
 

Clin Exp Immunol 2004; 

 

135

 

:267–272 doi:10.1111/j.1365-2249.2004.02364.x

© 2004 Blackwell Publishing Ltd

 

267

 

Blackwell Science, Ltd

 

Oxford, UK

 

CEIClinical and Experimental Immunology

 

0009-9104Blackwell Publishing Ltd, 20042004

 

135

 

2

 

267272
Original Article

A. Gagro 
et al.
TLR4 in respiratory syncytial virus bronchiolitis

 

Correspondence: Alenka Gagro, Institute of Immunology, Rockefelle-
rova 10, HR-10000 Zagreb, Croatia.

E-mail: agagro@imz. hr

 

Increased Toll-like receptor 4 expression in infants with respiratory syncytial virus 
bronchiolitis

 

A. GAGRO*, M. TOMINAC*, V. KR ULOVI -HRE I †, A. BA E‡, M. MATI ‡, V. DRA ENOVI §, 
G. MLINARI -GALINOVI §, E. KOSOR*, K. GOTOVAC*, I. BOLAN A¶, S. BATINICA¶ & S. RABATI * *

 

Institute of 
Immunology, 

 

†

 

University Children’s Hospital, 

 

‡

 

Dr Fran Mihaljevi  University Hospital for Infectious Diseases, 

 

§

 

Division of Virology, 
National Institute of Public Health, 

 

¶

 

Department of Pediatric Surgery and Urology, Zagreb University Hospital Center, Zagreb, Croatia

(Accepted for publication 26 November 2003)

 

SUMMARY

 

The fusion protein of the respiratory syncytial virus (RSV) binds to the pattern recognition receptors,
TLR4 and CD14, and initiates innate immunity response to the virus. The aim of the study was to inves-
tigate the expression of TLR4 on peripheral blood lymphocytes and monocytes in peripheral blood of
infants in both acute and convalescent phase of RSV bronchiolitis (

 

n

 

 = 26). In addition, TNF-

 

a

 

 expres-
sion in lipopolysaccharide-stimulated monocytes was also assessed. The results showed TLR4 to be
expressed predominantly by monocytes in both sick infants and controls. During the acute phase of
infection monocytes up-regulated TLR4 in eight infants, which returned to the levels recorded in con-
trols 4–6 weeks from infection. There was no difference in the percentage of TNF-

 

a

 

 secreting mono-
cytes. Of the clinical parameters tested, minimal oxygen saturation was found to correlate negatively
with this expression in the group of infants with increased TLR4. Additional studies are under way to
correlate this finding with the outcome of the immune response to RSV.
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INTRODUCTION

 

Respiratory syncytial virus (RSV) is one of the most important
causes of lower respiratory tract disease in infants and young chil-
dren worldwide. Ample data show that some RSV glycoproteins
such as fusion (F) and attachment (G) glycoproteins are important
for the induction of neutralizing antibodies and long-term immu-
nity [1]. In addition to the virus effect on acquired immunity, recent
data indicate that different RSV proteins might alter early innate
immune response as well [2]. It has been shown that G glycoprotein
alters pulmonary trafficking of natural killer (NK) cells and poly-
morphonuclear cells, and influences the expression of cytokines
and chemokines such as macrophage inflammatory protein (MIP)-
1

 

a

 

, MIP-1

 

b

 

, MIP-2 and others [3,4]. In RSV immunopathology,
monocytes might have a prominent role by direct interaction with
T cells and production of cytokines, such as tumour necrosis factor
(TNF), interleukin (IL)-1, IL-6, IL-8, IL-10, platelet-activating
factor (PAF) and prostaglandin E

 

2

 

 [5–9]. Human monocytes
exposed to RSV express less intercellular adhesion molecule 1
(ICAM-1) and its ligand, lymphocyte function-associated antigen

1 (LFA-1) than do human monocytes exposed to influenza virus
[8]. The effect of RSV on monocytes is suggested to dampen the
immune response due to the reduction of lymphocyte maturation,
decreased expression of adhesion molecules and reduced IL-12
and interferon-

 

g

 

 (IFN-

 

g

 

) secretion [10]. Hence, the reaction to
RSV infection is less robust, and skewed to the helper cell type 2
(Th2) direction of the immune pathway [11,12].

In addition to these findings, Kurt-Jones 

 

et al

 

. showed the pat-
tern recognition receptors TLR4 (toll-like receptor 4) and CD14
to participate in the antiviral response to RSV [13]. They showed
that RSV F glycoprotein and to a lesser extent G glycoprotein
failed to induce proinflammatory cytokine secretion in either
CD14- or TLR4-deficient mice. TLR4 is a recently identified
receptor that belongs to a family of proteins structurally similar to

 

Drosophila

 

 Toll proteins [14]. In addition to its role in RSV patho-
genesis, this molecule has been identified previously as a pattern
recognition molecule for lipopolysaccharides isolated from the
wall of Gram-negative bacteria, hsp60, fibronectin, and in a
mouse system it also bound to plant-derived taxol [15]. The
absence of TLR4 in a mouse model showed that, upon the chal-
lenge with RSV, TLR4-deficient mice had impaired NK and
CD14

 

+

 

 pulmonary trafficking, deficient NK cell activity, impaired
IL-12 expression and decreased virus clearance in comparison to
TLR4-expressing mice [16].
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Here we investigated the expression of TLR4 in 28 acutely ill
patients with RSV bronchiolitis. Expression of TLR4 in 17 chil-
dren was determined in the convalescence phase, at weeks 4–6 of
the disease onset. In addition, the levels of TNF-

 

a

 

-secreting
monocytes following lipopolysaccharide (LPS) stimulation were
determined by intracellular cytokine staining in five children.

 

PATIENTS AND METHODS

 

Patients and controls

 

Infants (nine girls and 17 boys) aged 1–12 months (mean
3·4 months) admitted to University Children’s Hospital or Dr
Fran Mihaljevi  University Hospital for Infectious Diseases with
verified RSV infection were included in the study during the
2001–02 winter epidemic. All enrolled infants had bronchiolitis
defined as wheezing, hypoxia with O

 

2

 

 saturation 

 

<

 

95% and hyper-
inflation but infiltrate-free chest radiograph if taken. Controls
were recruited among gender- and age-matched infants without
evident allergic, immune, infectious or haematological disorders.
The study was approved by the Ethics Committees of the two par-
ticipating hospitals. Parents gave their informed consent for col-
lection of blood specimens. Because of the small amount of blood
that could be obtained, not all tests were performed in every
infant.

 

Clinical and laboratory findings

 

Symptoms (wheezing, MOS

 

min

 

 oxygen saturation, MRR

 

max

 

 respi-
ratory rate, fever) and findings were determined according to
standard values for these parameters (MOS 

 

<

 

95%, MRR 

 

<

 

50).
Routine white blood count (WBC), erythrocyte sedimentation
rate (ESR), C-reactive protein (CRP), chest X-ray and bacterio-
logical analyses of nasopharyngeal swabs were determined.

 

Viral diagnosis

 

Clinical specimen (nasopharyngeal secretion) was taken at an
early stage of infection (1–3 days of the onset of infection). RSV-
infection was verified by rapid detection (DFA, direct fluorescent
antibody, Light Diagnostics, Temecula, USA) or/and virus isola-
tion (in cell culture: HEp-2, HeLa, MCR-5) [17].

 

Immunological tests

 

Samples of heparinized peripheral blood were taken up to day 10
(mean 7·2 days) of the onset of acute illness and in convalescent
phase, weeks 4–6 of the disease onset.

 

Monoclonal antibodies for surface analysis

 

. The following
murine antibodies to human lymphocyte surface antigens were
used: anti-CD4 (peridinin chlorophyll protein (PerCP)-
conjugated), anti-CD8 (FITC-conjugated), anti-CD3 (allophyco-

c¢

 

cyanin (APC)-conjugated), anti-CD19 (FITC-conjugated), anti-
CD14 (FITC-conjugated), anti-CD33 (PE-conjugated) (all from
Becton Dickinson, Heidelberg, Germany) and anti-TLR4 (PE-
conjugated; eBioscience, San Diego, CA, USA). In each experi-
ment, FITC-, PE-, PerCP- and APC-conjugated isotype controls
for determination of non-specific binding were included.

 

Flow cytometry analysis.

 

. Fifty 

 

m

 

l of heparinized blood were
incubated in 12 

 

¥

 

 75 mm polystyrene round-bottomed tubes
(Becton Dickinson, Heidelberg, Germany) with 5 

 

m

 

l of murine
antihuman monoclonal antibodies to CD3, CD4, CD8, CD19 and
CD14 for 15 min in the dark at room temperature (RT) (Table 1).

Red blood cells (RBC) were lysed by adding 2 ml of 10%
FACS Lysing Solution (Becton Dickinson, San Jose, USA) for
10 min at RT in the dark. After washing, the cells were resus-
pended in 0·5 ml of the staining buffer.

Correlated analysis of forward- and right-angle scatter was
used to establish a lymphocyte or monocyte gate. A minimum of
20 000 events for four-colour and 5000 events for two-colour
immunofluorescence analysis in lymphocyte gate or 3000 events
in monocyte gate was analysed by a FACSCalibur flow cytometer
(Becton Dickinson, Mountain View, USA). The non-specific
staining, assessed by an isotype control, was adjusted to less than
1%. The collected data were analysed using CELLQuest software
and presented as percentage.

 

Analysis of TNF-

 

a

 

 expression in CD14

 

+

 

 monocytes by intrac-
ellular cytokine staining.

 

 Two samples of heparinized blood
(300 

 

m

 

l) were diluted 1 : 1 in RPMI-1640 medium (Institute of
Immunology, Zagreb, Croatia) and cultured in sterile 12 

 

¥

 

 75 mm
polystyrene round-bottomed tubes (Becton Dickinson). First
sample was cultured in the presence of an inhibitor of protein
secretion, brefeldin A (BFA, 10 

 

m

 

g/ml, Sigma, Poole, Dorset, UK)
only, and the second in the presence of 100 ng/ml of lipopolysac-
charide (LPS, Sigma) and BFA for 4 h at 37

 

∞

 

C in 5% CO

 

2

 

.
Samples of diluted blood (100 

 

m

 

l) were then transferred into
new tubes and stained first with 5 

 

m

 

l anti-CD14 MoAb for 15 min
in the dark at RT and washed. RBC were lysed with 2 ml of 10%
FACS Lysing Solution (Becton Dickinson, San Jose, USA) for
10 min at RT in the dark. After washing, the cells were fixed for
20 min or left overnight at 4

 

∞

 

C with 4% paraformaldehyde in
PBS. Cells were then permeabilized with 0·1% saponin in PBS for
10 min prior to the addition of APC-conjugated anti-TNF-

 

a

 

 anti-
body or isotypic control (0·5 

 

m

 

g/10

 

6

 

 cells) (PharMingen) and then
incubated for additional 30 min at 4

 

∞

 

C. Cells were then washed in
PBS containing 0·1% saponin to wash out unbound antibody,
resuspended in PBS and analysed immediately on a flow cytom-
eter. Results are expressed as a percentage of TNF-

 

a

 

 expressing
CD14

 

+

 

 monocytes among all monocytes. In preliminary experi-
ments, peripheral blood mononuclear cells were also stained

 

Table 1.

 

Antibody combinations used in flow cytometry analysis

FITC PE PerCP APC

Tube 1 Anti-CD8 Anti-TLR4 Anti-CD4 Anti-CD3
Tube 2 Anti-CD19 Anti-TLR4 – –
Tube 3 Anti-CD14 Anti-TLR4 – –
Tube 4 Isotype control Isotype control Isotype control Isotype control

MoAb IgG1 MoAb IgG1 MoAb IgG1 MoAb IgG1

FITC, fluorescein isothiocyanate; PE, phycoerythrin; PerCP, peridinin chlorophyll protein; APC, allophycocyanin; MoAb, monoclonal antibody.
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simultaneously with FITC-conjugated anti-CD14 MoAb and PE-
conjugated CD33, followed by subsequent staining of intracellu-
lar APC-conjugated anti-TNF-

 

a

 

.

 

Statistical analysis

 

Expression of TLR4 on different lymphocyte subsets and mono-
cytes, TNF-

 

a

 

 secretion and clinical parameters (days of wheezing,
days of O

 

2

 

 supplementation, minimal O

 

2

 

 saturation and maximal
respiratory rate) were analysed. Wilcoxon’s test for paired data
and a Mann–Whitney 

 

U

 

-test for unpaired data were applied. Cor-
relation was evaluated using Spearman’s rank correlation coeffi-
cient (

 

r

 

s

 

). The level of significance was set at 

 

P

 

 

 

<

 

 0·05.

 

RESULTS

 

Expression of TLR4

 

Flow cytometric analysis of TLR4 expression showed this
molecule  to  be  virtually  absent  on  the  surface  of  either  CD3
(total T lymphocytes), CD3

 

+

 

 CD4

 

+

 

 (helper T lymphocytes),
CD3

 

+

 

 CD8

 

+

 

 (cytotoxic T lymphocytes), CD19

 

+

 

 (B lymphocytes)
cells or granulocytes in peripheral blood of both control subjects

and infants with RSV bronchiolitis (Fig. 1a–e). The cells that
expressed TLR4 in tested infants were CD14

 

+

 

 monocytes
(Fig. 1f). TLR4 expression on CD14

 

+

 

 monocytes was significantly
higher in acutely ill infants (

 

P

 

 

 

<

 

 0·04) than in age- and gender-
matched controls (Fig. 2a). In 17 children, samples were analysed
for TLR expression at 4–6 weeks of the onset of symptoms. The
percentage of TLR on CD14

 

+

 

 monocytes decreased significantly
(

 

P

 

 

 

<

 

 0·04) and was similar to the percentage recorded in control
subjects (Fig. 2b).

 

Expression of TNF-

 

a

 

In five acutely ill infants and 10 controls, LPS-induced TNF-

 

a

 

 was
determined by intracellular cytokine staining (Fig. 3). Preliminary
experiments showed that both CD14 and CD33 were appropriate
markers of peripheral blood monocytes as no differences were
observed between these molecules (data not shown). Expression
of TNF-

 

a

 

 in unstimulated cells was always less than 1% in all chil-
dren tested (data not shown). There was no significant difference
in the percentage of TNF-

 

a

 

 secreting monocytes, and no correla-
tion between the levels of TLR4 and TNF-

 

a

 

 expression was
found.

 

Fig. 1.

 

A representative dot plot of TLR4 expression on CD3

 

+

 

 T lymphocytes (a), CD3

 

+

 

 CD4

 

+

 

 T lymphocytes (b), CD3

 

+

 

 CD8

 

+

 

 T lympho-
cytes (c), CD19

 

+

 

 B lymphocytes (d), granulocytes (e) and CD14

 

+

 

 monocytes (f). Gates were set around lymphocytes (a–d), granulocytes
(e) or monocytes (f) according to the forward- and side-scatter values on a flow cytometer. The horizontal and vertical lines were set with
an irrelevant isotype-matched fluorescent conjugate. The percentage of positive cells is indicated. Results obtained from a RSV infected
infant are shown.
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Relation between immunological and clinical parameters

 

Analysis of the data obtained from all RSV-infected infants
yielded no significant correlation between either the percent-
age of TLR4 or TNF-

 

a

 

 levels and clinical parameters examined
(days of wheezing, days of O

 

2

 

 supplementation, minimal O

 

2

 

saturation and maximal respiratory rate). However, as illus-
trated in Fig. 2, two groups of infants could be distinguished
clearly: those with substantial, transitory increase in TLR4
expression (

 

n

 

 = 8) and the remainder of the RSV-infected chil-
dren exhibiting only slight changes in TLR expression (

 

n

 

 = 18).
Additional analysis showed that in the former, the substantial
increase in TLR4 (increased TLR4 expression in this group was
higher than the maximal value obtained in healthy infants) was
accompanied by a statistically significant decrease in minimal
O

 

2

 

 saturation (

 

r

 

s

 

 = 0·67, 

 

P

 

 

 

<

 

 0·05), while no correlation was
found in infants with moderate changes in TLR4 expression
(Fig. 4).

 

DISCUSSION

 

The main finding of this study was that in a subgroup of infants,
RSV infection induced TLR4 expression on monocytes obtained
from peripheral blood in the acute phase of RSV bronchiolitis. In
the infants showing a substantial increase in TLR4 expression, the
minimal oxygen saturation correlated negatively with this expres-
sion, indicating that TLR4 might be related to the severity of ill-
ness in RSV-infected infants. This was the first study to assess the
expression of TLR4 in RSV-infected humans. We failed to dem-
onstrate TLR4 expression on either of the lymphocyte subsets
investigated. In control infants, low expression of TLR4 was also
observed on peripheral blood monocytes only. TLR expression
has been observed on a variety of cells other than monocytes and
several stimuli have been identified so far which modulate the
expression of TLR4. TLR4 expression is increased on intestinal
epithelial cells during inflammation, and it can also be up-
regulated by LPS on corneal epithelial cells and in the presence of
recombinant (r)IFN-

 

g

 

 on human monocytes [18–20]. Stimuli such
as 

 

Porphyromonas gingivalis-derived LPS and rIL-4 down-
regulate TLR4 expression [20,21]. Irrespective of these findings, it
still has to be determined whether the dynamic regulation of
TLR4 expression observed is connected with responsiveness to
TLR4.

Routine bacterial analysis of nasopharyngeal swabs was per-
formed in all children enrolled in the study, and additional bac-
terial analyses such as urine analysis to minimize the possible
effect of bacterial co-infection on TLR4 expression were per-
formed in some study children as necessary. Although the possi-
bility of other infections (bacterial or others) influencing the
study results could not be absolutely ruled out, we did not dem-
onstrate any association between TLR4 expression and presence
of bacterial infection in study infants. In addition, the level of C-
reactive protein was within the normal range in all study children.

We aimed to investigate whether the up-regulation of TLR4
on monocytes in acutelly ill infants was linked to the impaired
capacity of these monocytes to secrete proinflammatory cytokines.

Fig. 2. Expression of TLR4 on peripheral blood monocytes. (a) Compar-
ison of TLR4-expressing CD14+ monocytes in acute (n = 26) and conva-
lescent (n = 17) phases of RSV infection, and in control infants (n = 10).
Box indicates 25th and 75th percentile, central point median and whiskers
indicate minimum and maximum data values. Probabilities (P) of rejecting
null hypothesis for computed Conover’s inequalities are indicated by dot-
ted lines are showed. n.s. = not significant. (b) Down-regulation of the
percentage of TLR4-expressing CD14+ monocytes in 17 infants at weeks
4–6 of disease onset. The values obtained in a single infant in acute and
convalescent phase of disease are linked with a line. Each symbol repre-
sents one tested infant.
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Fig. 3. Analysis of TNF-a expression in CD14+ monocytes by intracellu-
lar cytokine staining in acutely infected RSV infants (n = 5) and controls
(n = 10). Blood samples were cultured with brefeldin A (10 mg/ml) or LPS
(100 ng/ml) and brefeldin A for 4 h. LPS-induced TNF-a was determined
by intracellular cytokine staining as described in Methods. Expression of
TNF-a in unstimulated cells was always less than 1% in all tested children
(data not shown). Each symbol represents one tested infant. n.s. = not
significant.
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Using human peripheral blood monocytes, Kurt-Jones et al. have
shown that both LPS and RSV F protein induce significant secre-
tion of proinflammatory cytokines such as IL-6, TNF-a, IL-1b and
IL-8 [13]. In the present study, we investigated the expression of
TNF-a in peripheral blood monocytes following in vitro stimula-
tion with LPS, another ligand for TLR4. We showed that, despite
an increased percentage of TLR4, the acutely ill RSV-infected
infants had a similar percentage of TNF-a-expressing monocytes
as that measured in controls. Because LPS binds to other ligands
on the monocyte cell surface [15], the possibility cannot be ruled
out that LPS stimulation was too crude to detect the possible dif-
ferences in TNF-a expression. Additional experiments using
recombinant RSV F protein might help address this issue more
specifically.

It is of interest that overexpression of TLR4 did not confer
LPS responsiveness on human embryonic kidney 293 cells, sug-
gesting that an additional molecule, recently identified as MD-2,
is required for TLR4-mediated LPS signalling [22]. MD-2 is asso-
ciated with the extracellular domain of TLR4 and expression of
MD-2 imparts LPS responsiveness to cells expressing TLR4
alone. Additional studies are required to elucidate the possible
role of MD-2 during the innate immune system response to RSV.

Two major surface viral glycoproteins, F and G, have been
reported to induce distinct types of immune response: Th1 and
Th2, respectively [23]. An interesting observation that rIFN-g can
induce TLR4 expression on human monocytes might indicate that
in those individuals in whom RSV F protein activates innate
immune system through TLR4-directed pathway, consequent
IFN-g secretion by RSV-specific Th1 cells up-regulates TLR4 on
peripheral blood monocytes. Once the patient had recovered and
the virus had been cleared from the body, cytokine secretion was
also dampened resulting in TLR4 down-regulation. Experiments
are under way to test whether this could be the underlying mech-
anism for the regulation of TLR4 in RSV patients.

All our patients had a clinical picture of bronchiolitis, giving
us no opportunity to investigate whether the level of TLR4
expression correlated with disease severity. However, the sub-
stantial increase in TLR4 expression correlated negatively with
minimal oxygen saturation, indicating that TLR4 expression
might be linked to the severity of illness in RSV-infected infants.
We have shown previously that the level of IFN-g secreted by

both CD4+ and CD8+ T cells during acute RSV illness correlates
with disease severity [24]. The absence of TLR4 was associated
with reduced expression of IL-12, a major Th1 skewing cytokine.
Inadequate activation of CD14+ cells might contribute to the low
IL-12, a phenomenon already observed in patients with severe
bronchiolitis [25]. It has to be determined whether the substantial
increase of TLR4 observed in eight infants during the acute phase
of infection contributed to exaggerated inflammatory airway
response and consequent decrease in O2 saturation.

In addition to the Th1/Th2 imbalance observed in RSV infec-
tion, another surrogate marker might be monitored to assess how
the modulation of TLR4 expression and activation of a certain
type of innate immune response influence the immune players
that participate in the later, acquired immune response to RSV.
Namely, we have shown previously that in some infants acute
RSV illness is accompanied with an increase in CD23-bearing B
cells and RSV-specific IgE response [26]. Additional studies are
under way to show whether the infants who demonstrate Th2-
skewed immune reponse and possibly an increased risk of allergic
disease fail to up-regulate TLR4 during acute RSV infection.
TLR4 mutations have been associated with endotoxin hypore-
sponsiveness in humans and represent a possible link to asthma
[27]. RSV infection early in childhood has been postulated as a
risk for subsequent allergic disease later in life [28,29]. Additional
follow-up studies are necessary to show whether our finding of
RSV infection failing to induce TLR4 in some children could be a
sensitive predictor of abberant response to environmental anti-
gens (allergens).
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