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SUMMARY

 

An inappropriate interferon-gamma response has been implicated in the pathogenesis of severe respi-
ratory syncytial virus (RSV) lower respiratory tract illness (LRTI). To assess whether this is unique for
RSV primary LRTI compared to a first non-RSV LRTI, intracellular interferon-gamma was determined
by flow cytometry in peripheral blood mononuclear cells from 32 infants with a primary RSV infection,
28 with a first non-RSV LRTI due to adenoviral, parainfluenzaviral and rhinoviral infection and 13
healthy infants. Interferon-

 

g

 

 responses were increased significantly during adenoviral, parainfluenzavi-
ral and the majority of the rhinoviral infections, but remained low during RSV and severe rhinoviral
infection. Low interferon-

 

g

 

 responses were associated with a more severe clinical course of LRTI. This
indicates that depending on the nature of the viral pathogen, respiratory virus infections in infants differ
significantly with regard to the quantity of the interferon-

 

g

 

 production and that this may contribute to
the clinical course of the disease.
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INTRODUCTION

 

Respiratory syncytial virus (RSV) causes serious respiratory tract
illness. Infants below the age of 6 months are especially prone to
severe bronchiolitis and pneumonia. It is not known why some
infants develop severe illness requiring mechanical ventilation
while others display only mild symptoms. There is some evidence,
however, to implicate compromised ability to develop sufficient
type I-like immune responses during primary RSV infection in
the pathogenesis of severe lower respiratory tract illness (LRTI)
[1]. Interferon-gamma (IFN-

 

g

 

) is a type I cytokine which has
direct antiviral activity, stimulates antigen presentation through
induction of MHC molecule expression and promotes cytotoxic
activity of natural killer cells and virus-specific T cells [2]. The
strength of the early IFN-

 

g

 

 response may therefore determine to
a significant extent the clinical course of RSV disease, and
decreased production of IFN-

 

g

 

 may lead to longer periods of
infection and concomitant detrimental effects on pulmonary func-
tion. We have shown previously that severe RSV bronchiolitis is
associated with decreased mRNA IFN-

 

g

 

 expression in peripheral
blood [3]. In addition, severe RSV LRTI was shown to be

associated with decreased IFN-

 

g

 

 secretion in both the respiratory
tract and peripheral blood [4,5].

The strength of IFN-

 

g

 

 responses to viral infection depends on
multiple factors, including genetic and developmental variability
(e.g. lung/or immunological maturation), age and the infecting
viral pathogen. It is still unknown whether a diminished IFN-

 

g

 

response is unique to RSV primary infection.
We compared IFN-

 

g

 

 responses in peripheral blood mononu-
clear cells (PBMC) from infants of similar age who had been hos-
pitalized with a primary RSV infection or a first episode of LRTI
due to adenoviral, parainfluenzaviral or rhinoviral infection (non-
RSV LRTI). IFN-

 

g

 

 responses were also analysed with respect to
the severity of the illness.

 

PATIENTS AND METHODS

 

Patients

 

Children who had been hospitalized during the winter epidemics
of 2001/2 and 2002/3 with proven viral LRTI (

 

n

 

 = 60) were
included in the study. The patients included did not have any
underlying disease, were less than 32 weeks of age and experienc-
ing a first episode of an acute LRTI. No infants included in the
study were born prematurely. RSV disease was confirmed in 32
patients and 28 were hospitalized for LRTI due to rhinovirus
(

 

n

 

 = 16), adenovirus (

 

n

 

 = 7) and parainfluenzavirus (

 

n

 

 = 5). Oxy-
gen saturation was monitored by 24 h percutaneous oximetry as
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part of the routine care. The lowest values of minimal oxygen sat-
uration (MOS) measured with the patient breathing ambient air
were used as an objective indication of the severity of illness, as
described previously [3,6]. Infants who had ‘hypoxic bronchiolitis’
with MOS 

 

<

 

93% for at least 30 min or MOS 

 

£

 

90% for 15 min
were considered severely ill. Heparinized blood was obtained
within 24 h of admission from 28 infants hospitalized for non-RSV
RTI and from 22 of the 32 RSV-infected infants. Upon discharge
(within 7 days of admission to hospital) blood samples were
obtained from 16 RSV-infected infants, six of them representing
follow-up samples. Heparinized blood samples were obtained
from 13 healthy age-matched infants who had been hospitalized
for minor surgery.

The study was approved by the Ethics Committee of the St
Anna Kinderspital, Vienna, and informed consent was obtained
from the parents and guardians of all children participating.

 

Virus detection in nasopharyngeal secretions

 

Nasopharyngeal aspirates from infants were tested for the pres-
ence of RSV, adenoviruses, influenza and parainfluenza viruses 1–
3 by enzyme-linked immunosorbent assays, tissue culture virus
isolation and seminested reverse-transcribed polymerase chain
reaction (RT-PCR), as described previously [3,7,8].

 

Intracellular cytokine analysis

 

Sample preparation was performed following the protocol from
the FastImmune Intracellular Cytokine Detection Kit (BD Bio-
sciences, Heidelberg, Germany) [9].

Briefly, samples of heparinized blood (300 

 

m

 

l) were incubated
in 15 ml polypropylene tubes (BD Biosciences) with PMA (10 ng/
ml) (Sigma) and ionomycin (1 

 

m

 

g/ml) (Sigma Aldrich, Vienna,
Austria), in addition to 1 

 

m

 

g/ml of co-stimulatory MoAbs against
CD28 and CD49d (BD) for 6 h at 37

 

∞

 

C. For the final 4 h, 10 

 

m

 

g/ml
of brefeldin A (Sigma) was added to the whole blood samples.
Cells were incubated at room temperature with 50 

 

m

 

l of a 20 m

 

M

 

EDTA solution in phosphate buffered saline (PBS) (pH 7·3) for
15 min and subsequently in 5 ml FACS lysing solution for 10 min.
Cells were then stored frozen at 

 

-

 

80

 

∞

 

C. After that, cell prepara-
tions were thawed rapidly in a 37

 

∞

 

C water bath, washed in 7 ml
FACS wash buffer containing 0·5% bovine serum albumin (BSA)
and 0·1% NaN

 

3

 

 in sterile PBS and resuspended in 300 

 

m

 

l FACS
wash buffer. One hundred 

 

m

 

l cell suspensions were then added to
500 

 

m

 

l FACS permeabilizing solution and incubated for 10 min at
room temperature. Fixed and permeabilized cells were washed
and stained with fluorescein isothiocyanate (FITC)-conjugated
anti-IFN-

 

g

 

 (25723·11), cyanine peridinin chlorophyll protein
(PerCP–Cy5·5) conjugated anti-CD3 (SK7) and the correspond-
ing isotype controls, IgG1 (X40) or IgG2a (X39), all obtained
from BD Biosciences, for 30 min. Cells were washed, resuspended
in 1% paraformaldehyde in PBS and stored in a dark place at 4

 

∞

 

C
until FACS analysis. Stimulated PBMC obtained from 32 infants
(nine RSV-infected, 18 non-RSV-infected, five healthy controls)
were additionally dual-stained with FITC-conjugated anti-IFN-

 

g

 

and PerCP–Cy5·5-conjugated anti-CD3. From 28 infants (nine
RSV-infected, 14 non-RSV-infected, five healthy controls)
enough blood was available for determining absolute counts of
CD3

 

+

 

 T lymphocytes; cells were stained with TriTest (CD3FITC/
CD16

 

+

 

 CD56PE/CD45PerCP) according to the manufacturer’s
instructions (BD Biosciences).

Cells were analysed on a FACSCalibur and at least 15 000
events acquired for each preparation. Lymphocytes were gated

according to their scatter properties and data analysed with

 

PAINT

 

-

 

A

 

-

 

GATE

 

PLUS

 

 software (BD Biosciences).

 

Statistical analysis

 

The Mann–Whitney 

 

U

 

-test was used for comparisons between
groups. Spearman’s correlation coefficients were computed to
determine the degree of correlation between percentages of IFN-

 

g

 

-producing lymphocytes and patient age.

 

RESULTS

 

In the acute phase of illness, the percentages of IFN-

 

g

 

-producing
PBMC from the RSV-infected infants were similar to those of the
healthy, age-matched controls (Fig. 1a). In contrast, infants with
non-RSV-related LRTI showed significantly higher percentages
of IFN-

 

g

 

-producing PBMC than the healthy control (

 

P =

 

 0·002)
and RSV-infected (

 

P =

 

 0·0001) groups (Fig. 1a). No correlation
was seen between patient age and percentages of IFN-

 

g

 

-
producing PBMC (

 

r

 

 = 0·12, 

 

P

 

 = 0·4; Spearman’s correlation co-
efficient). The percentages of IFN-

 

g

 

-producing PBMC remained
low in follow-up blood analyses obtained from 16 of the RSV-
infected infants within 7 days of the onset of illness (Fig. 1a).

Significant differences in IFN-

 

g

 

 production between infants
with RSV infection and those with non-RSV LRTI were con-
firmed further by analysis of the T lymphocyte (CD3

 

+

 

) subset.
Again, percentages and absolute numbers of IFN-

 

g

 

-producing
CD3

 

+

 

 T lymphocytes were significantly higher in non-RSV-
infected infants than in those who were RSV-infected (%
IFN-

 

g

 

 + CD3

 

+

 

 T cells, 

 

P

 

 = 0·001; IFN-

 

g

 

 + CD3

 

+

 

 T cell count/

 

m

 

l,

 

P

 

 = 0·007) and in the healthy controls (% IFN-

 

g

 

 + CD3

 

+

 

 T cells,

 

P

 

 = 0·03; IFN-

 

g

 

 + CD3

 

+

 

 T cell count/

 

m

 

l, 

 

P

 

 = 0·009) (Figs 1b,c and
2).

Patients were then grouped according to type of virus identi-
fied and IFN-

 

g

 

 responses to adenovirus, parainfluenzavirus and
rhinovirus compared (Fig. 3a). A significant increase in IFN-

 

g

 

-
producing PBMC over those from healthy controls was observed
during adenoviral (

 

P =

 

 0·004), parainfluenzaviral (

 

P =

 

 0·01) and
rhinoviral (

 

P =

 

 0·049) infection (Fig. 3a). In addition, remarkable
differences between RSV- and non-RSV-infected groups were
found in the number of infants who developed a severe LRTI.
Severe bronchiolitis was diagnosed in 17 of the 22 RSV-infected
patients, in six of the 16 infants with a rhinovirus infection, but not
in infants with an adenoviral or parainfluenzaviral infection.

The IFN-

 

g

 

 responses in RSV- and in rhinovirus-infected
infants were then analysed with regard to the severity of their ill-
ness. Infants with mild illness had significantly higher percentages
of IFN-

 

g

 

-producing PBMC than those with severe disease, both
in RSV-infected (

 

P =

 

 0·02) and rhinovirus-infected groups
(

 

P =

 

 0·002) (Fig. 3b). Infants with mild or severe bronchiolitis did
not differ with respect to age (median age (range) in weeks: 18 (7–
24), RSV-mild; eight (2–30), RSV-severe illness (

 

P =

 

 0·29); 12
(2·5–28), RV-mild; nine (5–28), RV-severe illness (

 

P =

 

 0·95)).
When the IFN-

 

g

 

 response was compared in infants with mild
illness, RSV infection was associated with significantly lower per-
centages of IFN-

 

g

 

-producing PBMC than rhinovirus infection
(

 

P =

 

 0·02) (Fig. 3b).

 

DISCUSSION

 

The results of this study provide evidence that early production of
IFN-

 

g

 

 is either weak or absent in infants experiencing a first RSV
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infection. In contrast, a strong IFN-

 

g

 

 response was found during
non-RSV LRTI, indicating that an infant is able to respond with
competent IFN-

 

g

 

 production to a first respiratory viral infection in
the first months of life. This was not observed during primary RSV
infection. The finding may be explained in several ways.

In comparison to other viruses, RSV may be less immuno-
genic and may not efficiently prime T cell immunity at an early
age. This could be due to a combination of factors, including dif-
ferences in antigenic motifs or different properties of the virus for
inducing innate immune responses. Unlike influenzavirus, for
example, RSV stimulates innate immune mechanisms through the
toll-like receptor 4 (TLR-4), which is a primary regulator of
innate immunity. TLR-4 is required for RSV-induced cytokine
responses by macrophages 

 

in vitro

 

 as well as for virus elimination
in a mouse model system [10]. Genetic and developmental vari-
ability in receptor expression, especially at an age when immune
response mechanisms are still maturing, may therefore exert a
greater influence on the infant immune response to RSV than on
immune responses to other respiratory viruses. In addition, data
obtained from bovine RSV model studies and from humans iden-
tified RSV non-structural proteins as potent antagonists of type I
IFN-mediated host cell responses, suggesting a role for RSV in
counteracting innate host defences [11,12].

Evidence for immunosuppressive activity of the virus itself is
also provided by 

 

in vitro

 

 studies [13–15]. RSV may inhibit lym-
phocyte responses either directly or through the induction of
cytokines with antiproliferative or immunosuppressive activity
such as interleukin (IL)-10 [14]. Virus-specific suppression of
IFN-

 

g

 

 synthesis is also suggested by the finding that RSV-infected
PBMC from schoolchildren produce less IFN-

 

g

 

 following PHA
stimulation than non-infected controls [16].

A growing set of data show that RSV with its two distinct viral
envelope glycoproteins is capable of inducing type I and type II
cytokine responses in mice [17]. The F (fusion) protein induces
predominantly type I cytokine (i.e. IFN-

 

g

 

) production, whereas
the G (attachment) protein elicits a predominantly type II
response, including IL-4, IL-5 and IL-10. The polarized produc-
tion of type II cytokines was associated with enhanced immuno-
pathology following subsequent RSV infection [17,18]. Both type
I and type II cytokine production can also be induced upon RSV
infection in humans [19], and similar immune mechanisms with
deficient type I and/or excess type II cytokine responses have
been suggested for RSV bronchiolitis in infants [3,4,20–22].

A deficient type I immune response may also result from the
immaturity of an infant’s immune system. It is known that the
competence to generate IFN-

 

g

 

 responses in infancy is regulated
developmentally, and that the maturation process of IFN-

 

g

 

 pro-
duction is heterogeneous in the normal population [23,24]. The
importance of age at first RSV infection in determining the sub-
sequent pattern of T cell responses during re-infection was shown
recently in the murine model [17]. Neonatal RSV infection pro-
duced more severe disease and strong type II cytokine responses
during re-infection, whereas delayed RSV infection led to
enhanced IFN-

 

g

 

 production and less severe disease during re-
infection [17]. These findings would suggest that early neonatal
RSV infection may induce a long-lasting bias toward type II
immune responses to rechallenge, thus emphasizing the impor-
tance of early life infections in determining subsequent patterns
of the disease.

There is also evidence that both genetic and environmental
factors determine the type of immune response to acute RSV
infection [25]. In this study, we observed differences in the
strength of IFN-

 

g

 

 responses to viral infection within the group of
rhinovirus-infected infants as well. A few of the infants with a rhi-
novirus infection had a significantly reduced IFN-

 

g

 

 response and
a severe course of LRTI, whereas the majority of the rhinovirus-

 

Fig. 1.

 

Percentages of IFN-

 

g

 

-producing (a) peripheral blood mononuclear
cells (PBMC), (b) CD3

 

+

 

 T lymphocytes and (c) total numbers of CD3

 

+

 

 T
lymphocytes/

 

m

 

l from infants with acute non-RSV-related lower respiratory
tract illness (non-RSV), acute RSV infection (RSV, I) assayed again within
7 days (RSV, II) and from healthy, age-matched controls (control). 

 

P

 

-
values were calculated with the Mann–Whitney 

 

U

 

-test; n.s., not significant.
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infected infants showed strong IFN-

 

g

 

 responses and a relatively
mild illness. However, the number of infants in individual sub-
groups, especially of those with severe rhinovirus infection, is
small, and further studies are required to confirm these findings.
In contrast, an adverse scenario was observed during RSV pri-
mary infection, where (a) the majority of infants had severe LRTI
and (b) all infants, including those with mild illness, had weak
IFN-

 

g responses. All the infants investigated were hospitalized
with a first LRTI, were of similar age, had no family history of

atopy, and were therefore comparable. Within these groups, sig-
nificantly reduced IFN-g production was found not only in RSV-
infected infants with severe LRTI but, in contrast to non-RSV
infected infants, also in those with relatively mild illness. This
suggests that in addition to a probable intrinsic disposition, virus-
specific factors may affect the ongoing immune response. This is
also supported by a recent study on IFN-g responses from infants
with upper respiratory tract infection [26]. The authors found that
acute RSV infection was associated with reduced levels of IFN-g

Fig. 2. Representative plots of IFN-g production in CD3+ T cells upon 6-h whole-blood activation with phorbol 12-myristate 13-acetate
(PMA) and ionomycin within the lymphocyte population from an infant with RSV (a), non-RSV (adenovirus) infection (b) and from a
healthy control infant (c).
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Fig. 3. Percentages of IFN-g-producing PBMC from (a) infants infected with RSV, adenovirus (Ad), parainfluenzavirus (PIV) and rhinovi-
rus (RV) and (b) infants with mild and severe RSV and RV illness. P-values were calculated with the Mann–Whitney U-test; n.s., not
significant.
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in nasopharyngeal aspirates compared to rhinovirus or other res-
piratory viral infections. However, the temporal sequence of
events (low IFN-g predisposing for RSV infection and/or RSV
infection deteriorating ongoing immune responses) in the individ-
ual infant can be determined only by a prospective study that, due
to the low incidence of severe LRTI in infants, would have to
include a substantial number of newborns for the results to be suf-
ficiently meaningful.

A strong stimulus for IFN-g production may also be important
for the maturation of cellular immune functions and for the pro-
motion of Th 1 cell development in the first months of life. The
infection history of an infant rather than age may therefore exert
a significant influence on the clinical development of respiratory
tract disease, especially with regard to the so-called sensitization
period during infancy.

In summary, the results of this study suggest that depending
on the nature of the viral pathogen, respiratory virus infections in
infants differ significantly with regard to the induced immune
response, corresponding to differences in outcome and long-term
prognosis.
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