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Background: An imbalance of T cell subsets in asthma with a predominance of Th2 type cells has been
proposed. The aim of this study was simultaneously to detect surface markers and intracellular produc-
tion of cytokines in T cells from the airways of children with and without asthma.
Methods: Bronchoalveolar lavage (BAL) fluid was obtained by wedging a suction catheter into the
distal airway immediately before elective surgery. Cells were stimulated with phorbol 12-myristrate
13-acetate (PMA) and ionomycin and intracytoplasmic cytokine retention was achieved using
monensin. The cells were stained with the relevant antibodies and analysed by flow cytometry.
Results: No statistical difference was observed between children with atopic asthma, atopic
non-asthmatic subjects, and normal controls in the percentage of CD3+ cells producing interleukin (IL)-2
or IL-4. Interferon (IFN)γ+ T cells were, however, present in a much higher percentage than either IL-2
or IL-4 positive cells. The percentage of IFNγ+ T cells was significantly increased in subjects with atopic
asthma (median 71.3%, interquartile range (IQR) 65.1–82.2, n=13) compared with both atopic non-
asthmatic subjects (51.9%, IQR 37.2–70.3, n=12), p<0.05 and normal controls (58.1%, IQR 36.1–
66.1, n=23), p<0.01.
Conclusions: These findings indicate that IFNγ producing T cells are more abundant in the airways of
children with atopic asthma than in atopic non-asthmatic subjects and controls. The proinflammatory
activities of IFNγ may play an important role in the pathogenesis of childhood asthma and may suggest
that asthma is not simply a Th2 driven response.

The inflammatory response in asthma is associated with
airway hyperresponsiveness and involves a number of dif-
ferent cell types including eosinophils, basophils, mast

cells, and T lymphocytes. Recent findings in human and
animal models indicate a crucial role for the Th2 subclass of
CD4+ cells in asthma. The two subclasses of T helper
cells—Th1 and Th2—differ in their production of cytokines
which are thought to antagonise the pathological conse-
quences of each other. Th1 and Th2 cells were originally
described in mice.1 Although human CD4 T cells have similar
cytokine profiles to the murine cells, they are not identical and
therefore are usually defined as interferon (IFN)γ (Th1) and
interleukin (IL)-4 (Th2) producing cells since IL-2, IL-6, and
IL-10 cytokines are not solely produced by a single subset. Th2
cytokines activate mechanisms important in defence against
parasites and in allergic inflammation including IgE produc-
tion, mast cell differentiation and maturation, migration and
activation of eosinophils. Th1 lymphocytes are important in
defence against viruses and bacteria. Th2 lymphocytes are
increased in the airways of patients with atopic asthma, and
the presence of IL-5 and possibly IL-4 producing cells
correlates with disease severity in bronchial biopsy specimens
and bronchoalveolar lavage (BAL) fluid.2–4

Several single cell assays have been developed that allow the
measurement of Th1/Th2 cytokine expression—for example,
limiting dilution assay, ELISPOT, and in situ hybridisation.

However, the main limitation with all these methods is the

inability to analyse the simultaneous expression of different

cytokines by individual cells. Flow cytometry has proved to be

a more powerful tool for the measurement of the frequency of

cytokine producing cells using intracellular methods. This

method allows multiple colour staining to demonstrate exclu-

sive or mutual coexpression of different cytokines in

individual cells following short term activation, thus allowing

the characterisation of T cell subsets on the basis of cytokine

expression rather than just surface markers.

This study was undertaken to elucidate the T cell subsets

involved in early childhood asthma using intracellular

staining methods and to test the hypothesis that BAL fluid T

cells in allergic asthma are of the Th2 phenotype.

METHODS
Subjects
Sixty children (40 boys) undergoing elective surgery for a

non-inflammatory condition were recruited from the Royal

Belfast Hospital for Sick Children. A detailed respiratory and

allergy history and serum IgE measurements were used as

previously described to categorise the children as atopic asth-

matic (A) (n=18), “non-wheezers with atopy” (NA) (n=14),

and non-atopic, non-asthmatic controls (n=28; table 1).5 All

children were considered free from recent upper respiratory

tract infections. Parents gave written informed consent and

the study was approved by the research ethics committee of

the Faculty of Medicine, Queen’s University, Belfast.

Antibodies and reagents
Glutamine, mercaptoethanol, penicillin, RPMI 1640, sodium

pyruvate, and streptomycin were purchased from Gibco (Pais-

ley, UK). Ionomycin, monensin, paraformaldehyde, phorbol

12-myristrate 13-acetate (PMA), and saponin were obtained

from Sigma-Aldrich (Poole, UK). AB serum was purchased

from ICN Biochemicals (Hampshire, UK). Anti-CD3 FITC

(mouse IgG2a, S4.1), anti-IL2 R-PE (rat IgG2a, MQ1–17H12),

anti-IL4 R-PE (rat IgG1, MP4–25D2), anti-IFNγ R-PE (mouse

IgG1, B27), and isotype matched directly conjugated antibod-

ies were purchased from Caltag Laboratories (California,

USA).

Sampling and processing of BAL fluid
Non-bronchoscopic BAL was performed as previously

described.6 Briefly, following intubation an 8 FG neonatal suc-

tion catheter was inserted and wedged in a distal bronchus

and sterile normal saline (20 ml) was injected and immedi-

ately aspirated. Total, differential, and mast cell counts were

performed as previously described6 by a blinded observer.
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Intracellular cytokine detection of BAL fluid T cells was

performed as previously described.7 BAL fluid cells were

resuspended in RPMI 1640 containing 2 mM L-glutamine,

1 mM sodium pyruvate, 100 µg/ml streptomycin, 100 U/ml

penicillin, 0.5 µg/ml amphotericin B, 20 µM mercaptoethanol,

and 5% AB serum. Cells were either unstimulated or

stimulated with PMA (10 ng/ml) plus ionomycin (1 µM) for 5

hours at 37°C in 5% CO2 atmosphere in the presence of mon-

ensin (2.5 µM final concentration).8 The cells were harvested,

washed once in phosphate buffered saline (PBS), and fixed for

10 minutes in 4% paraformaldehyde (PFA). They were then

washed twice in PBS and permeabilisation was performed by

incubation in 0.1% saponin buffer for 1 hour. Anti-CD3 (FITC,

1 µg/1 × 106 cells) and anti-cytokine antibodies (IL2-PE,

IL4-PE and IFNγ-PE, 1 µg/1 × 106 cells) were added to the cell

suspension and incubated for 20 minutes at 4°C in the dark.

Samples were washed in permeabilisation buffer to remove

unbound antibodies and resuspended in PBS for immediate

flow cytometric analysis.

Because of the small volumes and low cell numbers

obtained from paediatric BAL and the internalisation of the

CD4 molecule by PMA and ionomycin,9 all intracellular

cytokine measurements were carried out after setting the gate

around CD3+ T cells. The threshold of CD3+ cells and

cytokine producing positive cells was set using isotype

matched, directly labelled non-specific antibodies in identical

concentrations and labelled with the same fluorochrome. To

ensure that the lymphocyte gate was accurately placed, the

back gating approach was always employed.10

Listmode data were acquired on a Coulter Epics Elite four-

colour cytometer equipped with an argon ion laser. Typically

250–1000 events were acquired, depending on the number of

cells. Because of the low levels of IL-2 and IL-4 in some

subjects, cytokine positive T cells often appeared as a shoulder

in the flow cytometric histogram. Hence, discrimination

between positive and negative cells (isotype controls) was set

using the Immuno-4 software programme (Coulter). This

programme used the Overton method of channel-by-channel

histogram subtraction11 to compare histograms generated by

cells stained with the anti-cytokine antibodies and an identi-

cal number of cells stained with the isotype control. The mean

channel fluorescence (MCF)—the difference between the

mean channel fluorescence of cells stained with the cytokine

specific antibody and the MCF of the cells stained with the

isotype matched irrelevant control antibody—was determined

as a measure of the intensity of cytokine specific staining.

Table 1 Characteristics of study subjects and differential cell counts in bronchoalveolar lavage (BAL) fluid

A (n=18) NA (n=14) N (n=28)

M/F 14/4 9/5 16/12
Median (range) age (years) 7.1 (4.5–11.5) 8.5 (2.1–11.8) 7.9 (3.0–13.9)
Volume return of BAL fluid (ml) 28.9 (20.0–37.5) 25.0 (20.0–35.6) 23.7 (20.0–29.0)
Total cell count (×105 cells/ml) 1.2 (0.8–1.9) 1.1 (0.8–2.0) 1.3 (0.9–1.8)
Macrophages (%) 46.3 (38.0–56.2) 70.1 (38.7–94.2) 66.7 (43.9–78.4)
Lymphocytes (%) 0.1 (0.0–0.6) 0 (0.0–0.3) 0 (0.0–0.7)
Neutrophils (%) 2.4 (1.6–6.7) 1.6 (0.7–20.4) 1.6 (0.4–5.6)
Eosinophils (%)** 1.0 (0.4–2.7) 0.8 (0.1–1.4) 0.1 (0.0–0.2)
Epithelial cells (%) 41.1 (3.9–56.4) 15.1 (0.8–27.5) 23.0 (11.3–40.0)
Mast cells (%)* 0.05 (0.02–0.37) 0.0 (0.0–0.02) 0.0 (0.0–0.04)
Blood neutrophils (%) 46.8 (39.7–56.8) 38.5 (34.2–47.3) 40.0 (36.4–48.3)

Data are shown as median (IQR).
A=atopic asthmatics; NA=non-asthmatics with atopy; N=non-atopic, non-asthmatic controls.
*p<0.05 A v NA; **p<0.001 A v N.

Figure 1 Percentage of IFNγ+/CD3+ in (A) unstimulated and (B)
stimulated BAL fluid cells.
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Figure 2 Percentage of CD3+ T cells in BAL fluid from atopic
asthmatics (A), non-asthmatics with atopy (NA), and non-asthmatic,
non-atopic controls (N).
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Statistical analysis
The results are expressed as median (interquartile range,

IQR). Differences between groups were determined using the

Kruskal-Wallis test. If the Kruskal-Wallis test detected a

significant difference, post hoc testing was performed using

the Dunn’s multiple comparison test with p values of <0.05

being considered significant.

RESULTS
The total number of cells and the percentages of macrophages,

lymphocytes, neutrophils or epithelial cells did not differ

between the three groups of subjects analysed (table 1). How-

ever, the percentage of eosinophils was significantly higher in

atopic asthmatic subjects than in controls (p<0.001), and the

percentage of toluidine blue stained mast cells was higher in

those with atopic asthma than in non-asthmatic atopic

subjects (p<0.05, table 1).

Time course experiments revealed that incubation with

PMA, ionomycin and monensin for 5 hours was optimal for

the detection and analysis of all three cytokines (data not

shown). Unstimulated BAL cells expressed virtually no intra-

cellular cytokines, even in the presence of monensin (fig 1).

The optimum concentration of monensin (2.5 µM) that gave

maximal inhibition of protein secretion was determined using

whole blood samples from healthy controls (data not shown).

No differences in the median percentage of CD3+ T cells

were observed in any of the groups analysed (A, 91.2% (81.8–

95.9), n=18; NA, 80.2% (69.8–93.5), n=14; controls (N),

86.0% (79.4–91.0), n=28, p=0.24; fig 2). Typical dot plots of

gated lymphocytes from BAL fluid after double staining with

anti-IFNγ and anti-CD3 are shown in fig 3. A significant

difference was observed in the percentage of IFNγ+ T cells

between the three groups (p=0.007). Using Dunn’s multiple

comparison test, IFNγ+ T cells occurred significantly more

frequently in atopic asthmatic subjects (71.3% (65.1–82.1))

than in either the atopic non-asthmatic group (51.9%

(37.2–70.3), p<0.05) or non-asthmatic, non-atopic controls

(58.1% (36.1–66.1), p<0.01; table 2, fig 4A). No difference was

observed between any of the groups in the frequency of

IL-2+/CD3+ or IL-4+/CD3+ T cells from BAL fluid (p=0.94

and p=0.42, respectively; table 2, fig 4B and C).

Using the Student’s t test, we observed that asthmatic sub-

jects taking inhaled corticosteroids had significantly lower

levels of IL-4+ T cells than those on β2 agonists or not

currently on any asthma medication (p=0.003, fig 5).

Although no difference was observed in the intensity of

staining (as measured by mean channel fluorescence, MCF) of

any of the cytokines in the three groups, the intensity of IFNγ
staining was significantly higher in all three groups than IL-4

and IL-2 (p<0.0001, table 2). Low cell numbers restricted the

analysis of the ratio of IFNγ to IL-4 or IL-2.

DISCUSSION
Flow cytometry has become an important tool for the analysis

of functional subsets in mixed T cell populations using intra-

cellular staining methods. However, methods for the staining

of intracellular cytokines have not been standardised and dis-

crepancies in intracellular data may be partially the result of

different stimulation, fixation, and permeabilisation protocols

or due to inclusion of insufficient subjects to detect

differences. Several groups have reported the flow cytometric

detection of intracellular cytokines in allergic disease in whole

blood,12 13 peripheral blood mononuclear cells (PBMCs),14 15

Figure 3 Percentage of IFNγ+/CD3+ in BAL fluid from (A) a
non-asthmatic, non-atopic control and (B) an asthmatic subject.
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Table 2 BAL fluid levels of intracellular cytokines in the three groups of subjects and
intensity of staining measured as mean channel fluorescence (MCF)

Asthmatics (n=18)
Normal subjects with
atopy (n=14) Normal controls (n=28)

%IL2+/CD3+ 8.9 (4.1–23.7) 8.4 (4.8–19.7) 7.73 (6.0–15.0)
MCF 1.4 (0.9–1.9) 1.4 (1.2–3.0) 1.5 (1.2–1.8)
n 14 7 22

%IL4+/CD3+ 15.2 (2.3–23.0) 3.9 (2.1–12.1) 4.8 (2.1–19.8)
MCF 1.7 (1.4–2.1) 1.7 (1.0–2.0) 1.3 (0.8–2.0)
n 10 8 13

%IFNγ+/CD3+ 71.3 (65.1–82.2)* 51.9 (37.2–70.3) 58.1 (36.1–66.1)
MCF 3.3 (2.0–4.6) 2.2 (1.8–3.4) 2.6 (1.6–4.1)
n 13 12 23

Data are shown as median (IQR) values.
*Significantly different from atopic non-asthmatic and normal control subjects.
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cloned T cells,16 and in BAL fluid T cells.7 17 However, to date

there are no reports on intracellular cytokines in T cells in BAL

fluid from children with and without asthma.

We have shown for the first time that the frequency of IFNγ
producing T cells is significantly higher in BAL fluid from

atopic asthmatic children than either atopic non-asthmatic

subjects or normal controls. In parallel with this, IFNγ+/

CD3+ cells are more dominant than IL-2+/CD3+ and IL-4+/

CD3+ cells. Although surprising, these results in children

support the only other published work carried out using flow

cytometry to assess intracellular cytokine profiles in BAL fluid

from patients with allergic asthma.7 Furthermore, cultured

BAL fluid cells from adult asthmatic patients showed a

significant increase in spontaneous and induced IFNγ release

as measured by ELISA compared with controls.18 Whole blood

cultures from adult asthmatics have increased levels of

IFNγ+/CD8+ in T cells which relates to asthma severity, bron-

chial hyperresponsiveness, and blood eosinophilia.13 Increased

serum IFNγ concentrations have previously been reported in

asthmatic subjects,19 including those with acute severe

asthma,20 and the levels correlated with increased airway
responsiveness to methacholine.19 In other inflammatory con-
ditions such as atopic dermatitis there is increased expression
of IFNγ mRNA cells in the inflammatory skin lesion21 and IFNγ
has also been shown to play a potential role in nasal
polyposis.22 The undetectable spontaneous release of intra-
cellular cytokines from paediatric BAL fluid T cells supports
previous findings in adult BAL fluid and PBMCs from
children.7 23 24 Contradictory results have shown a reduction in
IFNγ production from cultured PBMCs, as measured by
ELISA, in wheezy children with or without atopy,25 and in

atopic children with asthma compared with non-atopic

children with asthma and non-atopic controls,24 although

“mildly atopic” children—including those with asthma23 and

those with non-atopic asthma24—had similar levels of IFNγ to

controls. In situ hybridisation and polymerase chain reaction

experiments found no differences in IFNγ mRNA between

patients with atopic asthma, atopic controls, and non-atopic

controls in adult BAL fluid and biopsy specimens.4 26 Treat-

ment of ovalbumin sensitised mice with anti-IFNγ abolishes

the development of airway hyperresponsiveness.27 These find-

ings, combined with our results and those of others showing

increased IFNγ in patients with atopic asthma, suggest that

under certain circumstances the Th2 hypothesis is not correct.

In agreement with the one published study using adult BAL

fluid cells,7 we did not observe any differences in the percent-

age of intracellular IL-2 or IL-4 producing T cells between any

of the groups studied. Similar results were found when

PBMCs were examined for IL-4+/CD4 cells.28 Some studies

suggest that there is an increase in IL-2 mRNA and protein in

BAL fluid cells and biopsy specimens from mildly atopic asth-

matics compared with controls,4 29 while others have shown no

differences in IL-2 mRNA in sputum cells between asthmatic

subjects and controls30 and in BAL fluid cells following

allergen challenge.3 Since IL-2 can be expressed by both Th1

and Th2 T cells, the role of IL-2 in allergic asthma is still con-

troversial and unclear.

Although the importance of IL-4 in isotype B cell switching

to IgE has been well documented, its role in allergen induced

recruitment of eosinophils and bronchial hyperresponsiveness

is controversial. Some animal studies suggest that IL-4 is

important for the recruitment of eosinophils to the

airways,31 32 while others have reported that eosinophil

recruitment is independent of the presence of IL-4.33 34 Similar

to the study with adult BAL fluid,7 there was a trend for an

increase in the percentage of IL-4+ T cells in children with

asthma compared with controls, but this did not achieve sta-

tistical significance. This may be because of the well

documented downregulation of both mast cell and T cell IL-4

Figure 4 Percentage of (A) IFNγ+/CD3+, (B) IL-2+/CD3+, and (C)
IL-4+/CD3+ T cells in BAL fluid from atopic asthmatic subjects (A),
non-asthmatics with atopy (NA), and non-asthmatic, non-atopic
controls (N).
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Figure 5 Percentage of IL-4+/CD3+ T cells in asthmatic subjects
who were reported to be taking inhaled corticosteroids (n=5)
compared with those on β2 agonists alone or not on any asthma
medication (n=5).
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mRNA by corticosteroids35–37 and β agonist induced upregula-
tion of IL-4 in vitro,38 since the asthmatic patients who were on
inhaled corticosteroids at the time of the analysis had the
lowest frequency of IL-4+ T cells. Although a number of stud-
ies indicate increased IL-4 (mRNA and protein) production in
BAL fluid and biopsy specimens from asthmatic adults4 39 40

and in PBMCs,24 whole blood,41 and serum42 from children with
asthma, none of these studies is directly comparable with the
results of our study because of the different protocol and sam-
pling technique. In addition, T cells (CD4+ and CD8+) are not
the sole source of IL-4 since it is also expressed by eosinophils
and mast cells in both atopic and non-atopic asthma.43 44 Fur-
thermore, mRNA expression may not necessarily correlate
with cytokine secretion,45 and the frequency of cytokine posi-
tive cells may not directly equate to secreted cytokine levels
since the levels in the supernatant might be altered during cell
culture. Contradictory results have been reported in PBMCs
from children with atopic dermatitis with regard to the corre-
lation between intracellular and secreted cytokine
production.17 45 The results presented here on intracellular IL-4
are concordant with studies measuring the frequency of IL-4+
T cells in BAL fluid and PBMCs.7 14

More recently, the Th2 cytokine IL-13 has also been impli-
cated in the pathogenesis of asthma, with significantly
increased expression in BAL fluid from asthmatic subjects fol-
lowing endobronchial challenge which correlated with
eosinophilia.46 47 IL-13 shares many similarities with IL-4, and
studies suggest that IL-13 expression dominates that of IL-4 in
allergen challenged asthmatics so it may be a more important
cytokine in asthmatic airways.16 48

Asthma was originally regarded as a Th2 mediated inflam-
matory response but recent reports suggest that this theory is
too simplistic and question whether distinct T cell populations
exist.49 50 The concept that the immune response may switch
towards a type 2 response with time or disease progression is
also important and may explain why there are discrepancies in
cytokine data in allergic asthma. Evidence to support such a
concept comes from reports in subjects with atopic asthma
which suggest a shift in cytokine production in BAL fluid T
cells towards a predominantly Th2 pattern following allergen
challenge which is preceded by a T cell profile involving
IFNγ.3 16 Thepen et al51 reported a biphasic response to
aeroallergens in subjects with atopic dermatitis, although
results from this study showed an initial Th2 response
followed by IFNγ production.

It is well documented that respiratory viruses trigger
asthma exacerbations52 53 and children with viral bronchiolitis
may develop chronic wheezing that is independent of
allergy.54 Viral respiratory tract infections typically induce a
Th1 response, characterised by high levels of IFNγ,55 56 which
enhances the antiviral activities of effector cells and also plays
a pivotal role in virus induced inflammation.57 A recent study
suggests that a Th2 response may develop in atopic children
despite high levels of IFNγ.58 Furthermore, studies in mice
suggest that IFNγ producing T cells may be essential for the
migration of Th2 cells to the airways.59 It may therefore be
plausible that RSV induced IFNγ producing cells are essential
in the enhancement of a Th2 response.

Although flow cytometry is now widely used in the investi-
gation of intracellular cytokine activity in inflammatory
conditions such as asthma, there is still need for the
standardisation of such procedures including stimulation
time, permeabilisation and stimulation agents, Golgi appara-
tus blockers, and antibodies. Evaluation of cytokine produc-
tion has been based predominantly on activation of cells with
non-physiological polyclonal stimuli such as PMA and
ionophore, or PHA, or anti-CD3 and anti-CD28, and therefore
may not directly represent in vivo activity to antigens.
Although PMA/ionomycin and the superantigen Staphylococcus
entertoxin B yield similar cytokine profiles,60 stimulation of
human T cell clones with house dust mite antigen induced a

smaller IFNγ response than PMA and ionomycin.61 It may

therefore be important to examine whether a non-specific

stimulus is equivalent to physiological activation for the pur-

poses of the experiment.

The use of BAL fluid rather than circulating T cells as a tool

for investigating cytokine expression in airway diseases is

more informative since it focuses on the site of the allergic

reaction. Comparison of our results with those from intra-

cellular cytokine measurements in BAL fluid from allergic

asthmatic subjects indicates a predominance of IFNγ produc-

ing T cells in BAL fluid compared with IL-2 and IL-4 and an

increased level of T cells expressing IFNγ in atopic asthmatic

subjects compared with normal controls.7 18 The results

presented here provide further evidence to argue against the

simplistic Th2 hypothesis for asthma.

It has been proposed that intracellular measurements of

cytokines in conjunction with other techniques such as prolif-

erative responses, apoptosis, and cellular cycle may further the

study of lymphocyte function in immune responses.62 Further

work involving coexpression of cytokines, identification of the

relevant T cell subsets, and association between intracellular

and secreted cytokines may provide new insights into the role

of cytokines in inflammatory processes in the lung and possi-

ble new treatment strategies.
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