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SUMMARY

 

Respiratory syncytial virus (RSV) infection may have an effect on the development of T cell memory
responses. RSV bronchiolitis in infants is associated with a transient decline in circulating lymphocytes.
We hypothesized that the mechanism underlying this lymphopenia is apoptosis. Blood was taken from
32 infants during primary RSV bronchiolitis and three months later. Using flow cytometry, we found
that absolute numbers of both CD3+/CD4+ T-helper lymphocytes (

 

P =

 

 0·029) and CD3+/CD8+ cyto-
toxic lymphocytes (CTL) (

 

P =

 

 0·043) were significantly reduced during acute infection. Up-regulated
expression both of Fas (

 

P

 

 

 

<

 

 0·001) and tumour necrosis factor-related apoptosis-inducing ligand
(TRAIL) receptor (

 

P

 

 

 

<

 

 0·001) was found during acute illness on both CD3+/CD4+ and CD3+/CD8+
lymphocytes, when compared with convalescent samples. Expression of Fas on CD4+ lymphocytes was
inversely related to CD4+ number (

 

P

 

 

 

=

 

 0·03). Plasma levels of soluble Fas ligand (

 

P

 

 

 

=

 

 0·028) and
caspase-1 (

 

P

 

 

 

=

 

 0·037), determined by enzyme-linked immunosorbent assay, were increased during bron-
chiolitis. Plasma interleukin-18, a product of caspase-1 activity, was not raised. Taken together, these
data suggest that in acute RSV infection, CD4+ helper lymphocytes and CD8+ cytotoxic lymphocytes
are primed to undergo apoptosis. This is a mechanism through which lymphopenia may occur and T cell
memory may be altered.
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INTRODUCTION

 

Respiratory syncytial virus (RSV), a human paramyxovirus, is the
most important cause of viral lower respiratory tract disease in
infants and children world-wide. Primary RSV bronchiolitis
causes substantial morbidity, mortality and cost with hospital
admission rates of about 2·5% [1]. A high proportion of infants
will develop recurrent episodes of wheeze, cough and asthma-like
symptoms after recovery from bronchiolitis [2]. Interest has
therefore focused on the role of the host immune response in the
pathogenesis of bronchiolitis and its clinical sequelae.

The immunopathogenesis of RSV bronchiolitis plays an
important part in the clinical manifestations of the primary infec-
tion. Evidence from human and mouse studies suggest that lym-
phocytes clear RSV during infection. Children with cell-mediated
immunodeficiencies take longer to terminate infection with RSV
[3]. In the mouse model, Graham 

 

et al

 

. [4] have studied the effect
of depletion of CD4+ or CD8+ lymphocytes during acute RSV

infection. CD4+ and CD8+ lymphocyte subsets are involved in
terminating primary infection and if both T lymphocyte subsets
are depleted RSV shedding is prolonged. However, depletion of
lymphocytes in mice also reduces clinical symptoms and lung
injury. Research into the increased pathology in recipients of the
formalin-inactivated RSV vaccine in the 1960s has implicated
aberrant CD4 lymphocytes as the mediators [5]. These data sug-
gest that lymphocytes may also play a role in causing lung pathol-
ogy in RSV infection.

Previous reviews have commented that the white cell count in
RSV bronchiolitis is varied and there is a preponderance of neu-
trophils [6,7]. The most striking change in circulating white cell
count is a reduction in lymphocyte numbers and this effect is more
pronounced in sicker children [8]. It has been suggested that this
reduction in lymphocyte count be due to redistribution to the lung
[9]. However, lymphopenia is also known to occur in other viral
illnesses, including measles, severe acute respiratory syndrome
(SARS) and ebola [10–12]. There are data to suggest that apop-
tosis of lymphocytes occurs in both these illnesses and may offer
a mechanism for this lymphocyte decline.

Apoptosis is programmed cell death via a number of regu-
lated, energy-dependent pathways. Two key apoptotic cascades
have so far been identified as important in the removal of mature,



 

140

 

M. F. E. Roe 

 

et al.

 

© 2004 Blackwell Publishing Ltd, 

 

Clinical and Experimental Immunology

 

, 

 

137

 

:139–145

 

circulating lymphocytes; death receptor mediated and mitochon-
drial-dependent [13]. Cell surface death receptors, including Fas
(CD95) and tumour necrosis factor-related apoptosis-inducing
ligand (TRAIL) receptor, are activated by the binding of specific
ligands: Fas ligand and TRAIL. Both pathways lead to the acti-
vation of a cascade of specific proteolytic enzymes, caspases, caus-
ing the cell to die. Fas ligand may be membrane bound or soluble
(sFas) ligand and the soluble form may mediate Fas-dependent
apoptosis of bystander cells [14].

The pathways of apoptosis and inflammation are intertwined.
Caspase-1 converts the inactive molecules, pro-interleukin-1 and
pro-interleukin-18, into the active cytokines, interleukin-1 (IL-1)
and interleukin-18 (IL-18), respectively. Interleukin-18 activates
the immune system, stimulating chemokine release and the devel-
opment of a Th1 or Th2 response and IL-18 affects apoptosis
through the up-regulation of Fas [15].

In this study of infants admitted to hospital with RSV bron-
chiolitis we undertook to find evidence to support or refute the
hypothesis that circulating CD3+/CD4+ and CD3+/CD8+ lym-
phocytes may be undergoing apoptosis. Our results suggest that
RSV disease may be associated with lymphocyte apoptosis and
offers a novel mechanism through which RSV may alter long-
term immune responses.

 

METHODS

 

Subjects

 

The study protocol was approved by the Addenbrooke’s Hospital
Cambridge Local and Regional Ethics Committee. Infants were
included in the study if admitted to hospital with a diagnosis of
bronchiolitis at 9 months of age or younger; they were RSV pos-
itive by routine nasopharyngeal aspirate immunofluorescence
and if parents gave written informed consent. For the purposes of
this study, the clinical diagnosis of bronchiolitis also included a
requirement for supplemental oxygen to maintain arterial satura-
tions greater than 92%. All blood samples were taken within 48 h
of admission. It is known that parental recollection of day that
their child’s symptoms began is unreliable and so we chose not
state which day of the illness blood was sampled on. However, the
day of admission to hospital is usually close to the peak of clinical
symptoms and we attempted to obtain blood samples as close to
this time as possible. Children with a suspected or known immu-
nodeficiency were excluded from the study. Parents were asked to
return with their child for convalescent blood sampling 3 months
following the acute illness. All samples were taken immediately to
the laboratory for analysis for processing after being taken.

 

Blood samples

 

Blood samples were heparinized. An EDTA sample was taken for
a full blood count and white cell differential. Plasma was sepa-
rated from the heparinized sample and frozen at 

 

-

 

80

 

∞

 

C. The
remaining cellular components were resuspended in phosphate-
buffered saline (pH 7·2) supplemented with 0·45% human albu-
min (PBSA). Lymphocytes were obtained by density gradient
separation (Histopaque: Sigma, Poole, UK) and resuspended in
PBSA to a concentration of 10–20 

 

¥

 

 10

 

9

 

/l.

 

Flow cytometric acquisition and analysis

 

1 

 

¥

 

 10

 

6

 

 lymphocytes were incubated with monoclonal antibodies
to CD45-ECD (Beckman Coulter), CD3- RPE Cy5 (Dako-
Cytomation, UK), CD4-FITC or PE (CaltagMedsystems, UK),
CD8-Texas Red (Caltag), CD95-FITC (DakoCytomation), and
TRAIL R-PE (Pharmingen) in four colour combinations. All
incubations were in the dark at room temperature for 15 min. The
stained cells were then washed twice in PBSA and analysed on a
Beckman Coulter Epics XL flow cytometer using System II soft-
ware. A standard lymphocyte gate was set using low forward and
side scatter properties. The position of the positive regions were
set with isotype matched controls. CD45 expression allowed the
extent of red cell contamination in the gated region to be assessed.
Results were corrected accordingly. Results were expressed as a
percentage and as the mean fluorescence intensity. Flow cytomet-
ric data was analysed using WinMDI version 2·8 software.

 

Enzyme-linked immunosorbent assays

 

Plasma levels of Soluble Fas Ligand, Caspase-1 and Interleukin-
18 Assays were measured with commercially available enzyme-
linked immunosorbent assay kits: soluble Fas Ligand (Diaclone
IDS Ltd. UK), Caspase-1 (R & D Systems Europe Ltd, UK), IL-
18 (Alexis Corporation (UK) Ltd).

 

Statistical analysis

 

Values are reported as median with interquartile range (IQR) and
95% confidence limits for the median using box and whisker plots.
The data was analysed using Mann–Whitney test for nonparamet-
ric data. A 

 

P

 

-value 

 

<

 

 0·05 was considered to be significant.

 

RESULTS

 

Patients and outcomes

 

Thirty-two infants (9 girls; 23 boys) were enrolled in the study;
their characteristics are summarized in Table 1. Thirteen (40%) of
these children required endotracheal intubation and mechanical

 

Table 1.

 

Characteristics of study population*

Acute Convalescent

Acute
Comparison of
PICU v WardPICU Ward

Number 32 23 13 19
Age (weeks) 8·8 (5·2–14·6) 24·0 (19·9–38·7) 6·4 (5·3–9·0) 11·7 (4·9–26·7)

 

P

 

 = 0·045
Weight (kg) 4·66 (3·44–6·08) 7·51 (6·60–9·95) 3·40 (2·65–4·80) 5·40 (4·32–7·60)

 

P

 

 = 0·004
Gestational age (weeks) 38·5 (36·0–40·0) 37·0 (30·5–39·0) 40·0 (37·0–40·0)

 

P

 

 = 0·013

*data expressed as median and interquartile range.
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ventilation for respiratory failure and were admitted to the pae-
diatric intensive care unit (PICU) during part of their admission.
Primary apnoea was not the indication for ventilation in any of
these patients. Nineteen (60%) children only required paediatric
ward admission for supplemental oxygen therapy and fluid
management.

Overall the median (IQR) for the group were 4·66 kg (3·44–
6·08) for weight, 8·8 weeks (5·2–14·6) for age at admission and
38·5 weeks (36–40) for gestation at birth. In common with previ-
ous studies of children those admitted to the PICU were younger
(

 

P =

 

 0·045), weighed less (

 

P =

 

 0·004) and had a lower gestational
age at birth (

 

P =

 

 0·013). All children survived their illnesses and
were discharged home.

From the acute cohort, 23 (72%) infants returned for a con-
valescent blood samples at a mean of 15 weeks after the acute ill-
ness. In this follow-up cohort, there were 7 girls and 16 boys and
8 of these children had required PICU admission. Due to the
design of the study, the follow-up infants are, on average,
3 months older and correspondingly heavier than the acute group.
In one patient from each cohort, a white cell differential count
was not obtained.

 

T lymphocytes and subsets during RSV infection

 

Absolute numbers of CD3+ lymphocytes were reduced in
RSV bronchiolitis (

 

P =

 

 0·02). Both CD3+/CD4+ lymphocytes

(

 

P =

 

 0·029) and CD3+/CD8+ (

 

P =

 

 0·043) lymphocytes were sig-
nificantly reduced during illness (Table 2).

 

Fas and TRAIL – R on CD4+ and CD8+ lymphocytes during 
RSV infection

 

In acute illness CD3+/CD4+ lymphocytes had up-regulation of
Fas (CD95) compared with samples taken at convalescence
(

 

P

 

 

 

<

 

 0·001); both the proportion staining high for Fas and the
median fluorescent intensity were increased (Figs 1a and 2a).
CD3+/CD8+ lymphocytes also expressed higher levels of surface
Fas (

 

P

 

 

 

<

 

 0·001) compared with convalescent samples (Figs 1b and
2b). TRAIL receptor was also up regulated on the CD3+/CD4+
population (

 

P

 

 

 

<

 

 0·001) and on the CD3+/CD8+ population
(

 

P

 

 

 

<

 

 0·001) (Fig. 3a,b).

 

Correlation between Fas and lymphocyte subsets

 

To support the hypothesis that increased expression of death
receptors on lymphocytes is associated with lymphopenia, we per-
formed a linear regression analysis. Levels of Fas expression cor-
related with CD4+ count (

 

R

 

2

 

 = 0·16, 

 

P

 

 = 0·03) (Fig. 4).

 

Levels of soluble Fas ligand in plasma during RSV infection

 

Plasma levels of sFas ligand were significantly higher in the acute
samples compared with the convalescent samples (

 

P =

 

 0·028)
(Fig. 5).

 

Table 2.

 

Peripheral blood lymphocyte populations in acute RSV infected and convalescent infants*

Acute Convalescent

 

P

 

-value

Total white cell count (

 

¥

 

10

 

9

 

/l) 10·9 (8·30–14·2) 11·6 (9·20–13·8) 0·222
Lymphocytes (

 

¥

 

10

 

9

 

/l) 5·55 (3·25–7·43) 7·25 (6·03–9·43) 0·010
CD3+ T -lymphocytes (

 

¥

 

10

 

9

 

/l) 3·25 (1·94–4·16) 3·75 (3·06–4·72) 0·020
CD4+ T-helper lymphocytes (

 

¥

 

10

 

9

 

/l) 2·09 (1·08–3·25) 2·80 (2·09–3·61) 0·029
CD8+ Cytotoxic T-lymphocytes (

 

¥

 

10

 

9

 

/l) 0·50 (0·26–0·79) 0·79 (0·41–1·15) 0·043

*data expressed as median and interquartile range.

 

Fig. 1.

 

Fas (CD95) staining on (a) CD4+ lymphocytes and (b) CD8+ lymphocytes from acute RSV-infected and convalescent infants. Data
presented as medians and interquartile ranges with outliers.
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Levels of Caspase-1 and Interleukin-18 in plasma during RSV 
infection

 

Plasma levels of Caspase-1 were significantly higher in the acute
samples than in convalescent samples (

 

P =

 

 0·037). There was no
statistically significant difference between plasma levels of IL-18
from acute and convalescent samples and both medians were
within the normal reported range for IL-18 in healthy adults
(Fig. 6).

 

Effect of age on lymphocyte counts

 

Lymphocyte subsets in acute illness were analysed with respect
to age. Absolute lymphocyte counts (

 

R

 

2

 

 = 0·25, 

 

P

 

 = 0·004),
CD3+ (

 

R

 

2

 

 = 0·27, 

 

p

 

 = 0·003), CD3+/CD4+ (

 

R

 

2

 

 = 0·19, 

 

P

 

 = 0·014)
and CD3+/CD8+ (

 

R

 

2

 

 = 0·39, 

 

P

 

 

 

<

 

 0·001) counts were all inversely
related to age (Fig. 7). There was no relationship between age and
the same lymphocyte counts in convalescent samples.

 

Fig. 2.

 

Examples of Acute and Convalescent Fas (CD95) staining on (a) CD4+ and (b) CD8+ lymphocytes. Acute and Convalescent plots
are taken from same patient.
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Fig. 3.

 

TRAIL receptor staining on (a) CD4+ lymphocytes and (b) CD8+ lymphocytes from acute RSV-infected and convalescent infants.
Data presented as medians and interquartile ranges with outliers.
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Fig. 4.

 

Correlation of Fas percentage staining on CD4+ lymphocytes with
CD4+ lymphocyte count.
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DISCUSSION

 

In this study we have looked for evidence that lymphocyte apo-
ptosis may be a mechanism for RSV-induced lymphopenia. We
have found that absolute counts of CD4+ helper T cells and CD8+
cytotoxic lymphocytes are reduced in RSV bronchiolitis. We have
also demonstrated up-regulated expression of cell surface recep-
tors (Fas and TRAIL receptor) on CD4+ and CD8+ lymphocytes
and increased plasma levels of sFas ligand in the acute illness.
Increased Fas expression correlated with lymphopenia. Direct
evidence of intravascular apoptosis was not sought since the small
quantity of blood that can be obtained from a critically ill baby
precluded the use of direct assays such as DNA laddering. Taken
together these findings suggest that death receptor-mediated apo-
ptosis is involved in the reduction of lymphocyte numbers in this
disease. Our data show that there is an inverse correlation with
age suggesting there may be a critical period of infancy during
which these effects are most pronounced.

We demonstrated elevation of plasma caspase-1 but not IL-18
in acute illness. IL-18 is important in determining lymphocyte
phenotype and has been linked to the modulation of apoptosis.
Our results for caspase-1 and IL-18 may also have implications for
lymphocyte functioning and the regulation of apoptosis.

We have already reported that lymphopenia is more pro-
nounced in sicker children [8]. de Weerd 

 

et al

 

. [9] studied 18

 

Fig. 5.

 

Plasma levels of soluble Fas ligand from acute RSV-infected and
convalescent infants. Data presented as medians and interquartile ranges
with outliers.
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Fig. 6.

 

Plasma levels of (a) caspase-1 and (b) Interleukin-18 from acute RSV-infected and convalescent infants. Data presented as medians
and interquartile ranges with outliers.
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Fig. 7.

 

Correlation of (a) CD4+ lymphocyte count and (b) CD8+ lymphocyte count with age of infant with acute RSV infection.
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children under the age of 2 years with acute RSV bronchiolitis
and showed a significant reduction in CD8+ cells in all infected
infants and reductions of all lymphocyte subsets in those venti-
lated. Their data also found nonsignificant reductions of total lym-
phocyte, CD3+ and CD4+ counts for all RSV positive patients.
Roman 

 

et al

 

. [16] found nonsignificant reductions in total and all
T-lymphocyte subsets. The larger size of our study group and
inclusion of more severely affected infants may help to explain
our clearer findings.

RSV predominantly infects respiratory epithelial cells. It has
been shown that 

 

in vitro

 

 infection of type 2 pneumocytes with
RSV leads to apoptosis. Increased levels of Fas and Fas-ligand
expression can be demonstrated on infected cells and this is
through RSV mediated up-regulation of the nuclear transcription
factor NF-IL-6 [17]. Reverse-transcriptase polymerase chain
reaction (RT-PCR) has been used to show that RSV viral and
mRNA can be detected in PBMCs from a small number of infants
with acute bronchiolitis [18,19]. However an extensive decrease in
the number of lymphocytes is unlikely to be explained by directly
infected cells which are at very low levels suggesting bystander
apoptosis may be important.

In measles, apoptosis of uninfected lymphocytes is also asso-
ciated with up-regulated cell surface expression of Fas and
TRAIL-R [20]. Lymphocyte apoptosis occurs in infection with
ebola virus [21] which may be closely genetically linked to RSV
[22]. Bystander lymphocyte apoptosis occurs in severe sepsis [23].
In a mouse model of severe sepsis blocking apoptosis with specific
caspases inhibitors is associated with improved outcome.
Although these models are very different to natural infection, the
data from mice suggests possible future clinical therapeutic inter-
ventions [24].

In studies of the coronavirus associated with the severe acute
respiratory syndrome (SARS), lymphopenia has been described
as a hallmark laboratory finding [25]. The reasons for this lym-
phopenia are unknown but Panesar [26] has offered the sugges-
tion that the use of steroids or loss of vascular integrity may have
contributed. Our data would indicate that lymphocyte apoptosis
might be a target for future study in this disease [27].

Different subsets of T cells are believed to have different sus-
ceptibility to apoptosis. In atopic dermatitis, there is data to sug-
gest that apoptotic cell death may remove Th1 cells allowing Th2
responses to become dominant [28]. In this way lymphocyte apo-
ptosis may offer a mechanism through which the generation of
long-term immune memory may be altered.

The debate about the causes of long-term cough and wheeze
after bronchiolitis has lead to a polarization of views. Children
hospitalized with RSV bronchiolitis are at increased risk for aller-
gic sensitization compared with controls [29]. There is evidence
from animal models that RSV can be associated with both the
allergic sensitization and the maintenance airways hyperrespon-
siveness [30,31]. Early allergic sensitization has been identified as
a key risk factor for persistent asthma but the role of viruses in
early life remains controversial [32].

Cell mediated immunity including proliferation, cytotoxic-
ity, memory and cytokine production may all be affected by
RSV infection. Preston 

 

et al

 

. [33] have shown that T cell prolif-
erative responses may be inhibited by RSV. RSV inhibits
CD8+ T cells infiltrating the lung and the development of
CD8+ T-cell memory [34]. In the mouse model different pro-
teins of RSV have been shown to prime specific lymphocyte
subsets. The surface glycoprotein G is associated with the

induction of type 2 T cells, and lung eosinophilia during RSV
infection [35,36].

Interleukin-18 is an important early cytokine that, together
with IL-12, regulates interferon-

 

g

 

 (IFN-

 

g

 

) production and pro-
motes the development of the type 1 T-helper response [37]. In
contrast, in the absence of IL-12, IL-18 may stimulate the devel-
opment of type 2 immune responses. Our data suggest that IL-18
levels are not increased in acute bronchiolitis. Legg 

 

et al

 

. [38] have
shown that LPS stimulated PBMCs from children with acute
bronchiolitis have reduced IL-18 mRNA expression when com-
pared to those from children with RSV-negative upper respira-
tory tract infections. In contrast a study of nasal secretions from
infants with RSV suggests that IL-18 production by epithelial
cells may be elevated [39].

In summary, our data support the hypothesis that the lym-
phopenia seen in RSV bronchiolitis is associated with apoptosis.
The effect is most pronounced in younger infants suggesting there
is an important time in infancy when the immune system may be
vulnerable. The reduction in lymphocytes is related to the degree
of cellular expression of the receptors for apoptosis. Our findings
mirror those in severe sepsis where data indicates that inhibition
of apoptosis may ameliorate illness. Future dissection of this
novel mechanism may help to delineate the delayed effects of
RSV infection and offer new therapeutic avenues.
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