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SUMMARY

 

The immunological mechanisms by which respiratory syncytial virus (RSV) contributes to the devel-
opment of asthma are poorly understood. 

 

gd

 

 T cells are important in mucosal defence, and may con-
tribute to the establishment of primary immune responses by producing cytokines early during
respiratory infections. Thus, we used flow cytometry and intracellular cytokine staining to investigate
the expression of interferon (IFN)-

 

g

 

 and interleukin (IL)-4 by mitogen-stimulated 

 

gd

 

 T cells from the
peripheral blood of 15 hospitalized infants with RSV bronchiolitis, seven rotavirus-infected infants and
eight normal controls. 

 

gd

 

 T cells from RSV-infected infants had a lower proportion of IFN-

 

g

 

-producing
cells (median, 4.00%; range, 0.58–6.60%) and a slightly but significantly higher proportion of IL-4-
producing cells (median, 0.40%; range, 0.13–2.76%) than rotavirus-infected infants (median, 32.10%;
range, 14.43–61.21%; 

 

P

 

 

 

<

 

 0·01, median, 0.00%; range, 0.00–0.00%; 

 

P

 

 

 

<

 

 0·05) in the acute phase. By con-
trast, differences in cytokine production by total CD3

 

+

 

 T cells did not differ significantly between patient
groups. Thus, reduced IFN-

 

g

 

-production by 

 

gd

 

 T cells in the peripheral blood of RSV-infected infants is
accompanied by increased Th2 cytokine production during the acute phase of disease. At follow-up,
eight children had recurrent episodes of wheezing. The frequencies of IFN-

 

g

 

-producing 

 

gd

 

 T cells were
significantly lower in patients who developed recurrent wheezing (median, 0.65%; range, 0.02–1.75%)
than in patients without recurrent wheezing (median, 6.90%; range, 5.25–10.98%; 

 

P

 

 

 

<

 

 0·005). Cytokine
production by 

 

gd

 

 T cells may therefore be important in the pathogenesis of acute RSV disease, and play
a part in the development of recurrent childhood wheezing after bronchilolitis.
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INTRODUCTION

 

Respiratory syncytial virus (RSV) is the most important cause of
lower respiratory tract disease in infants [1]. In addition, a history
of RSV bronchiolitis is related to the development of recurrent
episodes of bronchial obstruction, specific IgE antibodies and
established asthma [2–6] in some infants or children with a family
history of atopy. Although the precise mechanisms for the devel-
opment of asthma and allergy by RSV infection are not clear, a
relative predominance of Th2 over Th1 cytokine has been dem-
onstrated to be important [7,8]. The observation that RSV can
induce virus-specific IgE antibodies that correlate with subse-
quent wheezing episodes [9] suggests this possibility. A shift to
relative Th2 cytokine balance could be due either to enhanced
interleukin (IL)-4 production or to diminished interferon

(IFN)-

 

g

 

 production. Defective IFN-

 

g

 

 production by peripheral
blood mononuclear cells (PBMC) has been reported to be corre-
lated with the severity of RSV bronchiolitis and the subsequent
development of asthma [10–12], suggesting that suppressed IFN-

 

g

 

 may be responsible for the relative dominance of Th2 cytokine.
IFN-

 

g

 

 is produced by subsets of immune cells such as NK cells, 

 

ab

 

T cells, and 

 

gd

 

 T cells [13–16]. It is very important to clarify the
source of IFN-

 

g

 

 in RSV bronchiolitis, but there have been few
studies of the cell source of IFN-

 

g

 

 in the acute infectious phase in
humans [17,18].

Although the biological role and repertoire of 

 

gd

 

 T cells have
not been fully defined, recent studies suggest that 

 

gd

 

 T cells play
an important role in the immune response not only to bacterial
infections such as tuberculosis [19, 

 

>

 

20] but also to viral infections
such as cytomegalovirus or Epstein–Barr virus infection [21,22].
In mice, early during the course of infection, 

 

gd

 

 T cells may con-
tribute to development of 

 

ab

 

 T helper subset responses [23,24],
and be essential for Th2-mediated airway inflammation [25]. In
contrast, little is known of the immune responses of 

 

gd

 

 T cells dur-
ing acute lower respiratory infection caused by RSV in humans.
Thus, we compared the frequencies of IFN-

 

g

 

 or IL-4 producing 

 

gd
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T cells in mitogen-stimulated peripheral blood from RSV-
infected infants and rotavirus-infected infants by flow cytometry
combined with intracellular cytokine staining. In addition, we
studied whether the cytokine responses of 

 

gd

 

 T cells in the acute
phase of RSV bronchiolitis are associated with the subsequent
development of recurrent wheezing during a 2-year follow-up
period.

 

METHODS

 

Subjects

 

Fifteen infants (five males, 10 females) were hospitalized RSV-
positive bronchiolitis patients aged 6–28 months (13·5 

 

±

 

 7·0
months, mean 

 

±

 

 s.d.). The diagnosis of bronchiolitis was based on
the clinical criteria of tachypnoea, coryzal symptoms and respira-
tory distress. None of the patients was in need of mechanical ven-
tilation. As controls with viral infection, seven rotavirus-positive
enterocolitis patients (four males, three females) aged 8–
35 months (17·3 

 

±

 

 8·1 months) were selected during the same win-
ter season. All were born mature and healthy until the time of
infection. Ten RSV-infected patients (67%) and four rotavirus-
infected patients (57%) had a positive family history of atopy.
RSV antigens in nasal swabs and rotavirus antigens in stools were
detected by EIA (Enzyme Immunoassay) (Abbott Laboratories,
Abbott Park, IL, USA) according to the manufacturer’s protocol.
Eight control infants (four males, four females) aged 6–31 months
(17·0 

 

±

 

 9·8 months) without evidence of infection were selected
for this study. Included were infants prior to minor surgery,
healthy infants screened for congenital disorders and infants with
mild liver dysfunction. After informed consent, a maximum 4 ml
of blood was drawn into heparinized tube within 24 h of admis-
sion for bronhiolitis or enterocolitis after it was established that
there was no underlying anaemia. Subjects received conventional
therapy that did not include either Ribavirin or corticosteroids
while they were hospitalized. Three to 4 weeks later, in the con-
valescent phase, heparinized blood was taken again from five of
the RSV patients. All families consented to regular follow-up for
2 years. Follow-up was performed using diaries that were devel-
oped for this study. The parents were taught how to use the diary
and the differences between wheezing and other noisy breathing
while the infants were hospitalized. At the end of the follow-up
period, patients were classified as ‘recurrent wheezing’ if more
than two episodes of wheezing were noted after discharge. The
study was approved by the ethics committee of National Shi-
moshizu Hospital.

 

Reagents

 

The mouse monoclonal antibodies (MoAbs) used for flow
cytometry analysis were purchased from the following sources.
Phycoerythrin (PE)-conjugated anti-IFN-

 

g

 

, anti-IL-4, mouse-
IgG1 control, mouse IgG2a control, FITC-conjugated anti-pan 

 

gd

 

T cell receptor, mouse IgG1 control, PerCP-conjugated anti-CD3
and mouse IgG1 control were from Becton Dickinson Immuno-
cytometry Systems (BDIS) (Mountain View, CA, USA). These
MoAbs were used at the concentrations recommended by the
manufacturer. Brefeldin A (BFA), phorbol 12-myristate 13-ace-
tate (PMA), and ionomycin were obtained from Sigma Chemical
Co. (St Louis, MO, USA). RPMI-1640 (G

 

IBCO

 

 BRL, Grand
Island, NY, USA) supplemented with 2 m

 

M

 

 

 

L

 

-glutamine, 100 IU/
ml penicillin, 100 

 

m

 

g/ml streptomycin and 2 

 

¥

 

 10

 

-

 

5

 

 

 

M

 

 mercaptoet-
hanol was used.

 

Cell culture and staining

 

A total of 500 

 

m

 

l heparinized venous blood was added to 500 

 

m

 

l of
RPMI-1640 in 15 ml conical polypropylene tubes (Becton Dick-
inson Labware, Franklin Lakes, NJ, USA), and incubated with the
secretion inhibitor BFA (1 

 

m

 

g/ml) in the presence of PMA (25 ng/
ml) and ionomycin (1 

 

m

 

M

 

) at 37

 

∞

 

C, 7% CO

 

2

 

 for 4 h. Surface stain-
ing was then carried out at room temperature (RT) for 15 min in
the dark. Blood samples were then lysed and fixed in FACS™
Lysing Solution (BDIS) for 10 min at RT. The cells were subse-
quently resuspended in FACS™ Permeabilizing Solution for
10 min at RT. After permeabilization, the cells were washed in
cold wash buffer (PBS, 0·5% BSA, 0·1% NaN

 

3

 

) and stained for
30 min at RT in the dark with PE-conjugated cytokine-specific
MoAbs. Isotype-matched control antibodies were included to
detect non-specific binding. After staining, the samples were
washed and fixed in 1% paraformaldehide. Cytokine production
in a sample obtained from the same healthy adult was included in
every experiment to assess whether the stimulation used through-
out the study was optimal.

 

Flow cytometric analysis

 

Three-colour flow cytometric analysis was performed on a FAC-
SCalibur™ flow cytometer (BDIS). T cells were gated using FL3
(CD3 PerCP) and FSC/SSC parameters, and 1 

 

¥

 

 10

 

4

 

-

 

2 

 

¥

 

 10

 

4

 

 cells
were analysed using CELLQuest™ software (BDIS). The results
are expressed as the percentage of cytokine-producing cells in
each CD3

 

+

 

T cell or 

 

gd

 

 T cell sample.

 

Statistical analysis

 

The percentages of cytokine producing cells were analysed by
the Mann–Whitney 

 

U

 

-test or the Kruskall–Wallis 

 

H

 

-test. If the
Kruskall–Wallis 

 

H

 

-test showed significant differences, the Bon-
ferroni correction was performed in order to analyse which
groups have significantly different values and to calculate 

 

P

 

-
values. Values of 

 

P

 

 

 

<

 

 0·05 were considered significant.

 

RESULTS

 

Cytokine production by CD3

 

+

 

T cells

 

To determine the cytokine patterns of CD3

 

+

 

 T cells from RSV-
infected or rotavirus-infected infants in the acute phase, we mea-
sured the capacity of T cells stimulated by PMA and ionomycin to
produce IFN-

 

g

 

 and IL-4. After surface staining for CD3, cells
were permeabilized and stained with MoAb against cytokine.
Intracellular cytokine expression was analysed by flow cytometry
of gated lymphocytes using forward and side scatter. Figure 1
shows the proportion of IFN-

 

g

 

 and IL-4 producing CD3

 

+

 

 T cells
from RSV-infected or rotavirus-infected infants and from healthy
controls. No significant differences were seen among the three
groups.

 

Cytokine production by 

 

gd

 

 T cells

 

Figure 2 shows representatives of intracellular cytokine expres-
sion gated using FL3 (CD3 PerCP) from RSV-positive bronchi-
olitis or rotavirus-positive enterocolitis patients. Both 

 

gd

 

 TCR

 

+

 

and 

 

gd

 

 TCR

 

–

 

 CD3

 

+

 

 T cells produced IFN-

 

g

 

, but the percentage of
IFN-

 

g

 

-producing cells among the 

 

gd

 

 TCR

 

+

 

CD3

 

+

 

 T cells was higher
than among the 

 

gd

 

 TCR

 

–

 

 CD3

 

+

 

 T cells. Figure 3 shows the propor-
tion of IFN-

 

g

 

 and IL-4-producing 

 

gd

 

 T cells from RSV- or rotavi-
rus-infected infants in the acute phase and from healthy controls.

 

gd

 

 T cells from RSV-infected infants had a significantly lower
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Fig. 2.

 

Representative plots of IL-4 and IFN-

 

g

 

 production among the CD3

 

+

 

 T cells from RSV- or rotavirus-infected infants upon stimulation
with PMA and ionomycin for 4 h. Numbers indicate the percentage of CD3

 

+

 

 T cells stained in each of four quadrants.
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Fig. 1.

 

The percentage of CD3

 

+

 

 T cells from RSV- or rotavirus-infected infants and from controls that produce IFN-

 

g

 

 (a) and IL-4 (b)
upon stimulation with PMA and ionomycin for 4 h. Each symbol represents one individual tested. No significant differences were seen
among the three groups by the Kruskall–Wallis 

 

H

 

-test.
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Fig. 3.

 

The percentage of 

 

gd

 

 T cells from RSV- or rotavirus-infected infants and from controls that produce IFN-

 

g

 

 (a) and IL-4 (b) upon
stimulation with PMA and ionomycin for 4 h. Each symbol represents one individual tested. 

 

gd

 

 T cells from RSV-infected infants had a
significantly lower proportion of IFN-

 

g

 

-producing cells (

 

P

 

 

 

< 0·01 by Bonferroni) and a slightly but significantly higher proportion of IL-4-
producing cells (P < 0·05 by the Bonferroni) than rotavirus-infected infants in the acute phase.
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proportion of IFN-g-producing cells (median 4·0%; range 0·58–
6·6%) than gd T cells from rotavirus-infected infants (median
32·10%; range 14·43–61·21%; P < 0·01 by Bonferroni) or controls
(median 22·20%; range 11·35–37·40%; P < 0·01 by Bonferroni). gd
T cells from RSV-infected infants had a significantly higher pro-
portion of IL-4 producing cells (median 0·4%; range 0·13–2·76%)
than those from rotavirus-infected infants (median 0·00%; range
0·00–0·00%; P < 0·05 by Bonferroni) in the acute phase or con-
trols (median 0·50%; range 0·00–0·50%; P < 0·05 by Bonferroni).
In all five RSV patients tested again, the numbers of IFN-g pro-
ducing gd T cells returned to normal in the convalescent phase
(Fig. 4).

The association between IFN-g response and recurrent wheezing
Eight children had two or more episodes of wheezing during the
follow-up period. IFN-g responses of gd T cells in the acute phase
were significantly lower in infants with recurrent wheezing than in
those without recurrent wheezing (P < 0·005 by Mann–Whitney
U-test) (Fig. 5). IL-4 responses of gd T cells were not associated
with recurrent wheezing during follow-up.

DISCUSSION

This study shows that the proportion of gd T cells that produce
IFN-g after mitogen stimulation is significantly reduced in
patients with RSV bronchiolitis. The proportion of IL-4-produc-
ing gd T cells is higher but this is not prominent compared to the
reduction in IFN-g producing cells.

The reduction in the number of IFN-g-producing gd T cells in
RSV bronchiolitis was not due to a general immune defect in the
patients, such as immaturity of the immune response, because the
number of IFN-g producing gd T cells returned to normal level
in the convalescent phase. Furthermore, the number of IFN-g

producing gd T cells was not affected in age-matched patients with
acute rotavirus enteritis. In separate experiments, we examined
the cytokine responses of gd T cells in schoolchildren with myco-
plasma or influenza infection and found that the number of IFN-
g-producing gd T cells was not suppressed in comparison with
healthy controls (Aoyagi et al. manuscript in preparation). Taken
together, these results suggest strongly that RSV is unique in
terms of its strong effect on IFN-g production by gd T cells, and
provokes a relatively Th2-skewed immune response in compari-
son with other pathogens in the acute phase. This hypothesis is
compatible with the observation by Hall et al. that interferon pro-
duction in nasal washes in acute RSV infection is significantly
lower in influenza and parainfluenza virus infection [26].

gd T cells comprise a minor population in the circulation.
However, these cells play an important role in the first line of
immune responses to various infections. Certain microbial infec-
tions have been associated with the maturation of the immune
system from low Th1 to high Th1 in the postnatal period. In this
process, gd T cells play an important role by inducing Th1 immune
responses and thus protect against primary allergic sensitization
[27].

McMenamin et al. showed that gd T cells from ovalbumin-tol-
erant mice selectively suppress immunoglobulin E antibody pro-
duction by inducing high levels of IFN-g [28]. Since gd T cells
contribute to the modulation of inflammatory processes and the
development of an ab T helper subset in a murine model [23,24],
these primary immune responses of gd T cells in RSV infection
may influence the cytokine milieu and be an important factor in
the increase in allergen-specific IgE antibodies and the develop-
ment of asthma after bronchiolitis in some infants. The role of gd
T cells is especially important in young infants because gd T cells
are enriched in young rather than adult animals [27] and gd T cell-
deficient animals show defects in immunoprotection only during
the early phases of infection in very young mice [29].
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Fig. 5. Relationship between IFN-g (a) or IL-4 (b) production by gd T cells in PMA and ionomycin-stimulated whole-blood cultures and
the development of recurrent wheezing after RSV bronchiolitis. IFN-g responses of gd T cells in the acute phase were significantly lower
in infants with recurrent wheezing than in those without recurrent wheezing (P < 0·005 by the Mann–Whitney U-test).
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IFN-g is produced by several T cell subsets, and the identifi-
cation of cell populations showing defective IFN-g production is
of special interest in RSV bronchiolitis. Bendelja et al. showed
that the number of IFN-g producing cells in both CD4+ and CD8+

T cells is decreased in the acute phase of RSV bronchiolitis com-
pared to healthy controls [17]. Although we studied relative small
number of patients, we found no statistical difference in the

number of IFN-g-producing CD3+ T cells between RSV bronchi-
olitis and rotavirus enteritis patients. The discordance of our
results from those of Bendelja may be explained by the age of the
subjects studied. Their study included much younger RSV bron-
chiolitis patients than our study. As already demonstrated previ-
ously, T cells from young infants produce significantly less IFN-g
than those from older infants [30]. The other possibility is that
main source of IFN-g in the acute phase of RSV bronchiolitis is
really ab T cell receptor-negative T cells such as gd T cells or NK
cells. Because we examined cell numbers of cytokine-producing
cells, but not cytokines themselves, this cannot be determined
from the present study. Thus, the main cell populations producing
IFN-g remain to be elucidated in the future.

Our results demonstrate that the reduced IFN-g responses of
gd T cells during the acute phase of RSV bronchiolitis are associ-
ated with the development of subsequent recurrent episodes
of wheezing. In contrast, no relationship was found between
increased IL-4 responses of gd T cells and recurrent episodes of
wheezing. These results support the importance of defective IFN-
g production during acute viral infection in the development of
postbronchiolitis wheezing, which was clearly demonstrated by
Sorkness et al. in an animal model of postbronchiolitis airway
hyperreactivity [31]. Recently, they demonstrated further that
defective IFN-g production by natural killer cells from brown
Norway rats is responsible for this postviral chronic airway dys-
function [32]. These results indicate that IFN-g produced by
innate immunity plays a major role in preventing the acquisition
of bronchial hyperresponsiveness after respiratory viral infec-
tions. In humans, Renzi and colleagues showed that lower IFN-g
production by PBMC in response to IL-2 at the time of bronchi-
olitis is linked to later abnormal pulmonary function and to the
development of asthma [33]. These data, in combination with the
animal study, suggest an important role of defective IFN-g pro-
duction from innate immunity such as gd T cells in the develop-
ment of asthma in selected subjects after RSV bronchiolitis.

In summary, we have demonstrated that IFN-g production
by gd T cells is suppressed in patients with acute RSV-positive
bronchiolitis, while that of the CD3+ T cell population is largely

Fig. 4. IFN-g production by gd T cells during the acute and convalescent
phase in five RSV-infected infants. Data represent individual values. The
numbers of IFN-g-producing gd T cells returned to normal in the conva-
lescent phase.
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unaffected. This suppressed IFN-g pattern is related to the subse-
quent development of recurrent wheezing. The results suggest a
novel and important role for gd T cells in RSV bronchiolitis in
terms of the development of respiratory allergy. Future work
needs to focus on the regulatory effects of gd T cells in younger
infants. Elucidating these mechanisms will provide useful infor-
mation to be used for the prevention of asthma and the develop-
ment of practical vaccines.
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