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Abstract
Wehave attempted to identify mRNAfor IL-5 in endobron-
chial mucosal biopsies from asthmatics and controls, using the
technique of in situ hybridization. Bronchial biopsies were ob-
tained from 10 asthmatics and 9 nonatopic normal controls. A
radio-labeled cRNA probe was prepared from an IL-5 cDNA
and hybridized to permeabilized sections. These were washed
extensively before processing for autoradiography. An IL-5-
producing T cell clone derived from a patient with the hyper-
IgE syndrome was used as a positive control. As a negative
control, sections were also treated with a "sense" IL-5 probe.
Specific hybridization signals for IL-5 mRNAwere demon-
strated within the bronchial mucosa in 6 out of the 10 asthmatic
subjects. Cells exhibiting hybridization signals were located
beneath the epithelial basement membrane. In contrast, there
was no hybridization in the control group. No hybridization was
observed with the sense probe.

The six IL-5 mRNA-positive asthmatics tended to have
more severe disease than the negative asthmatics, as assessed
by symptoms and lung function, and showed a significant in-
crease in the degree of infiltration of the bronchial mucosa by
secreting (EG2+) eosinophils and activated (CD25+) T lym-
phocytes. Within the subjects who showed positive IL-5
mRNA, there was a correlation between IL-5 mRNAexpres-
sion and the number of CD25+ and EG2+cells and total eosin-
ophil count.

This study provides evidence for the cellular localization of
IL-5 mRNAin the bronchial mucosa of asthmatics and sup-
ports the concept that this cytokine regulates eosinophil func-
tion in bronchial asthma. (J. Clin. Invest. 1991. 87:1541-
1546.) Key words: interleukin-5 * asthma * T cells - eosinophils .
hybridization

Introduction
Asthma is characterized by infiltration of the bronchial mucosa
with large numbers of activated eosinophils and the presence of
elevated concentrations of eosinophil-derived proteins such as
major basic protein (MBP)' (1) and the eosinophil cationic
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1. Abbreviations used in this paper: con A, concanavalin A; ECP, eosin-
ophil cationic protein; MBP, major basic protein; PAF, platelet activat-
ing factor.

protein (ECP) (2). The degree of the eosinophilia has been
shown to correlate with the severity of airways hyperrespon-
siveness (3). In a primate model of asthma, inhibition of the
eosinophilic response to allergen substantially blocked the de-
velopment of airways hyperresponsiveness (4). Eosinophil-de-
rived mediators have potential for producing many of the
pathological features of asthma. For example, epithelial shed-
ding is believed to occur through the cytotoxic effects of se-
creted eosinophil granule proteins (5) and mucus hypersecre-
tion and bronchoconstriction through the release of platelet
activating factor (PAF) and leukotriene C4 (6). Recent studies
have also suggested a role for T lymphocytes in asthma. T lym-
phocyte infiltration is a feature of the late-phase response to
allergen in atopic individuals in both the skin (7) and lung (8).
Increased numbers of activated T cells and concentration of
their products have been observed in the peripheral blood of
acute severe asthmatics (9). More recently, by specific immuno-
staining of bronchial mucosal biopsies obtained via the fiber-
optic bronchoscope, we have demonstrated a significant in-
crease in numbers of positive IL-2 receptor bearing cells in the
airways of mild, steady-state asthmatics (10). This was asso-
ciated with an elevation in the numbers of EG2+ (EG2 is a
monoclonal antibody which recognizes the secreted, cleaved
form of the eosinophilic cationic protein) (1 1).

It has been known for several years that T lymphocytes play
a central role in eosinophil production and function through
the release of soluble mediators. A number of cytokines with
selective actions on eosinophils have now been sequenced and
cloned. One of the most important is IL-5 which promotes
terminal differentiation of the committed eosinophil precursor
( 12) as well as enhancing the effector capacity of mature eosin-
ophils (13). IL-5 also prolongs the survival of eosinophils in
vitro (14). For example, antibodies against IL-5 ablate the eosin-
ophilic response to parasitic infection in mouse (15) and an
IL-5-like substance has been found in the serum of patients
with hypereosinophilia (16). Of particular interest is the obser-
vation that IL-5 increases eosinophil, but not neutrophil, adhe-
sion to vascular endothelium (17). Release of IL-S5 at the site of
allergic inflammation could explain, in part, the specific eosin-
ophil accumulation seen in these conditions. Similarly release
of IL-5, in and around the bronchial mucosa, by activated T
lymphocytes could lead to the specific recruitment of eosino-
phils, enhanced eosinophil cytotoxicity and prolonged eosino-
phil survival. Identification of mRNAfor IL-5 in the bronchi
of asthmatics might provide important evidence of IL-5 genera-
tion as well as emphasizing the possible link between eosino-
phils and T lymphocytes in this disease. Wehave therefore
used the technique of in situ hybridization using an IL-5 cRNA
probe to investigate the expression of IL-5 mRNAand the pat-
tern of distribution of IL-5-producing cells in bronchial tissue
obtained from biopsies of asthmatics and normal individuals.
Wehave also attempted to relate the expression of IL-S5 mRNA
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to the severity of the disease and the degree of infiltration of the
airway mucosa with eosinophils and activated T lymphocytes.

Methods

Bronchial biopsies. The technique of fiberoptic bronchoscopy with
bronchial biopsies in asthmatic volunteers and normal controls has
been described in detail elsewhere (10). In the present study, bronchial
biopsies from a further 19 subjects were obtained. These included 10
atopic asthmatics (skin test positive to commoninhalant aeroallergens)
and nine nonatopic normal controls (see Table I for clinical details).
The asthmatic subjects were recruited from the Allergy Clinic, Royal
Brompton and National Heart Hospital. The diagnosis of asthma was
as previously described (1). In brief, all the patients had typical clinical
symptoms, documented airways reversibility and increased airway re-
sponsiveness (methacholine PC20 < 8 mg/ml, PC20 being the provoca-
tion concentration of inhaled methacholine that caused a 20%decrease
in FEVI). Seven asthmatics (termed symptomatic [S]) had frequent
symptoms (daily in five of the subjects) which were controlled by the
regular usage of inhaled selective ,B2-agonists. The remainder required
only occasional j32-agonists and had been asymptomatic (A) for at least
1 wk before the fiberoptic bronchoscopy. None of the asthmatics had
taken inhaled or oral corticosteroids or other prophylactic treatment in
the preceding 3 mo. The nonatopic healthy control subjects were re-
cruited from among laboratory staff and students. All subjects (asth-
matics and controls) were nonsmokers. The study was performed with
informed written consent and with the approval of the Royal Bromp-
ton and National Heart Hospital Ethics Committee. For each subject,
baseline spirometry (FEV1) was recorded and a methacholine inhala-
tion test (PC20) was performed. Bronchial biopsies were obtained from
the subsegmental airways as described (10). Nebulized salbutamol was
given to all subjects (asthmatics and controls) before the bronchoscopy
procedure. The biopsies were snap frozen in isopentane cooled in liq-
uid nitrogen and stored in -70°C.

In situ hybridization. IL-5 cDNA(a gift from Dr. C. J. Sanderson,
National Institute for Medical Research, London) was obtained as
pEDF-H2 1 in a pGEM4 vector and used as a template for synthesizing
IL-5 RNAprobes (18). In initial experiments, RNAprobes generated
from IL-5 oligonucleotides according to Tavernier et al. (19) (a gift
from E. Kawashima) were used. The probes were well characterized
previously (18, 19). Both probes gave virtually identical results. IL-5
cDNAwas inserted into a pGEM4 vector and linearized with Xba I or
BamH 1 to produce antisense (having a complementary sequence to
IL-5 mRNA)or sense (having identical sequence to IL-5 mRNA)
probes, respectively. Labeled antisense (cRNA) or sense (mRNA) tran-
scripts of IL-5 cDNAwere synthesized in the presence of ATP, GTP,
and CTP, (-32p) UTP, and SP-6 polymerase or T7 polymerase to gener-
ate antisense or sense probe, respectively (20). For in situ hybridization,
cryostat sections (10 Mm) were cut from the biopsies on poly-L-lysine
coated slides, allowed to dry for 10 min and fixed in freshly prepared
solution of 4%paraformaldehyde in 0.1 MPBS(pH 7.4) for 30 min at
4°C. Sections were then washed with PBScontaining 15% sucrose and
allowed to dry for 12 h at 370C before processing. Sections from the
biopsies were first permeablized with a 0.3% solution of Triton X- 100
in PBS for 10 min and then with a proteinase K (1 ,ug/ml) in 0.1 MTris
containing 50 mMEDTA for 20-30 min at 37°C. The reaction was
terminated by immersion of the preparations in 4%paraformaldehyde
for 5 min. The preparations were then treated in 0.25% acetic anhy-
dride in 0.1 Mtriethanolamine for 10 min to reduce nonspecific bind-
ing and prehybridized in 50% formamide and 2X standard saline ci-
trate (SSC) for 30 min at 40°C. For hybridization, 6 ng of radiolabeled
antisense or sense probe (= 106 cpm/section) diluted in hybridization
buffer (21) was used. The preparations were covered with dimethyl-
dichlorosilane-coated coverslips and hybridization was performed in a
humid chamber for 16 h at 40°C. Posthybridization washing was per-
formed in a decreasing concentration of SSC(4X SSC-O.O5X SSC) at

450C. Unhybridized single-stranded RNAswere removed by treating
the preparations with a solution containing RNase A (20 ,g/ml), 0.5 M
NaCI, 10 mMTris, and 1 mMEDTAfor 30 min at 420C.

After dehydration, the sections were immersed in K-5 emulsion
(Ilford, UK), and exposed for 72 h. The autoradiographs were devel-
oped in Kodak D-19, fixed with hypam (Ilford) and counterstained
with hematoxylin.

As a positive control, a peripheral blood T lymphocyte clone was
obtained from a patient with the hyper-IgE syndrome (22). This clone
was shown to express IL-5 mRNAwith the PCRtechnique (data not
shown) and was also shown to secrete IL-5 into the culture supernatant
after activation with concanavalin A (con A). Cytospins of these cells
were prepared before and after stimulation and processed and hybrid-
ized as described for the biopsies. For negative controls, a separate set of
sections from bronchial biopsies, and IL-5-producing T cell cytospins
were hybridized with sense IL-5 probes. A further control involved the
treatment of a separate set of preparations with RNase-A solution (20
Mg/ml) at 370C for 40 min before the prehybridization step. Hybridiza-
tion was subsequently performed with labeled IL-5 cRNA, as described
above. No hybridization signals were observed with these procedures,
thus confirming the specificity of the results obtained during hybridiza-,
tion with cRNA probes. Because hybridization with 32P-labeled probe
does not enable distinct grain counting, positive (as opposed to nega-
tive) hybridization was determined by the demonstration of clear dif-
ferences between the density of silver grains on individual cells when
hybridized with either antisense or sense probes.

Immunocytochemistry. The APAAPprocedure used here has been
described in detail elsewhere (7). Cryostat sections (6 um) were cut
from the frozen bronchial biopsies. They were air dried for 1 h, fixed in
a mixture of equal parts acetone:methanol for 2 min, and stained with
monoclonal antibodies anti-CD25 (anti-IL-2 receptor) and EG2 (an
antibody directed against the cleaved form of eosinophil cationic pro-
tein) as well as anti-CD4, CD3, CD45, and CD8. Sections were also
stained with carbol chromotrope 2R for total eosinophil counts. Posi-
tively stained or hybridized cells were counted in a 1 I 5-Mm zone along
the entire length of epithelial basement membrane. A calibrated and
computerized graphics tablet (Apple IIe) was used to determine the
length of basement membrane. Cell counts were expressed per unit
length (1,000 ,m) of basement membrane.

Statistics. Comparisons between cell counts and lung function in
the IL-5 mRNA-positive asthmatics and IL-5 mRNA-negative asth-
matics were performed using the Mann-Whitney test for unpaired sam-
ples. Correlation coefficients were obtained by Kendall's rank method
with correction for tied values. P values < 0.05 were considered signifi-
cant.

Results

Hybridization between the labeled cRNA probes and mRNA
encoding IL-5 mRNAwas demonstrated by specific deposits of
silver grains in the photographic emulsion overlying the tissue
sections or the positive control cytospins (Figs. 1-6). The inten-
sity of the hybridization signal was similar ii both bronchial
biopsies and the positive control T-cell clone. The two probes
employed (cRNA generated from IL-5 cDNAor from an IL-5
oligonucleotide) gave virtually identical results under the same
hybridization conditions. The specificity of both the probe and
the hybridization was confirmed by (a) the presence of intense
labeling of up to 40% of cells of cytospin preparations of the
IL-5-producing T cell clone after, but not before stimulation
with con A (Figs. 1 and 2), and (b) the absence of hybridization
when all the preparations were treated with a "sense" probe
(Fig. 3), or after treatment with RNAasebefore the application
of the labeled IL-5 cRNA(Fig. 4). Furthermore the signal was
still clearly detectable under high stringency washing (tempera-
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Figures I and 2. Autoradiographs of a cytospin preparations prepared from human T cell clone before (left) and after (right) stimulation with con
A. In situ hybridization was performed with 32P-labeled IL-5 cRNAprobe. Arrows indicate the positive IL-5 mRNAsignals. Note the difference
in the number of IL-5-positive cells. Magnification for Fig. I and 2, 400.

ture 450C and 0.05X SSC) (Fig. 5). There were positive hybrid-
ization signals in 6 of the 10 bronchial biopsies obtained from
asthmatic subjects (Table I). Cells with a positive hybridization
signal were located mainly below the basement membrane ex-
tending down to the level of bronchial smooth muscle. They
were scattered among inflammatory infiltrates within the bron-
chial mucosa. The positive cells were rounded and relatively
small compatible with the shape and size of lymphocytes. The
intensity of hybridization and the number of positive cells var-
ied from 6 to 20 per millimeter length of basement membrane
(Table II). There was no hybridization signal on the epithelial
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or endothelial cells. Biopsies from the normal controls did not
show any hybridization signal (Fig. 6).

A positive signal for IL-S mRNAwas observed in six of the
seven symptomatic asthmatics and none of the three asymp-
tomatic asthmatics (Table I). There was a trend (nonsignifi-
cant) for the six patients who were IL-5 mRNA-positive to
have a lower FEVy percent predicted (range, 62.4-104) and
PC20 methacholine (0.05-3.0) when compared with the four
asthmatics who were IL-5 mRNAnegative (FEV,, 91-97;
PC20, 2.0-5.5).
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Figure 3. Autoradiograph of bronchial mucosa from a patient with
symptomatic asthma. The section was hybridized with a sense (con-
trol) probe. Note the absence of any hybridization signal (magnifica-
tion, 280).
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Figure 4. Autoradiograph from bronchial mucosa from patient with
asthma. The section was treated with RNase before hybridization
with the radiolabeled IL-5 cRNAprobe. No hybridization was de-
tected (magnification, 300).
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Figure 5. Autoradiograph of bronchial mucosa from a patient with
symptomatic asthma. In situ hybridization was performed under
high stringency with 32P-labeled cRNA probe encoding for IL-S
mRNA.Arrows indicate the positive IL-S mRNAcells (magnifica-
tion, 300).

ment membrane is shown in Table II. The numbers were com-
pared to the eosinophil counts (chromotrope 2R) and the num-
ber of EG2+ and CD25+ cells. Biopsies from the six asth-
matics, showing a positive IL-5 mRNAsignal, had significantly
greater numbers of eosinophils (chromotrope 2R), EG2+ cells
and CD25+ cells compared with the four negative asthmatics
(Table III). There was no significant difference in the number
of CD45+, CD4+, CD3+, and CD8+ cells between asthma
and control. This is in agreement with our previous finding
(10). Biopsies from the nine normal healthy controls were nega-
tive for IL-5 mRNA,and contained very few eosinophils (chro-
motrope 2R), EG2+ or CD25+ cells. Within the asthmatic
group, there were significant correlations between IL-5-posi-
tive cells and the total number of infiltrating eosinophils (chro-
motrope 2R+, r = 0.52, P< 0.05), activated eosinophils (EG2+
cells, r = 0.71, P < 0.01) and activated T cells (CD25+ cells, r
= 0.80, P < 0.01). There was also a significant relationship
between numbers of EG2+ and CD25+ cells (r = 0.55, P
< 0.05).

Discussion

This study provides novel and direct evidence for the cellular
localization of IL-5 mRNAin bronchial mucosa in asthma.
Messenger RNA is a midproduct between gene transcription
and translation, and its localization provides evidence of gene
expression and suggests but does not prove active synthesis of
the relevant protein (21). Thus, the results reported here are
consistent with the view that IL-5 is an important product of
the inflammatory process associated with allergic asthma.

The localization of IL-5 mRNAwas demonstrated by the
technique of in situ hybridization. Wehave used radiolabeled
RNAprobes, already shown to be the most specific and sensi-
tive among other types of probes (20, 23). In addition, we un-

dertook extensive control procedures to ensure the specificity
of the hybridization, including the use of an IL-5-producing T
cell clone, sense probes, and RNase pretreatment. The hybrid-
ization was carried out also under high-stringency conditions.
The presence of strong hybridization in the T cell clones, the
stability of the signal after the high-stringency washing, and the
absence of hybridization with either sense probes or after
RNase treatment confirmed the specificity of both the probes
as well as the signal. Eosinophils are known to bind "S-labeled
RNAprobes nonspecifically. However, in the present study
32P-labeled probes were employed; these have much lower non-
specific binding properties (24). Moreover, the absence of spe-
cific hybridization signal with the sense probe, or after RNase
pretreatment excludes the possibility that the signal we ob-
served was nonspecific binding to eosinophils.

Positive IL-5 mRNAcells were distributed among the in-
flammatory cells within the bronchial mucosa. Wewere unable
to ascertain the precise cell type expressing IL-5 mRNA. IL-5
was first described as a T lymphocyte-derived mediator; there-
fore, T cells are the most likely candidate cell, especially as the
positive cells had a consistently lymphocytic morphology and
their distribution reflect that of the CD25+ cells. Nevertheless,
we cannot rule out the possibility of IL-5 mRNAexpression by
alternative cell types, such as the mast cells (25). Whatever the
cell type involved we believe that our finding of increased num-
bers of mRNA-positive cells in asthma as opposed to control is
of considerable interest for the reasons stated.

In the present study only 6 out of 10 asthmatics were posi-
tive for IL-5 mRNA.The lack of an IL-5 mRNAsignal in the

Table I. Expression of mRNAfor IL-5 in the Bronchial Mucosa
in Asthmatics and Controls in Relation to Asthma Severity, Age,
Gender, FEV, Percent Predicted and Bronchial
Hyperresponsiveness (PC2a)

Group
(Asthma severity) Pt. No. Age/sex FEV, PC20 IL,5mRNA

%predicted mg/ml

Symptomatic 1 23F 75 0.3 +
Symptomatic 2 21F 104 2.0 +
Symptomatic 3 30F 62.4 0.05 +
Symptomatic 4 20F 90 2.8 +
Symptomatic 5 21M 91 3.0 +
Symptomatic 6 20F 79 1.2 +
Symptomatic 7 27M 90 2.4 -

Asymptomatic 8 20F 91 2.7 -

Asymptomatic 9 21M 97 5.5 -

Asymptomatic 10 19F 97 2.0 -

Normal 11 26M 120 32 -

Normal 12 25M 116 32 -

Normal 13 30M 94 32 -

Normal 14 22F 112 >32 -

Normal 15 29M 107 >32 -

Normal 16 25F 116 >32 -

Normal 17 30M 100 >32 -

Normal 18 22F 118 >32 -

Normal 19 24F 120 >32 -

Symptomatic subjects were those who had symptoms in the week be-
fore biospy.
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Table II. Numbers of IL-5 mRNA-positive Cells in Relation
to Eosinophil Counts and Numbers of EG2' and CD25 Cells
in the Bronchial Mucosa

Group Subject IL-5
(asthma severity) No. mRNA* Eosinophil* EG2* CD25*

Symptomatic 1 14 23 12 2
Symptomatic 2 10 13 4 4
Symptomatic 3 7 13 5 3
Symptomatic 4 12 5 10 7
Symptomatic 5 6 5 5 1
Symptomatic 6 20 4 6 24
Symptomatic 7 0 1 3 0
Asymptomatic 8 0 3 3 1
Asymptomatic 9 0 1 1 0
Asymptomatic 10 0 0 2 0

Normal 11 0 0 0 0
Normal 12 0 1 1 0
Normal 13 0 0 0 0
Normal 14 0 0 1 0
Normal 15 0 1 1 0
Normal 16 0 0 1 0
Normal 17 0 0 0 0
Normal 18 0 1 1 0
Normal 19 0 0 0 0

* Number of +ve cells per millimeter length of basement membrane.

other four subjects does not necessarily indicate the absence of
IL-S production. It is possible that IL-5 mRNAmay be gener-
ated in these subjects but below amounts detectable by in situ
hybridization.

However, there was a trend for the asthmatics who exhib-
ited a positive signal for the IL-5 mRNAto have more severe

' ; ,j>

,~.

Figure 6. Autoradiograph of bronchial mucosa from normal subject.
The section was hybridized with IL-5 cRNAprobe. No hybridization
signal was detected (magnification, 300).

Table III. Comparison of Chromotrope 2R+, EG2+, and CD25+
Cells between the IL-5 mRNA+and IL-S mRNA-Biopsies

Total cell IL-5 mRNA+ IL-5 mRNA-
counts* biopsies biopsies P valuest

Chromotrope 2R 10.5 (4-23) 1.3 (0-3) 0.01
EG2 positive 7.0 (4-12) 2.3 (1-3) 0.01
CD25 positive 6.8 (1-24) 0.3 (0-1) 0.01-0.05

* Per millimeter length of basement membrane expressed as mean
and range. t Comparison of cell counts in IL-5+ vs. IL-5- biopsies.

disease, as reflected by more frequent symptoms and increased
bronchodilator usage. These patients also tended to have
greater airflow obstruction and increased airway responsive-
ness, compared to the IL-S mRNA-negative group, although
the differences were not statistically significant, possibly due to
the small number of subjects. Furthermore, the six IL-5
mRNA+asthmatics showed significant increases in the num-
bers of activated T cells and activated eosinophils when com-
pared with the IL-S mRNA- asthmatics. Within the asthmatic
group, there were significant correlation between IL-5
mRNA+cells and the number of activated T cells and eosino-
phils. This suggests that a positive signal for IL-S generation
correlates well with the extent of the inflammatory process in
the airway mucosa. This further supports the hypothesis that
IL-5 released by T lymphocytes is involved in eosinophil re-
cruitment and activation in asthma.
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