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Summary

Background Increasing insights into the mechanism underlying the allergen-induced late
asthmatic response (LAR) have been gained with implication of activated eosinophils and
CD4þ T lymphocytes. However, the patient characteristics that indicate the individual
capacity to develop a LAR are not well-defined.
Methods In 22 subjects with mild to moderate house dust mite-allergic asthma, we
investigated the relationship between the LAR and two other models of late-phase allergic
inflammation, i.e. the allergen-specific proliferative response of peripheral blood T
lymphocytesin vitro and the late cutaneous response. Non-specific bronchial responsive-
ness (PC20histamine), lung function (FEV1), peripheral blood eosinophil count, early phase
allergic skin sensitivity, and levels of total and specific immunoglobulin E (IgE) were
determined prior to bronchial allergen challenge. Serum levels of interleukin-5 (IL-5) were
measured before and at several time points after allergen inhalation.
Results A significant correlation was found between the magnitude of the LAR and the
allergen-specific proliferative response of peripheral T lymphocytes (r ¼ 0.44,P¼ 0.04) but
not the late cutaneous response. Stepwise-multiple linear regression of the magnitude of the
LAR on the parameters analysed at baseline, resulted in a model combining PC20histamine,
early phase allergic skin sensitivity, and the allergen-specific proliferative response of
peripheral T lymphocytes (R2¼ 0.84, P< 0.001). No contribution of the late cutaneous
response to the prediction of the LAR was found. Serum levels of IL-5 increased
significantly at 6 h (P¼ 0.01) and 24 h (P¼ 0.003) after bronchial allergen challenge and
correlated with the allergen-specific proliferative response of peripheral T lymphocytes
in vitro (r¼ 0.48,P¼ 0.02).
Conclusions The findings in this study point to a role of TH2-lymphocyte responses in the
development of the allergen-induced LAR. In allergic asthmatic patients, allergen-specific
responsiveness of peripheral T-lymphocytesin vitro may serve as a model to determine the
individual capacity to develop a LAR after allergen inhalation.
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Introduction

After bronchial allergen challenge of appropriately sensitized
patients, an early and a late phase bronchial obstructive
response can occur [1]. The early asthmatic response (EAR)
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is found 10 min after allergen inhalation and is considered to
be predominantly the result of immunoglobulin (IgE)-
mediated mast cell activation with subsequent mediator
release and bronchial smooth muscle cell stimulation [2].
In some patients, the EAR can be succeeded by a late
asthmatic response (LAR) that develops from approxi-
mately 4 h after allergen inhalation [1]. LAR is found to
be related to late inflammatory changes in the bronchial wall
with influx of activated eosinophils and T lymphocytes
[3–5]. These histological characteristics of LAR resemble
those found in spontaneous-occurring asthma [6,7]. More-
over, LAR is associated with the induction of bronchial
hyperresponsiveness, which is a hallmark of asthma [8], and
a LAR is found significantly more often in patients suffering
from allergic asthma compared with patients with allergic
rhinitis [9]. Hence, as a model, LAR has received increasing
interest, especially with respect to the pathogenesis of
allergic asthma [1].

There are strong indications for the role of CD4þ T
‘helper’ lymphocytes (TH cells) in the development of
bronchial eosinophilia that characterizes LAR [1,3,4]. A
subset of TH cells (TH2 cells), next to their essential role for
isotype switching of B cells for the production of IgE [10],
can produce cytokines with specific pro-inflammatory
effects on eosinophils [i.e. interleukin 5 (IL-5)] [11,12]. In
cultures of peripheral blood mononuclear cells (PBMCs)in
vitro, CD4þ T lymphocytes have been found to be the
predominant proliferating cells. Hence, PBMC culture
assays have extensively been used as a model to determine
the responsiveness of peripheral CD4þ T lymphocytes to
allergen [13–15]. Higher proliferative responses to allergen
have been found in atopic asthmatic patients, compared with
non-atopic controls or atopic patients without symptoms of
asthma [13–15], which can be attributed to higher frequen-
cies of peripheral allergen-specific T lymphocytes [16]. In
allergic patients, the responding allergen-specific T cells in
PBMC cultures appear to be TH2 ‘skewed’ with pre-
dominant production of cytokines as IL-4 and IL-5 but not
interferon-g [17–19]. Recently, this cytokine producing
response of peripheral allergen specific TH2 lymphocytes
has been found to correlate with disease severity [15,19].
We therefore postulated that in well-defined allergic
asthmatic patients, the allergen-specific responsiveness of
peripheral TH lymphocytes may indicate the individual
capacity to develop LAR, as was shown in relationship
with EAR by others [20].

Another potential model of the late-phase allergic
response in the airways is the late cutaneous response
[21,22]. Several histological similarities between the late
cutaneous response and LAR have been described [23,24].
However, a relationship between the capacity to develop a
late allergic response in the skin and airways is uncertain.

In asthmatic patients sensitized to house dust mite

(Dermatophagoides pteronyssinus), we investigated the
allergen-induced LAR in relationship with the allergen-
specific proliferative response of peripheral T lymphocytes
in vitro and the late cutaneous response. The role of
these and other baseline patient characteristics (i.e. non-
specific bronchial hyperresponsiveness, peripheral blood
eosinophil count, allergic sensitivity, baseline lung func-
tion) in the prediction of LAR was determined by using
multiple linear regression. As both LAR and the late
cutaneous response will depend on the extent of the
immediate allergic reaction, early phase allergic responses
in the skin and airways were standardized to be within
narrow range by titration of the allergen dose. Serum levels
of IL-5 were measured at baseline and at several time
points after bronchial allergen challenge because IL-5
appears to be a main pro-inflammatory cytokine involved
in LAR which is predominantly produced by CD4þ T
cells [11,25,26].

Materials and methods

Study subjects

Twenty-two subjects with mild to moderate asthma [27] (10
female; mean age: 27.1 years, range 18–45 years) were
investigated by the same investigator (MV). All patients
were sensitized to house dust mite (D. pteronyssinus) as
determined by skin prick test and radioallergosorbent test
(RAST). Patient characteristics are in Table 1. All subjects
were investigated in a stable phase of their disease and had a
forced expiratory volume in 1 s (FEV1) $ 70% of predicted
on all study days. Medication by oral antihistamines,
inhalation therapy with short-actingb2-adrenoceptor
agonists and corticosteroids was ceased 1 week, 12 h and
6 weeks prior to allergen challenge, respectively. None of
the patients had received house dust mite-specific immuno-
therapy. Patients did not have a history of respiratory tract
infection or obvious changes in allergen exposure for at
least 6 weeks prior to allergen challenge. Concomitant
inhalant allergies were determined by RAST and patients
sensitized to grass or tree pollen were investigated outside
the relevant pollen season. The study was approved by the
AMC Medical Ethical Committee and written informed
consent was obtained from all patients.

House dust mite extract

An acetone precipitated house dust mite (HDM) extract was
derived from aD. pteronyssinusculture (ALK, Hørsholm,
Denmark) and the same batch was applied in all assaysin
vitro and in vivo described in this study. The HDM extract
was freeze dried, diluted in sterile phosphate-buffered saline
(PBS) and stored in¹ 708C before use. The content of
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HDM major allergens (i.e. Der p 1 and Der p 2) was
determined by radioimmunoassay as described elsewhere
[28] and found to be 65.2mg Der p 1/mg and 17.0mg Der p
2/mg. The concentration of endotoxin was measured by
using a Limulus amoebocyte lysate assay (Endosafe,
Charleston, SC, USA) and found to be<1 ng/mg. For use
in allergen challenge procedures, the HDM extract was
diluted to a 1:10 stock solution in PBS, 0.03% HSA, 0.5%
phenol (ALK Benelux, Groningen, The Netherlands) and
stored for a maximum of 3 months at 48C. On the day before
each allergen challenge, series of twofold dilutions of the
allergen preparations were made from this stock solution
using the same dilution buffer.

Bronchial allergen challenge

Bronchial allergen challenge was performed as described by
Sterket al. [29] by using an aerosol delivery system with a
large-volume aerosol reservoir [30]. An allergen aerosol
was generated from a 0.5 mL sample with a highly efficient
nebulizer (Mallinckrodt Diagnostica, Petten, The Nether-
lands) into a collapsible reservoir of approximately 30 L,
made of static field dissipative material (RCAS 1206,
Richmond Redlands, CA, USA). Subsequently, the entire
volume of the reservoir was inhaled by tidal breathing in
approximately 3 min through a three-way valve system with
the nose clipped. The starting dose for allergen challenge
was determined by the relation between skin-prick test
threshold and PC20histamine [29]. Doubling doses of aller-
gen were inhaled with 10 min intervals until a fall in FEV1

$ 20% (best of two measurements) relative to baseline
FEV1 (mean of three measurements within 5%) occurred
10 min or 20 min after inhalation, as measured with a dry
rolling-seal spirometer (SensorMedics BV, Bilthoven, The
Netherlands). If the FEV1 dropped between 15–20%, the
last dose of allergen was administered again, in an effort to
keep the EAR within narrow range. After the final dose of
allergen, FEV1 was measured every 10 min up to 60 min
(t ¼ 60 min) and at 90 min (t ¼ 90 min). Subsequently, FEV1
was measured hourly until 13 h after allergen inhalation
(t ¼ 13 h) with a portable spirometer (Micromedical Diary-
card, SensorMedics BV, Bilthoven, The Netherlands). The
day before allergen challenge, a control bronchial challenge
was performed with three volumes of diluent (PBS, 0.03%
HSA, 0.5% phenol; ALK Benelux, Groningen, The Nether-
lands) and diurnal variation in FEV1 was determined. The
temporal bronchial response to allergen was expressed as
the percentage change from baseline FEV1 as measured
with the corresponding spirometer and corrected for diurnal
variation in FEV1 as found after control challenge. The area
under the curve (AUC) [29] was calculated fromt ¼ 1 min
to t ¼ 60 min for the EAR (AUCEAR) and from t ¼ 6 h to
t ¼ 12 h for the LAR (AUCLAR).

Bronchial histamine challenge

Bronchial histamine challenge was performed 48 h before
allergen challenge according to the 2-min tidal breathing
method as described by Sterket al. [29]. A DeVilbiss 646
nebulizer attached to a three-way valve box was used,
calibrated to an output of 0.13 mg/min (flow 5.8 L/s).
Non-specific bronchial responsiveness was expressed as
the concentration histamine diphosphate in PBS (range,
0.015–32 mg/mL) causing a 20% fall in FEV1 (PC20

histamine) as calculated by log-linear interpolation. In
two patients (patients 21 and 22), PC20histamine before
allergen challenge exceeded the upper threshold value and
64 mg/mL was used for analysis.

PBMC proliferation assay

The test was performed as previously described [31].
Heparinized blood was obtained by venepuncture 24 h
before allergen challenge. PBMCs were isolated by density
centrifugation on Lymphoprep (Nycomed, Torshov,
Norway) and washed three times in Hanks’ Balanced Salt
Solution (HBSS) with 2.5% fetal calf serum plus supplier
(Hyclone, Logan, UT, USA). PBMCs were resuspended in
Iscove’s modified Dulbecco’s medium (IMDM; Gibco,
Paisley, UK), supplemented with 5% pooled, complement-
inactivated normal human serum and gentamycin (80mg/
mL; Duchefa, Haarlem, The Netherlands). Proliferation of
1–2×105 cells/well was assayed in a 96-well flat-bottom
culture plate after 6 days of culture in the presence of
stimulants at 378 C in a humidified atmosphere containing
5% CO2. Stimulants used were doubled concentrations
of HDM extract (concentration in well, 0.2–50mg/mL),
C. albicans(concentration in well, 10mg/mL) and tetanus
toxoid (concentration in well, 1.5 Lf/mL). The cultures were
terminated by a 16 h [3H]TdR-pulse (Amersham Inter-
national, Amersham, UK). Subsequently, the incorporation
of [3H]TdR was determined by liquid scintillation spectro-
scopy. Proliferation at each stimulus concentration was
expressed as the stimulation index (SI) representing the ratio
of mean counts/min of triplicate cultures to the mean counts/
min as found in triplicate cultures in the absence of antigen.

Serum IL-5 measurements and blood eosinophil counts

Venepuncture was performed at five time points; 24 h
before, and 0.5 h, 6 h, 24 h and 7 days after inhalation of
the last dose of allergen. Total and differential leucocyte
counts were performed in etyhylenediaminetetraacetic
acid–blood by using an automated fluorometric method
(H3-RTX, Bayer-Technicon, Tarrytown, NY, USA). Fil-
tered serum samples were obtained after 1 h of clotting on
glass at room temperature, centrifugation for 10 min at
1000g, to be stored at¹ 208C. Measurement of IL-5
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levels in the serum samples was performed by using a specific
solid-phase sandwich enzyme-linked immunosorbent assay
as described elsewhere (detection level, 1 pg/mL) [32].

Total and specific IgE

Total IgE levels in the serum samples obtained 24 h before
allergen challenge were measured as described before [28].
Specific IgE levels were determined by using the RAST
[28]. In the RAST, 20mg HDM extract was bound to solid
phase (CNBr-activated Sepharose 4B; Pharmacia, Uppsala,
Sweden). RAST results were expressed as the mean of
duplicate measurements IU/mL using a standard with
mouse/human chimeric antibodies directed to Der p 2 and
house dust mite solid phase, calibrated against the World
Health Organization standard (detection level 0.1 IU/mL)
[33].

Intracutaneous test

Intracutaneous tests (ICTs) with series of tenfold dilutions
of the allergen preparation used for bronchial challenge
were performed on the day before allergen challenge as
described before [28]. The longest (A) and orthogonal (B)
weal and flare diameters were determined at 15 min and
mean diameters were calculated as (Aþ B)/2. In 20 patients,
late cutaneous responses were investigated on the allergen
concentration of a factor 100 above the lowest allergen
concentration eliciting a skin reaction with surrounding
erythema. After 6 h, the late cutaneous response was deter-
mined as the area of erythematous skin induration [22] and
expressed as the mean diameter, calculated as described
above. The early phase ICT allergen-threshold concen-
tration (ICT threshold) eliciting a flare diameter of 10 mm
was calculated by log-linear interpolation [28].

Statistical analysis

Statistical analysis was performed by using SPSS 6.1 soft-
ware (Chigaco, IL, USA). Relations between normally
distributed data (after log-transformation where applicable)
were determined by using parametric correlation (Pearson’s
r) and stepwise multiple linear regression (P-limits: in
< 0.05, out>0.1). Differences between IL-5 levels were
determined using Friedman’s non-parametric repeated
measures test and correlations with IL-5 data by using
rank-correlation (Spearman’sr). All P-values corresponded
to two-tailed tests.

Results

All patients tolerated the bronchial allergen inhalation
challenge without complication. As a result of careful
allergen titration during bronchial allergen challenge,
variability in the magnitude of EAR was small [mean

FEV1maxEAR, ¹ 28.7 (SD 7.5)%; mean AUCEAR, 20.1
(SD 6.0) D FEV1 ×h] (Fig. 1, Table 2). By contrast, large
variability in the magnitude of the late asthmatic response
(LAR) was found [meanD FEV1maxLAR, ¹ 41.8 (SD

26.2)%; mean AUCLAR, 185.6 (SD 140.2) D FEV1× h]
(Fig. 1, Table 2), with 17 (77%) patients having a definite
LAR (i.e. DFEV1maxLAR $ 15%). The mean peripheral
eosinophil count increased after bronchial allergen chal-
lenge with a significant peak at 24 h relative to baseline
[meanD eos, 66.2 (95% confidence interval, 36.0–96.4)%]
(Fig. 2). Levels of IgE directed to the HDM extract used for
bronchial challenge, were found to be within a range of
three orders of a magnitude for the group of patients
analysed [median IgE anti-HDM, 19.9 (range 1.0–528.7)
IU/mL] (Table 1). After a standardized and similar early
cutaneous response [mean diameter (weal), 15.5 (SD 2.9)
mm, n¼ 20], late cutaneous responses were found in all
patients tested [mean diameter, 42.6 (SD 11.3) mm,n¼ 20]
(Table 2). In the PBMC proliferation assay, the highest
proliferation rate was found with one of the three top
concentrations of HDM extract used in each patient tested
(results not shown). For analytical purposes, we applied the
mean SI as found on these three concentrations (SI mean)
(Table 2). Similar results were found when the highest SI,
the SI found on any of the three top concentrations, or the
calculated threshold concentration of HDM extract for
obtaining a SI of three was used in bivariate correlation
and multiple linear regression (results not shown). The
Spearman rank correlation between SI mean and threshold
concentration for SI¼ 3 was 0.92.

Prediction of the LAR

For analysis of relationships with LAR, the area under the
curve (AUCLAR) was used as a more appropriate parameter
for the extent of LAR as compared with the maximal fall in
FEV1 (D FEV1maxLAR). However, associations as found in
bivariate correlation and multiple linear regression were
even more pronounced when the latter parameter was used
(results not shown). In some allergen challenges (n¼ 7),
inhalation of a short-actingb2-adrenoceptor agonist (salbu-
tamol) was required during the LAR, but never before
t ¼ 10 h and the last FEV1 measured before intake was
used for evaluation of later time points. Analysis of LAR
defined as area under the curve from 6–10 h after the
challenge, excluding extrapolated data from patients who
received rescue medication, gave identical results. In addi-
tion, exclusion of the two patients with extrapolated
PC20histamine values (> 32 mg/mL) from the group of
patients analysed (i.e. patients 21 and 22) resulted in similar
findings as presented in the following section.

A strong association was found between the AUCLAR and
the degree of non-specific bronchial hyperresponsiveness
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prior to bronchial allergen challenge (log PC20histamine,
r ¼ ¹ 0.78,P<0.001) as well as the allergen threshold dose
for the EAR (log PD20allergen,r ¼ ¹ 0.68,P¼ 0.001). The
latter as the result of the recognized strong relationship
between PD20allergen and PC20histamine (r ¼ 0.71,
P<0.001). A significant correlation was found between
the magnitude of LAR and the index of allergen-specific
lymphocyte proliferation as found in the PBMC assay (log
SI mean, r ¼ 0.44, P¼ 0.04). Furthermore, significant
bivariate correlations were found between the AUCLAR

and the magnitude of the EAR (AUCEAR, r ¼ 0.47,
P¼ 0.03) and indices of IgE-mediated hypersensitivity to
HDM (log IgE anti-HDM, r ¼ 0.46, P¼ 0.03, log ICT
threshold, r ¼ ¹ 0.47, P¼ 0.03). By contrast, no correla-
tions (i.e.r <0.15) were found between the AUCLAR and the
magnitude of the late cutaneous response, the baseline blood
eosinophil count, the level of total IgE (log total IgE), and
baseline lungfunction (FEV1% predicted).

Stepwise-multiple regression with all baseline parameters
resulted in a model for the prediction of the magnitude
of LAR combining PC20histamine, SI mean, and ICT -
threshold (Table 3). This model was confirmed by using
forward and backward regression. Allergen threshold dose
(log PD20allergen), early reaction (AUCEAR), specific and
total IgE (log IgE anti-HDM, log total IgE), baseline lung
function (FEV1% pred.), baseline blood eosinophil count
and magnitude of the late cutaneous response had no
additional contribution to the prediction of LAR. In addi-
tion, no contribution of the SI on the control stimulants (i.e.

C. albicans, tetanus toxoid), to the model was found,
indicating an allergen-specific response as detected in the
PBMC proliferation assay (results not shown).

Serum interleukin-5

At both baseline andt ¼ 0.5 h, serum levels of IL-5 were
above detection level (>1 pg/mL) in only two patients
(patients 2 and 3) (Fig. 3). In contrast, att ¼ 6 h and
t ¼ 24 h, serum IL-5 levels were detectable in eight and 11
patients, respectively, and found to be significantly
increased relative to baseline (t ¼ 6 h, P¼ 0.01; t ¼ 24 h,
P¼ 0.003). After 7 days, the serum IL-5 levels were below
detection level in all but one patient. Significant rank-
correlations were found between IL-5 levels att ¼ 24 h and
both the SI mean (r ¼ 0.48, P¼ 0.02) and the AUCLAR

(r ¼ 0.44, P¼ 0.04). In contrast, no rank-correlations were
found between IL-5 levels att ¼ 24 h and both absolute
eosinophil count or the increase in peripheral eosinophils
relative to baseline observed at this time point (r ¼ 0.19,
P¼ 0.40; r ¼ 0.26,P¼ 0.24, respectively).

Discussion

In this study, we investigated the allergen-induced LAR in
allergic asthmatic patients in relationship with two other
models of late phase allergic inflammation, i.e. the allergen-
specific proliferative response of T lymphocytesin vitro and
the late cutaneous response. The contribution of these and
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Fig. 1. Results of bronchial allergen
challenge withD. pteronyssinusshowing
the functional airway response expressed as
the relative difference to baseline lung
function (meanD FEV1 and SEM,n¼ 22).
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other baseline patient characteristics (i.e. non-specific bron-
chial hyperresponsiveness, peripheral blood eosinophil
count, allergic sensitivity, baseline lung function) to the
prediction of LAR was assessed using multiple linear
regression. In addition, serum levels of IL-5 were deter-
mined at several time points after bronchial allergen
challenge.

In line with previous reports [21,34], a strong relationship
was found between the extent of the allergen-induced LAR
(i.e. area under the curve, AUCLAR) and the degree of non-
specific bronchial responsiveness (PC20histamine) prior to
allergen challenge. Interestingly, a significant association
was found between the AUCLAR and an index of the
proliferative responsiveness of peripheral T lymphocytes
to allergen in vitro. By using stepwise multiple linear

regression, a model was found comprising PC20histamine,
the allergen-specific proliferative response of peripheral T
lymphocytes and an index of IgE-mediated hypersensitivity
(i.e. skin test allergen threshold) that explained 84% of
variation in the AUCLAR. By contrast, no contribution of the
extent of the late cutaneous response to the prediction of the
LAR was found. The regression model for prediction of
the LAR as proposed by Crimiet al. [34], combining non-
specific airway hyperresponsiveness, serum specific IgE,
and baseline airway calibre, was confirmed in the present
study (resulting model:R2¼ 0.78,P< 0.001,n¼ 22). How-
ever, using Akaike Information Criteria [35], this model was
found to be inferior to our model that was found by stepwise
regression.

Our finding of an association between LAR and the
allergen-specific proliferative response of peripheral blood
lymphocytesin vitro is in accordance with the study of
Wasermanet al. [36] who found a similar association in
ovalbumin-sensitized rats. It suggests a role of allergen-
induced T lymphocyte responses in the genesis of the LAR,
which is in accordance with mechanisms underlying the
LAR that are postulated by several investigators (recently
reviewed by Bentleyet al. [1]). Activation of CD4þ T cells
has been described in the airways of allergic asthmatic
individuals that developed LAR after allergen inhalation
[4]. Moreover, after the exposure to allergen egress of
peripheral CD4þ lymphocytes into the airways has been
described [37–39]. There are strong indications that in
allergic individuals the allergen-specific CD4þ T cells
belong to the TH2 subtype [7]. These TH2-cells may
specifically contribute to the local recruitment and
activation of eosinophils through their production of the
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Fig. 2.Peripheral eosinophil counts relative
to baseline at several time points after
inhalation of the last dose of allergen
(n¼ 22).

Table 3. Stepwise multiple linear regression of the LAR

Dependent variable: AUCLAR

Independent variables B (SE) b P

Constant 32.8 (40.0)
Log PC20 histamine ¹ 126.3 (17.1)¹ 0.71 <0.001
Log SI mean 100.9 (29.7) 0.33 0.003
Log ICT threshold ¹ 51.7 (16.5)¹ 0.31 0.006

Model: R2¼ 0.84;R2 adjusted¼ 0.81;P<0.001,n¼ 22.
AUC, area under the curve; LAR, late asthmatic response; PD20

histamine, concentration of histamine resulting in fall of 20% in
FEV1; ICT threshold, intracutaneous test allergen threshold; SI
mean, mean stimulation index with house dust mite extract.



eosinophil active cytokines IL-3, IL-5 and granulocyte-
macrophage colony-stimulating factor [11,12]. There is
accumulating evidence to show that IL-5 especially is
important in the development of the eosinophilic inflamma-
tory response that characterizes LAR [25,26]. In the present
study, we found an increase in serum IL-5 at 6 and 24 h after
allergen inhalation. This is in line with a recent report of an
increase in IL-5 in induced sputum obtained 24 h after
bronchial challenge [40]. The rise in serum IL-5 correlated
significantly with the allergen-specific proliferative
response of peripheral T lymphocytesin vitro, suggesting
a role of activated TH2-type lymphocytes as the cellular
source of this IL-5in vivo. A possible relationship between
activated CD4þ T lymphocytes and serum IL-5 was
described previously in patients with exacerbations of
asthma [41]. However, it should be noted that several
other structural components present in the airways of
allergic asthmatic individuals can produce IL-5 upon sti-
mulation with allergen, including mast cells, fibroblasts,
endothelial cells, epithelial cells, and eosinophil itself [42].
In the present study, circulating eosinophils were considered
unlikely candidates as the cellular source of the serum IL-5
in view of the absent relationship between levels of IL-5 and
the number of peripheral eosinophils.

In this study, we investigated the proliferative response of
PBMCs after stimulation with allergen as a model of
allergen-specific responsiveness of T lymphocytes. How-
ever, in addition to the increased frequency and/or respon-
siveness of allergen-specific T cells [16], the responsiveness
of antigen-presenting cells (e.g. dendritic cells) or other
cells potentially contributing to T-cell activation (e.g. baso-
phils [43]) also should be considered. Furthermore, it is

suggested that qualitative variations in allergen-specific T-
cell reactivity (i.e. cytokine profiles) as opposed to differ-
ences in the quantitative response (i.e. proliferation rate)
will ultimately reflect allergic responder phenotype [19].
This was underscored by the finding of proliferative
responses of peripheral T lymphocytes after stimulation
with allergen in up to 100% of subjects, irrespective of
atopic status using serum-free culture medium [44]. How-
ever, in allergic individuals, the allergen-specific response
of T lymphocytes can be considered qualitatively similar
(i.e. ‘TH2 skewed‘) with the predominant production of
cytokines as IL-4 and IL-5 but not IFN-g [15,17,19,45]. The
proliferative response as determined in the present study
may therefore express the individual responsiveness of
allergen-specific T cells quantitatively.

In a study by Bouletet al. [21], a relationship was found
between the capacity to develop a late cutaneous response
and the ability to develop LAR after allergen inhalation. In
the present study, we found no association between the
extent of the late allergic response in the skin and airways as
induced by significant and standardized early allergic
responses. The bronchial response after allergen challenge
is determined functionally by the decrease in airway calibre,
whereas in skin tests the response is assessed directly by
the area of macroscopic tissue alteration. Furthermore,
in the present study, rather low between-patient variation in
the magnitude of the late cutaneous response was found,
which in combination with the considerable variation in the
measurement of the magnitude of the late cutaneous
response [46] may have obscured a relationship between
the allergen-induced late inflammatory response in the skin
and airways.
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Fig. 3. Serum levels of IL-5 at several time
points relative to allergen inhalation. The
number of measurements below detection
level are indicated at each time point
(n¼ 22).



In summary, in allergic asthmatic patients, a relationship
was found between baseline allergen-specific proliferative
responsiveness of peripheral T lymphocytesin vitro and the
late bronchial obstructive response after allergen inhalation.
In addition, an increase in serum IL-5 was found after
allergen challenge, which correlated significantly with the
peripheral T-lymphocyte proliferative responsivenessin
vitro. These findings point to a role of allergen-specific
TH2-lymphocyte responses in the allergen-induced LAR.
We conclude that, in allergic asthmatic patients, the aller-
gen-specific responsiveness of peripheral T lymphocytesin
vitro may serve as a model to determine individual capacity
to develop LAR after allergen inhalation.

Acknowledgements

This study was supported by a research grant from the
Netherlands Asthma Foundation (grant 93.47). TheD.
pteronyssinuspreparation used in this study was a generous
gift of ALK, Hørsholm, Denmark. We thank Dr T. Out and
Dr M.L. Kapsenberg for their comments on the manuscript.

References

1 Bentley AM, Kay AB, Durham SR. Human late asthmatic
reactions. Clin Exp Allergy 1997; 27 (Suppl. 1):71–86.

2 Boulet LP, Chapman KR, Cote J et al. Inhibitory effects of an
anti-IgE antibody E25 on allergen-induced early asthmatic
response. Am J Respir Crit Care Med 1997; 155:1835–40.

3 Bentley AM, Meng Q, Robinson DS, Hamid Q, Kay AB,
Durham SR. Increases in activated T lymphocytes, eosinophils,
and cytokine mRNA expression for interleukin-5 and granulo-
cyte/macrophage colony-stimulating factor in bronchial biop-
sies after allergen inhalation challenge in atopic asthmatics.
Am J Respir Cell Mol Biol 1993; 8:35–42.

4 Robinson D, Hamid Q, Bentley A, Ying S, Kay AB, Durham
SR. Activation of CD4þ T cells, increased TH2-type cytokine
mRNA expression, and eosinophil recruitment in bronchoal-
veolar lavage after allergen inhalation challenge in patients
with atopic asthma. J Allergy Clin Immunol 1993; 92:313–
324.

5 Woolley KL, Adelroth E, Woolley MJ, Ellis R, Jordana M,
O’Byrne PM. Effects of allergen challenge on eosinophils,
eosinophil cationic protein, and granulocyte-macrophage
colony-stimulating factor in mild asthma. Am J Respir Crit
Care Med 1995; 151:1915–24.

6 Azzawi M, Bradley B, Jeffery PK et al. Identification of
activated T lymphocytes and eosinophils in bronchial biopsies
in stable atopic asthma. Am Rev Respir Dis 1990; 142:1407–13.

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

8 Cockcroft DW, Murdock KY. Changes in bronchial respon-
siveness to histamine at intervals after allergen challenge.
Thorax 1987; 42:302–8.

9 Muller BA, Leick CA, Smith RM, Suelzer MT, Richerson HB.
Comparisons of specific and nonspecific bronchoprovocation
in subjects with asthma, rhinitis, and healthy subjects. J Allergy
Clin Immunol 1993; 91:758–72.

10 Kapsenberg ML, Wierenga EA, Bos JD, Jansen HM.
Functional subsets of allergen-reactive human CD4þ T cells.
Immunol Today 1991; 12:392–5.

11 Wierenga EA, Backx B, Snoek M, Koenderman L, Kapsenberg
ML. Relative contributions of human types 1 and 2 T-helper
cell-derived eosinophilotrophic cytokines to development of
eosinophilia. Blood 1993; 82:1471–9.

12 Walker C, Virchow JC Jr, Bruijnzeel PL, Blaser K. T cell
subsets and their soluble products regulate eosinophilia in
allergic and nonallergic asthma. J Immunol 1991; 146:1829–
35.

13 Rawle FC, Mitchell EB, Platts-Mills TA. T cell responses to
the major allergen from the house dust mite Dermatophagoides
pteronyssinus, Antigen P1: comparison of patients with
asthma, atopic dermatitis, and perennial rhinitis. J Immunol
1984; 133:195–201.

14 O’Brien RM, Thomas WR, Wootton AM. T cell responses to
the purified major allergens from the house dust mite Derma-
tophagoides pteronyssinus. J Allergy Clin Immunol 1992;
89:1021–31.

15 Till S, Dickason R, Huston D et al. IL-5 secretion by allergen-
stimulated CD4þ T cells in primary culture: relationship to
expression of allergic disease. J Allergy Clin Immunol 1997;
99:563–9.

16 Burastero SE, Fenoglio D, Crimi E, Brusasco V, Rossi GA.
Frequency of allergen-specific T lymphocytes in blood and
bronchial response to allergen in asthma. J Allergy Clin
Immunol 1993; 91:1075–81.

17 Wierenga EA, Snoek M, de Groot C, Chretien I, Bos JD, Jansen
HM, Kapsenberg ML. Evidence for compartmentalization of
functional subsets of CD4þ T lymphocytes in atopic patients.
J Immunol 1990; 144:4651–6.

18 Mori A, Suko M, Nishizaki Y et al. IL-5 production by CD4þ
T cells of asthmatic patients is suppressed by glucocorticoids
and the immunosuppressants FK506 and cyclosporin A. Int
Immunol 1995; 7:449–57.

19 Leonard C, Tormey V, Burke C, Poulter LW. Allergen-induced
cytokine production in atopic disease and its relationship to
disease severity. Am J Respir Cell Mol Biol 1997; 17:368–75.

20 Chang JH, Chan H, Quirce S et al. In vitro T-lymphocyte
response and house dust mite-induced bronchoconstriction.
J Allergy Clin Immunol 1996; 98:922–31.

21 Boulet LP, Roberts RS, Dolovich J, Hargreave FE. Prediction
of late asthmatic responses to inhaled allergen. Clin Allergy
1984; 14:379–85.

22 Parker WA Jr, Whisman BA, Apaliski SJ, Reid MJ. The
relationships between late cutaneous responses and specific
antibody responses with outcome of immunotherapy for sea-
sonal allergic rhinitis. J Allergy Clin Immunol 1989; 84:667–77.

23 Charlesworth EN, Hood AF, Soter NA, Kagey-Sobotka A,
Norman PS, Lichtenstein LM. Cutaneous late-phase response
to allergen. Mediator release and inflammatory cell infiltration.
J Clin Invest 1989; 83:1519–26.

226 M. J. van der Veenet al.

q 1999 Blackwell Science Ltd,Clinical and Experimental Allergy, 29, 217–227



24 Werfel S, Massey W, Lichtenstein LM, Bochner BS. Pre-
ferential recruitment of activated, memory T lymphocytes
into skin chamber fluids during human cutaneous late-phase
allergic reactions. J Allergy Clin Immunol 1995; 96:57–65.

25 Sur S, Kita H, Gleich GJ, Chenier TC, Hunt LW. Eosinophil
recruitment is associated with IL-5, but not with RANTES,
twenty-four hours after allergen challenge. J Allergy Clin
Immunol 1996; 97:1272–8.

26 Shi H, Qin S, Huang G et al. Infiltration of eosinophils into the
asthmatic airways caused by interleukin 5. Am J Respir Cell
Mol Biol 1997; 16:220–4.

27 Anonymous Standards for the diagnosis and care of patients
with chronic obstructive pulmonary disease (COPD) and
asthma. This official statement of the American Thoracic
Society was adopted by the ATS Board of Directors. November
1986. Am Rev Respir Dis 1987; 136:225–44.

28 Witteman AM, Stapel SO, Perdok GJ, Sjamsoedin DH, Jansen
HM, Aalberse RC, van der Zee JS. The relationship between
RAST and skin test results in patients with asthma or rhinitis: a
quantitative study with purified major allergens. J Allergy Clin
Immunol 1996; 97:16–25.

29 Sterk PJ, Fabbri LM, Quanjer PH et al. Airway responsiveness.
Standardized challenge testing with pharmacological, physical
and sensitizing stimuli in adults. Report Working Party
Standardization of Lung Function Tests, European Community
for Steel and Coal. Official Statement of the European
Respiratory Society. Eur Respir J 1993; 16 (Suppl.):53–83.

30 Bel EH, van der Veen H, Kramps JA, Dijkman JH, Sterk PJ.
Maximal airway narrowing to inhaled leukotriene D4 in
normal subjects. Comparison and interaction with methacho-
line. Am Rev Respir Dis 1987; 136:979–84.

31 Van Neerven RJJ, Van t’Hof W, Ringrose JH, Jansen HM,
Aalberse RC, Wierenga EA, Kapsenberg ML. T cell epitopes
of house dust mite major allergen Der p 2. J Immunol 1993;
151:2326–35.

32 McNamee LA, Fattah DI, Baker TJ, Bains SK, Hissey PH.
Production, characterisation and use of monoclonal antibodies
to human interleukin-5 in an enzyme-linked immunosorbent
assay. J Immunol Methods 1991; 141:81–8.

33 Schuurman J, Perdok GJ, Lourens TE, Parren PW, Chapman
MD, Aalberse RC. Production of a mouse/human chimeric IgE
monoclonal antibody to the house dust mite allergen Der p 2
and its use for the absolute quantification of allergen-specific
IgE. J Allergy Clin Immunol 1997; 99:545–50.

34 Crimi E, Brusasco V, Losurdo E, Crimi P. Predictive accuracy

of late asthmatic reaction to Dermatophagoides pteronyssinus.
J Allergy Clin Immunol 1986; 78:908–13.

35 Akaike H. A new look at statistical model identification. IEEE
Trans Automatic Control 1974; 19:716–22.

36 Waserman S, Xu LJ, Olivenstein R, Renzi PM, Martin JG.
Association between late allergic bronchoconstriction in the rat
and allergen-stimulated lymphocyte proliferation in vitro. Am
J Respir Crit Care Med 1995; 151:470–4.

37 Gerblich AA, Salik H, Schuyler MR. Dynamic T-cell changes
in peripheral blood and bronchoalveolar lavage after antigen
bronchoprovocation in asthmatics. Am Rev Respir Dis 1991;
143:533–7.

38 Burastero SE, Crimi E, Balbo A et al. Oligoclonality of lung
T lymphocytes following exposure to allergen in asthma.
J Immunol 1995; 155:5836–46.

39 Crimi E, Gaffi D, Frittoli E, Borgonovo B, Burastero SE.
Depletion of circulating allergen-specific TH2 T lymphocytes
after allergen exposure in asthma. J Allergy Clin Immunol
1997; 99:788–97.

40 Keatings VM, O’Connor BJ, Wright LG, Huston DP, Corrigan
CJ, Barnes PJ. Late response to allergen is associated with
increased concentrations of tumor necrosis factor-alpha and
IL-5 in induced sputum. J Allergy Clin Immunol 1997;
99:693–8.

41 Corrigan CJ, Haczku A, Gemou-Engesaeth V et al. CD4 T-
lymphocyte activation in asthma is accompanied by increased
serum concentrations of Interleukin-5. Am Rev Respir Dis
1993; 147:540–7.

42 Bagley CJ, Lopez AF, Vadas MA. New frontiers for IL-5.
J Allergy Clin Immunol 1997; 99:725–8.

43 Kasaian MT, Clay MJ, Happ MP, Garman RD, Hirani S,
Luqman M. IL-4 production by allergen-stimulated primary
cultures: identification of basophils as the major IL-4-producing
cell type. Int Immunol 1996; 8:1287–97.

44 Upham JW, Holt BJ, Baron-Hay MJ et al. Inhalant allergen-
specific T-cell reactivity is detectable in close to 100% of
atopic and normal individuals: covert responses are unmasked
by serum-free medium. Clin Exp Allergy 1995; 25:634–42.

45 Walker C, Bode E, Boer L, Hansel TT, Blaser K, Virchow JC
Jr. Allergic and nonallergic asthmatics have distinct patterns of
T-cell activation and cytokine production in peripheral blood
and bronchoalveolar lavage. Am Rev Respir Dis 1992; 146:
109–15.

46 Bearman J, Kleinman H, Glyer V. A study of variability in
tuberculin test reading. Am Rev Respir Dis 1964; 90:913–9.

Late asthmatic response 227

q 1999 Blackwell Science Ltd,Clinical and Experimental Allergy, 29, 217–227


