,c gp 1000
33 M 102 0.95 180 gp.ry,tp,Dp,Df.d,c,f Dp 1000
Median 25 4F6 M 103.5% 3.54% 195§
Range 18-33 79-118 0.15->8 27-502

Dp, D pteronyssinus; gp, mixed grass pollen; ry, rye pollen; fp, mixed tree pollen; mu, mugwort pollen; ri, ribwort pollen; Df, D farinae; d, dog hair; ¢, cat fur;

f, mixed feather.
*Allergen sensitivity was determined by means of skin prick testing.

FAllergen provocation was performed with either grass pollen mix (ALK-Scherax) or D pteronyssinus mix (ALK-Scherax) in the indicated amount diluted in

10 mL of saline solution.
%P < .05 compared with nonatopic control subjects.
§P < .01 compared with nonatopic control subjects.

that IL-9 per se can induce an eosinophilic inflammation
similar to that of an allergic response.

Despite these convincing data from animal studies,
there is only little information whether and to what extent
IL-9 is involved in the eosinophilic inflammation of
atopic patients, particularly in the lung. It has been
shown that the number of IL-9—immunoreactive and /L9
mRNA-—positive cells were increased in bronchial biopsy
specimens of atopic patients with stable asthma.!5.16 Fur-
thermore, it has been demonstrated that the number of
IL9 mRNA-expressing cells was induced in the skin of
atopic patients after local allergen challenge.!¢ In addi-
tion, other investigators have shown that IL-9 is released
from peripheral mononuclear cells from sensitized atopic
children after stimulation with cat allergen.!” We have
hypothesized that also in the lung the release of IL-9 is
induced in sensitized atopic patients after local allergen
stimulation and assumed that IL-9 expression correlates
with the eosinophilic inflammation. Therefore we exam-
ined IL-9 expression in bronchoalveolar lavage (BAL)
fluid before and 24 hours after segmental allergen chal-
lenge in a group of atopic asthmatic patients in compari-
son with a group of nonatopic healthy control subjects.
IL-9 protein release into the BAL fluid was measured by
means of ELISA. The source of IL-9 production in BAL
cells was identified by using immunocytochemistry. Fur-
thermore, real-time PCR was used to quantify IL-9
expression in BAL cells at the mRNA level.

METHODS
Study subjects

Ten atopic patients with mild asthma and 5 nonatopic control sub-
jects participated in the study (for patient characteristics, see Table I).
All atopic patients had mild intermittent asthma, as defined in the
international consensus report.!8 They had a history of episodic
wheezing with reversible airflow obstruction, and asthma had previ-
ously been diagnosed by an independent physician. Each patient had
a positive skin prick test response, defined as a greater than 4-mm-
diameter skin wheal response to one or more of 12 common allergens
(mixed grass pollen, mixed tree pollen, rye pollen, mugwort pollen,
ribwort pollen, Dermatophagoides pteronyssinus, Dermatophagoides
Jarinae, cat fur, dog hair, mixed feather, Alternaria species, and Cla-
dosporium species; ALK-Scherax). The allergen extract that pro-
duced the largest wheal response after skin prick testing was used for
segmental allergen challenge (mixed grass pollen or D pteronyssinus,
ALK-Scherax). The chosen concentration was one tenth the dilution
in saline that elicited a 3-mm-diameter skin wheal response. The
instilled amount of antigen was 10 to 1000 SQ-U diluted in 10 mL of
saline solution. Bronchial hyperresponsiveness and PC,, FEV val-
ues (methacholine) were determined as previously described.!?
Patients only used salbutamol when relief of symptoms was neces-
sary. None were treated with corticosteroids, sodium cromoglycate,
theophylline, or leukotriene antagonists. The healthy control subjects
had no history of allergic or other diseases, negative skin prick test
responses, normal serum IgE levels (<100 IU/mL), normal lung func-
tion test results, and no bronchial hyperresponsiveness (PC,, >8
mg/mL). All study subjects were nonsmokers, and no subject had
acute bronchitis 4 weeks before the investigations. All subjects were
volunteers and provided their written consent after being fully
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informed about the purpose and nature of the studies, which were
approved by the Ethical Committee of Hannover Medical School.

Segmental allergen challenge

Segmental allergen challenge was performed as previously
described.!® A commercially available endotoxin detection assay
(E-toxate, Limulus amebocyte lysate; Sigma) was used to demon-
strate that the instilled saline and allergen solutions were free of
endotoxin. Briefly, all subjects received nebulizer salbutamol (1.25
mg), atropine (0.5 mg administered subcutaneously), and midazo-
lam (mean, 4.8 mg administered intravenously; range, 0-10 mg)
before bronchoscopy. Lidocaine was used to achieve local anesthe-
sia of the upper and lower airways. The bronchoscope (BF 160 P,
Olympus Optical) was wedged into the anterior bronchus of the left
lower lobe, and BAL was performed with 5x 20 mL of sterile saline
solution. The instrument was passed into the anterior lingular
bronchus, and 10 mL of saline solution was instilled as a control
challenge. Finally, the bronchoscope was passed to the anterior seg-
ment of the right upper lobe, and 10 mL of allergen solution of
either grass pollen mix or D pteronyssinus mix on the basis of pre-
vious skin tests was instilled. After 24 hours, subjects underwent
rebronchoscopy with the same premedication, and the anterior lin-
gular bronchus and right anterior upper lobe bronchus underwent
lavage with 100 mL of saline solution.

Processing of BAL cells

BAL fluid samples were processed as previously described.!?
Briefly, cells were filtered through a 100-um filter and centrifuged,
and the supernatant was placed in aliquots and stored at —80°C. The
total count of nucleated cells was performed by using a Neubauer
hemocytometer. Differential cell counts were performed from
cytospin slides. After Pappenheim staining, 300 cells per slide were
counted. For immunocytochemistry staining, cytospin slides were
covered with 40,000 cells and stored at —40°C.

ELISA of BAL fluid

Quantification of IL-9 protein in the BAL fluid was performed
by means of ELISA. The goat anti-human IL-9 polyclonal antibody
(AF209, R&D Systems) was coated directly onto 96-well ELISA
plates (Nunc) at a concentration of 1.25 pg/mL in coating buffer
(100 mmol/L Na,CO5/NaHCO3, pH 9.5) and incubated overnight at
room temperature (RT). The plates were blocked with 300 uL of
blocking buffer (PBS containing 1% BSA, 5% sucrose, and 0.05%
NaNj3) per well for 1 hour at 37°C to eliminate nonspecific binding
by the primary antibody. The plates were then washed with PBS-
Tween (PBS containing 0.05% Tween 20). A standard curve was
generated by using serial dilutions of recombinant human IL-9
(R&D Systems). BAL fluid samples (100 pL) were incubated in
duplicate in the 96-well plates at 37°C for 2 hours. After incubation,
the plates were washed with PBS-Tween, and 100 uL of biotinylat-
ed rabbit anti-human IL-9 polyclonal antibody (50 pg/mL, Pepro-
Tech) diluted in PBS containing 0.1% BSA was added to each well
for 2 hours at RT. The plates were then washed again, and 100 uL.
of streptavidin-labeled horseradish peroxidase (R&D Systems)
diluted 1:200 was added for 20 minutes. After another washing, 100
uL of substrate solution (R&D Systems) containing H,O, and
tetramethylbenzidine was added, and the plates were incubated for
20 minutes in the dark. The reaction was terminated by adding 50
uL of stop solution (2 N H,SO,). The optical density of each well
was determined by using a microplate reader set to 450 nm, and the
mean optical density for the highest concentration of the standard
curve was 2.110 (range 1.612-2.517). The lower limit of detection
for the ELISA was 242 pg/mL. The minimum detectable dose was
determined by adding 2 SDs to the mean optical density value of 20
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zero standard replicates and calculating the corresponding concen-
tration. The recovery of IL-9 spiked in 2 different concentrations
into 4 BAL samples was evaluated. Mean recovery was 98% (range,
82%-116%). Specificity of the antibodies was tested by adding
recombinant human IL-5 (R&D Systems) at a concentration of
1500 pg/mL into BAL samples, which yielded in signals at less than
the detection limit.

Immunocytochemistry

BAL cells on cytospin slides stored at —40°C were fixed and per-
meabilized in methanol/acetone (1:1) at —40°C. After 3 washes in
Tris-buffered saline (TBS) at 4°C, nonspecific binding was blocked
with Dako Protein Block (Dako) for 15 minutes at RT. Protein block
was removed carefully, and cells were incubated with rabbit anti-
human IL-9 polyclonal antibody (sc-7923, Santa Cruz Biotechnol-
ogy) in a dilution of 1:200 overnight at 4°C; the negative control
cells were incubated with rabbit immunoglobulin (X0936, 1:500,
Dako). After incubation, all cells were washed 3 times in TBS and
incubated with biotinylated swine anti-rabbit (E0353, Dako) in a
dilution of 1:200 for another hour at 37°C. Cells were again washed
3 times in TBS before and after 30 minutes of incubation at RT with
alkaline phosphatase—conjugated streptavidin (D 0396, 1:300,
Dako). Cells were then incubated with Fast Red TR (Sigma) for 15
to 20 minutes at RT. Finally, cells were washed again and stained
with Meyers Hdamalaun (1:5, Merck), followed by rinsing in water.
Slides were mounted with Kaisers glycerol gelatin (Merck). Cells
were viewed and photographed through a microscope equipped
with a camera (Axiophot, Carl Zeiss GmbH). The immunoreactivi-
ty for IL-9 was determined for 400 cells.

Specificity of the staining was controlled by means of preincu-
bation of the polyclonal anti-IL-9 antibody with human recombi-
nant IL-9 at a concentration of 5 ug/mL. This preincubation result-
ed in a complete inhibition of immunoreactivity in BAL cells.

mRNA isolation, reverse transcription, and
real-time PCR

Total cellular RNA was extracted from BAL cells by using a com-
mercially available RNA-isolation kit (NucleoSpin RNA II,
Macherey-Nagel). Reverse transcription was performed with 0.04 to
0.1 pg of total RNA from each sample in a 40-uL reaction for 60 min-
utes at 37°C, followed by 5 minutes at 95°C according to the manu-
facturer’s recommendation (Omniscript RT-Kit, Quiagen). Realtime
PCR was performed on the Light Cycler Instrument (Roche Molecu-
lar Biochemicals) by using the DNA-binding dye SYBR green (Light
Cycler-Fast Start DNA Master SYBR Green I, Roche Molecular Bio-
chemicals). PCR reaction mix contained 2 L. of PCR master mix sup-
plemented with 2.5 mmol/L MgCl,, custom-synthesized primers
(MWG Biotech), and 2 pL of either external standards or cDNA
brought to a final volume of 20 pL. with water. The specific primers
used for PCR were porphobilinogen deaminase (PBGD, M95623,
sense: CACACAGCCTACTTTCCAAGC, antisense: TTCAAT-
GTTGCCACCACACT) and IL-9 (AF361105, sense: CTTCTGGC-
CATGGTCCTTAG; antisense: CATGGTCTGGTGCAGTTGTC).

After an initial denaturation step at 95°C for 10 minutes, the
PCR reaction was initiated at an annealing temperature of 60°C for
10 seconds, followed by an extension phase at 72°C for 9 seconds
and a denaturation cycle at 95°C for 1 second. At the end of each
extension phase, fluorescence was observed at 72°C, and the PCR
reaction was completed after 45 cycles.

The melting point analysis was carried out by heating the ampli-
con from 65°C to 95°C. This revealed the characteristic melting
point for each product. Length and sequence of the product were
confirmed by means of electrophoresis and commercial sequencing
(GATC-biotech).
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TABLE Il. Basic BAL fluid data
Recovery Total cells Eosinophils Neutrophils Lymphocytes Macrophages
Subjects BAL n (mL) (x 106) (x 106) (%) (x 106) (%) (x 106) (%) (x 106) (%)
Nonatopic control
subjects B 5 78 6.0 0.0 0.0 0.2 3.0 0.4 10.0 5.5 87.0
(73-93) (3.8-13.0) (0.0-0.1) (0.0-1.0) (0.1-0.3) (2.0-3-0) (0.3-1.0) (5.0-10.0) (3.3-11.6)(86.0-91.0)
S 5 82 5.5 0.1 1.0 1.0 16.0 0.5 9.0 4.0 76.0
(80-94) (3.8-22.0) (0.0-0.2) (0.0-1.0) (0.2-7.0) (5.0-32.0) (0.3-1.8) (7.0-11.0) (3.2-13.0)(59.0-85.0)
A 5 86 8.5 0.1 1.0 2.6 25.0 0.9 8.0 4.9 66.0

(84-88) (5.5-38.0) (0.1-0.4) (0.0-1.0) (0.6-25.1)(10.0-66.0) (0.5-1.6) (4.0-11.0) (4.3-13.2)(30.0-81.0)

Atopic asthmatic
patients B 10 73 4.1 0.0 1.0

(58-85) (3.0-15.0) (0.0-0.1) (0.0-2.0)

S 10 72 7.6% 0.1 1.0

0.1 2.5 0.5 115 36 83.0
(0.0-0.5) (1.0-7.0) (0.2-3.2) (7.0-21.0) (2.6-11.4)(76.0-90.0)
0.9+ 10.0% 0.8 9.5% 5.6 77.5%

(57-85) (3.0-58.0) (0.0-0.6) (0.0-2.0) (0.1-33.1) (2.0-59.0) (0.3-4.6) (5.0-14.0) (2.4-19.7)(26.0-88.0)

A 10 68* 28.87 19.57% 64.07

4.61 12.57 2.0% 7.5% 6.1 17.5%

(34-82) (6.5-143.0) (2.1-91.5) (20.0-82.0) (0.5-20.0) (2.0-40.0) (0.8-18.6) (4.0-13.0) (1.7-12.9) (4.0-44.0)

Fluid recovery, cell counts, and percentages of cells in BAL fluid from nonatopic control subjects and atopic asthmatic patients are shown. BAL fluid was
obtained at baseline (B) and 24 hours after saline challenge (S) and allergen challenge (A). Values are given as median (range).

#*P < .05 and 1P < .01 compared with baseline values.

Preparation of standards and
semiquantification of IL-9

Purified PCR products were used to create standards for refer-
ence (PBGD) and target (IL9). Amplicons of PBGD and IL9 were
purified with the High Pure PCR Product Purification Kit (Roche
Biochemicals). Ten-fold serial dilutions were amplified for 45
cycles to create appropriate standard curves. Target and reference
genes were analyzed in all samples (at baseline, after saline, and
after allergen challenge) of one patient in duplicate. At the same
time, one dilution of the standards, also in duplicate, was analyzed.
This was performed in the same Light Cycler run. The imported
standard curves were then used by the Light Cycler software to
automatically calculate the amount of /L9 and PBGD for each sam-
ple with reference to the external standard. The /L9/PBGD ratio was
calculated, and the mean ratio of the samples from healthy control
subjects was set to one. Finally, all values were calculated with ref-
erence to this mean.

Statistical analysis

The Mann-Whitney U test was used for intergroup comparison
between atopic asthmatic patients and nonatopic control subjects.
For comparison of paired data within the major study groups (base-
line, saline, and allergen), the Wilcoxon signed-rank test was used
for the individual comparisons. The Bonferroni correction for mul-
tiple comparisons was used throughout. P values of less than .05
were considered significant.

RESULTS

BAL fluid recovery and differential cell count

BAL fluid recovery did not differ between baseline,
saline-challenged, and allergen-challenged BAL fluid in
nonatopic control subjects. In atopic asthmatic patients
there was a decreased recovery after allergen challenge
(P < .05, Table II). The total cell count was increased
after saline challenge and allergen challenge in atopic
asthmatic subjects, whereas no significant difference was
observed in total BAL cells of control subjects. After

saline challenge, the percentages and absolute numbers
of neutrophils were increased in atopic asthmatic
patients, as well as in nonatopic control subjects, but it
did not reach statistical significance in the control group.
After allergen challenge, the percentages and absolute
numbers of eosinophils, neutrophils, and lymphocytes
were increased in the atopic asthmatic patients, whereas
the percentages of macrophages was decreased. In the
nonatopic control subjects the percentages and absolute
numbers of neutrophils were increased after allergen
challenge, but this change did not reach statistical signif-
icance (Table II).

Concentration of IL-9 protein in BAL fluid

The protein levels of IL-9 in BAL fluid were measured
by means of ELISA, as shown in Fig 1, to examine the
production of IL-9 in the airways. In the group of
nonatopic control subjects, IL-9 protein levels were less
than the detection limit. In atopic patients with asthma,
IL-9 protein levels were increased at baseline (P < .05)
and after saline challenge (P < .01) compared with those
seen in control subjects. After allergen challenge, there
was a significant increase of IL-9 in all atopic asthmatic
patients (P < .01 compared with levels at baseline and
after saline challenge).

Detection of IL-9 protein in BAL cells by
means of immunocytochemistry

Immunocytochemistry staining was performed by
using an IL-9—specific polyclonal antibody to identify
the BAL cells expressing IL-9 protein. There was no
significant difference of IL-9—positive cells between
atopic asthmatic patients and nonatopic control subjects
at baseline or after saline challenge. Compared with
baseline and saline provocation, there was a significant-
ly increased percentage of lymphocytes that stained pos-
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FIG 1. Concentration of IL-9 in BAL fluid measured by means of ELISA before (baseline) and 24 hours after
saline and allergen challenge in nonatopic control subjects and atopic asthmatic patients. Detection limit

was 242 pg/mL. Bars represent medians. **P < .01
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FIG 2. Percentage of IL-9—positive BAL lymphocytes from nonatopic control subjects and atopic asthmatic
patients at baseline, after saline challenge, and after allergen challenge. Bars represent medians. *P < .05.

itively for IL-9 after allergen provocation in the atopic
asthmatic patients (Fig 2). In the control group IL-
9—positive lymphocyte numbers were low at baseline
and unchanged after saline and allergen challenge. No
significant differences in staining for IL-9 were
observed in macrophages (baseline, 0% [0%-0%];
saline, 0% [0%-0.3%]; and allergen, 0.8% [0%-26.1%]),
neutrophils (baseline, 0% [0%-0%]; saline, 0% [0%-
9.7%]; and allergen, 0.0% [0%-0%]), and eosinophils
(baseline, 0% [0%-0%]; saline, 0% [0%-0%]; and aller-
gen, 1.3% [0%-6.8%]) of atopic asthmatic patients. In
nonatopic control subjects no staining for IL-9 was
observed in these 3 cell types. Fig 3, A, shows IL-9—pos-
itive lymphocytes from an atopic asthmatic patient after
allergen challenge.

Quantification of IL9 mRNA expression in
BAL cells

Quantification of /L9 mRNA was performed semi-
quantitatively with reference to the housekeeping gene
PBGD. Appropriate standards produced in triplicates
showed stable PCR efficiency for both the reference and
target gene. All samples of one patient were then mea-
sured in duplicates in one run with a duplicate of a single
standard probe. Values were found to be highly repro-

ducible. The results are shown as the IL9/PBGD ratio
(Fig 4). IL9 mRNA expression of BAL cells was unde-
tectable except in 2 of 5 control subjects at baseline and
after allergen challenge and in one subject after saline
challenge. None of the atopic asthmatic patients showed
IL9 mRNA expression at baseline. After saline challenge,
IL9 mRNA expression was found at low levels in 5 of 10
patients. Allergen challenge resulted in high levels of /L9
mRNA expression in all patients (P < .05 compared with
levels at baseline and after saline challenge).

Relationship between IL-9 expression at the
protein and mRNA level and numbers of
eosinophils

IL9 mRNA expression in BAL cells significantly cor-
related with IL-9 protein levels in BAL fluid (r = 0.8424,
P =.0037; Fig 5). Furthermore, /L9 mRNA and IL-9 pro-
tein expression correlated with percentages (protein: r =
0.6526, P = .044; mRNA: r = 0.6890, P = .031) and
absolute numbers of eosinophils (protein: r = 0.7939, P
=.009; mRNA: r =0.7818, P = .011; Fig 6). No correla-
tion was found between IL-9 expression and percentages
or absolute numbers of lymphocytes, neutrophils, or
macrophages.
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FIG 3. Detection of IL-9 protein in BAL cells from one representative atopic asthmatic patient. Cells were
obtained after allergen challenge and stained with rabbit anti-human IL-9 polyclonal antibody (A) or rabbit
IgG as a negative control (B). Arrows indicate lymphocytes that stained positively for IL-9. Eos, Eosinophil.

o §
23 Nonatopic controls Atopic asthmatics
2 3, 1 ek ]
< ‘é 2000 2000 ' —
1500 1500 a
9 1000 3 1000 .
a 500 a 3001
s L T
o)) [e)]
! 150 o 150 - .
100 100 4 ——
50 50 )
L
Y [ |
Baseline Saline Allergen Baseline Saline Allergen

FIG 4. Quantification of /L9 mRNA in BAL cells before (baseline) and 24 hours after saline and allergen chal-
lenge in nonatopic control subjects and atopic asthmatic patients. Data are shown as ratio of /L9 mRNA to
PBGD mRNA (housekeeping gene) after calculation, with reference to an external standard. Bars represent

medians. **P < .01.

DISCUSSION

The aim of the present study was to determine the pul-
monary expression of the T2 cytokine IL-9 in the allergic
response of atopic asthmatic patients. It was hypothesized
that the expression of IL-9 in BAL cells of sensitized
patients is induced after local endobronchial stimulation
with the relevant allergen.

Our data demonstrate that the expression of /L9 mRNA
and IL-9 protein was low or not detectable in BAL cells
and BAL fluid of nonatopic healthy control subjects, as
well as in atopic subjects with mild asthma. Using the
model of segmental allergen challenge, we found a marked
upregulation of /L9 mRNA and IL-9 protein expression in
BAL cells of the atopic asthmatic patients 24 hours after
the challenge. This was not seen in the nonatopic control

group or after the saline challenge as a control for the
bronchoscopic procedure. Therefore we can conclude that
IL-9 is specifically upregulated in the lung after stimula-
tion with the relevant allergen in sensitized subjects. This
conclusion is true for atopic asthmatic patients. Because
we have not included an atopic control group without asth-
ma in our study, we cannot definitively answer the ques-
tion of whether increased IL-9 expression is related solely
to allergy and what role it might play for asthma. Further
studies are needed to unravel this question, and the role of
IL-9 in nonatopic asthma has to be addressed.

Bhathena et al20 did not detect /L9 mRNA expression
in BAL cells of patients with stable mild asthma. This
finding corresponds to our results because we found /L9
mRNA expression only in a few subjects in very low
amounts before allergen challenge. Despite this lack of
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FIG 5. Correlation of IL-9 protein in BAL fluid measured by means of ELISA and /L9 mRNA detected by
means of real-time PCR in BAL cells from atopic asthmatic patients after allergen challenge.
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FIG 6. Correlation of percentages of eosinophils in BAL fluid of atopic asthmatic patients after allergen chal-
lenge with /L9 mRNA expressed by BAL cells (A) and with IL-9 protein in BAL fluid (B). Correlation of
absolute eosinophil numbers in BAL fluid of atopic asthmatic patients after allergen challenge with /L9
mRNA expressed by BAL cells (C) and with IL-9 protein in BAL fluid (D).

mRNA expression, IL-9 protein was detectable in lym- tion.21-22 However, 24 hours after allergen challenge,
phocytes of some subjects at that time. The kinetics of /L9 there was a good correlation between /L9 mRNA and pro-
mRNA expression and subsequent protein production tein expression. Thus at this time point, an ongoing aller-
might account for this discrepancy because IL-9 is gen-specific T-cell stimulation might explain the simulta-
expressed only for a limited period after T-cell stimula- neous gene and protein expression in the atopic subjects.
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Immunocytochemical staining showed that almost
exclusively BAL lymphocytes were stained positively for
IL-9. This is in line with previous investigations, which
have demonstrated an increased number of IL-
9—immunoreactive and /L9 mRNA-positive cells in
bronchial biopsy specimens of atopic asthmatic
patients.!5 In these studies the majority of IL9
mRNA-—positive cells were T cells, followed by /L9-pos-
itive eosinophils and neutrophils.!6 Although we have
not determined T-cell subsets in our study, it is known
that BAL lymphocytes, even after allergen challenge,!®
almost exclusively consist of T cells. Therefore we con-
clude that in the allergic response of the lung, T cells are
the major cellular source of IL-9. This could be explained
as an allergen-specific T-cell response or more likely
through a response of bystander T cells under the local
influence of IL-2, IL-4, or transforming growth factor {3,
which all have been shown to enhance IL-9 expression
and release from T cells.21,23

In our study only few of the numerous BAL
eosinophils were IL-9 immunoreactive. This observation
might be in conflict with a previous study that demon-
strated increased /L9 mRNA and IL-9 protein expression
by peripheral eosinophils from atopic asthmatic
patients.24 The authors suggested that peripheral
eosinophils might be activated in vivo and therefore
express higher levels of IL-9. Several reasons might exist
for the different expression pattern between peripheral
and BAL-derived eosinophils. First, peripheral
eosinophils were isolated by means of magnetic cell sep-
aration, which might have changed their activation and
function,?5 whereas BAL cells were used immediately
after BAL for cytospin preparations. Second, kinetics of
IL-9 production by different cell types might play a role.
IL-9 expression in T cells peaks 28 hours after stimula-
tion, which corresponds to the increased expression of
IL-9 in BAL lymphocytes 24 hours after segmental aller-
gen challenge.2! The kinetics of IL-9 expression in
eosinophils might be different and have not been
described thus far. Third, eosinophils might release
stored IL-9 like they release their basic proteins at the
site of allergic inflammation. Therefore they might no
longer contain IL-9 at 24 hours after allergen challenge.

Although our data suggest that lymphocytes are a
major source for IL-9 production, we cannot exclude that
mast cells and, in particular, epithelial cells might further
contribute to the increased IL-9 expression in the pul-
monary allergic response.26 Because we have not
obtained bronchial biopsy specimens in our study, we
cannot answer this question.

In atopic patients after allergen challenge, /L9 mRNA
and IL-9 protein expression were closely correlated to
the percentages and absolute numbers of BAL
eosinophils but not to those of neutrophils, lymphocytes,
or macrophages. A similar correlation has been shown by
Ying et al,!6 demonstrating a correlation of IL9
mRNA-—positive cells with eosinophils in bronchial biop-
sy specimens of patients with mild asthma and a correla-
tion of /L9 mRNA—positive cells and eosinophils in the
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skin of atopic patients 72 hours after allergen challenge.
Together with the ability of IL-9 to promote the influx
and maturation of eosinophils, to enhance the IL-5 recep-
tor expression of eosinophils, to increase eosinophil sur-
vival, and to release the eosinophil chemoattractant
RANTES from human bronchial epithelial cells,5:6.8
these findings suggest a critical role of IL-9 in the induc-
tion of the allergic eosinophilic inflammation. Further-
more, IL-9 can influence the allergic inflammation
through its direct influence on IL-13 expression, which
has been demonstrated in vitro and in vivo.2’ Although
we have measured increased IL-13 levels in the BAL
fluid of our study subjects, we could not detect a signifi-
cant correlation between IL-9 and IL-13 in either atopic
patients or control subjects (data not shown).

In conclusion, we have shown that IL-9 is specifically
upregulated in response to an allergic stimulus in the
lungs of atopic subjects with mild allergic asthma. It is
mainly produced by lymphocytes, and its expression cor-
relates with eosinophilic inflammation. Further studies in
human subjects with IL-9 receptor antagonists or anti-
bodies to IL.-9 are necessary to elucidate its critical role in
the allergic eosinophilic inflammation and its importance
for the pathogenesis of allergic diseases, such as asthma.

REFERENCES

1. Modi WS, Pollock DD, Mock BA, Banner C, Renauld JC, Van Snick J.
Regional localization of the human glutaminase (GLS) and interleukin-9
(IL9) genes by in situ hybridization. Cytogenet Cell Genet 1991;57:114-6.

2. Uyttenhove C, Simpson RJ, Van Snick J. Functional and structural char-
acterization of P40, a mouse glycoprotein with T-cell growth factor activ-
ity. Proc Natl Acad Sci U S A 1988;85:6934-8.

3. Hultner L, Druez C, Moeller J, Uyttenhove C, Schmitt E, Rude E, et al.
Mast cell growth-enhancing activity (MEA) is structurally related and
functionally identical to the novel mouse T cell growth factor PAO/TCGF
(interleukin 9). Eur J Immunol 1990;20:1413-6.

4. Dugas B, Renauld JC, Pene J, Bonnefoy JY, Peti-Frere C, Braquet P, et
al. Interleukin-9 potentiates the interleukin-4-induced immunoglobulin
(IgG, IgM and IgE) production by normal human B lymphocytes. Eur J
Immunol 1993;23:1687-92.

5. Louahed J, Zhou Y, Maloy WL, Rani PU, Weiss C, Tomer Y, et al. Inter-
leukin 9 promotes influx and local maturation of eosinophils. Blood
2001;97:1035-42.

6. Gounni AS, Gregory B, Nutku E, Aris F, Latifa K, Minshall E, et al. Inter-
leukin-9 enhances interleukin-5 receptor expression, differentiation and
survival of human eosinophils. Blood 2000;96:2163-71.

7. Dong Q, Louahed J, Vink A, Sullivan CD, Messler CJ, Zhou Y, et al. IL-
9 induces chemokine expression in lung epithelial cells and base airway
eosinophilia in transgenic mice. Eur J Immunol 1999;29:2130-9.

8. Little FF, Cruikshank WW, Center DM. I1-9 stimulates release of chemo-
tactic factors from human bronchial epithelial cells. Am J Respir Cell
Mol Biol 2001;25:347-52.

9. Temann UA, Geba GP, Rankin JA, Flavell RA. Expression of interleukin
9 in the lungs of transgenic mice causes airway inflammation, mast cell
hyperplasia, and bronchial hyperresponsiveness. J Exp Med
1998;188:1307-20.

10. Temann UA, Ray P, Flavell RA. Pulmonary overexpression of IL-9
induces Th2 cytokine expression, leading to immune pathology. J Clin
Invest 2002;109:29-39.

11. Levitt RC, McLane MP, MacDonald D, Ferrante V, Weiss C, Zhou T, et
al. IL-9 pathway in asthma: new therapeutic targets for allergic inflam-
matory disorders. J Allergy Clin Immunol 1999;103(suppl):S485-91.

12. Kung TT, Luo B, Crawley Y, Garlisi CG, Devito K, Minnicozzi M, et al.
Effect of anti-mIL-9 antibody on the development of pulmonary inflam-
mation and airway hyperresponsiveness in allergic mice. Am J Respir
Cell Mol Biol 2001;25:600-5.



J ALLERGY CLIN IMMUNOL
VOLUME 111, NUMBER 6

13.

14.

15.

16.

17.

18.

19.

Cheng G, Arima M, Honda K, Hirata H, Eda F, Yoshida N, et al. Anti-
interleukin-9 antibody treatment inhibits airway inflammation and hyper-
reactivity in mouse asthma model. Am J Respir Crit Care Med
2002;166:409-16.

McMillan SJ, Bishop B, Townsend MJ, McKenzie AN, Lloyd CM. The
absence of interleukin 9 does not affect the development of allergen-
induced pulmonary inflammation nor airway hyperreactivity. J Exp Med
2002;195:51-7.

Shimbara A, Christodoulopoulos P, Soussi-Gounni A, Olivenstein R,
Nakamura Y, Levitt RC, et al. IL-9 and its receptor in allergic and nonal-
lergic lung disease: increased expression in asthma. J Allergy Clin
Immunol 2000;105:108-15.

Ying S, Meng Q, Kay AB, Robinson DS. Elevated expression of inter-
leukin-9 mRNA in the bronchial mucosa of atopic asthmatics and aller-
gen-induced cutaneous late-phase reaction: relationships to eosinophils,
mast cells and T lymphocytes. Clin Exp Allergy 2002;32:866-71.
Jenmalm MC, Van Snick J, Cormont F, Salman B. Allergen-induced Th1
and Th2 cytokine secretion in relation to specific allergen sensitization
and atopic symptoms in children. Clin Exp Allergy 2001;31:1528-35.
International Consensus Report on Diagnosis and Treatment of Asthma.
Clin Exp Allergy 1992;22(suppl 1):1-72.

Krug N, Erpenbeck VJ, Balke K, Petschallies J, Tschernig T, Hohlfeld
IM, et al. Cytokine profile of bronchoalveolar lavage-derived CD4(+),
CDB8(+), and gammadelta T cells in people with asthma after segmental
allergen challenge. Am J Respir Cell Mol Biol 2001;25:125-31.

20.

21.

22.

23.

24.

25.

26.

27.

Erpenbeck et al 1327

Bhathena PR, Comhair SA, Holroyd KJ, Erzurum SC. Interleukin-9
receptor expression in asthmatic airways In vivo. Lung 2000;178:149-60.
Houssiau FA, Renauld JC, Fibbe WE, Van Snick J. IL-2 dependence of
IL-9 expression in human T lymphocytes. J Immunol 1992;148:3147-51.
Renauld JC, Houssiau F, Uyttenhove C, Vink A, Van Snick J. Interleukin-
9: a T-cell growth factor with a potential oncogenic activity. Cancer
Invest 1993;11:635-40.

Schmitt E, Germann T, Goedert S, Hoehn P, Huels C, Koelsch S, et al.
IL-9 production of naive CD4+ T cells depends on IL-2, is synergistical-
ly enhanced by a combination of TGF-beta and IL-4, and is inhibited by
IFN-gamma. J Immunol 1994;153:3989-96.

Gounni AS, Nutku E, Koussih L, Aris F, Louahed J, Levitt RC, et al. IL-
9 expression by human eosinophils: regulation by IL-1beta and TNF-
alpha. J Allergy Clin Immunol 2000;106:460-6.

Sedgwick JB, Shikama Y, Nagata M, Brener K, Busse WW. Effect of iso-
lation protocol on eosinophil function: Percoll gradients versus immuno-
magnetic beads. J Immunol Methods 1996;198:15-24.

Toda M, Tulic MK, Levitt RC, Hamid Q. A calcium-activated chloride
channel (HCLCAL) is strongly related to IL-9 expression and mucus pro-
duction in bronchial epithelium of patients asthma. J Allergy Clin
Immunol 2002;109:246-50.

O7Brien PJ, Louahed J, Zhou Y, Dong Q, Weiss C, Renauld JC, et al. IL-
9 directly regulates IL-13 expression in vitro, and in vivo [abstract]. Am
J Respir Crit Care Med 2002;165:A202.

;
'E
§
=

5




