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In this study we performed comparisons of pulmonary
responses between two different respiratory syncytial
virus (RSV) antigenic subgroup A strains, A2 and Line
19. Line 19 strain induced significant dose-responsive
airway hyperreactivity (AHR) in BALB/c mice at days 6
and 9 after infection, whereas the A2 strain induced no
AHR at any dose. Histological examination indicated
that A2 induced no goblet cell hyper/metaplasia,
whereas the Line 19 induced goblet cell expansion and
significant increases in gob5 and MUC5AC mRNA and
protein levels in vivo. When examining cytokine re-
sponses, A2 strain induced significant interleukin
(IL)-10 expression, whereas Line 19 strain induced sig-
nificant IL-13 expression. When IL-13~/~ mice were in-
fected with Line 19 RSV, the AHR responses were abro-
gated along with gob5 gene expression. There was little
difference in viral titer throughout the infection be-
tween the line 19- and A2-infected mice. However, the
A2 strain grew to significantly higher titers than the
Line 19 strain in HEp-2 cells in vitro. Thus, RSV Line
19-induced airway dysfunction does not correlate with
viral load in vivo. These data demonstrate that different
RSV strains of the same antigenic subgroup can elicit
differential immune responses that impact the pheno-
typic expression of RSV-induced illness. (4m J Pathol
2006, 169:977-986; DOI: 10.2353/ajpath.2006.051055)

The initiation of respiratory syncytial virus (RSV)-medi-
ated pathophysiological changes in the lungs of infants is
likely a complex response that depends on both virus

and host factors.’™® Numerous laboratories have initiated
studies of RSV infection in animals to outline the re-
sponses in the lung during primary and secondary re-
sponses to the virus, as well as long-term consequences
of the RSV-induced response. Evidence suggests that
the ability of mice to effectively respond to RSV infection
is dependent on the strain of mice used, the quality of the
CD8™ T-cell cytotoxic responses, as well as the level of
specific cytokines produced within the lungs of mice.®”
Thus, several variables contribute to the ability of the host
to quickly and effectively clear the infectious virus and
therefore minimize the progression of disease.

The yearly epidemic between November and April can
overwhelm hospital emergency rooms and in-patient ser-
vices.8~1° However, the severity of disease can fluctuate
significantly from year to year. Although the reason for the
year-to-year fluctuation in severity is not clear, it is pos-
sible that RSV genomic diversity contributes to fluctua-
tions in disease severity. We decided to examine the
phenotypic response to two different RSV strains to de-
termine whether strain differences could impact illness.
One of the two isolates used is available from the Amer-
ican Type Culture Collection (Manassas, VA) and has
been maintained at Vanderbilt University (A2).""'° The
A2 strain has been used for a number of important stud-
ies including both in vitro and in vivo modeling of disease
responses and establishing important vaccine parame-
ters. An antigenic subgroup A isolate of RSV was derived
from a clinically sick infant at the University of Michigan
and originally identified as Line 19."° Line 19 has been
used to establish an animal model of severe RSV-in-
duced disease with significant airway hyperreactivity
(AHR) and mucus overproduction.””'® In the present
studies we have examined the differences in responses
during a primary mouse infection with these two viruses in
side-by-side studies to outline the phenotypic parame-
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ters. These data demonstrate that different subgroup A
strains of RSV induce considerably different disease
characteristics. RSV strain differences may be an impor-
tant component of RSV disease severity observed in the
clinic.

Materials and Methods
Mice

BALB/c J mice (6 weeks of age) were purchased from the
Jackson Laboratories (Bar Harbor, ME). These mice were
maintained in specific pathogen-free facilities. The inter-
leukin (IL)-137/~ mice on a BALB/c background were
originally graciously provided by Dr. Andrew McKenzie
(Medical Research Council, Cambridge, UK) and main-
tained at the University of Michigan. Guidelines were
followed for the care and use of animals as indicated by
our animal review board.

RSV Propagation and Titer Determination

The A2 strain of RSV was originally provided by Dr.
Robert Chanock, National Institutes of Health, Rock-
ville, MD. Master stocks and working stocks of RSV
were prepared as previously described.' Line 19
RSV'® was propagated in HEp-2 cells (American Type
Culture Collection) and was titered using Vero76 cells
(American Type Culture Collection), as previously de-
scribed.?° The viral titer for each virus was determined
by RSV-specific antibodies to visualize the plaques in
infected cultures and enumerate positive plaques in
serially diluted Vero cell cultures. The titer for each
virus was determined within a month of performing the
studies, and the virus stocks were stored in liquid
nitrogen until use.

Animal Infections and Treatments

Mice were anesthetized and infected with human RSV A2
or Line 19 at the indicated dose.'”?"22 The animals were
then examined at various time points after challenge for
AHR, cytokine expression, and levels of virus growth.

Real-Time Polymerase Chain Reaction (PCR)

Quantitative analysis of whole lung mRNA was performed
using 0.5 pg of RNA reverse-transcribed in a total volume
of 20 ul, as previously described.” Subsequently, 1 ul of
cDNA was then used to assess cytokine and chemokine
production using predeveloped reagents that were pur-
chased from Applied Biosystems (Foster City, CA). The
primers and probes used for the detection of mRNA
expression were determined using predeveloped primer/
probe sets (PE Biosystems, Foster City, CA) for cytokine
analysis. A predeveloped primer/probe set for murine
GAPDH (PE Biosystems) was used as an internal control
for quantification of the total amount of cDNA used in the
reaction. Results were normalized to GAPDH expression

and presented as fold increase in mRNA expression
compared to the level detected at day 0 using the com-
parative C+ method (AAC+) methodology as outlined by
Applied Biosystems (http.//www.appliedbiosystems.com/
support/tutorials/pdf/performing_rq_gene_exp_rtpcr.pdf).
As outlined by the literature, this technique provides a
standardized methodology that is quantitative based on a
standard housekeeping gene expression for sample
comparisons.

Measurement of AHR

AHR was measured using a mouse plethysmograph us-
ing ventilation of anesthetized mice that is specifically
designed for the low tidal volumes (Buxco, Troy, NY) as
previously described.?'~22 Briefly, the mouse to be tested
was anesthetized with sodium pentobarbital and intu-
bated via cannulation of the trachea with an 18-gauge
metal tube. The mouse was subsequently ventilated with
a Harvard pump ventilator (tidal volume, 0.4 ml; fre-
quency, 120 breaths/minute; positive end-expiratory
pressure, 2.5 to 3.0 cm H,O; Harvard Apparatus, Hollis-
ton, MA). The plethysmograph was sealed and readings
monitored by computer. The Buxco software calculates
resistance by dividing the change in pressure (Ptp) by
the change in flow (F) (Ptp/F; units = cm H,O/ml/second).
After determining a dose-response curve (0.001 to 0.5
mg), an optimal dose was chosen: 0.2 mg of methacho-
line. This dose was used throughout the rest of the ex-
periments in this study. After the methacholine challenge,
the response was monitored and the peak airway resis-
tance recorded as a measure of AHR.

Histological Analysis

Lung tissue was preserved with 4% paraformaldehyde at
various time points after challenge. The fixed lungs were
embedded in paraffin and multiple 50-um sections were
differentially stained either with hematoxylin or eosin
(H&E) or with periodic acid-Schiff (PAS) stain for mucus
expression. MUC5AC (graciously provided by S.B.H.)
and gobb protein expression was evaluated using immu-
nohistochemistry with specific antibodies as previously
described.’®

Virus Growth in Vitro

Eighty percent confluent HEp-2 cells grown in 10% Ea-
gle’s minimal essential medium (EMEM) in six-well dishes
were inoculated in triplicate with line 19 or A2 at a multi-
plicity of infection of 0.5 in a volume of 350 ul. The virus
was allowed to adsorb for 1 hour at room temperature on
a rocking platform. The inocula were removed, and the
cells were washed three times with 2 ml of 10% EMEM
before addition of 3 ml of fresh 10% EMEM. The cells
were incubated at 37°C in 5% CO,. At the indicated
times, 200-ul aliquots of supernatant were taken and
replaced with an equal volume of fresh 10% EMEM.
Aliquots were centrifuged 2000 rpm for 5 minutes to
remove debris, frozen in a dry ice/ethanol bath, and



stored at —80°C. All samples were titrated at the same
time. Each sample was titrated in triplicate by standard
plaque assay on HEp-2 cells.

Quantitation of Virus in Lung Tissue

Left lungs were aseptically removed, and infectious RSV
was titrated by plaque assay on HEp-2 cells as described
above, with the following modification. Lungs were indi-
vidually ground with precooled mortar and pestle and
sterile ground glass. Glass and tissue debris were re-
moved from lung homogenates by centrifugation (15 min-
utes, 2000 rpm). Supernatants were immediately as-
sayed in triplicate.

Statistics

Statistical significance was determined by analysis of
variance with a Student Neuman-Keuhl posttest. Values
of P < 0.05 were considered significant.

Results

Infection with Two Isolates of RSV Exhibits
Differences in Pathophysiological Responses

Previous studies with mouse models of RSV have identi-
fied divergent responses in AHR, mucus, and immune
cytokine expression. In the present studies we have in-
vestigated two RSV strains that have, in the past, dem-
onstrated substantial differences in responses in mice.
The A2 strain and the Line 19 strain of virus were grown
in HEp-2 cell lines, and infectivity was titrated by plaque
assays using immunodetection of RSV-specific plaque
formation (see Materials and Methods). The virus strains
were adjusted to similar titers (2 x 10° PFU/ml) before
use. To assess differences in the responses of these two
strains of RSV, we infected mice by intratracheal admin-
istration using 1 X 10° PFU. After 6 or 9 days after
infection the infected animals were anesthetized and as-
sessed for development of AHR using methacholine-in-
duced airway constriction. As depicted in Figure 1, the
Line 19 strain induced significant AHR at both 6 and 9
days after infection, whereas the A2 strain did not induce
AHR. Thus, these different isolates of RSV induced diver-
gent responses that alter the severity and course of pul-
monary disease. To further analyze these responses, we
examined a dose-dependent infection because one dif-
ference in many studies is the dose of virus that is used
to infect mice. These animals were analyzed at day 9 of
infection. Assessing the induction of AHR in a dose-
dependent manner, we found that there was a significant
increase in AHR induction dependent on dose of the Line
19 virus (Figure 2). Even at the lowest dose examined,
1 X 10* PFU, the Line 19 strain induced significant in-
creases in AHR at day 9 after infection. In contrast, ex-
amining AHR in the A2 virus at similar titers gave no
significant increase in AHR. We have examined higher
doses of A2 given into the airway and have found no
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Figure 1. Differential induction of AHR in Line A2 and 19 A strain viruses.
Six-week-old BALB/c mice were infected with 1 X 10> PFU of a specific RSV
strain of virus and assessed for AHR at days 6 or 9 of infection by box
plethysmography in anesthetized, ventilated animals. Peak airway resistance
was recorded after an intravenous tail vein administration of methacholine
(250 ug/kg). Data represent mean * SE from five to six mice per group.
*P < 0.05.

significant increase in AHR at 107 PFU infection dose
(data not shown).

Possibly one of the most devastating aspects of severe
RSV infection in infants is the overproduction of mucus.
When comparing these two strains of virus, the A2 strain
induced no histologically detectable goblet cell expan-
sion and no PAS staining, whereas the Line 19 strain
induced significant goblet cell hyper/metaplasia as indi-
cated by the strong PAS staining in the airways of the
Line 19-infected mice (Figure 3). Furthermore, immuno-
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Figure 2. Development of AHR on day 9 after infection is dose-dependent in
Line 19 but not A2 RSV. To verify that the effect observed in Figure 1 was not
dose-specific, increasing doses of virus were administered to 6-week-old
BALB/c mice and AHR was examined at 9 days after challenge with intrave-
nous methacholine administration. Lower doses of neither Line 19 nor A2
elicited significant increases in AHR (data not shown). Data represent
mean * SE from five to six mice per group. *P < 0.05.
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Figure 4. Dose-dependent increases in mucus-associated genes, MUC5AC

and gob5, in animals infected by Line 19 but not by A2. Animals from a
separate RSV dose study were assessed for pulmonary levels of MUC5AC and
gob5 at 6 days after infection with the two A strain viruses using quantitative
PCR analysis. The data represent the mean * SE from five to six mice per
group. *P < 0.05.

histochemistry for two proteins that have been closely
associated with mucus overproduction in the airway,
gob5 and MUCB5AC, indicated similar differences as the
PAS staining. Specifically, the immunohistochemical
staining pattern for these two proteins clearly stained the
airways of mice infected with Line 19 but not those in-
fected with A2 strain RSV (Figure 3). The examination of
the inflammatory response indicates no difference in the
type of inflammation in the histological sections because
both strains induced a primarily lymphocytic infiltration
(Figure 3). To further assess and quantitate the mucus-
associated differences, pulmonary mRNA was assessed
for MUC5AC and gob5 (Figure 4). The data indicates that
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although the Line 19 strain induced significant increases
in MUCS5AC at higher concentrations on 9 days after
infection, the A2 strain significantly decreased the ex-
pression of MUC5AC compared to naive animals, directly
correlating with the presence of goblet cells in the air-
ways stained by PAS and by the specific antibodies. The
gob5 mRNA levels were increased in a dose-dependent
manner only by Line 19. Thus, these two virus strains
demonstrate significant differences in pathophysiological
responses in airways of BALB/c/J mice.

The Differential Induction of
Cytokines/Chemokines

The cytokine environment in the lung during a viral
infection likely dictates the severity of the pathophysi-
ology. A number of cytokines have previously been
outlined to be important in both the clearance of the
virus as well as induction of AHR and mucus. To de-
termine whether there were any differences in specific
cytokine expression, lung mRNA was isolated and the
expression patterns of specific cytokines determined
in infections of each of the viruses (Figure 5). The
associated production of IL-10 with the A2 virus, but
not Line 19 virus, specifically related to the differential
pathophysiological responses observed (Figure 5A).
IL-13 has been closely associated with mucus overpro-
duction. When we examined the expression of /L-13
mRNA in the two viral infections, we found that al-
though the Line 19 strain induced significant increases
in IL-13, the A2 strain did not increase the IL-13 ex-
pression (Figure 5B). Interestingly, when interferon-vy
expression was assessed there was no difference in
the level of expression between the A2 and Line 19 A
strain viruses (data not shown). In addition to immune
cytokines examined above, chemokine levels have
also been correlated with severe disease. When com-
parisons were made between the two isolates of RSV
for the expression of CCL5 (RANTES) mRNA, a similar
profile could be observed. The data in Figure 5C illus-
trates that CCL5 is similarly up-regulated by the two
viruses. Thus, no clear difference could be observed
with these viruses in CCL5 expression.

Attenuation of Line 19 Pathogenesis in IL-137"~
Mice

To better define whether IL-13 played a significant role in
the development of the airway pathogenesis associated
with Line 19 RSV infection, we infected mice deficient in
IL-13. The IL-137/~ mice on a BALB/c background did not
respond to Line 19 infection with AHR (Figure 6A) as com-
pared to wild-type animals. As indicated in multiple publi-

Figure 3. PAS staining of histological sections demonstrate goblet cell development in BALB/c mice infected with Line 19 but not with A2. Lungs from experiments
in Figure 1 were processed for histology and stained with PAS reagent to identify the mucus-positive cell populations in the lungs of infected mice. No staining
was found in uninfected mice. Photomicrographs are representative of all of the animals in the group, demonstrating significant mucus cell staining at 9 days after
RSV challenge. Using specific antibodies against MUC5AC and gob5 proteins, lung sections were specifically stained by immunohistochemistry and representative
staining is shown for Line 19 and A2. The H&E staining of histological sections demonstrated that both Line 19 and A2 viruses induced significant and similar

inflammation within the lungs of the mice.
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Figure 5. Differential regulation of cytokines in two RSV A strain lines.
Isolated pulmonary mRNA from lungs of 6-day infected mice was assessed
for cytokine expression levels using specific primers and probes for quanti-
tative PCR analyses. The dose-dependent increase of /Z-10 in A2 (A) and
increase of IZ-13 in Line 19 (B) correlated with the differences observed in
AHR and mucus overexpression. C: No difference in expression of CCL5
(RANTES) was observed in the studies. Data represent mean * SE from five
to six mice per group. *P < 0.05.
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Figure 6. Attenuation of Line 19-induced AHR (A) and gob5 expression (B)
in IL-137/7 mice. Wild-type and IL-137/~ BALB/c mice were infected with
1 X 10° PFU of Line 19 RSV into the airway. A: After various time points the
animals were examined for development of AHR using box plethysmography
in anesthetized animals. Peak airway resistance was recorded after an intra-
venous tail vein administration of methacholine (250 pg/kg). B: After 10 or
12 days of infection, mRNA was isolated from lungs of infected animals, and
gob5 gene expression was assessed using qPCR and the fold increase calcu-
lated in comparison to pulmonary gob5 mRNA from uninfected animals. Data
represent mean = SE from five to six mice per group. *P < 0.05.

cations, IL-13 is also often associated with development of
mucus overproduction and increased gene expression. In
these studies we compared the up-regulation of gob5 gene
expression and found that the IL-137/~ animals demon-
strated significantly lower expression than the wild-type
BALB/c mice infected with Line 19 (Figure 6B). Together,
these data demonstrate that one of the major pathogenic
mediators induced by Line 19 was IL-13.

Differential Viral Replication in Vivo and in Vitro

One of the considerations of the different RSV strains that
needed to be examined was whether A2 and Line 19
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Figure 7. Differential growth of A2 and Line 19 strains of RSV. A: Mice
infected with increasing doses of Line 19 or A2 were assessed for pulmonary
viral titers at various days after infection in mice given either Line 19 or A2 A
strain RSV infection (1 X 10). Data represent mean = SE from three mice per
group. B: In vitro growth of the two strains of virus demonstrated a signifi-
cant difference (P < 0.05) in growth as assessed by viral plaque assays in
HEp-2 cells. *P < 0.05.

differ in viral growth characteristics. The examination of
growth kinetics of the two strains of RSV was examined
using in vivo and in vitro assays. Plaque assays were
performed to assess viral titers in infected mice. Although
the viruses demonstrated similar growth curves, levels of
infectious A2 were higher than Line 19 in the lung at 4 and
6 days after infection (Figure 7A). By day 9 of infection
there were no detectable viral titers in either strain (data
not shown). We also compared A2 and Line 19 growth
kinetics in vitro by generating growth curves of infectious
yield from HEp-2 cells infected and an multiplicity of
infection of 0.5. These studies demonstrated that the A2
strain replicates to significantly higher titers in HEp-2
cells than Line 19 (Figure 7B). This was not surprising
because titers of viral stocks of Line 19 are generally
lower than titers of A2 stocks (data not shown). Because
Line 19 grew to lower titers in the lungs of mice than A2,
the increased AHR and mucus production associated
with Line 19 infection does not correlate with higher viral
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load. Thus, virus load does not appear to be a significant
factor in the physiological differences observed between
these two RSV strains in vivo.

Discussion

The ability to conduct mechanistic studies in animal mod-
els of disease is paramount for understanding the pro-
gression of complex disease phenotypes. In the present
studies the comparison of two RSV antigenic subgroup A
strains, A2 and Line 19, has been examined. The clinical
manifestations of illness during RSV infections are di-
verse and can depend on the host responses but may
also depend on the specific RSV strain present. In the
most severe cases of disease in infants the manifestation
of iliness can be severe airway reactivity, mucus overex-
pression, and a broad profile of leukocyte infiltration in-
cluding neutrophils, lymphocytes, and eosinophils.?* Us-
ing animal models, many of these same effects have
been observed at differing levels. Interestingly, using the
most commonly available strain of RSV available to re-
searchers, A2, the recapitulation of these parameters in
primary mouse infection models has been centered on
lymphocyte-associated inflammation and airway dam-
age, along with weight loss.'?5728 |n other studies that
have used other clinical isolates a number of other pa-
rameters have been reported, including AHR, mucus
overexpression, and Th2-type cytokine produc-
tion,18:20:23.29.30 Together, these data begin to question
whether the differences in the responses are centered on
laboratory methodology or more likely differences in RSV
isolates that are used by the different researchers. This
latter issue has been previously addressed by clinical
studies,®'3* but little has been done to examine a mech-
anistic reason why different RSV isolates might display
varying clinical attributes. More central to the focus of
these studies may be whether specific clinical attributes
can be modeled using one virus strain or another.

The present studies have used consistent endpoint
methodology to examine the viral responses in side-by-
side studies to examine the overall responses of two
different RSV A strain isolates. The A2 strain has had a
long history in modeling responses both in vitro and in
vivo, whereas the Line 19 strain has not been examined
as extensively. There are clearly differences in physiolog-
ical responses generated with the two strains. The AHR
and mucus production were the most obvious. The fact
that these two responses were altered corresponded
primarily with differences in the ability to induce IL-10 and
IL-13 during the viral infection and not in the level of virus
present in the lungs. The A2 strain has been shown either
not to express IL-13 and mucus or to down-regulate
those responses’''® while generating significant levels
of IL-10 and interferon-v.373” Previous studies have ex-
amined the consequences of IL-10 depletion in knockout
animals and in animals overexpressing IL-10 but not
neutralization during infection in a normal animal during
primary infection.®®3° The overexpression of IL-13 in
lungs of mice has been clearly linked to pathophysiolog-
ical changes in not only allergic responses but in several
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other instances, including RSV infection.?®4°=42 |n the
present studies we also demonstrated the relevance of
IL-13 in the development of pathophysiology using IL-
137/~ mice and indicated a significant attenuation of the
developing AHR responses as well as gob5 gene expres-
sion during Line 19 RSV infection. Although both IL-10
and IL-13 have been previously associated with Th2 re-
sponses, they clearly have different functions. In partic-
ular, IL-10 can regulate a broad range of cytokine pro-
duction and cellular responses whereas IL-13 can be
closely associated with mucus overexpression. Together
these results raise several questions about the nature of
RSV infections and whether different clinical isolates sep-
arated by region or time induce different degrees of
severity that is partially dependent on the virus itself
along with the specific immune response generated.

There are several possible explanations that relate to
the differences observed between the two strains. The
differential expression of a particular RSV protein may
help to skew the response. Studies have demonstrated
that RSV G protein induced a much different immune
response compared to RSV F protein on rechallenge with
RSV.2643-49 Thys, the preferential expression and pre-
sentation of a particular RSV protein during the infectious
process by one isolate versus another may be sufficient
to skew the response. It may be that through transcrip-
tional or translational control, different RSV isolates could
preferentially express specific proteins. Alternatively,
proteins from various RSV strains may be differentially
immunogenic. Given the fact that we observed no real
difference in G protein mRNA expression, transcriptional
control may not be a critical factor (data not shown).
However, multiple investigations have identified that RSV
strains differ greatly in their ability to promote a success-
ful infection and/or promote inflammatory responses de-
pendent on the nature and soluble versus membrane
form of G protein.®°-54 The alteration of RSV proteins may
lend to the alteration of the immune response.

The initiation of the immune response by these two
virus isolates has not been compared. However, the role
of dendritic cells for the induction of the immune re-
sponse is a primary mechanism for determining the out-
come and the immune environment.®® The ability of RSV
to alter the capacity of dendritic cells to elicit an effective
CTL response is striking.”*®%” Several studies have
linked IL-10 expression in whole animals or in isolated
dendritic cell/macrophage populations to RSV infec-
tion. 263858 The fact that the two RSV antigenic subgroup
A strains that were examined differentially induced IL-10
expression in vivo in whole lungs may dictate one specific
mechanism that alters the severity of the infectious pro-
cess. It is tempting to speculate that it is at this early
immune cell activation level that the different isolates may
control the outcome of the immune response. One aspect
that has remained relatively uncharacterized within RSV
responses is the function of individual RSV proteins on
the function of host cells. Is it possible that one or more of
the 11 RSV proteins could have immune altering effects
on the host system? Successful infectious organisms
have developed one or more ways to evade or alter the
immune response.®® Differences in the expression of

specific RSV proteins by one of the isolates might ac-
count for these changes. Studies examining NS protein
from RSV have focused on immunomodulatory aspects
and suppression of type | interferon production.®°

There is a wide spectrum of illness caused by RSV
infection, attributable in large part to host-related factors
such as age of the patient and degree of host immuno-
competency. However, the results from this study
strongly suggest that RSV strain-specific immunopathol-
ogy may be an important contributor to the disparity
observed in clinical illness. We are currently undertaking
studies to sequence these two viral strains to determine
the specific genome alterations that are responsible for
the significant differences in RSV-induced airway dys-
function observed. The results of these studies may be
important to further our understanding of RSV pathogen-
esis as well as provide valuable clues for vaccine devel-
opment to control this clinically important virus.
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