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Respiratory virus infections can significantly influ-
ence the development of airway disease by both pre-
disposing and exacerbating the developing lung im-
mune environment. In contrast, the initiation of a
more desirable anti-viral response may better prepare
the local environment and protect it from developing
an adverse long-term disease phenotype. BALB/c or
C57BL/6 mice exposed to respiratory syncytial virus
(RSV) infection at the same time as allergen sensitiza-
tion were assessed for airway function, cytokine re-
sponses, and inflammatory parameters. Depending
on the genetic strain of mouse used, BALB/c versus
C57BL/6, RSV could differentially protect against the
development of airway allergen responses. Although
RSV was able to block allergen sensitization and in-
duction of airway hyperresponsiveness and eosino-
philic inflammation in C57BL/6 mice, the infection
did not reduce the allergic responses in BALB/c mice.
The alteration of airway responsiveness did not de-
pend on the timing of RSV infection in C57BL/6 mice
in conjunction to the allergen sensitization protocol.
Neutralization experiments demonstrated that inter-
feron-� contributed significantly to the RSV-induced
airway attenuation of the allergic responses, whereas
transfer of CD8 T cells from RSV-infected animals
suggested that they were partially responsible for the
altered environment. These data suggest that a respi-
ratory viral infection impacts on the local lung envi-
ronment and may reflect specific aspects of the hy-
giene hypothesis. However, the outcome of this
interaction depends on the immunological response
of the host. (Am J Pathol 2007, 171:000–000; DOI:
10.2353/ajpath.2007.070578)

Respiratory syncytial virus (RSV) is one of the most per-
vasive viruses, causing the majority of infant hospitaliza-
tions for bronchiolitis throughout the world.1–3 RSV, like

other respiratory viruses, is able to induce respiratory
illness by itself but also can exacerbate established
asthma or chronic obstructive pulmonary disease in sus-
ceptible groups especially in children and the elderly.4

Although the hygiene hypothesis suggests that bacterial
and viral infections during early childhood may protect
from development of allergic diseases, RSV has been
suggested to increase the risk of long-term pulmonary
disease and asthma.5–10 However, this has been a matter
of much debate and the focus of several studies.11 It has
been shown that severe RSV bronchiolitis in early infancy
was a strong risk factor for the occurrence of allergic
sensitization and asthma in childhood and early adoles-
cence.12 On the other hand, the Tucson Children’s Re-
spiratory Study13 and others14 found an association be-
tween RSV infection and wheezing later in life, but this
was not accompanied by an increased risk of allergic
sensitization.

Interactions between the responses induced by vi-
ruses and those by chronic respiratory illnesses are com-
plex and may involve multiple aspects of the immune
system. Therefore, a mouse model, with its obvious limi-
tations, has the unique potential to yield specific informa-
tion to help sharpen the focus of the human studies.
Models for RSV-mediated lung disease in the mouse
have already proven to be essential to decipher RSV-
mediated immune responses. Interestingly, different ef-
fects of RSV infection on allergic responses have also
been observed in murine studies. In the mouse, RSV
exacerbated established asthmatic responses when ad-
ministered shortly before or during allergen provocation
challenge.15,16 In contrast, RSV infection before allergic
sensitization either exacerbated17–19 or lowered airway
responses.16 The key factor for these latter observations
may be the timing of viral and allergen exposure, the type
of specific viral isolate used,20 or the genetic background
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of the mouse strain used. C57BL/6 mice are less permis-
sive for RSV infection than BALB/c mice21 because RSV
induced strong specific CD8 T-cell responses in C57BL/6
comparable to the responses described for BALB/c
mice.22,23

The extent to which animal models reflect human im-
munopathology is not entirely clear. Studies comparing
different RSV isolates have demonstrated that there are
even differences in viruses that can be exploited to better
understand disease phenotypes and immunological re-
sponses in models of disease.20,24 Although complex,
the responses established in different mouse strains are
very useful for further deciphering the impact of the im-
mune responses to chronic disease. In this study, the
effect of RSV infection at different time points on devel-
opment of allergic disease was studied in mice using a
model of airway-only sensitization and challenge to more
appropriately examine the mucosal immune responses.

Materials and Methods

Animals

Female BALB/c/J or C57BL/6J mice, 6 to 8 weeks of age,
were obtained from the Jackson Laboratory, Bar Harbor,
ME. All mice were housed under specific pathogen-free
conditions within the animal care facility at the University
of Michigan. The University of Michigan Committee on the
Use and Care of Animals approved all experiments.
Groups consisted of five mice and are indicated in the
figure legends.

RSV Propagation

RSV virus (line 19, A strain) was derived from a clinical
isolate at the University of Michigan. Hep2 or VERO cells
were infected with RSV until syncytia were formed. Here-
after, cells were frozen at �80°C overnight, and the su-
pernatant was harvested, clarified, and aliquoted. To de-
termine viral titers in culture supernatants, an immuno-
plaque assay was performed as previously described.25

Experimental Design

Mice were intranasally sensitized for 7 consecutive days
(days 0 to 7) with 1 �g of cockroach allergen (CRA;
Hollister Stier Laboratories, Spokane, WA), followed by
one intranasal (1 �g) and two intratracheal (4 �g) CRA
challenges on days 35, 40, and 42, respectively. In ad-
dition, on days �21, 0, or 21, mice were intratracheally
infected with �1 � 105 plaque-forming units of RSV. An
intraperitoneal injection of monoclonal anti-mouse inter-
feron (IFN)-� (clone XMG 1.2) on days �1, 0, 1, 4, and 7
was used in vivo to neutralize IFN-� during RSV infection.
For transfer of CD4 or CD8 T cells from RSV-infected
mice, 6 days after RSV infection, single-cell suspensions
of lung-draining lymph nodes were prepared by isolating
mediastinal lymph nodes, pushing cells through a nylon
mesh using a syringe and lysing red blood cells. Here-
after, CD4 or CD8 T cells were isolated by positive se-

lection on a magnetic cell-sorting column using CD4 or
CD8 beads (Miltenyi Biotech, Auburn, CA). Cells were
injected intratracheally on day 34, 1 day before the start
of the CRA challenge protocol.

Measurement of Allergic Responses and
Collection of Bronchoalveolar Lavage

One day after final CRA challenge, airway reactivity in
anesthetized mice was measured as previously de-
scribed.26 Briefly, mice were anesthetized with sodium
pentobarbital, and the trachea was cannulated and ven-
tilated using a pump ventilator. After baseline measure-
ments, mice were injected intravenously with 2.5 �g of
methacholine (Sigma, St. Louis, MO), and the peak air-
way resistance was recorded. After measurement of air-
way reactivity, bronchoalveolar lavage was collected by
injection of 1 ml of phosphate-buffered saline (PBS) in the
trachea. Cells were resuspended in 100 �l of PBS,
counted, and cytospin-fixed and stained with Diff Quick
(Dade Behring Ag, Deerfield, IL).

Lymph Node Restimulation

Single-cell suspensions of lung-draining lymph nodes
were prepared as described above. Cells were cultured
in RPMI medium (RPMI 1640 with 10% fetal calf serum,
L-glutamine, and Pen/Strep; Life Technologies, Inc,.
Grand Island, NY) at a concentration of 5.106 cells/ml in
the presence of either sterile CRA (2 �g/ml) or medium
alone and incubated at 37°C. After 3 to 4 days the su-
pernatants were isolated and stored at �80°C until fur-
ther analysis.

A standardized sandwich enzyme-linked immunosor-
bent assay was performed to measure cytokine levels in
culture supernatants. All antibody pairs were obtained
from R&D Systems, Minneapolis, MN, and used accord-
ing to company recommendations. In addition, in some
experiments cytokines were measured using the Bioplex
system (Bio-Rad, Hercules, CA) according to the instruc-
tions by the manufacturer.

Histology

Lungs were inflated and maintained in formalin overnight
before being processed into paraffin using standard his-
tological techniques. Lung tissue sections were stained
with hematoxylin and eosin (H&E) for analysis of inflam-
matory cell accumulation.

Statistical Analysis

Differences between groups were analyzed by using
one-way analysis of variance with a Bonferroni posthoc
test. Differences with a P value of �0.05 were considered
significant.
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Results

RSV Infection Regulates Allergen-Induced
Airway Responses and Th2 Cytokine
Production

To examine the effect of RSV on allergic sensitization, we
infected mice with RSV at the first day of airway CRA
sensitization, followed by CRA exposure 2 weeks later.
Sensitization and challenge of both C57BL/6 and BALB/c
mice with allergen alone elicited a significant increase in
airway resistance compared to controls (Figure 1A). RSV
infection of C57BL/6 mice blocked the allergen-induced
airway hyperreactivity whereas no significant change in
airway hyperreactivity was observed in BALB/c mice.
CRA sensitization and challenge induced an influx of
eosinophils in the bronchoalveolar space of C57BL/6 and
BALB/c mice (Figure 1B). However, RSV infection of
C57BL/6 mice significantly decreased the number of eo-

sinophils but did not affect the number of eosinophils in
BALB/c mice. Thus, airway responses elicited in the
C57BL/6 and BALB/c mice were relatively comparable
with allergen alone, but only the C57BL/6 strain of mice
were significantly altered by the presence of RSV.

To investigate the effect of RSV infection on the under-
lying T-cell responses during CRA sensitization and chal-
lenge, lymph nodes were isolated and cells dispersed
and stimulated in vitro with CRA. Restimulation of lymph
node cells after CRA challenge alone of C57BL/6 mice
demonstrated a significant increase in interleukin (IL)-5
and IL-13 (Figure 1C). Interestingly, production of these
cytokines was significantly reduced in RSV-infected
C57BL/6 mice, suggesting that in the presence of RSV
responses allergen sensitization is modified in these
mice. In contrast, when lymph nodes from BALB/c mice
were restimulated in vitro, the Th2 cytokines, including
IL-4, were further increased in the RSV-treated animals
compared to allergen-alone-challenged mice. Thus, the

Figure 1. RSV infection and allergen sensitiza-
tion and challenge in C57BL/6 and BALB/c mice.
C57BL/6 and BALB/c mice were RSV infected
(RSV), allergen sensitized (CRA), or RSV in-
fected and allergen sensitized (CRA � RSV). A:
Airway responses were measured after one dose
of methacholine and compared to basal mea-
surements. B: Lung lavage was performed, and
eosinophils were counted in stained cytospin
slides. C: Lung lymph node cells were restimu-
lated with allergen, and cytokines were mea-
sured in culture supernatants 24 hours after chal-
lenge. Data are represented as mean airway
resistance in cmH2O/ml/second, number of
cells, or ng/ml � SEM, respectively. *P � 0.01
compared to RSV-infected control mice, #P �
0.05 compared to CRA-sensitized mice, n � 5
mice.
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responses elicited in the two strains of mice were differ-
entially altered by the presence of RSV at the time of
allergen sensitization. IFN-� was undetectable in the T-
cell culture supernatants of both strains upon allergen
restimulation (data not shown).

The Effect of RSV Infection on Allergic
Responses in C57BL/6 Mice Is Not Dependent
on Timing of Infection

To extend our understanding of what conditions provided
protection to allergen challenge during RSV infection, we
focused our studies on the responses in C57BL/6 mice.
To study whether the effect of RSV infection in C57BL/6
mice is dependent on simultaneous exposure of mice to
both RSV and CRA allergen, a study was established to
examine different timing of RSV infection. Instead of ex-
posing mice to RSV simultaneously with allergen, mice
were infected with RSV 3 weeks before or after the first
day of CRA sensitization as indicated in Figure 2A. Mice
were then given their final allergen challenge and as-
sessed for changes in airway hyperreactivity. Time points
were determined by the kinetics of RSV infection and
CRA sensitization. Acute manifestations of RSV infection
had mostly disappeared by 14 to 21 days, and RSV G
protein RNA was not detectable in lungs from C57BL/6
and BALB/c mice from day 14 on (data not shown). This
indicates that in our model, RSV does not seem to be
persistent. RSV infection, when given before or after sen-

sitization, was able to inhibit allergen-induced airway hy-
perresponsiveness (Figure 2B), in a similar manner as
with the simultaneous exposure of allergen. Thus, no
matter the timing, RSV is able to inhibit allergic responses
in C57BL/6 mice.

IFN-� Neutralization Partially Restores Allergic
Responses after RSV Infection in C57BL/6 Mice

Next, studies determined whether the observed effects of
RSV infection on the allergic responses in C57BL/6 mice
were mediated via IFN-�. IFN-� was neutralized by a
specific antibody during RSV infection and CRA sensiti-
zation. This antibody did not affect CRA sensitization
(Figure 3). As shown before, RSV infection blocked the
development of airway hyperresponsiveness, eosino-
philia, and production of Th2 cytokines (Figure 3A). How-
ever, the airway response after IFN-� neutralization in
RSV and CRA-treated mice was significantly elevated
compared with RSV-infected CRA-treated control mice.
In addition, the number of eosinophils in the bronchoal-
veolar lavage (BAL) was significantly elevated in animals
treated with anti-IFN-� compared with RSV-infected CRA-
treated mice (Figure 3B). Furthermore, blockade of IFN-�
also significantly elevated IL-4, IL-5, and IL-13 levels after
RSV infection and CRA challenge compared to control
antibody-treated mice. Finally, a limited analysis of his-
tology of lung sections showed a reduction of inflamma-
tion in the lung after RSV infection and CRA sensitization
and challenge (Figure 4A). In CRA animals this inflam-
mation consisted of mononuclear cells and eosinophils
(Figure 4B). Again, neutralization of IFN-� restored the
inflammation in the RSV-infected and CRA-challenged
mice. Clearly, IFN-� participated in the RSV-mediated
protection on CRA sensitization and challenge, whereas
neutralization of IFN-� partially restored the allergic re-
sponse in RSV-treated mice.

Transfer of CD4 and CD8 T Cells of RSV-
Infected Mice Decreases Allergic Responses

To investigate further the underlying immunological
mechanism of the above described effects, C57BL/6
mice were infected with RSV, and CD4 or CD8 T cells
from these mice were transferred into CRA-sensitized
mice shortly before final challenge with CRA (Figure 5A).
Transfer of CD8 T cells but not CD4 T cells significantly
ameliorated the airway hyperreactivity after CRA chal-
lenge (Figure 5B). In addition, transfer of CD8 T cells from
RSV-infected mice inhibited CRA-induced IL-5 and IL-13
production by lung lymph node cells (Figure 5C). Trans-
fer of CD4 T cells partially inhibited only IL-5 production.
Correspondingly, the transfer of either CD4 or CD8 T cells
from RSV-infected mice significantly increased the pro-
duction of IFN-�, with CD8 -cell transfer having the great-
est effect.

Figure 2. Timing of RSV infection and CRA sensitization and challenge. A:
C57BL/6 mice were RSV infected (RSV), allergen sensitized (CRA), or RSV
infected and allergen sensitized (CRA � RSV) at different time intervals. B:
Airway responses were measured after one dose of methacholine and com-
pared to basal measurements. Data are represented as mean airway resis-
tance in cmH2O/ml/second, number of cells, or ng/ml � SEM, respectively.
*P � 0.01 compared to RSV-infected control mice, #P � 0.05 compared to
CRA-sensitized mice, n � 5 mice.
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Discussion

Epidemiological studies that examine the influence of
RSV infection on the establishment of allergy and asthma
have been inconclusive and in some cases have dem-
onstrated opposing results.1,12,27–30 In the present study,
an allergic asthma model was used in which both the
allergen sensitization and challenge consisted of airway-
only administration, without the use of adjuvant. This
study showed that RSV infection in two different mouse
strains with their distinct immunological progression
leads to opposite effects of viral infection on allergic,
asthma-like responses. The different responses in these
two mouse strains has previously been identified with
allergic responses.31 However, because RSV initially in-
fects epithelial cells, the different responses we observe
in C57BL/6 and BALB/c mice might be a difference in
epithelial cell activation. These cells can secrete a num-
ber of inflammatory cytokines and chemokines, which
influence the subsequent immune response.32 Differen-
tial chemokine expression after respiratory virus infection
reflects Th1- or Th2-biased immunopathology and may
result in the recruitment of specific T-cell subsets. The
outcome of this response after allergen exposure or RSV
infection, is dependent on the balance between the direct
effects of RSV infection on antigen-presenting cells and
the indirect effects of RSV infection through the produc-
tion of inflammatory cytokines and chemokines from RSV-
infected airway resident cells, such as epithelial cells and
macrophages.33 The effects observed in the present

study, however, are clearly defined by the type of T-cell-
derived cytokines that are produced regardless of the
chemokine environment that is generated.

Some suggest that C57BL/6 mice appear to be less
susceptible to RSV infection.21 In contrast, others reported
no difference in RSV-induced airway responses between
BALB/c and C57BL/6 mice.34 In our own studies, we have
published distinct differences in the nature and level of
immune responses elicited by RSV in BALB/c versus
C57BL/6 mice. Although the BALB/c mice respond with an
IL-13-associated response,17,20,35 the C57BL/6 mice ap-
pear to mount an efficient anti-viral immunity that is reliant at
least on IL-12.36 Additional studies have demonstrated that
the heightened allergen responsiveness found in the
BALB/c mice on RSV infection is associated with increases
in IL-13 production.17 Thus, the balance of Th1- versus
Th2-type cytokines appears to be critical in shaping the
immune environment of the lung. These concepts help our
understanding of why and under what circumstances these
events occur. Furthermore, these studies demonstrated that
RSV infection significantly inhibited allergic responses no
matter what time point the virus was given in C57BL/6 mice
(before, after, or during allergen sensitization). However,
because both allergen exposure and RSV infection likely
occur simultaneously in patients, a model that utilizes infec-
tion during allergen sensitization may best reflect the clinical
situation.

The concept of whether early infectious processes in
infants are protective has been consolidated into a still

Figure 3. Influence of IFN-� on RSV-mediated
changes on allergen sensitization and challenge.
C57BL/6 mice were RSV infected (RSV); allergen
sensitized (CRA); allergen sensitized and anti-
IFN-� treated (CRA � anti-IFN-�); RSV infected
and allergen sensitized (CRA � RSV); or RSV
infected, allergen sensitized, and anti-IFN-�
treated (CRA � RSV � anti-IFN-�). A: Airway
responses were measured after one dose of
methacholine and compared to basal measure-
ments. B: Lung lavage was performed, and eo-
sinophils were counted in stained cytospin
slides. C: Lung lymph node cells were restimu-
lated with allergen, and cytokines were mea-
sured in culture supernatants after 24 hours.
Data are represented as mean airway resistance
in cmH2O/ml/second, number of cells, or ng/
ml � SEM, respectively. *P � 0.01 compared to
RSV-infected control mice, #P � 0.05 compared
to CRA-sensitized mice, �P � 0.05 compared to
CRA � RSV-sensitized mice, n � 5 mice.
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developing hygiene hypothesis.9,37 Although no set of
studies has clearly indicated that there is a link between
early childhood exposure to specific infectious agents
and asthma or atopy, strong correlations have been iden-
tified between specific immune environments and dis-
ease severity. It is more likely that an interplay between
genetic predisposition and environmental factors deter-
mine whether an individual progresses toward an asth-
matic phenotype.38 Factors that may be protective in

individuals that are low risk, ie, from families with no
history of atopy or asthma, are likely not protective factors
in individuals that have a higher genetic predisposition.
Thus, it may be difficult to have a consolidated model that
can be generally applied to an entire population.

An abundance of clinical data has been generated
examining whether a specific virus is linked to develop-
ment of atopy and/or asthma.7,11,29,39–43 Although this
may be epidemiologically interesting, perhaps it limits our

Figure 4. Influence of IFN-� on RSV-mediated changes on allergen-induced airway inflammation. C57BL/6 mice were RSV infected (RSV); CRA sensitized (CRA);
CRA sensitized and anti-IFN-� treated (CRA � anti-IFN-�); RSV infected and CRA sensitized (CRA � RSV); or RSV infected, CRA sensitized, and anti-IFN-� treated
(CRA � RSV � anti-IFN-�). Lungs were isolated and processed, and sections were stained with H&E. Shown are representative lung sections. Arrows indicate
eosinophils. Original magnifications: �200 (A); �400 (B).
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interpretation of the responses and the type of respiratory
infection may not matter as much as the initiation of the
local immune environment. In the present set of studies,
like other similar investigations, the least pathogenic re-
sponse to RSV infection appears to be linked to in-
creased Th1 responses and IFN-� production leading to
a protective immune environment. This appears to be
controlled partially by the activation of CD8 T cells. The
CD8 T-cell responses have multiple roles including clear-
ance of the viral infection and establishment of a type 1
immune environment.44 In line with our results are data
generated from a C57BL/6 mouse model that demon-
strated that influenza-specific effector memory CD8 T
cells inhibited allergic responses by antigen-indepen-
dent production of IFN-�.45 In contrast, transfer of CD8 T
cells from RSV-infected BALB/c mice enhanced allergic
airway sensitization.46 Interestingly, the percentage of
CD4 and CD8 T cells expressing IFN-� was lower in
BALB/c than in C57BL/6 mice after RSV infection.23

These studies together with the present data suggest a
model in which induction of CD8 T cells in C57BL/6 mice
not only leads to protective immunity to RSV but also to
diminished development of allergic responses. The IFN-
�-mediated responses in C57BL/6 mice might alter the
infiltration, maturation, and differentiation of Th2-type
cells having a direct impact on the airway itself. In addi-
tion, because timing of the viral infection was not limiting,
the IFN-�-associated Th1 environment might also alter
the established Th2 immune responses by affecting eo-
sinophilic cell accumulation, survival, and/or activa-
tion.47,48 The combination of all of these effects could

significantly impact on the outcome of the developing
responses.

These studies clearly demonstrate that whereas RSV
can alter and predispose some mice (BALB/c) to a more
severe allergic response, it also has the ability to protect
other genetically different animals (C57BL/6) from a sim-
ilar allergic response. Although mouse models have their
limitations, the different responses observed in this study
may be valuable for modeling and studying human dis-
ease phenotypes.

References

1. Welliver RC: Review of epidemiology and clinical risk factors for
severe respiratory syncytial virus (RSV) infection. J Pediatr 2003,
143:S112–S117

2. Hoffman SJ, Laham FR, Polack FP: Mechanisms of illness during
respiratory syncytial virus infection: the lungs, the virus and the im-
mune response. Microbes Infect 2004, 6:767–772

3. Sigurs N: Clinical perspectives on the association between respira-
tory syncytial virus and reactive airway disease. Respir Res 2002,
3(Suppl 1):S8–S14

4. Smyth RL, Openshaw PJ: Bronchiolitis. Lancet 2006, 368:312–322
5. Effros RM, Nagaraj H: Asthma: new developments concerning im-

mune mechanisms, diagnosis and treatment. Curr Opin Pulm Med
2007, 13:37–43

6. Vercelli D: Mechanisms of the hygiene hypothesis—molecular and
otherwise. Curr Opin Immunol 2006, 18:733–737

7. Friedlander SL, Jackson DJ, Gangnon RE, Evans MD, Li Z, Roberg
KA, Anderson EL, Carlson-Dakes KT, Adler KJ, Gilbertson-White S,
Pappas TE, Dasilva DF, Tisler CJ, Pleiss LE, Mikus LD, Rosenthal LA,
Shult PA, Kirk CJ, Reisdorf E, Hoffjan S, Gern JE, Lemanske Jr RF:
Viral infections, cytokine dysregulation and the origins of childhood

Figure 5. CD4 and CD8 T cells from RSV-infected mice mediate changes on allergen sensitization and challenge. C57BL/6 mice were RSV infected, and CD4 or
CD8 T cells were isolated from lung lymph nodes. A: CRA-sensitized mice were injected by tail vein intravenously with vehicle alone (CRA), CD4 T cells (CRA
� CD4�), or CD8 T cells (CRA � CD8�). B: Airway responses were measured after one dose of methacholine and compared to basal measurements. C: Lung
lymph node cells were restimulated with CRA, and cytokines were measured in culture supernatants after 24 hours. Data are represented as mean airway resistance
in cmH2O/ml/second or ng/ml � SEM, respectively. *P � 0.01 compared to RSV-infected control mice, #P � 0.05 compared to CRA-sensitized mice, n � 5 mice.

RSV Regulation of Asthma-Like Disease 7
AJP December 2007, Vol. 171, No. 6



asthma and allergic diseases. Pediatr Infect Dis J 2005,
24:S170–S176

8. Platts-Mills TA, Erwin E, Heymann P, Woodfolk J: Is the hygiene
hypothesis still a viable explanation for the increased prevalence of
asthma? Allergy 2005, 60(Suppl 79):25–31

9. Sotgiu S, Pugliatti M, Sotgiu A, Sanna A, Rosati G: Does the “hygiene
hypothesis” provide an explanation for the high prevalence of multiple
sclerosis in Sardinia? Autoimmunity 2003, 36:257–260

10. Liu AH, Murphy JR: Hygiene hypothesis: fact or fiction? J Allergy Clin
Immunol 2003, 111:471–478

11. Everard ML: The role of the respiratory syncytial virus in airway
syndromes in childhood. Curr Allergy Asthma Rep 2006, 6:97–102

12. Sigurs N, Gustafsson PM, Bjarnason R, Lundberg F, Schmidt S,
Sigurbergsson F, Kjellman B: Severe respiratory syncytial virus bron-
chiolitis in infancy and asthma and allergy at age 13. Am J Respir Crit
Care Med 2005, 171:137–141

13. Stein RT, Sherrill D, Morgan WJ, Holberg CJ, Halonen M, Taussig LM,
Wright AL, Martinez FD: Respiratory syncytial virus in early life and
risk of wheeze and allergy by age 13 years. Lancet 1999,
354:541–545

14. Henderson J, Hilliard TN, Sherriff A, Stalker D, Al Shammari N,
Thomas HM: Hospitalization for RSV bronchiolitis before 12 months of
age and subsequent asthma, atopy and wheeze: a longitudinal birth
cohort study. Pediatr Allergy Immunol 2005, 16:386–392

15. Barends M, Van Oosten M, De Rond CG, Dormans JA, Osterhaus AD,
Neijens HJ, Kimman TG: Timing of infection and prior immunization
with respiratory syncytial virus (RSV) in RSV-enhanced allergic inflam-
mation. J Infect Dis 2004, 189:1866–1872

16. Peebles Jr RS, Sheller JR, Collins RD, Jarzecka AK, Mitchell DB,
Parker RA, Graham BS: Respiratory syncytial virus infection does not
increase allergen-induced type 2 cytokine production, yet increases
airway hyperresponsiveness in mice. J Med Virol 2001, 63:178–188

17. Lukacs NW, Tekkanat KK, Berlin A, Hogaboam CM, Miller A, Evanoff
H, Lincoln P, Maassab H: Respiratory syncytial virus predisposes
mice to augmented allergic airway responses via IL-13-mediated
mechanisms. J Immunol 2001, 167:1060–1065

18. John AE, Berlin AA, Lukacs NW: Respiratory syncytial virus-induced
CCL5/RANTES contributes to exacerbation of allergic airway inflam-
mation. Eur J Immunol 2003, 33:1677–1685

19. John AE, Gerard CJ, Schaller M, Miller AL, Berlin AA, Humbles AA,
Lukacs NW: Respiratory syncytial virus-induced exaggeration of al-
lergic airway disease is dependent upon CCR1-associated immune
responses. Eur J Immunol 2005, 35:108–116

20. Lukacs NW, Moore ML, Rudd BD, Berlin AA, Collins RD, Olson SJ, Ho
SB, Peebles Jr RS: Differential immune responses and pulmonary
pathophysiology are induced by two different strains of respiratory
syncytial virus. Am J Pathol 2006, 169:977–986

21. Stark JM, McDowell SA, Koenigsknecht V, Prows DR, Leikauf JE, Le
Vine AM, Leikauf GD: Genetic susceptibility to respiratory syncytial
virus infection in inbred mice. J Med Virol 2002, 67:92–100

22. Lukens MV, Claassen EA, de Graaff PM, van Dijk ME, Hoogerhout P,
Toebes M, Schumacher TN, van der Most RG, Kimpen JL, van Bleek
GM: Characterization of the CD8� T cell responses directed against
respiratory syncytial virus during primary and secondary infection in
C57BL/6 mice. Virology 2006, 352:157–168

23. Hussell T, Georgiou A, Sparer TE, Matthews S, Pala P, Openshaw PJ:
Host genetic determinants of vaccine-induced eosinophilia during
respiratory syncytial virus infection. J Immunol 1998, 161:6215–6222

24. Kneyber MC, Brandenburg AH, Rothbarth PH, de Groot R, Ott A, van
Steensel-Moll HA: Relationship between clinical severity of respira-
tory syncytial virus infection and subtype. Arch Dis Child 1996,
75:137–140

25. Miller AL, Bowlin TL, Lukacs NW: Respiratory syncytial virus-induced
chemokine production: linking viral replication to chemokine produc-
tion in vitro and in vivo. J Infect Dis 2004, 189:1419–1430

26. Campbell EM, Charo IF, Kunkel SL, Strieter RM, Boring L, Gosling J,
Lukacs NW: Monocyte chemoattractant protein-1 mediates cock-
roach allergen-induced bronchial hyperreactivity in normal but not
CCR2�/� mice: the role of mast cells. J Immunol 1999,
163:2160–2167

27. Stensballe LG, Devasundaram JK, Simoes EA: Respiratory syncytial
virus epidemics: the ups and downs of a seasonal virus. Pediatr Infect
Dis J 2003, 22:S21–S32

28. Sigurs N: A cohort of children hospitalised with acute RSV
bronchiolitis: impact on later respiratory disease. Paediatr Respir Rev
2002, 3:177–183

29. Lemanske Jr RF: The childhood origins of asthma (COAST) study.
Pediatr Allergy Immunol 2002, 13(Suppl 15):S38–S43

30. Gentile DA, Skoner DP: Effect of respiratory syncytial virus infection
during early infancy on the ontogeny of cytokine immune responses.
Allergy Asthma Proc 2002, 23:399–405

31. Hogan SP, Koskinen A, Foster PS: Interleukin-5 and eosinophils in-
duce airway damage and bronchial hyperreactivity during allergic
airway inflammation in BALB/c mice. Immunol Cell Biol 1997,
75:284–288

32. Culley FJ, Pennycook AM, Tregoning JS, Hussell T, Openshaw PJ:
Differential chemokine expression following respiratory virus infection
reflects Th1- or Th2-biased immunopathology. J Virol 2006,
80:4521–4527

33. Holtzman MJ, Tyner JW, Kim EY, Lo MS, Patel AC, Shornick LP,
Agapov E, Zhang Y: Acute and chronic airway responses to viral
infection: implications for asthma and chronic obstructive pulmonary
disease. Proc Am Thorac Soc 2005, 2:132–140

34. Chavez-Bueno S, Mejias A, Gomez AM, Olsen KD, Rios AM, Fon-
seca-Aten M, Ramilo O, Jafri HS: Respiratory syncytial virus-induced
acute and chronic airway disease is independent of genetic
background: an experimental murine model. Virol J 2005, 2:46

35. Tekkanat KK, Maassab HF, Cho DS, Lai JJ, John A, Berlin A, Kaplan
MH, Lukacs NW: IL-13-induced airway hyperreactivity during respi-
ratory syncytial virus infection is STAT6 dependent. J Immunol 2001,
166:3542–3548

36. Tekkanat KK, Maassab H, Berlin AA, Lincoln PM, Evanoff HL, Kaplan
MH, Lukacs NW: Role of interleukin-12 and stat-4 in the regulation of
airway inflammation and hyperreactivity in respiratory syncytial virus
infection. Am J Pathol 2001, 159:631–638

37. Liu AH, Szefler SJ: Advances in childhood asthma: hygiene hypoth-
esis, natural history, and management. J Allergy Clin Immunol 2003,
111:S785–S792

38. Smit JJ, Folkerts G, Nijkamp FP: Ramp-ing up allergies: nramp1
(Slc11a1), macrophages and the hygiene hypothesis. Trends Immu-
nol 2004, 25:342–347

39. Peebles Jr RS: Viral infections, atopy, and asthma: is there a causal
relationship? J Allergy Clin Immunol 2004, 113:S15–S18

40. Welliver RC: Respiratory syncytial virus and other respiratory viruses.
Pediatr Infect Dis J 2003, 22:S6–S12

41. Martinez FD: Respiratory syncytial virus bronchiolitis and the patho-
genesis of childhood asthma. Pediatr Infect Dis J 2003, 22:S76–S82

42. Piedimonte G: Origins of reactive airways disease in early life: do viral
infections play a role? Acta Paediatr Suppl 2002, 91:6–11

43. Message SD, Johnston SL: Viruses in asthma. Br Med Bull 2002,
61:29–43

44. Braciale TJ: Respiratory syncytial virus and T cells: interplay between
the virus and the host adaptive immune system. Proc Am Thorac Soc
2005, 2:141–146

45. Marsland BJ, Harris NL, Camberis M, Kopf M, Hook SM, Le Gros G:
Bystander suppression of allergic airway inflammation by lung resi-
dent memory CD8� T cells. Proc Natl Acad Sci USA 2004,
101:6116–6121

46. Schwarze J, Makela M, Cieslewicz G, Dakhama A, Lahn M, Ikemura
T, Joetham A, Gelfand EW: Transfer of the enhancing effect of respi-
ratory syncytial virus infection on subsequent allergic airway sensiti-
zation by T lymphocytes. J Immunol 1999, 163:5729–5734

47. Iwamoto I, Nakajima H, Endo H, Yoshida S: Interferon gamma regu-
lates antigen-induced eosinophil recruitment into the mouse airways
by inhibiting the infiltration of CD4� T cells. J Exp Med 1993,
177:573–576

48. Druilhe A, Arock M, Le Goff L, Pretolani M: Human eosinophils ex-
press bcl-2 family proteins: modulation of Mcl-1 expression by IFN-
gamma. Am J Respir Cell Mol Biol 1998, 18:315–322

8 Smit et al
AJP December 2007, Vol. 171, No. 6


