
Activation of CD4+ T cells, increased T,,-type 
cytokine mRNA expression, and eosinophil 
recruitment in bronchoalveolar lavage after 
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Ilackground: We have examined whether the local eosinophilia provoked by inhalational 
alkqen challenge of patients with atopic asthma is associated with the appearance, in vivo, of 
activated T,,-type T helper lymp~cytes. 
Methods: Fifteen patients with atopic asthma had bronchial wash and bronchoalveolar lavage 
(BAL) 24 hours after allergen or diluent challenge separated by at least 21 days. 
Results: There was an increase in eosirwphils in both bronchial wash (p = 0.01) and BAL 
{p = 0.02) after allergen challenge but not after diluent challenge. Activation of CD4 + BAL T 
cells was suggested by an increase in the expression of CD25 shown by flow cytomehy after 
allergen challenge, when compared with diluent (p = 0.02). There was no evidence of 
activation of CD8 T cells. By in situ hybridization ajIer alleqen challenge as compared with 
#diluent, increases were shown in the numbers of cells expressing mRNA for inter&&in-l (IL-4) 
(p = O.OOS), IL-5 (p = O.Ol), and gmnulocyte-macrophage colony-stimulating factor 
(p = 0.03) but not IL-3, IL-Z, or interferon-y. In situ hybridization of BAL cells after 
immunomagnetic separation of CDZ-positive and CDZ-negative cell populations showed that 
IL-4 and IL-5 mRh!As were associated with T lymphocytes after allergen challenge. BAL and 
bronchial wash eosinophilia closely correkted with maximal late fall in forced expiratory 
volume in 1 second after allergen challenge. 
Conclusion: Cytokines produced by activated T,,-type CD4 + T cellr in the airway may 
contribute to late asthmatic responses by me&an&m that include eosinophil accumulation. 
(J ALLERGYCLINIMMVNOL 1993;92:313-24.) 
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Inhalati’on challenge of subjects with atopic 
asthma wi.th allergen provokes an immediate or 
early asthmatic response (EAR), which is detect- 
able within minutes as a decrease in forced expi- 
ratory volume in 1 second (FEV,). This may be 
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followed by a second fall in FEV, between 4 and 
12 hours after allergen exposure, which is associ- 
ated with an increase in nonqpecific bronchial 
responsiveness that may persist for several days.‘” 
Although the EAR appears to ,be dependent on 
IgE triggering of mediator release from mast 
cells resulting in bronchoconstriction and airway 
edema,4s ’ the late asthmatic response (LAR) is 
associated with an influx of inflammatory cells, 
particularly eosinophils,6M8 into the bronchial mu- 
cosa. Eosinophii infiltration of the bronchial mu- 
cosa is a feature of the airways of patients who are 
dying of asthma? and is present in bronchial 
biopsy specimenslO and bronchoalveolar lavage 
(BAL)“, l2 of patients with mild disease. Thus 
although it does not entirely reproduce the pat- 
tern of natural exposure, allergen challenge may 
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Abbreviatfons used 
BAL: Bronchoalveolar lavage 
BW: Bronchial wash 

EAR: Early asthmatic response 
FEV,: Forced expiratory volume in 

1 second 
FOB: Fiberoptic bronchoscopy 

GM-CSF: Granulocyte-macrophage colony- 
stimulating factor 

IFN-y: Interferon-y 
IL: Interleukin 

LAR: Late asthmatic response 
mRNA: Messenger RNA 

PC,,: Provocative concentration causing a 
20% fall in FEV, 

TH: T helper 

provide a model for investigating allergen-in- 
duced inflammatory events in atopic asthma.13 

In vitro and animal studies have suggested a 
role for cytokines in the initiation of eosinophilic 
inflammation. Interleukin-5 (IL-5) promotes in 
vitro survival and activation of eosinophils,14, l5 
enhances adhesion to endothelium,16 and pro- 
duces eosinophilia in viva.” Granulocyte-macro- 
phage colony-stimulating factor (GM-CSF) and 
IL-3 may also contribute to eosinophil maturation 
and activation.“, lg The description of a subset of 
murine T helper cell clones (termed TH2) that 
produced IL5, IL-3 and GM-CSF together with 
IL4 but not interferon-y (IFN-Y)~ raised the 
possibility that activation of a T,,-like subset of 
CD4 + T lymphocytes might contribute to eosino- 
phi1 infiltration and IgE production in human 
allergic disease.‘l, ‘* Allergen-specific CD4 + T 
cell clones from atopic individuals had a TH2 
pattern of cytokine production.23, 24 A role for TH2 
cells in atopic asthma in vivo was supported by the 
demonstration of messenger RNA (mRNA) for 
IL-4 and IL-5 in T cells in BAL from patients with 
atopic asthma together with increased numbers of 
BAL cells expressing mRNA for IL-2, IL3, IL-4, 
IL-5 and GM-CSF but not IFN-y when compared 
with normal control subjects.*’ Cytokine activity 
for IL-3, IL-5, and GM-CSF was found in serum 
samples from patients with atopic asthma.26 

Participation of T lymphocytes in allergen-in- 
duced asthmatic responses was suggested by the 
finding of lymphocyte infiltration in BAL after 
local allergen challenge’ and by changes in CD4 
and CD8 T cells in both peripheral blood and 
BAL after allergen challenge.27-2g We therefore 
hypothesized that allergen challenge in patients 
with atopic asthma results in local activation of 
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T,,-type CD4+ T cells and eosinophils, which in 
turn contributes to the associated changes in 
airway calibre and hyperresponsiveness. 

To test this hypothesis, we examined BAL cell 
counts, T-cell phenotype and activation status, 
and the cytokine mRNA profile of BAL cells 24 
hours after inhalation challenge with either aller- 
gen or diluent control. To determine whether 
cytokine mRNA detected after allergen challenge 
was associated with T lymphocytes, in situ hybrid- 
ization for IL-4 and IL-5 mRNA was performed 
after immunomagnetic separation of CD2-positive 
and CD2negative BAL cell populations. 

METHODS 
Patients 

Fifteen patients with atopic asthma who were sensi- 
tive to either grass pollen or house dust mite were 
recruited from the allergy clinic of the Royal Brompton 
National Heart and Lung Hospital (Table I). Asthma 
was defined by (1) a clinical history of intermittent 
chest tightness, wheeze, cough, or shortness of breath 
and (2) documented reversible airflow obstruction 
(20% change in FEV, or peak expiratory flow), which 
occurred either spontaneously or with treatment in the 
preceding year. All subjects had mild symptoms that 
required intermittent use of inhaled &-agonists only. 
None had received orally administered or inhaled cor- 
ticosteroids in the 3 months preceding the study. Pa- 
tients with seasonal symptoms were studied out of the 
United Kingdom’s pollen season. None were smokers, 
and any patient with a history compatible with respira- 
tory infection in the 3 weeks preceding or during the 
study was excluded. All patients gave written informed 
consent, and the study was approved by the ethics 
committee of the hospital. 

Study design 

In a randomized crossover study, patients underwent 
either diluent or allergen challenge followed 24 hours 
later by fiberoptic bronchoscopy (FOB); on a second 
occasion at least 3 weeks after the first, they underwent 
the corresponding allergen or diluent challenge fol- 
lowed by FOB. 

At an initial assessment, history and examination 
together with a full explanation of the study were 
performed. Skin prick tests to a panel of common 
aeroallergens were performed, and blood was taken for 
blood count, determination of total IgE, and RAST for 
specific IgE to grass pollen and dust mite (Phadebas 
RAST, Pharmacia, Uppsala, Sweden). The allergen 
used for challenge was selected on the basis of a history 
of clinical sensitivity supported by a positive skin prick 
test result (wheal diameter at least 5 mm greater than 
that produced by control solution). Allergen sensitivity 
was determined by skin prick tests with lo-fold serial 
dilutions of allergen, starting from 10,000 BU/ml Der- 
matophgoides pteronyssims or 30,000 BU/ml timothy 
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TABLE I. Petient characteristics 

Patient No. Age (~1 Sex 

1 24 F 
2: 23 F 
:i 23 F 
L, 26 M 
‘i 27 M 
6 29 F 
:’ 19 F 
8 34 M 
!J 34 F 

10 23 F 
11 21 F 
12 19 M 
13 26 M 

Data are for I:he 13 patients from whom paired samples were analyzed. 
pred, Predicted value. 

FEV, Methacholine PC, 
(% pred) hglml) 

108 0.36 
87 0.25 

100 4.6 
96 19.9 

116 15.5 
109 12.8 
103 2.2 
84 2.5 

106 8.0 
84 3.2 

100 13.8 
129 15.5 
104 8.0 

grass extract, Phleum prutense (Alutard, ALK, Horsh- 
olm, Denmalrk). At 1O:OO AM methacholine provocative 
concentration causing a 20% fall in FEV, (PC,) was 
measured as previously described.30 At noon allergen 
challenge was performed, starting with the concentra- 
tion 1 half-log serial dilution below that which pro- 
duced a 2 mm diameter skin prick wheal (threshold 
dose for a response). Increasing half-log concentration 
increments were given until a 20% fall in FEV, was 
achieved. Patients inhaled allergen solution through a 
Wright nebulizer by tidal breathing for 2 minutes. 
FEV, and peak expiratory flow rate were recorded 
before challenge, after administration of nebulized sa- 
line solution, every 5 minutes for 30 minutes after 
allergen challenge, then every 10 minutes for the first 
hour, and then hourly until FEV, had returned to 
baseline (at least 90% of the initial value), generally at 
3 to 4 hours. Patients were then allowed to go home 
after this initial visit, and they recorded peak flow 
hourly for the rest of the day and at 9:00 AM on the next 
day. After an interval of 3 weeks, patients underwent 
two further challenges, one with allergen and the other 
with diluent. Challenges were performed in random 
order with an interval of at least 3 weeks. Allergen 
challenge, which consisted of three inhalations of the 
last three allergen dilutions up to the dose that previ- 
ously, produced a 20% fall in FEV, was performed 
between 9:tDO and 10:00 AM. For diluent challenge three 
inhalations of the diluent vehicle (0.9% saline solution) 
were used. Patients remained on the ward, and FEVl 
was measured hourly for the rest of the day. FOB was 
performed between 8:OO and 9:00 AM the next morning; 
either the left or right lung was sampled in random 
order. 

Fiberoptic bronchoscopy 

Each subject was given nebulized albuterol (2.5 mg) 
and atropine (0.6 mg, intravenously) 15 minutes before 

FOB. Thirty milliliters of blood was drawn into a 
heparinized container for later separation of mononu- 
clear cells. Sedation was achieved with intravenously 
administered midazolam, and supplemental oxygen was 
given throughout the procedure. Patient oxygenation 
was monitored by pulse oximetry. FOB was performed 
by the same operator in all subjects. After 1% lidocaine 
spray was applied to the nose and throat of the subject, 
the Olympus BF P20 bronchoswpe (Olympus Corp., 
Tokyo, Japan) was introduced. Local anesthesia of the 
larynx was produced with topical 4% lidocaine, and 2% 
lidocaine was used below the vocal cords. After inspec- 
tion of the airways, the bronchoscope was wedged in a 
segmental or subsegmental division of the right middle 
lobe or lingula. An initial 60 ml aliquot of pH-adjusted, 
warmed, sterile saline solution was introduced, and 
returned fluid was collected by gentle machine suction 
(less than 60 cm water) as a bronchial wash (BW). An 
additional three 60 ml aliquots of saline solution were 
then introduced and collected into a sterile siliwnized 
glass bottle (BAL). Endobronchial biopsy specimens 
were then taken from segmental or subsegmental cari- 
nae with Olympus FB 15C forceps (results from these 
biopsies will be the subject of a separate report). After 
FOB was completed, patients were given an additional 
2.5 mg of albuterol and were observed on the ward for 
at least 4 hours. 

Processing of BW and BAL 

The volumes of BW and BAL fluid returned were 
recorded. The BAL was passed through sterile gauze to 
remove any mucus. The BW was not filtered. Cells were 
pelleted by centrifugation at 300 g for 7 minutes at 4” C 
followed by a washing step in RPM1 1640 medium 
(Flow Laboratories, Irvine, Scotland), then resus- 
pended in 1 ml (BW) or 1.5 ml (BAL) of RPM1 1640 
with N-2-hydroxyethylpiperazine-N-2-ethanesulfonic 
acid buffer. A total cell count was performed with a 
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Neubauer hemocytometer (Neubauer GMBH, Neuss, 
Germany). BW cells were used to make cytocentrifuge 
preparations with a Shandon 2 cytospin (Shandon 
Southern Products Ltd., Runcorn, Cheshire, England) 
at 800 rpm for 5 minutes. Slides were air-dried and 
either stored at -20” C or stained immediately with 
May-Grtinwald Giemsa stain for cell differential or 
alcian blue for mast cells. BAL cells were used for flow 
cytometry after removal of an aliquot adjusted to 
5 x lo5 cells/ml for cytospin preparations for both cell 
counts and for in situ hybridization. Peripheral blood 
mononuclear cells were separated from heparinized 
blood by density centrifugation on Ficoll-Paque (Phar- 
macia). 

lmmunomagnetic separation of BAL cells 
To determine whether mRNA for IL-4 and IL-5 was 

associated with T lymphocytes, aliquots of BAL cells 
obtained 24 hours after allergen challenge from five 
subjects were separated into CDZpositive and 
CDZnegative cell populations as previously de- 
scribed.= Briefly, BAL cells were mixed with anti-CD2- 
linked magnetic particles (Dynabeads, Dynal, Wirral, 
England) in a ratio of three beads to each lymphocyte 
at 4” C for 20 minutes. Cells were then separated in a 
magnetic particle separator (MPS, Dynal), CDZnega- 
tive cells were removed by pipette, and CDZpositive 
cells were washed four times in phosphate-buffered 
saline with 0.1% bovine serum albumin (Sigma Chem- 
icals, Poole, England). Cytocentrifuge preparations 
were made from both cell populations. 

Flow cytometry 
BAL cells or peripheral blood mononuclear cells 

were used in a concentration of 5 to 10 x l@ per 
milliliter. Fifty micrometers of cell suspension was 
incubated for 10 minutes at 4” C with two 10 p,l aliquots 
of monoclonal antibody for T-cell phenotype (CD4, 
CD8; Becton Dickinson, Cowley, England) and activa- 
tion marker (CD25; Dako, High Wycombe, England) 
directly conjugated to phycoerythrin or fluorescein iso- 
thiocyanate, respectively. Isotype controls were from 
Becon Dickinson. After two washing steps, cells were 
resuspended in Isoton II balanced electrolyte solution 
(Coulter Electronics, Luton, England) before analysis 
with a Becton Dickinson FACS Analyzer with a Becton 
Dickinson FACSlite laser. BAL lymphocytes were de- 
fined on the basis of volume and go-degree light scatter 
of peripheral blood lymphocytes and 10,000 events 
collected in a live gate. After gating on lymphocytes 
expressing phenotypic markers (CD4 or CD8), CD25 
expression relative to the isotype control antibody was 
noted as percent positive. 

In situ hybridization 
Riboprobes (labeled complementary RNA) labeled 

with sulfur 35 were prepared from cDNAs for IL-2, 
IL-3, IG4, IL-5, GM-CSF, and IFN-r (from Glaxo 
Biogen, Geneva, Switzerland) as previously de- 

scribed.“‘* 32 All reagents for in situ hybridization were 
from Sigma Chemicals unless otherwise indicated. 
Cytospins of BAL cells were prepared on poly-l-lysine- 
coated slides, air-dried for 5 minutes, and fixed in 4% 
paraformaldehyde (BDH Laboratory Supplies, Poole, 
Dorset, England) in phosphate-buffered saline, pH 7.4, 
for 30 minutes followed by 15% sucrose in phosphate- 
buffered saline twice for 1 hour. Permeabilization 
and prehybridization and the hybridization protocol 
were as previously described.” Incubation in N-ethyl- 
maleimide, iodoacetamide, and triethanolamine re- 
duced nonspecific binding of the 35S probes. Negative 
controls included use of the same probe (identical 
nucleotide sequence to target mRNA) and pretreat- 
ment of slides with RNase A (Promega, Southampton, 
England). Positive controls were phytohemagglutinin 
stimulated peripheral blood mononuclear cells (for 
IL-2 and IFN-y) and a T-cell clone known to produce 
IL-3, IL-4, IL-5, and GM-CSF (Dr. Diana Quint, per- 
sonal communication, 1991). Dense deposits of silver 
grains on autoradiographs were present over cells ex- 
pressing cytokine mRNA. Quantification of silver 
grains was not possible, and to allow a semiquantitative 
analysis, the number of cells expressing mRNA for each 
cytokine per 1000 total cells on the cytospin was enu- 
merated as previously described.= At least two slides 
were counted for each cytokine mRNA for each BAL 
by an observer who was blinded to the nature of the 
challenge (antigen or diluent). Percentages of cells 
expressing mRNA signals for IL-4 and IL-5 and per- 
centages of lymphocytes present in cytocentrifuge prep- 
arations were determined for CDZpositive and CD2- 
negative BAL cells, as previously described.z5 

Statistical analysis 
Paired data (allergen vs diluent) for cell differential, 

flow cytometry, and in situ hybridization cell counts 
were analyzed by Wilcoxon signed-rank test for paired 
data with Minitab PC software (Minitab Inc., State 
College, Pa.). Correlation was by nonparametric anal- 
ysis to give Spearman’s rank correlation coefficient. Ap 
value of less than 0.05 was taken as significant. 

RESULTS 
Clinical response 

Fifteen patients were studied. One patient ex- 
perienced localized bronchospasm during FOB, 
and BAL was not performed. One subject had a 
chest infection after the first challenge. Thus 
paired data were obtained from 13 subjects. Al- 
lergen used for challenge, allergen dose producing 
a 20% fall in FEV, from baseline (PC&), and size 
of EARS and LABS (maximum fall in FEV, from 
post-saline value) for the remaining 13 subjects 
are shown in Table II, together with the timing of 
the late response (hours after challenge) and the 
difference between FEVi at 24 hours on the 
allergen day and on the diluent day. Eight of the 
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TABLE II. Clinical response to allergen challenge 

Patient Allergen EAR tmax FEV, d-a 
No. Allergen PC, NJ) 1% FEV) (%zv, (hr) at 24 hr 

1 GP 160 39 6 10 0 
2 HDM 460 39 4 6 4.0 
3 GP 7,000 21 13 9 2.5 
4 GP 10,000 21 23 10 8.0 
5 HDM 15,000 30 2.5 9 0 
6 GP 15,000 20 11 9 2.5 
7 HDM 4,000 49 44 9 28.0 
8 HDM 2,500 29 2 10 0 
9 HDM 600 32 19 10 5.0 

10 HDM 700 24 55 10 40.0 
11 HDM 6,500 30 17 9 7.5 
12 HDM 6,000 28 58 24 62.0 
13 GP 7,300 26 29 6 0 

Allergen refers to that used for challenge; early (EAR) and late (LAR) asthmatic responses are expressed as maximal fall in FEV, 
(percent predicted from baseline). Also shown are timing of the LAR in hours after challenge (tmax) and fall in BEV, at 24 
hours after challenge relative to the value on the diluent challenge day (FEV, d-a). 

SU, Biological units; GP, grass pollen; HDM, house dust mite. 

TABLE III. Details of BW and BAL cells 

BW BAL 

Diluent Allergen p Value Diluent Allergen p Value 

Fluid return (%) 50 (42-58) 50 (42-58) NS 67 (55-72) 72 (58-82) NS 
Total cells/ml* 1.8 (1.1-2.0) 1.7 (0.8-2.6) NS 1.0 (0.8-1.5) 0.9 (0.7-1.2) NS 
Macrophages (%) 83 (71-93) 64 (41-83) 0.014 83 (76-87) 75 (68-86) NS 
Lymphocytes (%) 5.5 (4.5-6.8) 6.0 (5.0-10.0) NS 12.2 (10.8-16.6) 12.7 (9.3-17.3) NS 
tisinophzils (%) 3.5 (0.8-17.3) 9.0 (3.8-37.3) 0.013 3.0 (0.6-7.2) 3.6 (1.3-11.3) 0.023 
Neutrophils (%) 0.5 (0.1-1.25) 1.0 (0.5-5.5) 0.043 0.4 (0.2-0.9) 0.6 (0.2-2.1) NS 
Epithelial cells (%) 1.0 (0.3-3.0) 2.5 (0.5-4.8) NS 0 (O-0.1) 0.2 (o-0.85) NS 
Mast cellr; (%) 0.3 (0.2-0.5) 0.15 (o-0.38) NS 0 (O-0.1) 0 (O-0.1) NS 

Numbers represent median percentage of cell types in BW (n = 9; four were too mucoid for analysis) and BAL (n = 13) with 
interquartile ranges (in parentheses). 

NS, Not significant. 
*Number of cells per milliliter of fluid is x 105. 

13 patients were late responders as defined by a 
fall in FE.V, of 15% or greater during the LAR. 
Nine of the subjects showed a fall in FEV, in 
response to diluent challenge. The median timing 
of maximal late fall in FEVi was 9.5 hours after 
challenge (range, 6 to 24 hours), and three sub- 
jects showed a fall in FEV, from baseline that was 
greater than 20% at 24 hours. AI1 subjects toler- 
ated FOB well, and none (including the patient 
with localized bronchospasm) required additional 
medication. 

BW and BAL cell yield 

There were no significant differences in the 
volume of BAL fluid or total cell yield between 
diluent and allergen bronchoscopy in either BW 

or BAL (Table III). There were significant in- 
creases in both the percentages and the absolute 
numbers of eosinophils in allergen obtained from 
both BW and BAL fluid compared with that 
obtained after diluent challenge (Fig. l), an in- 
crease in percent neutrophils in BW @ = O-043), 
and a decrease in percent macrophages in BW 
(though not in cell number) 0, = 0.179). 

Flow cytometry 

There was no difference between CD4/CD8 
lymphocyte ratio in BAL or peripheral blood after 
allergen or diluent challenge (median 1.9 vs 1.7 
for diluent and allergen challenge, respectively; 
p = 0.9). When T- ce activation markers after 11 
allergen challenge were compared with those af- 
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FIG. 1. Percentages of eosinophils in BAL and BW 24 
hours after allergen inhalation challenge (A) and after 
inhalation of diluent (control) solution (0). 

BW BAL 

ter diluent challenge, there was a significant in- 
crease in expression of CD25 by CDCpositive 
BAL T cells (p = 0.02) (Fig. 2) but not by CD& 
positive BAL T cells (3.6% vs 3.7% positive; 
p = 0.13). The re were no significant changes in 
CD25 expression by either CD4+ (14.1% vs 
16.4% positive; p = 0.9) or CD8 + (3.6% vs 3.6% 
positive; p = 0.7) T cells in peripheral blood. 

In situ hybridization 

There were significant increases in the numbers 
of BAL cells per 1000 expressing positive hybrid- 
ization signals for IL-4 (p = 0.005), IL-5 
(p = O.Ol), and GM-CSF @ = 0.003) mRNA on 
the allergen day compared with the diluent day, 
but there was no significant change in IL-2 
(p = 0.10) IL-3 (P = 0.16), or IFN-y 0, = 1.0) 
(Fig. 3). Positive hybridization signals were de- 
tected for all cytokines in both diluent and aller- 
gen BAL. Negative controls of slides pretreated 
with RNase or hybridized with a sense probe 
produced no specific hybridization signal. 

Association of IL-4 and IL-5 mRNA with 
CDZ-positive cells in BAL after allergen 
challenge (n = 5) 

By use of immunomagnetic particles, BAL lym- 
phocytes were enriched from 10% to a median of 
70% of cells in cytocentrifuge preparations or 

35 

30 

0 
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D A 
FIG. 2. CD25 expression by CDCpositive T cells in BAL 
after allergen inhalation challenge (A) and after inhalation 
of allergen diluent (0, control) solution (detected by flow 
cytometry). CD25 is represented as percent positive rela- 
tive to an isotype control. 

depleted to 4% (Table IV). In situ hybridization 
showed that a median of 45% of the CDZpositive 
cell population produced signals for IL-4 mRNA 
and 59% were positive for IL-5 mRNA, whereas 
only 1.5% of the CDZdepleted BAL samples 
were IL4 mRNA-positive and 1.7% gave signals 
for IL5 mRNA (Table IV). The close association 
of mRNA-positive cells with CDZlinked magnetic 
particles confirmed the T-cell source of the 
mRNA signal (Fig. 4). 

Relationship between clinical response to 
allergen and cells in BAL and BW 

A significant correlation was observed between 
the percentages of eosinophils in both BW and 
BAL (Fig. 5, C) after allergen challenge and the 
maximal fall in FEV, from baseline during 
the LAR (r = 0.87,~ c 0.0001 and r = 0.73,~ = 
0.005, respectively). An association was also ob- 
served between the difference in percent eosino- 
phils in both BW and BAL on the allergen day 
compared with the diluent day and the size of the 
LAR (r = 0.85,~ = 0.004 and r = 0.66,~ = 0.02, 
respectively). There was also a significant corre- 
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PIG. 3. Positive in situ hybridization signals for mRNA for IL-2, IL-3, IL-4, IL-5, GM-CSF, and IFN-y 
in cytospins of SAL cells after diluent (0) and allergen (A) challenge in 13 patients with atopic 
asthma. Positive cells per 1000 were those over which dense deposits of silver grains were seen 
on autoradiography after application of 3’s cRNA probes for cytokine mRNA. 

TABLE IV. lmmunomagnetic separation of BAL cells after allergen challenge into CDP-enriched and 
CD2-depleted aliquots (n = 5) 

Percent lymphocytes 
(May Grunwald Giemse) 

Percent IL-4 
mRNA-positive 

Percent IL-5 
mRNA-poeitive 

Unseparated BAL cells 10 (8-14) 6.7 (4.0-7.5) 6.0 (4.3-6.9) 
CDZpositive BAL cells 70 (62.5-93) 45 (39-57) 59 (38-62) 
CDZnegative BAL cells 4 (2-5) 1.5 (1.0-2.5) 1.7 (0.9-2.5) 

Numbers represent median percentages and ranges (in parentheses) of lymphocytes, IL-4 mRNA-positive cells, and IL-S-positive 
cells in cytocentrifuge preparations. 

lation between the percentage of eosinophils in 
BAL and reduction in FEVl at 24 hours after 
allergen challenge (r = 0.63,~ = 0.02). No signif- 
icant relationship was observed between the clin- 
ical response to allergen and BAL T-cell activa- 
tion (perc.ent CDCpositive for CD25 r = 0.291) 
or between clinical response and the numbers of 
cells expressing cytokine mRNA. 

Relationships among BAL T-cell activation, 
eosinophils, and cells expressing 
cytokine ml?lUA 

There was a correlation between CD25 expres- 
sion by BAL T cells and both percent BAL 
eosinophils (r = 0.62, p = 0.02) (Fig. 5, B) and 
the number of cells per 1000 expressing IL-4 
(r = 0.63, p = 0.02) and IL-5 (r = 0.70, 
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FIG. 4. Autoradiograph showing in situ hybridization signals obtained with an antisense probe to 
IL-5 mRNA on CDZ-positive BAL cells obtained 24 hours after allergen challenge. Dense 
collections of silver grains over mRNA-positive cells are closely associated with CDZ-linked 
magnetic particles. 

p = 0.008) (Fig. 5,A) after allergen challenge. An 
association was also observed between the in- 
crease in T-cell activation in BAL (change in 
percent CD25positive CD4+ cells) on the aller- 
gen day, when compared with that on the diluent 
day, and the change in numbers of cells expressing 
IL-5 mRNA (r = 0.79, p = 0.001) but not other 
cytokines. After allergen challenge, the number of 
BAL cells expressing mRNA for IL-4 (r = 0.70, 
p = 0.008) and IL-5 (r = 0.60, p = 0.03) corre- 
lated with the percentage of eosinophils. 

DISCUSSION 

In this study, by use of BAL in patients with 
asthma 24 hours after allergen challenge, we have 
provided direct evidence for local activation of 
CD4+ T lymphocytes, increased expression of 
mRNA for T,,-type cytokines, and accumulation 
of eosinophils. Local eosinophilia was related to 
the degree of T-cell activation, the level of cyto- 
kine mRNA expression, and the magnitude of the 
observed late-phase asthmatic response. 

Although BW may be more representative of 
proximal airways than BAL, mucus contamination 
together with the low cell viability and yield pre- 
cluded flow cytometric analysis and in situ hybrid- 
ization studies of BW cells. A contribution from 
small airways to airtlow obstruction in asthma is 
suggested,33 and the application of BAL has dem- 
onstrated a characteristic cellular pattern in both 
steady-state asthma and after allergen chal- 
lenge.4‘8 For these reasons we believe our results 
are representative of inflammatory events that 

occur in the airway. A 24-hour time point for BAL 
was chosen because we wanted to avoid the pos- 
sible risks of the procedure in patients with sub- 
stantially reduced FEV, and because we were 
principally concerned with markers of T-cell acti- 
vation which, on the basis of in vitro data and 
previous studies of late cutaneous responses, we 
expected to be maximal at 24 hours.34, 35 Although 
we did not obtain BAL at the peak of the fall in 
FEV, during the late response, a number of 
patients in our study showed falls that persisted to 
24 hours, in agreement with a previous report of 
prolonged bronchoconstriction after allergen 
provocation.36 BAL and BW eosinophils corre- 
lated closely with the maximal falls in FEV, at 6 
to 11 hours, and a significant correlation was also 
observed between BAL eosinophils and FEVi at 
24 hours. Although these findings do not prove a 
causal association, they support the concept that 
local eosinophilia may contribute to airway nar- 
rowing during late responses. 

Eosinophils may contribute to the development 
of allergen-induced LARs and the associated 
bronchial hyperresponsiveness by a number of 
possible mechanisms, which include the release of 
granule-derived basic proteins and membrane- 
derived mediators, which include lipoxygenase 
products (particularly leukotriene C,) and plate- 
let activating factor.37. 38 Changes in peripheral 
blood eosinophils have been shown to correlate 
with the magnitude of the LAR.3p3 4o Our finding 
of increased eosinophils in BW and BAL after 
allergen challenge is in agreement with several 
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previous reports.6’ * In one report no significant 
changes in cell counts were observed,41 although 
this involved a 50 ml BW in only five subjects. 
Inhalation challenge with tolulene 2,4-diisocya- 
nate was also associated with BAL eosinophilia 
(and neutrophilia) at 8 hours after challenge in 
subjects who had late responses.42 The local in- 
stillation of allergen into the airways of patients 
with atopic asthma was also associated with an 
influx of eosinophils, neutrophils, basophils, and 
lymphocytes, which was detectable by BAL at 19 
hours.4 The eosinophilia persisted to 48 hours and 
96 hours <and was accompanied by a sustained 
increase in T cells.’ 

In this study we have demonstrated that CD4 + 
T lymphocytes were activated 24 hours after al- 
lergen challenge and correlated with the accom- 
panying local eosinophilia. These observations 
confirm and extend results of previous studies, 
which have provided evidence for CD4+ T-cell 
activation in peripheral blood from patients with 
acute exacerbations of asthma,43 and in BAL“+ 45 
and bronchial biopsy specimenslO from patients 
with mild, stable asthma. A link between T- 
lymphocyte activation and eosinophil recruitment 
and degranulation in the bronchial mucosa may 
be the loc,al production of cytokines. In particular, 
IL-3, IL-5 and GM-CSF may contribute to mat- 
uration and activation of eosinophils.14s Is, ~3, I9 In 
BAL obtained from patients with stable atopic 
asthma we have previously demonstrated an in- 
crease in expression of cytokine mRNA for IL-3, 
IL-4, IL-5, and GM-CSF. By means of mechanical 
cell separation with the use of magnetic beads and 
by dual immunofluorescence we confirmed that 
mRNA for IL-4 and lL-5 was localized to BAL T 
cells.25 Using the same techniques, we now dem- 
onstrate increased numbers of BAL cells express- 
ing mRN.4 for IL-4, IL-5 and GM-CSF 24 hours 
after allergen inhalation challenge and localiza- 
tion of IL,-4 and IL-5 mRNA to BAL T cells. The 
findings are comparable to our previous results in 
biopsy specimens from cutaneous late-phase reac- 
tions obtained 24 hours after allergen injection.3z 
The limited number of cells available from BAL 
precluded a more accurate quantification of 
mRNA, and the increases in numbers of cells 
transcribing sufficient copy number to be detected 
by in situ hybridization may not mean an overall 
increase in cytokine mRNA, and still less, an 
increased production of cytokines. 

Nonetheless, these findings are compatible with 
gene activation for IL-4, IL-5, and GM-CSF. 
They are in keeping with the recent demonstra- 
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FIG. 5. Relationships among bronchoalveolar CD25+/ 
CD4+ T cells, cells expressing cytokine mRNA, and eo- 
sinophils at 24 hours after allergen challenge and the 
magnitude of the late fall in FEV,: A, CD25+/CD4+ cells 
and cells expressing IL-5 mRNA; B, CD25+/CD4+ cells 
and eosinophils; C, eosinophils and LAR. 
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tion of increased GM-CSF mRNA in BAL after 
local allergen challenge, predominantly in lym- 
phocytes,46 and the demonstration of IL-5 in 
BAL 48 hours after local allergen challenge of 
atopic nonasthmatic subjects.47 IL-4 and IL-5 pro- 
tein have been detected in concentrated BAL 
fluid from atopic asthmatic subjects,“’ although 
IL-4 was not detected in unconcentrated BAL 
fluid from subjects with acute exacerbations of 
asthma.4g We did not concentrate BAL fluid here 
because we believed variable loss of protein would 
make comparison of values after diluent and al- 
lergen challenges difficult to interpret. Secretion 
of IL-4 and IL-5 was localized to points of T-cell- 
B-cell contact in experimental cell conjugates,50 
and such discrete circumscribed effects might be 
difficult to detect in BAL fluid. Nonetheless, the 
increasing sensitivity of immunoassays for cyto- 
kines may allow confirmation that cytokine pro- 
tein is secreted during late-phase asthmatic re- 
sponses, and this will be the subject of future 
studies. Allergen-specific T-cell clones from 
atopic individuals transcribe mRNA for T,, cyto- 
kines when stimulated with allergen in vitro.23* 24 It 
seems likely that our findings may represent the 
same process occurring in vivo. 

It is noteworthy that a high percentage of 
CDZpositive BAL cells expressed mRNA for 
IL-4 and IL-5 (Table IV). This may represent a 
majority of CD4 T cells, because eosinophil-active 
cytokines were produced by the CD4+ (but not 
CD8 + ) population of peripheral blood T cells 
from patients with asthma.” 

Alternatively, CD8-positive cells may also con- 
tribute T,,-type cytokines.52 The percentage of 
BAL CD4+ T cells detected as activated by 
CD25 expression on flow cytometry appears to be 
lower than the percentage of those expressing 
cytokine mRNA. The value from flow cytometry is 
a relative value from comparison with a control 
antibody, not an absolute figure, and the time 
course of CD25 expression and cytokine gene 
activation after allergen challenge may differ. 
Nonetheless, separation of T-cell proliferation 
(and presumably CD25 expression) and cytokine 
production is described in vitro,53 and this may 
also occur in vivo. 

Mast cell lines have been shown to produce 
IL-3, IL-4, IL-5, and GM-CSF in response to IgE 
cross-linking.54s 55 Macrophages and eosinophils 
can produce IL-3 and GM-CSF.5658 Thus induc- 
tion of cytokine synthesis after allergen challenge 
in atopic subjects may occur in a variety of cell 
types. Because mast cells have been shown to 
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release preformed cytokines on stimulation in 
vitro” and because IL-4 favors development of 
T,, clones,6o it is possible that early release of 
cytokines from mast cells might influence the 
subsequent T-cell response. However, the major- 
ity of cytokine mRNA 24 hours after allergen 
challenge appears to originate from BAL T lym- 
phocytes. Activation of T&ype T helper cells 
may contribute to eosinophil infiltration and acti- 
vation and hence to the clinical late-phase re- 
sponse to allergen challenge in atopic asthma. 

We thank Dr. Christopher Corrigan for helpful com- 
ments on the manuscript and Ms. Julia Barkans and 
Ms. Janet North for expert technical assistance. Cyto- 
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