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ABSTRACT: Acute respiratory syncytial virus (RSV) bronchiolitis in children can
result in sequelae of recurrent wheezing and asthma and production of RSV-spe-
cific immunoglobulin E (IgE), but the pathogenesis of these sequelae is poorly
understood. Guinea-pigs experimentally inoculated with human RSV show histo-
logical evidence of acute bronchiolitis and chronic persistence of viral antigens and
genome in the lungs; whether this persistence is due to infectious replicating virus,
and whether infected animals develop RSV-specific immunoglobulin G1 (IgG1)
(the main class of antibody involved in guinea-pig allergic responses) is unknown.

Guinea-pigs were inoculated intranasally with human RSV or with uninfected
cell culture supernatant. At times ranging 1–60 days postinoculation, the viral titre
in the lung was determined by immunoplaque assay (a method combining viral
culture and immunocytochemistry). Serum titres of RSV-specific IgG1 antibodies
were determined by enzyme-linked immunosorbent assay. Bronchiolar inflamma-
tion was assessed on coded lung sections, by using a semiquantitative, histological
scoring system based on features of human acute bronchiolitis.

Infectious RSV was cultured from the lungs of infected animals on all study
days, with maximal viral replication observed on Day 3. RSV-specific IgG1 anti-
bodies were detected in all RSV-inoculated animals from Day 7 onward, with the
highest antibody titre measured on Day 28. RSV-inoculated guinea-pigs had max-
imal bronchiolar inflammation on Day 7, and had significantly increased poly-
morphonuclear cell infiltrates on Days 28 and 60.

Respiratory syncytial virus chronically persists as infectious virus in the guinea-
pig lung. Infected animals develop an anti-respiratory syncytial virus immunoglob-
ulin G1 antibody response, histological evidence of acute bronchiolitis, and chronic
airway inflammation. Persistent respiratory syncytial virus lung infection may be
important in the pathogenesis of postbronchiolitis wheezing and asthma in chil-
dren.
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Respiratory syncytial virus (RSV) is a major cause of
acute bronchiolitis in infants and young children [1, 2],
and is associated with significant morbidity and mor-
tality in seriously affected children [3]. Several epidemi-
ological studies have suggested that occurrence of RSV
bronchiolitis, during early life, constitutes an important
risk factor for the development of subsequent asthma
and allergy, probably in genetically predisposed chil-
dren [4–7]. In children with documented RSV infection,
increased titres of RSV-specific immunoglobulin E (IgE)
antibody have been demonstrated in nasal secretions dur-
ing and after RSV bronchiolitis [8, 9], and have recently
been demonstrated in the lower respiratory tracts dur-
ing acute bronchiolitis [10]. However, the mechanisms
by which RSV may be involved in the development of
postbronchiolitis asthma and allergy are poorly under-
stood.

Various animal models have been developed to inves-
tigate in vivo, in a time course manner, the histological,

physiological and immunological responses that occur
in the lung following RSV infection [11–13]. Most ani-
mal studies have focused on the acute or the convales-
cent phases of the disease, and only minor attention has,
so far, been paid to later stages, presumably because vir-
al replication and airway inflammation apparently re-
solve after 10–14 days [14, 15]. Acute bronchiolitis has
also been reproduced in guinea-pigs inoculated with
moderate doses of human RSV [16], with the subsequ-
ent finding that both RSV genome and proteins persist
in guinea-pig lung for at least 60 days postinfection [17].
However, the replication of RSV in the lung of this ani-
mal model is not yet documented, and it is still unclear
whether the virus may persist in the guinea-pig lung as
infectious virus or as residual portions of inactivated vir-
us. Although the guinea-pig is known to mount a virus-
specific humoral response after intranasal instillation of
human RSV [11], it is unknown whether guinea-pigs
produce RSV-specific immunoglobulin G1 (IgG1), the



functional equivalent to mouse IgE [18]. In addition,
the airway inflammation that develops in this animal
model has not been followed over the interval from the
inoculation procedure to 60 days postinoculation, long
after the resolution of acute bronchiolitis.

The present study was carried out to determine: 1)
whether human RSV replicates in the guinea-pig lung
during acute bronchiolitis; 2) whether RSV may persist
as infectious virus in the guinea-pig lung after acute
bronchiolitis; 3) whether this animal model can develop
an anti-RSV specific IgG1 antibody response following
RSV infection; and 4) whether RSV-inoculated animals
show a different time course of bronchiolar inflamma-
tion over 60 days, when compared to control animals
that undergo inoculation with uninfected cell culture
supernatant.

Materials and methods

Virus preparation

The Long strain of type A RSV was obtained from
American Type Culture Collection (ATCC) (Rockville,
MD, USA). The virus stock was prepared in HEp-2
(ATCC) cell monolayers grown at 37°C and 5% CO2 en-
riched atmosphere  in minimal essential medium (MEM)
(GibcoBRL, Life Technologies Inc., Grand Island, NY,
USA) supplemented with 2% heat-inactivated foetal bo-
vine serum (FBS) (HyClone Laboratories Inc., Logan,
UT, USA), 0.292 mg·ml-1 L-glutamine (GibcoBRL) and
50 µg·mL-1 gentamicin (GibcoBRL). When more than
75% of cells were involved in formation of syncytia,
the virus was harvested after disrupting the cells in the
same culture medium by shaking with 3 mm autoclaved
glass beads. The collected fluid was then centrifuged at
4°C for 10 min at 10,000×g to remove cell debris, and
the resulting cleared supernatant was kept frozen in ali-
quots at -70°C as stock virus inoculum. Sham inoculum
was prepared by the same procedure from uninfected
HEp-2 cell lysate. The virus titre in the inoculum was
determined by plaque assay on the same day as the inoc-
ulation of guinea-pigs.

Animals and inoculation procedure

A total of 52 female Cam Hartley guinea-pigs (Charles
River laboratories, Montréal, QC, Canada), each weigh-
ing 300–350 g, was used in this study. Animals were
acclimatized for 1 week before inoculation. Twenty eight
animals were inoculated intranasally with 30,000 plaque-
forming units (pfu) of RSV in a total volume of 200 µL,
and kept separated from uninfected animals in a differ-
ent room. Control animals consisted of 24 sham-inocu-
lated guinea-pigs. All the animals were inoculated under
light anaesthesia, performed via inhalation of 5% halo-
thane. Preliminary experiments using colloidal carbon in-
dicated that this inoculum size was sufficient to reach
the lower respiratory tract in this animal (fig. 1).

Study design

Animals were studied on Days 1, 3, 7, 14, 28 and 60
following the inoculation. There were four animals per
study day in the control group. In the RSV group, four

infected animals were studied on each of Days 1, 3, 7
and 14, and six infected animals on each of days 28 and
60. The numbers of animals studied at each time point
were chosen based on results of previous studies of
RSV-infected guinea-pigs [16], to allow discrimination
of virus-specific effects from nonspecific effects of the
inoculation procedure. On each of Days 28 and 60, six
RSV-infected animals were studied, based on previous
observations of persistence of viral proteins and genome
in the lungs of approximately 60–70% of infected ani-
mals [17].

Blood collection and serum preparation

At the designated time-points, guinea-pigs from each
group were sacrificed by intraperitoneal injection of pen-
tobarbital, and peripheral blood was collected by cardi-
ac puncture using a 10 mL syringe equipped with 15-G
needle. Animal sera were separated from clotted blood
at 4°C and kept frozen at -70°C until needed.

Determination of virus titre

After dissection under sterile conditions, the right lung
was weighed and kept frozen at -70°C in a 15 mL tube
containing 3 mL of MEM for viral culture. Replicating
virus was detected in the lung by using a combined im-
munocytochemistry and plaque assay method, as follows:
0.5 mL aliquots of serial 10 fold dilutions of cleared sup-
ernatants prepared from lung tissue homogenates were
incubated with monolayers of HEp-2 cells grown in six-
well culture plates. After 90 min of adsorption, the inocu-
lum was aspirated off and the cells overlaid with 3 mL
of 1% melted agarose-containing MEM supplemented
with 5% FBS. After solidification, the plates were in-
cubated for culture until syncytia developed. The cells
were then fixed for 2 h with 4% paraformaldehyde in
phosphate-buffered saline (PBS) and, after removing the
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Fig. 1.  –  Macroscopic appearance of guinea-pig lung after intranasal
inoculation with 200 µL of colloidal carbon. Note the distribution of
the liquid to large and small airways. Internal scale bar = 1 cm.



agarose overlay, the cells were washed three times for
5 min with 50 mM Tris-buffered saline (TBS), pH 7.6.
Syncytia were detected by immunocytochemical stain-
ing using a rabbit anti-RSV antibody (1:400) (Dako, Den-
mark) followed by biotin-conjugated goat anti-rabbit
immunoglobulins (Dako) diluted 1:500 in TBS and al-
kaline phosphatase-conjugated avidin/biotin complex
(Dako).

Detection of RSV-specific IgG1 antibodies

RSV-specific IgG1 antibodies were detected by en-
zyme-linked immunosorbent assay (ELISA), using a per-
oxidase-conjugated goat anti-guinea-pig IgG1 (Nordic
Immunological Laboratories, Capistrano Beach, CA,
USA). This antibody is specific to the Fc portion of the
IgG1 molecule, and does not cross-react with other com-
ponents of the immunoglobulin system or with other pro-
teins present in the serum of guinea-pig. RSV antigens
were prepared as described previously [19]. Polypropyl-
ene 96-well microtitre plates (Falcon) were precoated ov-
ernight at 4°C with RSV antigens (2 µg proteins·well-1) in
coating buffer (Sigma Chemicals, St. Louis, MO, USA),
and washed three times with PBS containing Tween-20
(PBST) (10 mM PBS, pH 7.4 + 0.05% Tween-20). After
washing, 100 µL of serially (twofold) diluted individual
guinea-pig sera were added to each well for 2 h of incu-
bation at room temperature, followed by three washes
with PBST, addition of 200 µL of peroxidase-conju-
gated goat anti-guinea-pig IgG1 (optimally diluted 1:2,000
in PBST) to each well and incubation for 2 h at room
temperature. After three washes, 200 µL of o-phenylene-
diamine dihydrochloride peroxidase substrate (Sigma)
was added to each well for 30 min and the reaction was
terminated by addition of 50 µL 3 M H2SO4. 

The optical density (OD) was determined at 492 nm
in an ELISA microtitre plate reader (Titertek Multiskan
Plus MK2). Titres were determined as the greatest serum
dilution to produce an optical density at least 0.1 OD
units higher than control values. Controls consisted of
wells precoated with uninfected HEp-2 cell proteins pre-
pared following the same procedure as used for RSV
antigens. The endpoint of 0.1 OD units above control
values was predetermined by point titration as the least
amount of guinea-pig IgG1 that can be detected by the
method using the same optimal dilution of anti-guinea-
pig IgG1. This cut-off level was also selected based on
a lower limit of 1.5–2 times background values.

Histological assessment

For each animal, the left lung was inflated with 5 mL
of ornithine carbamyl transferase (OCT) (50% in PBS)
and cut in the sagittal plane into 3–5 mm thick, paral-
lel slices. The lung tissue slices were then fixed at 4°C
for 24 h with 4% paraformaldehyde in PBS, washed in
PBS and processed into paraffin. Histological exami-
nation was performed on 5 µm thick lung tissue secti-
ons stained with haematoxylin and eosin (H&E), coded
such that neither the RSV status (i.e. infected or con-
trol) nor the study day for a given slide was known to
the microscopist.

Histopathological changes in the airways of all RSV-
inoculated and control guinea-pigs in this study were

evaluated under light microscope by using a previous-
ly published, semiquantitative histological scoring method
based on the features of human acute bronchiolitis, with
minor modifications [16]. Briefly, 10 noncartilaginous,
muscular airways per animal lung were evaluated for
bronchiolar epithelial necrosis, mononuclear cell infil-
trates and polymorphonuclear (PMN) cell infiltrates, by
comparison to a panel of standardized photomicrographs.
The observed score for each parameter was determined
as the sum of individual airway scores (0 for normal, 2
for moderate-to-severe changes), such that the maximum
score for each parameter was 20 per animal. Previous
observations in this animal model have established that
scoring these histological features permits distinction of
viral effects on bronchiolar inflammation from nonspe-
cific background [16].

Statistical analysis

Data are presented as mean±SD. For analysis of viral
titres, data were log-transformed and analysed using a
one-way analysis of variance (ANOVA). Histological
scores between the RSV-inoculated and control groups
over the 60 days of the study were analysed using a
two-way ANOVA. A sequential rejective Bonferroni
procedure was used to correct for multiple comparisons
[20]. A p-value of <0.05 was considered significant.

Results

No apparent clinical symptoms were observed in guinea-
pigs following infection with RSV, and no significant
change in body weight gain was noted in comparison
to the control group during the study period (fig. 2). In-
fectious RSV was isolated from the lung of all infect-
ed guinea-pigs, with the exception of one animal at Day
60. Figure 3 shows a representative syncytium of HEp-
2 cells, as detected by immunostaining with a polyclo-
nal anti-RSV antibody, after culture with lung tissue
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Fig. 2.  –  Body weight gain during the study period, calculated, as
percentage of initial body weight, as follows: (final weight - initial
weight) × 100/initial weight. Values are presented as mean±SD. No
statistically significant differences were observed between the two
groups.          : sham;          : respiratory syncytial virus.



all infected guinea-pigs developed this antibody. The
mean±SD reciprocal titre of this serum antibody was sig-
nificantly increased at Day 14 (p<0.05), and reached a
peak level (1,000±490) at Day 28, before declining on
Day 60 to levels comparable to those observed 7 days
after infection.

Figure 6 shows representative photomicrographs of
lung sections from RSV-infected guinea-pigs, 7 days
post-inoculation, that demonstrate histological evidence
of acute bronchiolitis. Figure 7 shows the results of his-
tological scoring for bronchiolar inflammation in RSV-
inoculated and control guinea-pigs over 60 days. In
comparison to control animals, the RSV group had sig-
nificantly higher mean scores for bronchiolar epithelial

homogenates from RSV-infected guinea-pigs. As shown
in figure 4, the mean±SD titre of intrapulmonary repli-
cating RSV was significantly increased from 577±267
pfu·g-1 lung at Day 1, to a peak value of 3,936±2,154
pfu·g-1 at Day 3 (p<0.005). The viral titre gradually de-
creased, thereafter, to low levels of replication (18±17
pfu·g-1 at Day 28), which were maintained up to 60 days
postinfection (15±17 pfu·g-1). No virus was detected in the
lungs of control guinea-pigs at any time during the study.

Figure 5 illustrates the reciprocal titres of anti-RSV
IgG1 antibodies as detected by ELISA in the serum of
infected guinea-pigs. No RSV-specific IgG1 antibodies
were detected in the sera from control guinea-pigs. Anti-
RSV IgG1 antibodies were first detected on Day 7, and
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Fig. 3.  –  Typical appearance of res-
piratory synctial virus (RSV)-positive
synctium of HEp-2 cells, as detected by
immunohistocytochemistry, after 4–5
days of culture following addition of
lung homogenates from RSV-infected
guinea-pigs (Day 3). (Internal scale bar
= 50 µm).
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Fig. 4.  –  Titres of intrapulmonary replicating respiratory syncytial
virus (RSV) recovered from guinea-pig lungs at various time-points
following inoculation with RSV (❍: individual data; ●: mean±SD).
RSV was not isolated by culture in one animal on Day 60. The virus
was not detected in the lungs of sham-inoculated guinea-pigs at any
time of the study. pfu: plaque-forming units.
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Fig. 5.  –  Titres of circulating respiratory syncytial virus (RSV)-spe-
cific IgG1 antibody (❍: individual data; ●: mean±SD), as detected by
ELISA in the sera from guinea-pigs at various time-points following
inoculation with RSV. Anti-RSV IgG1 antibody was not detected in
the sera from sham-inoculated guinea-pigs. ELISA: enzyme-linked
immunosorbent assay; IgG1: immunoglobulin G1.



necrosis (fig. 7a) and mononuclear cell infiltrates (fig.
7b) during acute infection on day 7 (p<0.001). In addi-
tion, the RSV group had significantly higher mean scores
for bronchiolar PMN infiltrates (fig. 7c) during acute
infection on Days 3 and 7, and during persistent infec-
tion on Days 28 and 60 (p<0.009).

Within the RSV-inoculated group, analysis of histo-
logical scoring over 60 days revealed significantly high-
er mean scores for bronchiolar epithelial necrosis during
acute lytic infection on Days 3 and 7, when compared
to the other study days (p<0.002). In addition, the mean
score for mononuclear cell infiltrates was significantly
higher on Day 7, in comparison to the other study days
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Fig. 6.  –  Photomicrographs of respiratory syncytial virus (RSV)-infected guinea-pig lung at Day 7 postinoculation. a) Membranous bronchiole
with extensive peribronchiolar inflammatory infiltrates consisting of an admixture of mononuclear and polymorphonuclear leucocytes. b) Necrotic
epithelial cells, and inflammatory cells with the airway lumen. Haematoxylin staining; internal scale bar = 50 µm.

a)

b)

(p<0.001). Bronchiolar PMN infiltrates showed a bipha-
sic pattern, with significant increases during acute infec-
tion that peaked on Day 7 (p<0.004 in comparison to
the other study days), followed by a significant decrease
to control levels during convalescence on Day 14 (p<
0.0002 compared to Day 7), and a subsequent increase
that was sustained during persistent infection on Days
28 and 60 (p<0.003 compared to Day 14). Within the
control group, there were no significant differences in
the mean scores for epithelial necrosis and mononuclear
cell infiltrates over 60 days; however, a transient, sig-
nificant increase in PMN infiltrates (p<0.02) was observed
on Day 1 after sham inoculation.



Discussion

The present study clearly demonstrates that human
RSV productively replicates in the guinea-pig lung dur-
ing acute infection, and can persist as replicating, infec-
tious virus for at least 60 days following experimental,
intranasal inoculation of anaesthetized, juvenile guinea-
pigs. This study also demonstrates that experimental
RSV infection results in the production of RSV-specific
IgG1 antibody, production of bronchiolar inflammation
that resembles human acute bronchiolitis, and sequelae
of chronic airway inflammation characterized by increa-
sed bronchiolar PMN infiltrates.

In this study, the use of immunocytochemistry to ascer-
tain the nature of syncytia produced by RSV provided
more sensitivity and specificity for viral quantification,
particularly for the detection of small syncytia that could
be masked by overgrowth of HEp-2 cells and may not be
visualized by conventional detection procedures. It must
be noted that the amounts of intrapulmonary, replicating
virus reported in this study might be underestimated,
since the tissue homogenization procedure may not allow
for complete release of intracellularly-associated virus.

Persistent viral infection of the lung has previously
been documented in cotton rats treated with immunosup-
pressive therapy [14], and may also occur in naturally or
medically-immunocompromised patients [21], in whom
suppression of the inflammatory responses impairs the
clearance of virus. However, to our knowledge, this is
the first report to describe persistence of intrapulmonary,
replicating RSV in an immunocompetent animal model.
Thus, the persisting RSV antigen and genome previ-
ously shown in guinea-pig after the resolution of acute
bronchiolitis [17], corresponds to infectious virus.

There is abundant evidence that acute viral infections
can stimulate increases in airway responsiveness in as-
thmatic patients and in normal subjects, that are related
to effects of viral-induced lysis of respiratory epithelial
cells and airway inflammation (reviewed in [22]). How-
ever a recent study, investigating the effect of RSV on
histamine-induced bronchial reactivity in guinea-pigs,

demonstrated that airway hyperresponsiveness can per-
sist for at least 6 weeks following infection with human
RSV [23]. Accordingly, the persistent, infectious RSV
particles demonstrated in this study may represent a po-
tential reservoir of pathogenic antigens, which may stim-
ulate persistent airway hyperresponsiveness. Our find-
ings that RSV-inoculated guinea-pigs had significantly
increaed bronchiolar PMN infiltrates, during persistent
infection on Days 28 and 60, suggest that chronic airway
inflammation may be involved in the pathogenesis of per-
sistent airway hyperresponsiveness after acute bronch-
iolitis. Further studies are required to test this intriguing
possibility.

The results of histological scoring extend our previ-
ous observations in this model [16, 17] in several aspects.
Firstly, the scoring system can be used to distinguish
effects of RSV on bronchiolar inflammation before the
peak of acute bronchiolitis on Day 7. Secondly, the
results of histological scoring show differences in the
time course of bronchiolar mononuclear and PMN cell
infiltrates over 60 days. Increases in mononuclear infil-
trates were observed only during acute bronchiolitis,
consistent with previous reports [11–13]. In contrast,
bronchiolar PMN infiltrates showed a biphasic pattern,
in which significant increases were observed in the RSV-
inoculated group during acute bronchiolitis and sub-
sequently during persistent infection. These findings
demonstrate the importance of extending studies of RSV
infection of experimental animals beyond the convales-
cent phase (10–14 days postinoculation), and further stud-
ies are required to elucidate the mechanisms of the second,
prolonged increase in bronchiolar PMN infiltrates that
we observed in virus-infected guinea-pigs. Finally, the
results of histological scoring reveal that sham inocula-
tion produces a transient increase in bronchiolar PMN
infiltrates, with resolution by Day 3. These results indi-
cate that the differences in histological scores observed
between RSV-infected and control guinea-pigs, from Day
3 onward, are attributable to effects of the virus.

Of particular interest in our study was the demon-
stration of elevated anti-RSV IgG1 antibody titres in the
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Fig. 7.  –  Histological score for: a) bronchiolar epithelial necrosis; b) mononuclear cell infiltrates; and c) polymorphonuclear  infiltrates, for res-
piratory syncytial virus (RSV)-inoculated (●) and control guinea-pigs (▲) over 60 days. Larger open symbols with bars represent mean±SD. a) †:
p<0.002, for RSV-inoculated animals vs other days; *: p<0.001, for RSV-inoculated animals, vs control animals; #: p<0.001 for RSV-inoculat-
ed animals, vs other days;  ‡: p<0.02, for control animals, vs other days; +: p<0.009, for RSV-inoculated vs control animals; $: p<0.003, for RSV-
inoculated animals vs other days.
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sera of RSV-infected guinea-pigs. It is well-recognized
that guinea-pig IgG1 plays a predominant role in the
allergic responses to aerosolized antigens, which result
in the release of histamine and inflammatory media- tors,
such as leukotrienes [18, 24]. Human studies have pro-
vided evidence that elevated levels of RSV-specific IgE
and histamine can be detected in nasopharyngeal secre-
tions from children with acute RSV bronchiolitis [8, 9].
Other studies have also demonstrated RSV-specific IgE
and tryptase in bronchial lavage recovered from young
children with acute bronchiolitis [10], and leukotrienes
have been measured in the respiratory tract of children
with RSV infection [25]. Thus, the present finding of an
RSV-specific IgG1 antibody response in the guinea-pig
model of acute bronchiolitis adds support  to the notion
that RSV itself might act as an allergen and, through an
interaction with specific IgE and mast cells or basophils,
stimulate the release of histamine and mediators impli-
cated in the pathogenesis of airway hyperresponsiveness.

In summary, the results of this study suggest that the
chronic persistence of infectious respiratory syncytial
virus in the lung, with the development of respiratory
syncytial virus-specific immunoglobulin E responses and
chronic airway inflammation, may be important factors
in the pathogenesis of postbronchiolitis wheezing and
asthma in children. Based on the present observations,
studies are now required to determine whether respira-
tory syncytial virus can cause persistent lung infection in
immunocompetent children.
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