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ABSTRACT

Patients with bronchial asthma develop various types of asthmatic response to bronchial challenge with allergen, such as
immediate/early asthmatic response (IAR), late asthmatic response (LAR) or delayed asthmatic response (DYAR), because of
different immunologic mechanisms. The DYAR, occurring between 24 and 56 hours after the bronchial allergen challenge (p �
0.01), differs from IAR and LAR in clinical as well as immunologic features. This study investigates the expression of CD
molecules (markers) on the surface of particular cell populations in the peripheral blood and their changes during the DYAR.
In 17 patients developing the DYAR (p � 0.01), the bronchial challenge with allergen was repeated 2–6 weeks later. The
repeated DYAR (p � 0.001) was combined with recording of CD molecule expression on various types of blood cells by means
of flow cytometry up to 72 hours after the challenge. The results were expressed in percent of the mean relative fluorescence
intensity. The DYAR was accompanied by (a) increased expression of CD11b, CD11b/18, CD16,CD32, CD35, CD62E,
CD62L, CD64, and CD66b on neutrophils; CD203C on basophils; CD25 and CD62L on eosinophils; CD14, CD16, CD64, and
CD86 on monocytes; CD3, CD4, CD8, CD11a, CD18, and CD69 on lymphocytes; CD16, CD56, CD57, and CD94 on natural
killer (NK) cells; and CD31, CD41, CD61, CD62P, and CD63 on thrombocytes and (b) decreased expression of CD18 and
CD62L on eosinophils, CD15 on neutrophils, and CD40 on lymphocytes. These results suggest involvement of cell-mediated
hypersensitivity mechanism, on participation of Th1- lymphocytes, neutrophils, monocytes, NK cells, and thrombocytes in the
DYAR.

(Allergy Rhinol 5:e96–e109, 2014; doi: 10.2500/ar.2014.5.0087)

Bronchial asthma has classically been attributed to
the IgE-mediated hypersensitivity mechanism on

participation of mast cells, eosinophils, and Th2-lym-
phocytes.1,2 However, during the last decades evidence
has been found for possible involvement of other hy-
persensitivity mechanisms, so-called “nonimmediate”
or “IgE-independent” mechanisms, in this disorder.3–20

Patients with allergic bronchial asthma, when chal-
lenged by allergen, develop various types of asthmatic
response, such as immediate asthmatic response (IAR),
late asthmatic response (LAR), or dual late asthmatic
response (DLAR), because of different immunologic
mechanisms, having been already studied from vari-
ous points of view.3–7,11,14,19,21

In some bronchial asthma patients examined at our
department, an asthmatic response appearing 24–48
hours after the bronchial provocation tests (BPT) with
allergens has been recorded.22,23 This type, designated
by us as “delayed asthmatic response” (DYAR), differs
substantially from the IAR and the LAR in clinical and

immunologic features and in the hypersensitivity
mechanisms underlying the particular asthmatic re-
sponse types.3,4,7,14,19,21–25 The DYAR became a target
of our research interest.22–25

Each of the hypersensitivity mechanisms can be
characterized by the typical involvement of particular
cell types, generating and/or releasing various factors
and expressing typical receptors (CD molecules) on
their membrane. The particular cell types, stimulated
or inhibited by various intercellular signal mecha-
nisms, interact with other circulating and/or tissue-
resident cell types and follow specific traffic patterns in
the blood and bronchial tissue leading to a variety
of immunologic processes, bronchoconstriction, in-
creased sputum production, and airway remodel-
ing.1–25

The CD molecules, or so-called “surface/membrane-
bound receptors,” being dynamic structures expressed
on the membranes of various cells, represent important
components of the immunologic system and processes
by executing manifold intra- as well as extracellular
functions, especially the activation of the bearing cells
and intercellular communication on various lev-
els.1,2,26–28 The purpose of this study was to investigate
expression profiles of membrane-bound CD molecules
(markers) on the particular cell types circulating in the
peripheral blood during the DYAR and thereby to
establish the course of their possible involvement in
the mechanism(s) underlying the DYAR.
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METHODS

Patients
Seventeen bronchial asthma patients having been

referred to our Department of Allergology and Immu-
nology (Institute of Medical Sciences “De Klokkenberg,
Breda, The Netherlands) between 1998 and 2000 for
diagnostic analysis and developing the DYAR to BPTs
with allergens (BPT) during the routine diagnostic pro-
cedure, volunteered to participate in this study. These
patients (Table 1) suffered from reversible bronchocon-
striction (one to three times monthly), alternating with
symptom-free periods, without restrictive lung func-
tion changes. They did not suffer from chronic infec-
tions and used no oral corticosteroids.

They were examined by a routine diagnostic proce-
dure serving also as inclusion–exclusion criteria, con-
sisting of (1) general part—disease history, physical
examination, basic laboratory tests, x ray of the chest,
lung function, blood gases determination, bacteriolog-
ical examination of the sputum; (2) allergologic part—
basic skin tests, bronchial histamine threshold29 and
determination of the serum immunoglobulins (Table
1); (3) control BPT with phosphate-buffered saline
(PBS); and (4) BPTs with inhalant allergens (n � 38).
The allergens for BPT were chosen with respect to the
disease history and skin tests (Table 2).

In these 17 patients, developing the DYAR (Fig. 1), the
BPTs and the PBS controls were repeated 2–6 weeks later,
and combined with recording of various immunologic
parameters, including the CD molecules on the blood
cells before and at 1, 6, 12, 24, 36, 48, 56 and 72 hours after
the allergen challenge (Tables 3 and 4). A 5-day interval
was always inserted between the end of the preceding
test and the start of the following test, to preclude any
carry-over effect. All BPT were performed in a period
without manifest bronchial complaints, out of the al-
lergen-related season and during hospitalization of the
patients under the standard conditions. Inhaled corti-
costeroids (n � 5) and long-acting �2-sympathomimet-
ics (n � 4) were withdrawn 4 weeks, disodium
cromoglycate (n � 3), nedocromil sodium (n � 5) 2
weeks, while short-acting �2-sympathomimetics and
H1 -receptor antagonists 48 hours before every BPT.
The decrease in FEV1 of 50% or more, with respect to
the predicted values, was treated with a single dose of
200–400 mcg Salbutamol (n � 3).

Control Groups
The 29 bronchial asthma patients, 11 of them devel-

oping an IAR, 10 demonstrating a LAR, and 8 patients
developing a DLAR to BPT with various inhalant al-
lergens (Tables 1 and 2), and 12 healthy subjects, being
family members of the patients investigated, volun-
teered to participate as controls in this study (Table 1).

Ethical Committee Approval
The study had been approved by the institutional

ethical committee (IRB-MCK) and a written informed
consent was obtained from all participants in this
study. The study was carried out in accordance with
the WMA Declaration of Helsinki concerning the
“Principles for medical research involving the human
subjects”.

Allergens
Dialyzed and lyophilized allergen extracts (Allergo-

pharma, Reinbek, Germany), diluted in PBS, were used
in concentrations of 100–500 BU/mL for skin tests and
1000–3000 BU/mL for BPTs (Table 2). The manufac-
turer recommended concentrations of 500 BU/mL for
the skin tests and up to 5 000 BU/mL for the bron-
choprovocation.

Skin Tests
Skin-prick tests with allergens in concentrations of

500 BU/mL were evaluated after 20 minutes. If they
were negative, the intracutaneous (i.c.) tests in concen-
trations of 100–300 BU/mL (our standard concentra-
tions) were then performed. In the case of positive
skin-prick tests, the following i.c. tests were performed
in a dilution 1:5. The i.c. tests were evaluated 20 min-
utes and 6, 12, 24, 36, 48, 72, and 96 hours after the
injection. A skin wheal (�7.0 mm in diameter) appear-
ing 20 minutes after the injection was considered to be
a positive immediate skin response, the skin infiltra-
tion observed between 6 and12 hours was considered a
late skin response, and the skin induration recorded
later than 48 hours was designated a delayed skin
response.3,4,22–25

Bronchial Provocation Tests
The BPTs were performed using spirometry (Spiro-

graph D-75; Lode B.V., Groningen, The Netherlands)
recording the forced vital capacity and forced expira-
tory volume in 1 second (FEV1) values.3,4,22–25,29 The
aerosols of allergenic extracts and PBS were adminis-
tered by Wiesbadener Doppel-inhalator at an airflow
of10 L/min. The nebulizer output was 0.12–0.14 mL/
min. The aerosol particles had a median mass diameter
of 2.8–3.6 �m. The initial BPTs have always been per-
formed with allergenic extracts diluted 1:10 and if they
were negative, the BPTs with undiluted extracts (� our
standard) followed (Table 2).

The BPTs were performed according to the European
standard,29 modified by us, applying the following
schedule: (1) baseline values recorded at 0, 5, and 10
minutes; (2) PBS control values recorded at 0, 5, and 10
minutes after a 10-minute inhalation; (3) inhalation of
the allergen aerosol for 2 � 5 minutes, with inserted
spirometric recording, followed by recording of the
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spirometric values at 0, 5, 10, 20, 30, 45, 60, 90, and 120
minutes and then every hour up to the 12th hour and
every 2nd hour during the 22nd to 38th, the 46th to

56th, and at the 72nd hour.4–6,30–32 The BPTs were
evaluated by the following criteria: (1) the FEV1 de-
crease of �10% with respect to the baseline values as

Table 1 Characteristics of the patients and control subjects

Patients DYAR (n � 17) Control Subjects

Patients with Asthma Healthy Subjects n � 12

IAR n � 11 LAR n � 10 DLAR n � 8

Age
Age (yr) 32 � 3 30 � 6 28 � 4 31 � 3 29 � 5
Gender (M/F) 7/10 5/6 4/6 5/3 6/6
Disease history (yr) 3.8 � 1.1 5.0 � 1.9 4.5 � 1.0 5.3 � 1.7 0
Asthmatic attacks per month 2 � 1 4 � 1 3 � 2 2 � 1 0
FEV1 (% predicted) 95.4 � 6.7 93.0 � 5.0 92.9 � 4.0 94.3 � 2.8 99.2 � 5.5
Forced vital capacity (% predicted) 98.5 � 5.1 101.7 � 3.5 98.4 � 6.0 103.0 � 6.3 104.9 � 5.2
Blood leukocyte count (�109/L)* 10.8 � 0.9 7.0 � 1.4 8.1 � 1.5 7.6 � 0.9 7.9 � 1.4
Blood eosinophil count (�106/L)# 334 � 31 539 � 55 * 485 � 79* 508 � 66* 187 � 29
Blood neutrophil count (�109/L)§ 5.3�.0.7 5.6 � 1.1 4.8 � 0.9 6.0 � 0.4 5.7 � 1.3
Blood thrombocyte count (�109/L)¶ 349 � 36 301 � 25 340 � 31 317 � 29 325 � 41
Increased total IgE in the serum� 0 1 0 1 0
Positive specific IgE in the serum** 0 6 3 4 0
Positive skin response##

Skin prick tests
Immediate 3 5 3 2 0

Intracutaneous tests
Immediate 4 8 4 3 0
Late 4 3 6 5 0
Delayed 9 0 0 0 0

Bronchial histamine threshold§§
�2.0 mg/mL 2 2 1 1 0
4.0 mg/mL 1 2 3 2 0
8.0 mg/mL 4 3 2 2 0
16.0 mg/ml 5 1 1 1 1
32.0 mg/mL 1 2 2 2 1
�32.0 mg/ml 4 1 1 0 10

Th1/Th2 (%)¶¶ 8.3 � 2.9 7.3 � 2.0 7.5 � 3.1 7.6 � 2.9 8.2 � 2.4
IFN-� (pg/mL)�� 174 � 83 169 � 90 188 � 105 172 � 83 201 � 66
IL-2 (pg/mL)�� 3.2 � 0.2 �3.0 �3.0 �3.0 �3.0
IL-4 (pg/mL)�� 19.7 � 3.6 22.9 � 4.1 23.5 � 5.8 20.3 � 5.0 24.1 � 3.8
IL-5 (pg/mL)�� 2.9 � 0.5 6.4 � 1.0 7.3 � 0.9� 8.1 � 1.1� 3.8 � 1.5
IL-6 (pg/mL)�� �4.0 4.8 � 0.5 5.2 � 1.1 5.7 � 1.4* �4.0
TNF-� (pg/mL)�� 6.6 � 0.3 �6.0 7.0 � 0.8 6.5 � 0.4 �6.0
TNF-� (pg/mL)�� 5.5 � 0.4 �5.0 5.8 � 0.6 �5.0 �5.0
TGF-� (pg/mL)�� 9.1 � 2.7 8.3 � 1.2 10.4 � 3.2 10.1 � 2.5 8.5 � 1.4

Data (values) are presented as mean � SD.
*Normal value � 4.0–10.0 � 109/L.
#Normal value � �300 � 106/L.
§Normal value � 2.0–7.2 � 109/L.
¶Normal value � 150–400 � 109/L.
�Normal value � � 500 IU/mL.
**Normal value � �0.70 U/mL.
##Skin tests with relevant allergens.
§§Normal value � �32.0 mg/mL.
¶¶Determined by means of flow cytometry after stimulation of whole blood with PMA (Phorbol 12-myristate 13-acetate) (mean � SEM).32

��After “in vitro” stimulation of peripheral blood mononuclear cells with PMA (mean � SEM).
Statistical significance: ***p � 0.05; ###p � 0.05.
DYAR � delayed asthmatic response; IAR � immediate asthmatic response; LAR � late asthmatic response; DLAR � dual
late asthmatic response; asthma � bronchial asthma; FEV1 � forced expiratory volume in 1 s; IFN � interferon; TGF �
transforming growth factor; PMA � phorbol 12-myristate 13-acetate.
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negative, from 10 to 20% as doubtful and of 20% or
more as positive; (2) the decrease in FEV1 values re-
corded at least at three consecutive time intervals was
considered to be a positive asthmatic response; (3) the
asthmatic response appearing later than 24 hours after
the allergen challenge was considered to be a positive
DYAR.22,25

Routine Diagnostic Parameters
Various “in vivo” and “in vitro” diagnostic parame-

ters were recorded either singly (Tables 1 and 2) or
repeatedly during the DYAR (Table 3). The Th1/Th2
ratio values in peripheral blood were measured by
means of flow cytometry and the intracellular cyto-
kines, from the cells stimulated with phorbol 12-my-

ristate 13-acetate, by means of commercial immunoas-
say (ELISA and EIA) kits, as described previously.22–25

Experimental Parameters

CD Molecules. The CD molecules were measured by
means of fluorescein isothiocyanate (FITC)– or phyco-
erythrin (PE)-conjugated specific (mouse–anti-human)
monoclonal antibodies (MoAb). The antibodies were
products either of Becton Dickinson (BD), previously
PharMingen (San Diego, CA), Immunotech (IMT, Mar-
seille, France), Ortho Biotech (ORT, Inc., Raritan, NJ),
or Caltag Medical System, Ltd. (CAT, Toucester, U.K.).
The following MoAbs were used: (1) basophils—FITC-
CD32 (BD), FITC-CD45 (BD), FITC-CD62L (BD), PE-

Table 2 Survey of the allergens causing particular types of asthmatic response

Allergen Standard
Concentration

BU/mL

DYAR Patients (n �17) Control Asthmatic
Responses (n �29)

DYAR
n � 17
1:10/1:1

Negative Asthmatic
Response

n � 21
1:10/1:1

IAR
n � 11
1:10/1:1

LAR
n � 10
1:10/1:1

DLAR
n � 8

1:10/1:1

Dermatophagoides pteronyssinus 1000 1/3 4/4 0/2 0/1 1/1
Dermatophagoides farinae 1000 0/1 0/1
Animal danders

Dog 3000 0/1 2/2 0/1
Cat 1000 1/1 1/1 1/— 0/1
Horse 2000 1/1 0/1
Guinea pig 2000 0/1 1/—
Hamster 2000 1/1 0/1 1/—

Feathers
Pigeon 3000 1/1 0/1
Parakeet 3000 0/1 0/1
Canary 3000 1/1 0/1
Parrot 3000 1/1 1/—

Aspergillus fumigatus 1000 0/1
Aspergillus niger 1000 1/1
Pollen

Grass mix I 1000 1/2 2/2 1/1 1/1 0/1
Grass mix II 1000 0/1 1/1 1/—
Tree mix 3000 1/1 1/— 0/1
Weed mix 1000 1/1 0/1
Birch 1000 0/1 1/1 1/—
Poplar 2000 1/1 0/1
Ragweed short 1000 1/1 0/1
Ragweed giant 1000 0/1

Grass pollen mix I � Dactylis glomerata, Lolium perenne, Phleum pratensis, and Poa pratensis.
Grass pollen mix II � Festuca pratensis, Holcus lanatus, Agrostis alba, and Anthoxanthum odoratum.
Tree pollen mix � Betula pendula, Corylus avellana, Juniperus communis, and Salix alba.
Weed pollen mix � Artemisia vulgaris, Plantago lanceolata, Rumex acetosa, and Taraxacum officinale.
DYAR � delayed asthmatic response; IAR � immediate asthmatic response; LAR � late asthmatic response; DLAR � dual
late asthmatic response; 0 � negative; — � not performed.
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CD63 (IMT), FITC-CD69 (IMT), and PE-CD203C (IMT);
(2) eosinophils—FITC-CD9 (BD), PE-CD11b (BD),
FITC-CD18 (BD), FITC-CD25 (BD), FITC-CD44 (BD),
FITC-CD62L (BD), FITC-CD66b {BD), FITC-CD69
(IMT), and FITC-CD86 (CAT); (3) neutrophils—FITC-
CD11a (BD), PE-CD11b (BD), FITC-CD11b/18 (BD),
FITC-CD15 (BD), FITC-CD16 (BD), FITC- CD18 (BD),
FITC-CD32 (BD), FITC-CD35 (BD), biotin-CD62E (BD),
FITC-CD62L (BD), FITC-CD64 (BD), and FITC-CD66b
(BD); (4) monocytes—FITC-CD14 (BD), FITC-CD16
(BD), FITC-CD64 (BD), FITC-CD80 (BD), and FITC-
CD86 (CAT); (5) lymphocytes—PE-CD3 (ORT), FITC-
CD4 (BD), PE-CD8 (BD), FITC-CD11a (BD), FITC-CD18
(BD), FITC-CD40 (BD), and FITC-CD69 (IMT); (6) nat-
ural killer (NK) cells—FITC-CD16 (BD), PE-CD56 (BD),
FITC-CD57 (BD), AND FITC-CD94 (BD); AND (7)
thrombocytes—FITC-CD31 (BD), FITC-CD36 (BD),
FITC-CD41 (IMT), FITC-CD42b (BD), FITC-CD61 (BD),
FITC-CD62P (BD), AND PE-CD63 (IMT).

Separation of Particular Cell Types from Peripheral
Blood

Heparinized venous blood (5 mL) was mixed with
0.25 volumes of 6% dextran and erythrocytes were
allowed to settle for 30 minutes at room temperature
(RT). Aliquots of cell-rich plasma were diluted with
Hank’s balanced salt solution (HBSS) without Ca��

and Mg�� and particular cell types were isolated by
three-step discontinuous centrifugation on Percoll den-
sity gradients (Pharmacia, Uppsala, Sweden) and cen-
trifuged at 1000 � g for 20 minutes at 4°C. The cells
were separated at the following density degrees: baso-
phils, 1.080 g/mL (1.075–1.081 g/mL); eosinophils,
1.088 g/mL (1.085–1.100 g/mL); neutrophils, 1.090

g/mL (1.080–1.099 g/mL); lymphocytes, 1.077 (1.066–
1.077 g/mL); and monocytes, 1.065 g/mL (1.059–1.068
g/mL). The residual erythrocytes were lysed hypoton-
ically. The cell-reach layers were recovered and
washed in PBS with 0.5% bovine serum albumin (BSA)
and 2 mM of EDTA (pH 7.2).

The cells were additionally purified using immuno-
magnetic beads, coated with a cocktail of biotin-conju-
gated MoAb as primary labeling agents (Miltenyi-Bio-
tech isolation kits—human; Miltenyi-Biotech, Bergisch
Gladbach, Germany) and anti-biotin MoAb conjugated
to MicroBeads as secondary labeling agents (Miltenyi-
Biotech) at 4°C for 30 minutes. The positive versus
negative selection (depletion) of the cells was per-
formed by magnetic cell sorting using the magnetic cell
separator system, including LS column (MACS; Milte-
nyi-Biotech), according to manufacturers’ protocol.
The cells were then washed and resuspended in HBSS
with 0.2% BSA counted and assessed for purity. The
purity of the cell preparations was 96–99% and the via-
bility was 94–97% as measured by trypan blue exclusion.
The cells were finally washed in Ca2��- and Mg2��-free
HBSS and their count was adjusted at a concentration of
1 � 106 cells/mL. The NK-rich population was addition-
ally separated by four-step discontinuous Percoll gradi-
ent centrifugation adjusted to isotonicity by addition of
10%vol/vol 10-fold concentrated HBSS and preparation
of four Percoll concentrations (40–50%), varying by 3.5
increments, layered in 15-mL conical tubes (Falcon;
BD). After incubation on nylon–wool columns and
washing with PBS, resuspension in RPMI-1640 at a
concentration of 1 � 106 cells/mL and centrifugation at
400 � g for 30 minutes, the NK cell-rich populations
were collected from the second (40:43.5%) the third
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Figure 1. Delayed asthmatic response
(DYAR) to allergen challenge and
phosphate-buffered saline (PBS) con-
trol challenge. The mean percentage
changes in the forced expiratory vol-
ume in 1 secibd (FEV1) values calcu-
lated from 17 DYARs and 17 PBS
control challenges. F, the initial
DYAR; E, the repeated DYAR; *, the
initial PBS; �, the repeated PBS; I,
initial (baseline) values; ALL, allergen
challenge; bars, means � SEM.
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(43.5:47%), and the fourth (47:54%) interfaces, washed
three times in PBS, and again resuspended in RPMI-
1640 at a concentration of 1 � 106 cells/mL. The throm-
bocytes were prepared from separate samples of ve-
nous blood collected into EDTA-Vacutainer tubes
(BD), fixed with 1% paraformaldehyde in PBS (pH 7.4)
at 22°C for 20 minutes and centrifuged at 250 � g for 15
minutes. The platelet-rich plasma was removed and
platelets were washed twice in Ca2�- and Mg2�-free
PBS, adjusted to 1 � 106/mL, and incubated with
saturating concentrations of the FITC-conjugated
MoAb. After incubation at 22°C in the dark for 30
minutes, the reactions were stopped by addition of 500
�L of 1% paraformaldehyde in PBS and the samples
were analyzed using flow cytometry (BD).

Determination of the CD Molecules by Flow
Cytometry

The particular cell preparations, except thrombo-
cytes, were resuspended at a concentration of 1 � 106

cells/mL in 1 mL of RPMI-1640 medium (pH 7.4; Sigma-
Aldrich, St. Louis, MO) containing 2 mmol/L of l-glu-
tamine (Gibco, Paisley, U.K.), 100 IU/mLof penicillin,
and 100 �g/mL of streptomycin and kept for 10 min-
utes at 37°C. After addition of 1 �mol/L of ionomycin
(Sigma) and 1 �g /mL of Brefeldin A (Sigma), the cell
preparations were cultured in the tubes (BD) for 4
hours at 37°C with 5% CO2 , centrifuged at 300 � g for
15 minutes at 4°C, washed in PBS containing 0.5% BSA
and 0.1% sodium azide, and subsequently resus-
pended in 500 �L of FACS permeabilizing solution
(BD) for 10 minutes at RT in the dark.

The cells were washed twice with PBS and incubated
with saturating concentrations (10 �L) of the FITC- or
PE- conjugated MoAb directed against the particular
CD molecules for 30 minutes in the dark at RT. After
the incubation, the cells were washed in PB, resus-
pended in 500 �L of 1% paraformaldehyde, collected
by centrifugation 350 � g for 5 minutes, at 4°C, washed
twice with ice-cold PBS, and, finally, centrifuged at
400 � g for 10 minutes at RT. The supernatants were
discarded, and the pellets were resuspended in HBSS
(pH 7.4) to a final concentration of 1 � 106 cells/mL
and stored at 4°C for 12–24 hours until analyzed by
flow cytometry. The FITC- and PE-conjugated mouse
IgG1 and/or IgG2 MoAb (BD) were used as isotype-
specific controls to set the threshold values. The data
were generated by the three-color FACS-Calibur flow
cytometer (BD), equipped with a 15-mW argon ion
laser and appropriate filters for FITC (530 nm; FL-1),
PE (585 nm; FL-2), and PerCP (�650 nm; FL-3). The
typical forward and side scatter gate for particular cell
types together with their logical gates were set and the
second gate within this gated area was further selected.
The analyses were performed on the cells in the second

gate. From each sample, at least 10,000 events have
been measured. All determinations, performed in du-
plicate, were accompanied by parallel incubations with
FITC- or PE-conjugated irrelevant antibodies matching
the particular antibody isotypes. The results were ex-
pressed in percent of the mean relative fluorescence
intensity (%MFI), which was actual MFI minus MFI of
the irrelevant IgG isotype control.

Statistical Analysis
The initial and repeated DYARs and PBS controls

were analyzed by means of fitting polynomials to the
mean curves over time, 8 time points within 120 min-
utes and 20 time points up to 56 hours after the aller-
gen or PBS challenge. The hypotheses were tested by
means of the generalized multivariate analysis of vari-
ance model.33

The expression changes of CD molecules (	MFI%)
on particular cell types during the repeated DYARs
and PBS controls have also been statistically analyzed
by means of the multivariate analysis of variance
model method.33 The individual postchallenge expres-
sion values of particular CD (in 	MFI%) recorded at
each of the time points during the repeated DYAR and
PBS control in each of the patients were compared with
their prechallenge (baseline) values and additionally
evaluated by Wilcoxon matched-pairs signed-rank test.
Moreover, the single postchallenge expression values
of particular CD molecules measured at each of the
time points during the repeated DYAR in all patients
were compared with the corresponding postchallenge
PBS values and additionally evaluated by Mann–Whit-
ney U test. A value of p � 0.05 was considered statis-
tically significant for all statistical methods.

RESULTS

Initial and Repeated DYAR
The 17 patients developed 17 positive DYARs (p �

0.01) and 21 negative asthmatic responses (p � 0.1) to
38 BPTs with allergens. The DYAR began within 26–32
hours, reached maximum within 32–48 hours, and re-
solved within 56 hours (Fig. 1). The DYAR was statis-
tically significant both when compared with the pre-
challenge FEV1 values (p � 0.01) and with the PBS
controls (p � 0.001). No significant differences were
found between the initial and the repeated DYAR (p �
0.1; Fig. 1). No significant differences were found in the
appearance of the DYAR with respect to the individual
allergens (p � 0.2; Table 2).

Association of DYAR with Other Diagnostic
Parameters

Patients developing the DYAR showed allergen-rel-
evant positive immediate skin response in 29%, late
skin response in 12%, delayed skin response in 59%,
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and allergen-specific IgE antibodies in the serum in 0%
and decreased bronchial histamine threshold in 70%
(Table 1). The positive DYAR was accompanied by
significantly increased dyspnea, wheezing, and tired-
ness; increased blood leukocyte, lymphocyte, and neu-
trophil counts; significant changes in the Th1/Th2 cell
ratio in peripheral blood in favor of Th1 cells, and
significantly increased intracellular concentrations of
interferon (IFN) � and IL-2 (Table 3).

Expression of CD Molecules (Markers) on the
Particular Blood Cell Types during the DYAR

The prechallenge expression of the CD molecules on
the particular blood cells in DYAR patients did not
differ significantly from their expression on the blood
cells in the healthy control subjects (data are not
shown).

The repeated DYAR was associated with significant
changes (p � 0.05) in the expression of the following
CD molecules on the surface of the circulating blood
cells (Tables 4 and 5): (a) basophils—increased expres-
sion of CD203C at 1 and 6 hours; (b) eosinophils—
increased expression of CD25 and CD62L at 1 hour and
decreased expression of CD18 and CD44 at 36 and 48
hours; (c) neutrophils—increased expression of CD11b
at 6, 12, 24, 36, 48, and 56 hours, CD11b/18 at 1, 6, 12,
24, 36, and 48 hours, CD16 at 6,12, 24, and 36 hours,
CD32 at 1 and 6 hours, CD35 at 6 and 12 hours, CD62E
at 1, 6, 24, 12, and 36 hours, CD64 at 12, 24, and 36
hours, CD66b at 1 and 6 hours, and decreased expres-
sion of CD15 at 1, 6, 12, and 24 hours; (d) monocytes—
increased expression of CD14 at 1, 6, 12, 24, and 36
hours, CD16 at 1, 6, 12, 34, and 36 hours, CD64 at 1, 6,
and 12 hours, and CD86 at 1 and 6 hours; (e) lympho-
cytes—increased expression of CD3 at 12, 24, and 36
hours, CD4 at 6, 12, 24, 36, and 48 hours, CD8 at 24, 36,
and 48 hours, CD11a at 24 and 36 hours, CD18 at 1 and
6 hours, CD69 at 1, 6, 12, and 24 hours, and decreased
expression of CD40 at 1, 6, and 12 hours; (f) NK cells—
increased expression of CD16 at 1, 6, and 12 hours,
CD56 at 12, 24, and 36 hours, CD57 at 24, 36, and 48
hours, and CD94 at 6 and 12 hours; (g) platelets—
increased expression of CD31 at 24 and 36 hours, CD41
at 6 and 12 hours, CD61 at 6 hours, CD62P at 12, 24,
and 36 hours, and CD63 at 6 and 12 hours. No signif-
icant changes in the expression of the CD molecules
were measured on these cells during the PBS control
challenges (p � 0.1).

Control Subjects
No significant differences in the CD molecule expres-

sion were recorded on the particular blood cells of the
control patients with IAR, LAR, or DAR when com-
pared with the healthy control subjects (p � 0.01, p �
0.01, and p � 0.05, respectively; data are not shown).

DISCUSSION
The DYAR differs from the other asthmatic response

types, such as IAR, LAR, and DAR, in the clinical and
immunologic features, and presumably, also, in hyper-
sensitivity mechanisms underlying these asthmatic re-
sponses.3,4,7,14,19,21–25

The CD molecules are dynamic structures executing
manifold regulatory and effector functions and a signal
transmission.26,27,30,31,34–36 They act in close relation
not only with their ligands, but also with other com-
ponents of the immunologic system, such as mediators,
cytokines, chemokines, and adhesion molecules, with
parts of the metabolic system, and with factors released
by a variety of cell types.26,27,30,31,34 A relatively high
number of various CD molecules can exist on the mem-
brane of one particular cell type, and vice versa a certain
type of the CD molecule can be expressed on the sur-
face of various circulating cell types, or cells resident in
various types of tissue.31–33 Furthermore, the same CD
molecule can execute different functions on the surface
of different cell types. Results of this study showed
changes in expression of various membrane-bound CD
markers on the cells in peripheral blood during the
DYAR, such as (a) increased expression on the T-helper
(probably Th1) lymphocytes (CD3, CD4, CD8, CD11a,
CD18, and CD69), neutrophils (CD11b, CD11b/18,
CD16, CD32, CD35, CD62E, CD62L, CD64, and
CD66b); monocytes (CD14, CD16, CD64, and CD86),
NK cells (CD16, CD56, CD57, and CD94), thrombo-
cytes (CD15, CD41, CD61, CD62P, and CD63), baso-
phils (CD203C), and eosinophils (CD25 and CD62L);
(b) decreased expression of the other CD molecules on
the eosinophils (CD18 and CD62L), neutrophils
(CD15), lymphocytes (CD40), and thrombocytes
(CD61). These findings indicate an increased activation
of the Th1 and NK cells, neutrophils, monocytes, and
thrombocytes during the DYAR.

These results are also consistent with outcomes of
our previous studies22–25 concerning the changes of
various cells and factors in peripheral blood during the
DYAR, such as (1) increased counts of total leukocytes,
neutrophils, monocytes, lymphocytes, and Th1 cells22–25;
(2) increased plasma/serum concentrations of leukotri-
ene B4 and myeloperoxidase23; (3) increased serum con-
centration of some soluble adhesion molecules such as
soluble intracellular adhesion molecule, soluble vascular
adhesion molecule, soluble platelet-endothelial cell adhe-
sion molecule, soluble E-selectin, and soluble L-selectin
and decreased serum concentration of soluble E-cad-
herin24; (4) increased serum concentrations of IL-2, IL-10,
IL-12p70, IL-18, granulocyte-colony stimulating factor,
IFN-�, TFN-�, and transforming growth factor � and
decreased serum concentration of IL-725; (5) increased
concentrations of intracellular IFN-�, IL-2, IL-10, TNF-�,
TNF-�, and transforming growth factor � and changes in
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the Th1/Th2 ratio in favor of Th1 cells after the “in vitro”
stimulation with phorbol 12-myristate 13-acetate.22,23

These data provide evidence for an active involvement of
neutrophils, monocytes, thrombocytes, and lymphocytes,
especially their Th1 and NK cells in the immunologic
mechanism(s) underlying the clinical DYAR.

An increased expression of CD203C on the basophils
at 1 and 6 hours and of CD25 and CD62L at 1 hour and
decreased expression of CD18 and CD44 at 36 and 48
hours, on the eosinophils, without any significant
changes in their counts in the blood, suggest either a
limited activation of these cells during the early stages
of the DYAR mechanism or their induction by other
CD molecules because of a cross-reactivity, or, finally,
it may be an artifact. Unfortunately, we have no expla-
nation for this finding. Despite abundant literature,
there is a dearth of information concerning the expres-
sion of individual CD molecules on the particular cell
types and their changes during the individual asth-
matic response types. The studies dealing with expres-
sion of CD molecules on circulating blood cells in
patients with (allergic) bronchial asthma are not nu-
merous.5,12,15,35–40 Moreover, in most of the relevant
studies, the expression of a limited number of CD
molecules has been measured either on the cellular
pool of the whole blood or on the surface of some
selected blood cell types, by means of a single deter-
mination after a nonspecific “in vitro” stimulation.

The results of this study are not fully comparable
with other investigators’ data for several reasons. The
most important reason is the clinical DYAR itself, stud-
ied predominantly by us.22–25 The other reasons can be
seen in (a) the existence of various phenotypes of bron-
chial asthma and various types of asthmatic response
to allergen challenge; (b) the difference between a sin-
gle measurement and the repeated determination of
the CD molecules during a particular asthmatic re-
sponse, generating a dynamic course of such changes;
(c) the difference between the “in vivo” exposure with
inhaled allergen and the “in vitro” laboratory stimula-
tion of the cells with a nonspecific agent; (d) some
technical aspects, such as differences between the flu-
orescence measured in the whole pooled blood and
fluorescence measured on the particular isolated cell
types, variations in the methods themselves as well
as the commercial antibodies used. Finally, the inter-
pretation of the results may also be an important factor.
Is the expression of the particular marker a part of a
certain immunologic process, is it a consequence of
that process, or is it a combination of both the roles?
This crucial question would then lead to a different
evaluation of the changes in the CD molecules expres-
sion.

Another aspect, which can influence the attained
results, is the BPT method.41–44 We have used the
inhalational bronchial challenge, whereas a number of

other investigators have used the segmental challenge
technique.8,9,15,21 Both of the techniques have a number
of advantages and disadvantages.3,4,7,9,15,21–25,29,41–44

The advantage of the segmental challenge is the prov-
ocation of a limited lung area with a small allergen
amount and direct access to the site of the immuno-
logic event. Its disadvantage is an exclusion of the part
of the respiratory system (from the mouth to the sec-
ondary bronchi) being regularly the site of the initial
stage of the immunologic process leading to the asth-
matic response. This method is laborious, requires ap-
plication of anesthetics, and the less natural bronchoal-
veolar lavage (BAL) technique can be a burden on the
patient. The advantage of the inhalational technique is
a simulation of the natural allergen exposure on inclu-
sion of all parts of the airways, relatively low strain for
the patient, and low risk of postinterventional compli-
cations besides the expected bronchoconstriction. Its
disadvantage is the need of a rather large effective
allergen dose.

These study results are limited to the peripheral
blood cells and they can not reflect the topical pro-
cesses in the bronchial tissue. The CD expression on the
surface of Th17 and T-regulatory45 and B lymphocytes,
in the peripheral blood as well as cytological and im-
munologic features in BAL fluid and bronchial mucosa
biopsy during the DYAR due to the inhalational chal-
lenge with allergens, has not been investigated. These
aspects, being a certain shortcoming of this study,
should be investigated in the future.

The current results, together with our previous find-
ings,22–25 showed the existence of an asthmatic re-
sponse phenotype (DYAR), differing essentially from
the already established response types, in some pa-
tients with allergic bronchial asthma. The DYAR, ap-
pearing later than 24 hours after an allergen exposure
and lasting up to 48 hours, at least, can not be diag-
nosed reliably by the skin tests, determination of the
IgE antibodies in the serum, eosinophil count in the
blood, and/or the bronchial histamine/methacholine
threshold. The DYAR can only be confirmed by BPT
recorded up to 36–48 hours, at least. According to our
preliminary results, the DYAR can only be prevented
by inhaled glucocorticosteroid and partly by inhaled
nedocromil sodium.46 Nevertheless, further concurrent
clinical and immunologic research will be indispens-
able to clarifying fully the hypersensitivity mecha-
nism(s) underlying the DYAR and to defining its clin-
ical position, significance, and its difference from the
other asthmatic response types. In particular, the data
indicating and defining the immunologic processes on
the topical level in the bronchial tree, gained by means
of BAL and by the biopsy of the bronchial mucosa,
during the clinical DYAR, will be of a great impor-
tance. Another aspect that should also be investigated
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is the possible development of DYAR after segmental
provocation with allergen.
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