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In the present study, we analyzed the effect of a preceding
respiratory syncytial virus (RSV) infection of human respiratory
epithelial cells on the adherence of Streptococcus pneumoniae
tested by means of a cytometric fluorescence assay. Adherence of
clinically relevant pneumococcal serotypes 3, 9, 14, 18, 19, and
23 was studied using uninfected and RSV-infected monolayers.
To this end, monolayers of both human nasopharyngeal cells
(HEp-2) and pneumocyte type II cells (A549) were infected with
RSV serotype A. Adherence to uninfected epithelial cells varied
between pneumococcal serotypes. After RSV infection of the
monolayers, all serotypes showed a strongly (2- to 10- fold) and
significantly increased adherence when compared with adher-
ence to uninfected monolayers. Enhanced adherence was ob-

served with both cell lines. By fluorescence and scanning elec-
tron microscopy, we observed redistribution of pneumococcal
adherence over the epithelial surface due to RSV infection, with
dense bacterial accumulations near to epithelial syncytia.
(Pediatr Res 55: 972–978, 2004)

Abbreviations
RSV, respiratory syncytial virus
CPE, cytopathological effect
PFU, plaque-forming units
CFU, colony-forming units
IMDM, Iscove’s modified Dulbecco’s medium
MOI, multiplicity of infection

Streptococcus pneumoniae and RSV belong to the most
important pathogens of upper and lower respiratory tract in-
fections in young children (1, 2). There is accumulating evi-
dence for a positive relationship between infections with S.
pneumoniae and RSV, especially in the pathogenesis of otitis
media, pneumonia, and meningitis (3–8). Epidemiologically,
the peak incidences of RSV infections and invasive infections
due to S. pneumoniae coincide (9). In a large study on the
etiology of community-acquired bacterial pneumonia, a pre-
ceding viral infection could be detected by serology in 39% of
the children (10). The combination of RSV and S. pneumoniae
was seen most frequently in children below age 5 y.

The most prevalent pneumococcal serotypes causing inva-
sive pneumococcal disease in children include serotypes 9, 14,
18, 19, and 23. Pneumococcal sepsis in adults is often caused
by serotype 3 (11–14).

Enhanced pneumococcal adherence, secondary to a preced-
ing RSV infection of the respiratory tract epithelium, is con-
sidered one of the mechanisms facilitating bacterial infection
(15, 16).

The aim of the present study was to examine the influence of
prior RSV infection on pneumococcal adherence to confluently
grown epithelial cells using an assay based on adherence of
fluorescent pneumococci. The influence of RSV-preinfection
on pneumococcal superinfection with serotypes 3, 9, 14, 18,
19, and 23 was evaluated.

MATERIAL AND METHODS

Bacteria. Clinical pneumococcal isolates, serotypes 3, 9, 14,
18, 19, and 23, were kindly provided by Dr. C. Neeleman,
Intensive Care Department of the University Hospital of Ni-
jmegen, The Netherlands, and stored at �70°C in micro-banks
(Pro-Lab Diagnostics, Austin, TX, U.S.A�). Before testing, an
aliquot of stored bacteria was transferred from a micro-bank
bead to blood-agar plates and was incubated overnight at 37°C
in a CO2 incubator. The next day, the bacteria were inoculated
in Todd-Hewitt broth (Difco, Detroit, MI, U.S.A.), supple-

Received June 30, 2002; accepted December 17, 2002.
Correspondence: Tom Wolfs, M.D., Ph.D., Wilhelmina Children’s Hospital, Room KE

04.136.2, Lundlaan 6, 3508 AB Utrecht, The Netherlands; e-mail: T.Wolfs@wkz.azu.nl.

DOI: 10.1203/01.PDR.0000127431.11750.D9

0031-3998/04/5506-0972
PEDIATRIC RESEARCH Vol. 55, No. 6, 2004
Copyright © 2004 International Pediatric Research Foundation, Inc. Printed in U.S.A.

ABSTRACT

972



mented with 0.5% yeast extract and grown by static culture to
logarithmic phase (t � 6.5 h) at 37°C in a CO2 incubator. This
culture was washed twice in PBS and alternated with centrif-
ugation at 9300 � g during 2.5 min (Eppendorf centrifuge,
International Equipment Company, Dunstable, U.K.). Next,
the bacteria were suspended and incubated for 30 min in PBS
(2�) (Ca2� 0.15 mM, Mg2� 0.5 mM with BSA 2.5% BSA;
Instruchemie, Hilversum, The Netherlands) to prevent nonspe-
cific binding. Three-hundred microliter samples of the bacteria
were frozen in liquid nitrogen and were stored at �70°C until
use. For the cytometric fluorescence assay, bacteria heat-killed
at 56°C for 30 min were used. In the adherence assay based on
CFU counts, however, vital bacteria were used. In addition, for
cytometric adherence experiments, pelleted heat-killed bacteria
were labeled with saturated FITC solution (0.5 mg/mL in PBS;
Sigma Chemical Co., St. Louis, MO, U.S.A.), and incubated
for 1 h at 4°C, after which they were washed thrice with PBS.
Before testing, the bacterial suspensions were suspended in
PBS (2�)/BSA 2.5% and adjusted in a spectrophotometer to
an OD 660 nm � 0.1 (�1.0 � 108 bacteria/mL).

Virus. RSV serotype A (American Type Culture Collection,
ATCC VR1302, Manassas, VA, U.S.A.) was kindly provided
by Dr. A. Brandenburg (Department of Clinical Virology,
University Medical Center Erasmus, Rotterdam, The Nether-
lands). An RSV dilution of 1:1000 in 70 mL IMDM (Invitro-
gen, Carlsbad, CA, U.S.A.) supplemented with HEPES (N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid, 25 mM), 5%
FCS (Hyclone Laboratories, Logan, UT, U.S.A.) and gentami-
cin 0.01 mg/mL (Invitrogen) was added to monolayers of
HEp-2 cells. At d 4 post-RSV infection, CPE became visible
and supernatant was replaced by fresh IMDM. After 3 h of

incubation at 37°C, supernatant containing RSV was harvested
and filtered through a 0.22-�m filter. PFU were counted by the
PFU assay according to Dulbecco. Stock aliquots were stored
at �180°C in liquid nitrogen, and they contained about 2.4 �
107 PFU/mL.

Cell culture and viral infection of monolayers. HEp-2
human nasopharyngeal carcinoma cells (ATCC:CCL-23) and
A549 cells, human pneumocyte type II carcinoma cells (ATC-
C:CCL-185) were used throughout the experiments. Stocks of
cellular suspensions were stored at �180°C in liquid nitrogen.

Tissue culture flasks (Costar, Cambridge, MA, U.S.A.),
confluently grown with HEp-2 or A549 cells, were washed
with PBS. A film of trypsin (Invitrogen) was added and the
mixtures were incubated for a few minutes at 37°C to detach
the cells. Subsequently, 10 mL IMDM was added. Before the
cells were added, 50 or 250 �L of a viral suspension was added
to the wells of a 96-well microtiter plate (cytometric assay) or
a 24-well plate (CFU-based assay) in a serial dilution or IMDM
as control. The cell suspension was diluted to approximately 2
� 105/mL, and 50 or 250 �L was seeded in all wells of the 96-
or 24-well plates. The microtiter plates were incubated for
different periods at 37°C to allow formation of confluent
monolayers until use.

Quantitation of RSV infection by immunofluorescence.
RSV-infected HEp-2 cells and A549 cells (dilutions: 4 �105

cells/mL) were grown in IMDM in 24-well plates (Costar) and
incubated in 37°C in a CO2 incubator. After 3–5 d of RSV
infection, monolayers were detached with trypsin, washed, and
incubated for 15 min with 25 �L FITC-labeled monoclonal
anti-RSV antibodies directed against glycoprotein F (Imagen
kit for RSV, DAKO, Bucks, U.K.) diluted 1:12.5 in PBS (2�).

Figure 1. RSV detection by FITC-labeled monoclonal anti-RSV antibodies directed against glycoprotein F: expression of RSV glycoprotein F on the cell surface
of HEp-2 cells and A549 cells on d 3–5 post-RSV infection. (A) x axis: logarithmic dilution of RSV, incubated with HEp-2 cells (viral logarithmic dilution
ranging from 3.0 to 5.0 corresponds with MOI of 1.25 � 10�1 to 1.25 � 10�3); y axis: percentage of glycoprotein F-positive HEp-2 cells. (B) x axis: logarithmic
dilution of RSV, incubated with A549 cells; y axis: percentage of glycoprotein F-positive A549 cells. � � d 3 post-RSV infection; □ � d 4 post-RSV infection;
� � d 5 post-RSV infection; C, control (uninfected HEp-2 or A549 cells). Error bars represent means and ranges of duplicate samples.
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Figure 2. Adherence of heat-killed S. pneumoniae serotype 14 to uninfected and RSV-infected HEp-2 and A549 cells as measured by the cytometric
fluorescence assay.(A) Adherence of pneumococcal serotype 14 to HEp-2 monolayers. (B) Adherence of pneumococcal serotype 14 to A549 monolayers. x Axis:
logarithmic dilution of RSV incubated with HEp- 2 cells/A549 cells (viral logarithmic dilution ranging from 3.0 to 5.0 corresponds with MOI of 1.25 � 10�1

to 1.25 � 10�3); y axis: percentage pneumococcal adherence. Filled bars: pneumococcal adherence to uninfected HEp-2 or A549 cells. Open bars: pneumococcal
adherence to RSV-infected HEp-2 or A549 cells. Monolayer % � percentages of remaining monolayer covering the well after the experiment, representing the
extent of CPE (80% means 20% cell loss of monolayer). Error bars represent SEM of three experiments; *p � 0.05, **p � 0.01, ***p � 0.001 (significance
of difference from controls assessed by t test).

Figure 3. Adherence of heat-killed S. pneumoniae serotypes 3, 9, 14, 18, 19, and 23 to uninfected and RSV-infected HEp-2 and A549 cells as measured by
the cytometric fluorescence assay. (A) Filled bars: percentage of pneumococcal adherence to uninfected HEp-2 monolayers; open bars: percentage of maximally
enhanced pneumococcal adherence to RSV-infected HEp-2 cells (with logarithmic viral dilutions varying between 3.2 and 3.8). (B) Filled bars: percentage of
pneumococcal adherence to uninfected A549 monolayers; open bars: percentage of maximal enhanced pneumococcal adherence to RSV-infected A549 cells
(with logarithmic viral dilutions varying between 3.0 and 3.2). Error bars represent SEM of three experiments; *p � 0.05, **p � 0.01, ***p � 0.001 (significance
assessed by t test).
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After washing away unbound antibodies, cells were resus-
pended in PBS (2�). Fluorescence per cell was analyzed in a
FACScan flowcytometer (BD Biosciences, San Jose, CA,
U.S.A.). Per sample, 5000 cells were analyzed. The fluores-
cence of test samples was compared with the fluorescence of
control samples by setting a marker at the end of the autofluo-
rescence peak of the control cells. Fluorescence beyond the
marker was attributed to antibodies attached to the cells.
Percentages of positive cells are depicted in the figures.

Cytometric fluorescence adherence assay. The assay was
adapted from a CytoFluor assay (Applied Biosystems, Foster
City, CA, U.S.A.) described by Tamura et al. (17).

Medium was removed from RSV-infected or uninfected
monolayers of HEp-2/A549 cells in culture plates and 50 �L of
FITC-labeled bacteria were added. The plates were spun at 160
� g for 10 min in a plate spinner (IEC Centra 3C, Thermo
Electron Oy, Vantaa, Finland) to allow the pneumococci to
near the monolayers. Next, the plates were incubated at 21°C
for 30 min. Total fluorescence was measured by a fluorescence
multi-well plate reader (CytoFluor, Applied Biosystems), with
an excitation wave length of 485 nm, an emission filter of 530
nm, gain setting of 54, and three readings per well. Subse-
quently, the wells were washed four times with PBS (2�) to
remove unbound bacteria. After having added 50 �L PBS
(2�), final fluorescence was measured. Adherence percentages
were calculated as final/total fluorescence � 100.

CFU-based adherence assay. Medium was removed from
24-well plates with RSV-infected and uninfected HEp-2 cells
and 250 �L of FITC-labeled or unlabeled live bacteria were
added to each well. Subsequently, the plates were centrifuged
at 160 � g for 10 min in a plate spinner. Next, the plates were
incubated at 21°C for 30 min. Thereafter, the plates were

washed four times with PBS (2�) to remove unbound bacteria.
To each well, 75 �L trypsin was added to detach the mono-
layers. From this mixture of detached cells with bacteria, a
suspension of 250 �L was prepared by adding 175 �L PBS.

CFU of the original bacterial suspension (total CFU) and of
the suspension after the adherence assay (final CFU) were
estimated by the CFU-counting method. In summary, from a
bacterial suspension, a serial dilution of 1:10 in saline was
prepared. Of each dilution, 10 �L was plated on a pre-dried
blood-agar plate. After overnight incubation in a CO2 incuba-
tor at 37°C, CFU could be counted separately at several
dilutions. The bacterial concentration (CFU/mL) was calcu-
lated as CFU � dilution � 10 (10 �L/spot). Adherence
percentages was calculated as final CFU/total CFU � 100.

Scanning electron microscopy. HEp-2 cells were infected
with RSV and grown as monolayers on fibrinogen-coated glass
coverslips in 24-well microtiter plates (Costar). Fifty microli-
ters of a suspension of unlabeled heat-killed bacteria was added
to the cells and the mixture was incubated for 30 min after
centrifugation (160 g at 10 min). Plates were washed twice
with PBS (2�) and twice with PBS. Glutaraldehyde 2%
(Merck, Darmstadt, Germany) in phosphate buffer 0.1 M, pH
7.4 was added to each sample to fix the bacteria and cells. After
1 h, glutaraldehyde was removed and samples were dehydrated
in ethanol (80%). After dehydration, hexamethyldisilazane
(Fluka Chemical Corp., Ronkonkoma, NY, U.S.A.) was added
to each specimen. After drying, samples were glued on a
specimen mount with carbon-based glue (CCC-adhesive, Elec-
tron Microscopy Sciences, Hatfield, PA, U.S.A.). Samples
were gold-sputtered (Sputter Coater 208HR, Cressington Sci-
entific Instruments Ltd., Watford, U.K.) and examined with a
scanning electron microscope (Royal Philips Electronics, Eind-
hoven, The Netherlands).

Statistics. Quantification of RSV infection by immunofluo-
rescence was performed with duplicate samples, and mean
values of one representative experiment were given in the
results. Cytometric fluorescence adherence experiments were
performed thrice. Each individual cytometric fluorescence ad-
herence experiment was measured 7-fold. The figures depict
means and standard errors of the three independent cytometric
fluorescence adherence tests. CFU-based adherence assays
were performed with duplicate samples and means of these
samples were depicted in the figures. The significance of
different values was calculated by t test. Differences with p
values �0.05 were considered significant

RESULTS

Detection of RSV-infected cells by immunofluorescence
(fluorescence-activated cell scanner). Figure 1 shows the per-
centages of RSV-positive cells of the infected HEp-2 and A549
monolayers, at d 3–5 post-RSV infection. As a result of
progressive RSV infection, CPE occurred. At d 4 post-RSV
infection, with logarithmic viral dilutions ranging from 3.0 to
3.4 (MOI ranging from 1.25 � 10�1 to 5.0 � 10�2), almost
80% of the HEp-2 and 55% of A549 cells were RSV-positive
whereas epithelial monolayers showed minimal microscopic

Figure 4. Adherence of live S. pneumoniae serotypes 9, 14, 18, 19, and 23 to
uninfected and RSV-infected HEp-2 cells as measured by the CFU assay. Open
bars: percentage of pneumococcal adherence to uninfected cells; filled bars:
percentage of maximal enhanced pneumococcal adherence to RSV-infected
cells. Error bars represent means and SD of duplicate samples.
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signs of CPE. Therefore, in adherence experiments described
below, 4-d-old RSV-infected monolayers were used.

Adherence of heat-killed pneumococci to RSV-infected
HEp-2 and A549 cells. Adherence of pneumococcal serotypes
3, 9, 14, 18, 19, and 23 was tested on RSV-infected monolayers
of HEp-2 and A549 cells with logarithmic viral doses ranging
from 3.0 to 5.0, correlating with viral MOI of 1.25 � 10�1 to
1.25 � 10�3. HEp-2 monolayers showed more extensive CPE
at relatively lower viral doses compared with A549 monolay-
ers. Adherence percentages were found to be dependent on
both RSV infection dose and the degree of CPE in the mono-
layers (Fig. 2). Figure 3 depicts the maximal enhanced pneu-
mococcal adherence due to RSV infection (with viral dilutions
ranging from 3.0 to 3.6) of all serotypes. Depending on the
pneumococcal serotype, adherence to A549 cells increased 3-
to 10-fold due to RSV infection, whereas for HEp-2 cells
adherence increased 2- to 5-fold.

Adherence of live pneumococci to RSV-infected HEp-2
cells. As a control for our findings with heat-killed pneumo-
cocci, we performed a CFU-based adherence assay with live
pneumococci. Monolayers were incubated with live, unlabeled
pneumococci. After trypsinizing the monolayers with attached
pneumococci, cell-bacteria mixtures were plated to count CFU
the next day. Adherence percentages of live bacteria (serotypes
9, 14, 18, 19, 23) were generally lower compared with adher-
ence percentages of heat-killed pneumococci tested in a cyto-
metric fluorescence assay. After RSV infection, however, all
serotypes showed strongly increased adherence to HEp-2
monolayers (Fig. 4).

Visualization of pneumococcal adherence by fluorescence
and scanning microscopy. Heat-killed FITC-labeled pneumo-
cocci could be seen attached to uninfected HEp-2 cells in a
randomly distributed pattern. In contrast, RSV-infected HEp-2
cells showed a more intense fluorescence pattern due to higher

Figure 5. (A) Light microscopy: monolayer of uninfected HEp-2 cells. (B) Light microscopy: monolayer of HEp-2 cells showing extensive CPE with syncytia
formation. (C) Fluorescence microscopy: background fluorescence of HEp-2 monolayer without pneumococci. (D) Fluorescence microscopy: FITC-labeled
heat-killed pneumococci adhering to an uninfected HEp-2 monolayer. (E) Fluorescence microscopy: pneumococcal adherence to an RSV-infected monolayer of
HEp-2 cells. (F) Fluorescence microscopy: syncytium with attached pneumococci. Magnification of all fluorescence micrographs: 400�.
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concentrations of adherent pneumococci. In addition, we ob-
served a dense accumulation of FITC-labeled pneumococci to
syncytia (Fig. 5).

By scanning electron microscopy, RSV-infected HEp-2
monolayers showed high numbers of heat-killed pneumococci
attached to individual epithelial cells. Again, dense accumula-
tions of pneumococci could be observed attached to syncytia
(Fig. 6).

DISCUSSION

Worldwide, S. pneumoniae and RSV are the most prevalent
pathogens causing upper and lower respiratory tract infection
in infants and young children (1, 2). In recent years, a number
of publications reported that both pathogens were associated
with each other, causing infections concurrently and synergis-
tically (7–10, 18).

Enhanced bacterial adherence to virus-infected epithelium is
considered an important first event leading to bacterial super-
infection (19–24). In the present study, we found that RSV
infection of human epithelial cells leads to increased adherence
of the most pathogenic pneumococcal serotypes in childhood.

Various in vitro and in vivo studies have focused on the
increased bacterial adherence after a preceding viral infection
(25, 26). Certain strains of S. pneumoniae were found to adhere
in greater numbers to A549 cells infected with adenovirus
compared with uninfected A549 cells (22). Furthermore, it was
found that RSV infection of epithelial cells may lead to en-
hanced adherence of Hemophilus influenzae, Neisseria menin-
gitidis, Bordetella pertussis, and Staphylococcus aureus (24,
27, 28).

Despite the clinical relevance, only a single study has ad-
dressed the adherence of S. pneumoniae to epithelial cells in

relation to RSV infection (29). The authors found that several
pneumococcal serotypes, causing respiratory infections and
meningitis, adhered better after RSV infection of trypsinized
HEp-2 cells in a fluid-phase assay by flow cytometry. In the
present study, a cytometric fluorescence assay was used to
study pneumococcal adherence to epithelial monolayers, cre-
ating a more physiologic condition. In addition, experiments
with A549 (pneumocyte type II) cells were included, as A549
cells are more representative for human epithelium of the lower
respiratory tract than HEp-2 cells.

We found that RSV infection enhanced pneumococcal ad-
herence to both cell types. This effect was most pronounced in
experiments with A549 cells. Although pneumococcal adher-
ence to uninfected A549 cells is less extensive than to HEp-2
cells, adherence to both cell types increased strongly upon
RSV infection. This phenomenon is probably clinically rele-
vant for pneumococcal respiratory-tract infections facilitated
by preceding RSV infections.

For the use in the cytometric fluorescence assay, heat-killed
pneumococci were used. With live pneumococci, however, we
similarly found a strongly enhanced adherence after RSV
infection of HEp-2 cells.

Compared with heat-killed bacteria, live pneumococci ap-
peared to adhere less well to epithelial cells. This difference
may be due to the fact that live pneumococci have a more
dense polysaccharide capsule, possibly impairing exposure of
adhesins.

There are several possible mechanisms by which increased
pneumococcal adherence to RSV-infected cells could be ex-
plained. Firstly, viral glycoproteins expressed on the infected
host cell may act as receptors for pneumococci. Secondly, RSV
infection may up-regulate molecules on the host-cell mem-

Figure 6. Scanning electron micrographs. (A) Control monolayer of uninfected HEp-2 cells (magnification 866�), without pneumococci. (B) Monolayer of
uninfected HEp-2 cells with attached heat-killed pneumococci (white arrows) (magnification 869�). (C) RSV-infected monolayer showing disruption of integrity
of monolayer and syncytia formation (magnification 716�). (D) RSV-infected monolayer of HEp-2 cells with adherent heat-killed pneumococci (magnification
811�).
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brane that may function as pneumococcal receptors. Another
possibility could be that the phenomenon described in the
present study is a result of a mixture of these mechanisms,
working additively or synergistically.

In the binding of meningococci to RSV-infected HEp-2
cells, both viral glycoprotein G and immunologic markers
CD14 and CD18 have been identified as bacterial receptors
(29, 30).

Wang et al. (31) have shown that RSV infection of A549
cells leads to increased expression of intercellular adhesion
molecule-1 (CD54), vascular adhesion molecule-1 (CD106)
and E-cadherin (CD117). Blockade with mono- and polyclonal
antibodies directed to CD14, CD18, CD54, CD106, and
CD117, however, did not inhibit enhanced pneumococcal ad-
herence in our assay.

In further, preliminary experiments, we have obtained evi-
dence that anti-RSV polyclonal antibodies blocked the en-
hancement of pneumococcal adherence due to RSV infection
(data not shown). This is in line with the idea that viral (glyco-)
proteins can mediate pneumococcal attachment to RSV-
infected epithelium. However, further study is needed to elu-
cidate the mechanism of the enhanced pneumococcal binding
to RSV-infected cells.

In conclusion, we have shown that pneumococcal adherence
to human respiratory cells is enhanced by a preceding RSV
infection. These findings are in accordance with the concept
that viral infections enhance bacterial adherence to the local
epithelium, thereby facilitating bacterial superinfection.
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