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Rationale: Severe respiratory syncytial virus (RSV) bronchiolitis has

been associated with deficient IFN-g production in humans, but the

role of this cytokine in determining the outcome of reinfection is

unknown.

Objectives: To define the role of IFN-g in the development of RSV-

mediated airway hyperresponsiveness (AHR) and lung histopathol-

ogy in mice.

Methods: Wild-type (WT) and IFN-g knockout mice were infected

with RSV in the newborn or weaning stages and reinfected 5 weeks

later. Airway responses were assessed on Day 6 after the primary or

secondary infection.

Measurements and Main Results: Both WT and IFN-g knockout mice

developed similar levels of AHR and airway inflammation after

primary infection. After reinfection, IFN-g knockout mice, but not

WT mice, developed AHR, airway eosinophilia, and mucus hyper-

production. Intranasal administration of IFN-g during primary in-

fection but not during reinfection prevented the development of

these altered airway responses on reinfection in IFN-g knockout

mice. Adoptive transfer of WT T cells into IFN-g knockout mice

before primary infection restored IFN-g production in the lungs and

prevented the development of altered airway responses on reinfec-

tion. Treatment of mice with IFN-g during primary neonatal in-

fection prevented the enhancement of AHR and the development of

airway eosinophilia and mucus hyperproduction on reinfection.

Conclusions: IFN-gproductionduring primary RSV infection is critical

to the development of protection against AHR and lung histopa-

thologyonreinfection.Provisionof IFN-gduringprimary infection in

infancy may be a potential therapeutic approach to alter the course

of RSV-mediated long-term sequelae.
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Respiratory syncytial virus (RSV) infection is the most common
cause of infant bronchiolitis. Up to two-thirds of infants are
infected with RSV during the first year of life, and almost all
children are infected at least once by 2 years of age (1, 2). In
adults, RSV infection exacerbates asthma, chronic obstructive
lung disease, and bronchitis, and may cause severe pneumonia
and death in the elderly (3, 4). To some extent, the development
of these disorders may be related to lower concentrations of
antibody in the serum; however, the pathophysiology of the
disease has not been fully delineated (4). The clinical and

epidemiologic associations that exist between RSV lower re-
spiratory tract infection in early life and the subsequent de-
velopment of persistent wheezing and asthma are well docu-
mented (5–7). Repeated infection is common in all age groups,
and previous infection does not prevent subsequent infections
(8, 9). However, factors that govern the development of altered
airway function on reinfection are not understood.

RSV infection of mice has provided unique opportunities to
investigate the relationships between airway function and RSV
infection at the immunologic level (10). We demonstrated that
primary RSV infection in the mouse results in lung inflamma-
tion and the development of airway hyperresponsiveness
(AHR) at both the neonatal and weaning ages of mice (11).
In this study, mice were initially infected with RSV shortly after
birth or at weaning and reinfected 5 weeks later. Initial infection
of mice at weaning elicited an extensive inflammatory response
that was protective against development of AHR upon re-
infection. In contrast, initial infection of neonates resulted in
the development of enhanced AHR associated with airway
eosinophilia and mucus hyperproduction on reinfection. Inter-
estingly, what distinguished the two age groups was the IFN-g
response to initial RSV infection. Compared with weanling or
adult mice, neonates demonstrated lower IFN-g responses to
initial RSV infection.

The role of IFN-g in the pathogenesis of RSV-mediated
airway disease is not well established. A number of studies
demonstrated some imbalance in Th1/Th2 cytokine production,
with a predominant Th2 response after RSV infection (12, 13).
For the most part, this imbalance was attributed to deficient
IFN-g production associated with RSV lower respiratory tract
infection at an early age (14–17). On the basis of these obser-
vations, we hypothesized that IFN-g may play a critical role
during initial RSV infection, particularly in determining the
airway response to subsequent RSV infection. To test this hy-
pothesis, we used IFN-g–deficient (IFN-g2/2) mice and per-
formed reconstitution experiments with recombinant IFN-g and
adoptive T-cell transfer in a model of RSV infection and
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reinfection. The results demonstrate that IFN-g is required
during initial RSV infection for the expression of protective
responses against development of AHR and lung histopathol-
ogy on subsequent reinfection. Some of the results of these
studies have been previously reported in the form of an abstract
(18).

METHODS

Additional detail on the methods is provided in the online supplement.

Animals

Wild-type (WT) and IFN-g–deficient (IFN-g2/2) C57BL/6 and BALB/c
mice were obtained from Jackson Laboratories (Bar Harbor, ME).
BALB/c mice were bred in the institution’s animal facility. Animals
were used under an experimental protocol approved by the National
Jewish Medical and Research Center Animal Care and Use Committee.

Virus Preparation and Animal Inoculation

Human RSV (strain A2) was obtained from American Type Culture
Collection. Preparation of purified stocks of virus and inoculation of
animals were performed as previously described (11, 19).

Experimental Design

WTand IFN-g2/2C57BL/6mice received primaryRSV infection at 6 to
8 weeks of age. Newborn BALB/c mice received the primary RSV
infection at 2 to 4 days of age. The secondary RSV infection was ad-
ministered 5 weeks after the primary infection. Unless otherwise stated,
all assays were performed on Day 6 after the primary or the secondary
infection.

To confirm the role of IFN-g, both adult IFN-g2/2 mice and
newborn BALB/c mice were treated with recombinant mouse IFN-g
(10 ng; R&D Systems, Minneapolis, MN) administered on Days 1, 3 and
5 after infection, either during the primary or the secondary infection. In
other experiments, IFN-g2/2 mice were reconstituted by adoptive
transfer of purified IFN-g–sufficient T cells, isolated from spleens of
uninfected donor WT mice. The cells (4 3 106/recipient) were adop-
tively transferred by intravenous injection 1 day before the primary or
the secondary RSV infection.

Airway Function

A flexiVent small-animal ventilator (SCIREQ, Montreal, PQ, Canada)
was used to assess airway function in anesthetized, mechanically ven-
tilated animals, measuring changes in lung resistance (RL) in response
to increasing doses of inhaled methacholine (MCh).

Airway Inflammation and Lung Histopathology

Airway inflammation was assessed by total and differential counting of
leukocytes recovered in the bronchoalveolar lavage (BAL) fluid, and
by examination of lung tissue sections stained with hematoxylin and
eosin. Mucus-producing goblet cells were detected by staining of tissue
sections using the periodic acid-Schiff method.

Lung Viral Load

Lung tissue viral load was determined by quantitative real-time poly-
merase chain reaction using specific oligonucleotide primers designed
to detect a 65-bp fragment of the RSV N gene. Lung viral titers were
determined by immuno-plaque assay as previously described (11).

Isolation of Lung Leukocytes and Culture

Lung tissue–infiltrating leukocytes were isolated as previously described
using collagenase digestion (20), followed by centrifugation of cells in
a 35% Percoll-containing solution (21). The leukocytes recovered in the
pellet were washed and cultured in RPMI 1640 medium in the presence
of ultraviolet light (UV)–inactivatedRSVor an immunodominantH-2b-
restricted epitope (M187–195) from the RSV M protein (22). Culture
supernatants were harvested after 4 days of culture and used for
assessment of IFN-g production by ELISA.

Intracellular Cytokine Staining

Intracellular IFN-g was detected by immunofluorescent staining of
lung CD4 and CD8 T cells, as previously described (23). Staining was
analyzed by flow cytometry on a FACScalibur (Becton Dickinson
Biosciences, San Diego, CA) using CellQuest software with gating on
the CD3-positive lymphoid cell population.

Statistical Analysis

Data are expressed as mean 6 SEM of six to eight animals in each
group. Statistical significance at P , 0.05 was determined by analysis of
variance. Statistical differences between the groups were detected by
multiple comparisons using Fisher’s protected least significant differ-
ence test. For viral load, the data were analyzed by nonparametric
statistics using the Kruskal-Wallis test.

RESULTS

IFN-g Deficiency Does Not Influence the Development of AHR

after Primary RSV Infection

Figure 1A shows the changes in RL in response to increasing
doses of inhaled MCh for both WT and IFN-g2/2 mice. Primary
RSV infection at 6 to 8 weeks of age led to the development of
AHR in both WT and IFN-g2/2 mice, illustrated by significant
MCh dose-dependent increases in RL as compared with the
respective sham-inoculated control groups. The degree of AHR
was similar in both strains. After primary infection, there were
also no statistically significant differences between the two
groups in the numbers of inflammatory cells recovered in the
BAL fluid (Figure 1B). IFN-g was detected but only in the BAL
fluid of RSV-infected WT mice (290 6 81 pg/ml). None of the
cytokines (IL-4, IL-5 or IL-13) was detected after primary RSV
infection in the BAL fluids of WT or IFN-g2/2 mice. In tissue,
RSV infection resulted in the development of peribronchial and
perivascular tissue infiltration predominantly by mononuclear
cells in both strains of mice (Figure 1C). No differences in
mucus-producing (periodic acid-Schiff–positive) goblet cell
numbers were detected in the airways between both strains of
mice (Figure 1D). However, after primary RSV infection, viral
load was significantly higher in the lungs of IFN-g2/2 mice
compared with WT mice (Table 1). These data suggest that,
although IFN-gmay play a role in limiting viral load in the lung,
it does not appear to contribute to or regulate the degree of
AHR or airway inflammation during primary RSV infection.

IFN-g2/2 Mice Develop Significantly Greater AHR

after Reinfection with RSV

To define the pattern of airway response to secondary RSV
infection, WT and IFN-g2/2 mice were initially infected at 6 to 8
weeks of age and reinfected 5 weeks later, after full recovery and
when no significant AHR or airway inflammation could be
detected after the primary infection in either strain of mice
(Figures EA–EC of the online supplement), as previously de-
scribed for BALB/c mice (24). Secondary RSV infection did not
result in the development of AHR inWTmice despite an intense
inflammatory response in the lungs (Figures 2A–2D). In contrast,
IFN-g2/2 mice developed a significant increase in AHR (Figure
2A), and a pronounced BAL eosinophilia (Figure 2B), associ-
ated with marked airway tissue inflammation and enhanced
mucus production (Figures 2C–2D). After reinfection, lung viral
load was markedly reduced in WT mice but not in the IFN-g2/2

mice when compared with primary infection (Table 1).
When lung mononuclear cells were isolated after the primary

or secondary infection of WT mice and restimulated in vitro,
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both CD41 and CD81 T cells were identified as amajor source of
IFN-g production (Figure 3). Natural killer (NK) cells were not
found tobe a significant source of IFN-g after restimulation in vitro.
Compared with primary infection, the secondary infection elic-
ited further increases in numbers as well as in frequencies of
IFN-g–producing CD41 and CD81 T cells in the lungs of these
animals (Figures 3A and 3B). Among the CD41 T cells, the
frequency of IFN-g–producing cells increased from 6.1 6 2.2%
after primary infection to 8.9 6 1.9% after secondary infection,
but this increase did not reach statistical significance. Among
CD81 T cells, the frequencies of IFN-g–producing cells increased

from 15.1 6 3.7% after primary infection to 26.3 6 4.1% after
secondary infection (P , 0.05).

Provision of IFN-g during Primary Infection but Not

Secondary Infection Restores Protection against the

Development of AHR after Reinfection of IFN-g2/2 Mice

To determine whether reconstitution of IFN-g in IFN-g2/2 mice
would alter airway responsiveness to reinfection, we adminis-
tered recombinant mouse IFN-g during the primary or second-
ary RSV infection. Airway function, airway inflammation, and

Figure 1. Airway responsiveness (A), the inflammatory

profile in bronchoalveolar lavage fluid (B), lung histopa-

thology (C), and mucus goblet cell numbers (D) after

primary respiratory syncytial virus (RSV) infection in wild-

type (WT) and IFN-g2/2 mice. Groups of mice were

infected with RSV (n 5 8/group) or sham inoculated (n

5 6/group). Responses were assessed on Day 6 after

infection. Both mouse groups developed significant air-

way hyperresponsiveness (A) with lymphocyte accumula-

tion in the airways (B), and exhibited peribronchial airway

tissue inflammation (C, arrowhead) and mucus produc-

tion (C, arrows, and D). *Statistical difference between the

groups (P , 0.05). Scale bar in C represents 100 mm.

BM 5 basement membrane; Eos 5 eosinophil; Lym 5

lymphocyte; Mac 5 macrophage; Neu 5 neutrophil;

18RSV 5 primary RSV infection.
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lung viral load were assessed in these animals on Day 6 after
secondary infection and the results were compared with those
obtained in WT and IFN-g2/2 mice that also were exposed to
primary and secondary RSV infection. Administration of
recombinant IFN-g (rIFN-g) during either the primary or the
secondary infection was associated with significantly lower lung
viral loads measured on Day 6 after reinfection (Table 1).
However, when administered to IFN-g2/2 mice during second-
ary infection, rIFN-g did not prevent the development of AHR
(Figure 4A), BAL eosinophilia (Figure 4B), or mucus hyper-
production (Figure 4C). In striking contrast, administration of
rIFN-g during the primary infection resulted in significant
attenuation of AHR, mucus production, and BAL eosinophilia
on reinfection of these IFN-g2/2 mice (Figures 4A–4C). After
reinfection, none of the Th2 cytokines (IL-4, IL-5, or IL-13) was
detected in the BAL fluid of WT mice (Figure 4D). By contrast,
significant levels of IL-5 and IL-13 were detected in the BAL
fluid of IFN-g2/2 mice. IL-4 levels were below the detection
limit (,8 pg/ml). Treatment of IFN-g2/2 mice with rIFN-g,
administered during the primary infection but not during the
secondary infection, led to significant decreases in IL-5 and IL-
13 levels in the BAL fluids of these mice. These results
suggested that, to be effective, IFN-g must be administered
during primary RSV infection where it plays an essential role,
leading to protection against the subsequent development of
AHR and lung histopathology (eosinophilia and mucus hyper-
production) on reinfection.

Reconstitution of T cells during Primary Infection Restores

Protection against the Development of AHR after Reinfection

of IFN-g2/2 Mice

Because T cells were identified as a major source of IFN-g, the
latter being required during primary infection to elicit pro-
tection against AHR on reinfection, we reasoned that transfer
of T cells during the primary infection would restore protection
in IFN-g2/2 mice. To this end, T cells were isolated from un-
infected WT (IFN-g–sufficient) donor mice and were adoptively
transferred into recipient IFN-g2/2 mice before the primary or
the secondary RSV infection. Airway responses were assessed
on Day 6 after the secondary infection.

Adoptive transfer of T cells from uninfected donor WT mice
into recipient IFN-g2/2 mice before primary or secondary RSV
infection resulted in a significantly reduced lung viral load
measure on Day 6 after reinfection (Table 1). Most important,
adoptive transfer of T cells before the primary infection re-
stored protection against the development of AHR, eosino-
philic airway inflammation, and mucus hyperproduction on

TABLE 1. LUNG VIRAL LOAD

WT Mice IFN-g2/2 Mice

18RSV (n 5 8) 12,296 6 5,642 23,617 6 11,712*

28RSV (n 5 8) 1,018 6 294† 18,463 6 5,513*

28RSV, after reconstitution with

rIFN-g, during 18RSV (n 5 8) 2,611 6 1,233‡

rIFN-g, during 28RSV (n 5 8) 4,457 6 2,173‡

T cells, during 18RSV (n 5 6) 3,027 6 877‡

T cells, during 28RSV (n 5 6) 4,445 6 1,275‡

Definition of abbreviations: rIFN-g 5 recombinant IFN-g; WT5 wild-type; 18RSV5

primary RSV infection; 28RSV 5 secondary RSV infection.

Data are mean6 SEM of copy viral RNA/mg lung tissue. Viral load was assessed

on Day 6 postinoculation.

* Statistical difference (IFN-g2/2 mice vs. WT mice, on both 18RSV and 28RSV),

P , 0.05.
† Statistical difference (28RSV vs. 18RSV, in WT mice), P , 0.01.
‡ Statistical difference, compared to 28RSV in IFN-g2/2 mice, P , 0.05.

Figure 2. Airway responsiveness (A), the inflammatory profile in bron-

choalveolar lavage (BAL) fluid (B), lung histopathology (C), and mucus

goblet cell numbers (D) after reinfection in wild-type (WT) and IFN-g2/2

mice. Mice were initially infected with respiratory syncytial virus (RSV)

(n 5 8/group) and reinfected 5 weeks later; controls received sham

inoculation (n 5 6/group). Airway responses were assessed on Day 6

after reinfection. After reinfection, IFN-g2/2 mice developed significant

airway hyperresponsiveness (A), associatedwith BAL eosinophilia (B) and

enhanced airway mucus production (C, arrows, and D). By contrast, WT

mice did not develop these altered responses after reinfection, despite

increased airway inflammation. *Statistical difference between the

groups (P , 0.05). Scale bar in C represents 100 mm. BM 5 basement

membrane; Eos5 eosinophil; Lym5 lymphocyte; Mac5macrophage;

Neu 5 neutrophil; 28RSV 5 secondary RSV infection.
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reinfection of the recipient IFN-g2/2 mice (Figures 5A–5C).
Adoptive transfer of T cells before secondary infection did not
prevent the development of these altered airway responses on
reinfection of recipient IFN-g2/2 mice. After adoptive T-cell
transfer (during either primary or secondary infection), the lev-
els of IFN-g recovered in the BAL fluid of recipient IFN-g2/2

mice were similar to those measured in BAL fluid of WT mice
after the secondary infection (Figure 5D). However, the levels
of IL-5 and IL-13 measured after reinfection in the BAL fluid of
IFN-g2/2 mice were reduced only when T cells were transferred
before the primary infection but not prior the secondary infec-
tion (Figure 5D). When lung leukocytes were isolated from
the same recipient mice and stimulated in culture with UV-
inactivated RSV or H-2b-restricted RSV peptide (M187–195),
significant amounts of IFN-g were produced (Figure 5E). These
data clearly demonstrate that adoptively transferred IFN-g–
sufficient T cells restored IFN-g production in the lungs of
recipient IFN-g2/2 mice and mediated protection against the
development of altered airway responses on reinfection of these
animals but only when transferred during the primary infection.

Provision of IFN-g during Primary Neonatal Infection

Prevents the Development of Enhanced AHR and Lung

Histopathology on Reinfection with RSV

We have previously shown that, unlike weanling mice, newborn
BALB/c mice produce very low levels of IFN-g after primary
RSV infection and develop enhanced AHR, airway eosino-
philia, and mucus hyperproduction on reinfection (11). To
further establish the importance of IFN-g in determining the
outcome of reinfection with RSV in newborn mice, we admin-
istered rIFN-g to WT BALB/c mice during primary neonatal
RSV infection or during the secondary RSV infection and
assessed airway responses after the secondary infection.

As previously shown (11), mice initially infected as neonates
developed enhanced AHR (Figure 6A), significant airway
eosinophilia (Figure 6B), and mucus hyperproduction (Figures
6C and 6D) on reinfection with RSV. This response was also
associated with increased levels of the Th2 cytokines IL-5 and
IL-13 (IL-4 was below the detection limit of the assay), in
addition to IFN-g in the BAL fluid of these mice (Figure 6E).

Administration of rIFN-g during the primary neonatal in-
fection but not during the secondary infection markedly inhib-
ited the subsequent enhancement of AHR (Figure 6A) and
development of airway eosinophilia (Figure 6B) and mucus
production (Figures 6C and 6D), and reduced Th2 (IL-5 and IL-
13) cytokine levels in the BAL fluid on reinfection of the
newborn mice (Figure 6E). BAL IFN-g levels (Figure 6E) as
well as lung viral titers (Figure 6F) were not altered in these
mice by treatment with rIFN-g.

When mononuclear cells were isolated from peribronchial
lymph nodes after reinfection of the mice initially infected as
newborns and restimulated in culture with RSV, increased
levels of Th2 cytokines (IL-4, IL-5, and IL-13) were detected
in the culture supernatants as well as IFN-g (Figure 6G).
Interestingly, treatment of mice with rIFN-g during the primary
neonatal infection but not during the secondary infection re-
sulted in significantly lower Th2 (IL-4, IL-5, and IL-13) cytokine
production without altering IFN-g production by these cells.

These data further demonstrate that deficiency of IFN-g
production during initial RSV infection predisposes to the de-
velopment of altered and Th2-biased airway responses (en-
hanced AHR, airway eosinophilia, and mucus hyperproduction)
on subsequent RSV infection. Administration of rIFN-g during
the primary neonatal RSV infection prevented the development
of these altered responses, including the production of Th2
cytokines.

DISCUSSION

The objectives of this study were to define the role of IFN-g in
the induction of protective responses against the development
of altered airway function after reinfection with RSV. Because

Figure 3. IFN-g–producing lung T cells and natural killer (NK) cells. (A)

Flow cytometry scatter plot showing IFN-g–positive cells within gated

CD41 and CD81 lung cell populations. (B) Numbers of IFN-g–pro-

ducing CD4 and CD8 T cells, and NK cells. CD41 and CD81 T cells

were the predominant source of IFN-g in the lung of respiratory

syncytial virus (RSV)–infected wild-type mice. The number of these

cells was significantly increased after reinfection of these mice. *Statis-

tical difference between primary and secondary infection (P , 0.05).

212 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 177 2008



recurrent RSV infection is frequent in humans, we hypothesized
that the consequences of reinfection with RSV may be deter-
mined at the time of initial infection, where IFN-g could play
a key regulator of the response. In an earlier study (11), neo-
natal RSV infection was shown to predispose mice to develop
more severe airway disease on reinfection. This amplified and
altered response to reinfection was characterized by the de-
velopment of significant AHR associated with a marked airway
eosinophilia and mucus hyperproduction. By contrast, primary
infection at later age (e.g., at weaning) elicited a protective
airway response to reinfection characterized by an exuberant
lymphocytic inflammatory response, but without development
of AHR or airway eosinophilia and mucus hyperproduction.
Interestingly, the most distinctive difference observed between
the two ages in terms of response to primary RSV infection was
lower IFN-g production in the lungs of infected newborn mice.
The present study determined that the outcome of reinfection
with RSV (development of, or protection against, altered air-
way responses) is dependent on IFN-g production during pri-
mary RSV infection.

The results of this study demonstrate that IFN-g is not
essential to the development of AHR during primary RSV
infection, because IFN-g2/2 mice developed AHR to the same
extent as did WT mice after primary RSV infection. This finding
contradicts an early report, which suggested that IFN-g might
contribute to RSV-mediated AHR in mice (25); however, AHR
was not documented in this study (e.g., by assessment of airway
responsiveness to MCh) nor was the outcome of reinfection
examined in IFN-g2/2 mice. Durbin and colleagues compared
the responses of IFN-g2/2 and WT mice to primary RSV
infection and found no differences in lung pathology, cytokine
levels, or viral replication and rate of clearance between the two
strains of mice even after inoculation with high doses of RSV
(i.e., 107 PFUs [plaque-forming units]) (26). In contrast, mice
lacking STAT1, a common signaling pathway shared by IFN-g

and IFN-a/b, developed marked lung pathology characterized
by a prominent eosinophilia, a Th2-biased cytokine response,
but no significant alteration in rate of viral clearance after
primary RSV infection. Surprisingly, all these strains of mice
including IFN-g2/2 mice appeared to be protected and did not
develop signs of illness as defined by weight loss after re-
infection with RSV. Nonetheless, it was concluded that STAT1
activation by both type I (a/b) and type II (g) IFNs plays an
important role in establishing a protective Th1-mediated im-
mune response to RSV infection. In the present study, no
significant differences were seen between IFN-g2/2 mice and
WT mice in AHR or airway inflammation after primary RSV
infection, which is not inconsistent with the findings reported by
Durbin and colleagues (26). However, our data clearly show
that IFN-g2/2 mice are not protected from, but rather predis-
posed to, developing altered airway responses (AHR, eosino-
philia, and mucus hyperproduction) on reinfection, further
establishing a critical role for IFN-g in determining the outcome
of reinfection with RSV. Interestingly, treatment of IFN-g2/2

mice by administration of rIFN-g during the primary RSV
infection prevented the subsequent development of altered
airway responses on reinfection of these mice; treatment during
reinfection was without effect. Likewise, adoptive transfer of
IFN-g–sufficient T cells into IFN-g2/2 mice during the primary
infection but not during reinfection also prevented the devel-
opment of altered airway responses on reinfection in IFN-g2/2

mice. These data support our hypothesis that deficient (or
absence of) IFN-g production during initial RSV infection pre-
disposes to the development of altered airway responses on
subsequent reinfection with this virus. This is further revealed
in neonatal mice in which deficient IFN-g production during
initial RSV infection appears to be the basis for the subsequent
development of altered and Th2-biased airway responses (en-
hanced AHR, airway eosinophilia, and mucus hyperproduction)
on reinfection with RSV.

Figure 4. Effect of treatment with IFN-g on airway respon-

siveness to reinfection in IFN-g2/2 mice. IFN-g2/2 mice were

administered recombinant IFN-g (rIFN-g) during either the

primary or the secondary respiratory syncytial virus (RSV)

infection. Airway responses were assessed on Day 6 after

reinfection. Compared with untreated IFN-g2/2 mice, mice

administered rIFN-g during the primary infection, but not

during the secondary infection, developed a marked reduction

in airway hyperresponsiveness (A), bronchoalveolar lavage

(BAL) eosinophilia (B), mucus goblet cell metaplasia (C), and

BAL Th2 (IL-5 and IL-13) cytokine levels (D) on reinfection.

*Significant difference between the groups (P , 0.05);
xsignificant difference compared with IFN-g2/2/28RSV group

(P , 0.05). MCh 5 methacholine; WT 5 wild-type. See Figure

2 legend for definition of other abbreviations.
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IFN-g, a cytokine mainly produced by NK cells and acti-
vated CD41 and CD81 T cells, promotes cell-mediated immune
responses to intracellular pathogens such as viruses and has
well-characterized antiviral activity (27). The role of IFN-g in
RSV-mediated disease is not well understood, but there is an
apparent association between severity of RSV bronchiolitis and
IFN-g production. Earlier studies reported that infants hospi-
talized for severe lower respiratory tract illness due to RSV
infection and requiring ventilation had lower IFN-g production
by blood mononuclear cells compared with those with a milder
illness (15, 28). Moreover, the levels of IFN-g measured in
nasopharyngeal aspirates were lower in infants hospitalized for
severe RSV bronchiolitis compared with those exhibiting milder
disease. In one study, deficient IFN-g production by blood
mononuclear cells at the time of RSV bronchiolitis was found to
be an indicator of lower pulmonary function and increased air-
way responsiveness to histamine 5 months later, and appeared
to predict the development of asthma in infants hospitalized for
severe RSV bronchiolitis (14). A prospective study found that
infants who developed lower respiratory tract disease (bronchi-
olitis) had lower levels of IFN-g in nasal lavage fluids compared
with those who developed upper respiratory tract disease alone
after RSV infection (17). Recent findings from a study of hos-

pitalized infants suggested that decreased IFN-g production is
more a characteristic of lower respiratory tract illness related to
RSV than other respiratory viruses (29). Taken together, these
human studies suggest an important role for initial IFN-g pro-
duction in determining the outcome of RSV-mediated airway
disease.

IFN-g production usually identifies a Th1-type response,
which is often accompanied by a vigorous CD81 cytolytic T
lymphocyte (CTL) response to viral infection in animal models
(30). By analogy, a weak IFN-g and/or CD81 CTL response
could result in delayed virus clearance, leading in turn to an
increased inflammatory response and more severe illness. In-
deed, infants with a severe clinical course of RSV disease exhibit
lower CD81 T-cell and CD81/CD251 T-cell counts during the
acute phase of illness (13). This is in accord with previous findings
of RSV-specific cellular cytotoxic immune responses in infants
with mild illness but not in those with the most severe disease
(31), and with the findings of reduced numbers of CD81T cells in
the peripheral blood of infants with severe disease, compared
with infants with milder forms of illness caused by RSV (32).

There are several potential mechanisms by which impaired or
lower IFN-g production during primary RSV infection might be
associated with enhanced AHR and airway inflammation after

Figure 5. Effect of adoptive T-cell transfer on airway responsiveness to reinfection in IFN-g2/2 mice. IFN-g–sufficient T cells, isolated from uninfected

wild-type (WT) mice, were adoptively transferred into recipient IFN-g2/2mice, before primary or secondary respiratory syncytial virus (RSV) infection.

Airway responses were assessed onDay 6 after reinfection. (A) Airway responsiveness to inhaledmethacholine (MCh); (B) bronchoalveolar lavage (BAL)

cellularity; (C)mucus goblet cellmetaplasia; (D) BAL cytokine levels; (E) in vitro IFN-gproductionby isolated lung leukocytes. Transfer of IFN-g–sufficient

T cells before either primaryor secondaryRSV infection restored significant IFN-gproduction in the lungs of recipient IFN-g2/2mice (D, E). However, the

development of airway hyperresponsiveness (A), BAL eosinophilia (B), and mucus goblet cell metaplasia (C) in these animals was only inhibited when

IFN-g–sufficient T cells were transferred before the primary but not the secondary RSV infection. *Significant difference between the groups (P, 0.05);
xsignificant difference compared with IFN-g2/2/28RSV group (P , 0.05). BM 5 basement membrane; Eos 5 eosinophil; Lym 5 lymphocyte; Mac 5

macrophage; Neu5 neutrophil; 18R, 18RSV5 primary RSV infection; 28R, 28RSV5 secondary RSV infection.
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Figure 6. Effect of treatment with IFN-g on airway responsiveness to reinfection in newborn mice. Newborn BALB/c mice were treated with

recombinant IFN-g (rIFN-g), administered during primary neonatal infection or during reinfection. Airway responses were assessed on Day 6 after re-

infection. (A) Airway responsiveness to inhaled methacholine (MCh); (B) bronchoalveolar lavage (BAL) cellularity; (C) lung histopathology; (D) mucus

goblet cell metaplasia; (E) BAL cytokine levels; (F) lung viral titers; (G) in vitro cytokine production by peribronchial lymph node (PBLN) mononuclear

cells. Treatment with rIFN-g during primary neonatal infection, but not during reinfection, prevented the enhancement of airway hyperresponsiveness

(A) and inhibited the development of airway eosinophilia (B), mucus hyperproduction (C,D), BAL Th2 cytokine levels (E), and Th2 cytokine production

by PBLN cells on reinfection. IFN-g levels (E,G) and lung viral titers (F) were not altered by IFN-g treatment. *Significant difference comparedwith sham

group (P , 0.05); xsignificant difference compared with 28RSV group (P , 0.05). 18RSV 5 primary RSV infection; 28RSV 5 secondary RSV infection.
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reinfection with RSV. Impaired IFN-g at birth may facilitate
skewing of T-cell differentiation toward a Th2 phenotype,
thereby predisposing to subsequent development of atopic
wheezing and asthma in children (33, 34). However, deficient
IFN-g may also reflect either decreased maturation of CD81 T
cells or decreased numbers of NK cells or Th1 cells. Previous
in vitro studies have shown that addition of IFN-g to activated T
cells leads to acquisition of cytotoxic activities by CD81 but not
CD41 T cells (35). In our study, the elevated viral load seen in
mice lacking IFN-g may reflect decreased cytolytic activity by
CD81T cells, and the ability of IFN-g–sufficient T cells to restore
protection suggested that a T-cell source is sufficient for this
protection. There is also evidence to suggest that both develop-
ment and maturation of primary CD81 T-cell responses are
critically dependent on help from CD41 T cells during priming
(36, 37). Because both CD41 and CD81 T cells are a source of
IFN-g during RSV infection, interaction between both T-cell
subsets is possibly required for mediating full protection. The
nature of CD4 T-cell–mediated help is not clear but may involve
production of IL-2 to facilitate CD81T-cell expansion and IFN-g
to promote the acquisition of cytotoxic activity by these cells.
IFN-g also regulates the production of IgG2a, a major class of
complement-fixing and virus-neutralizing antibodies in mice;
thus, a deficiency in IgG2a antibody production may also con-
tribute to increased viral load in the lung. However, based on our
findings, AHR appeared to correlate with lung immunopathol-
ogy, not viral load.

Human RSV is known to elicit an adaptive (virus-specific) T-
cell–mediated immune response in mice despite a limited viral
replication in the lung of these animals, which may be explained
by species-related differences in host permissiveness to the
pathogen. Usually, no apparent clinical signs of disease are
observed in mice after infection with doses up to 106 PFUs of
human RSV. However, clinical signs of disease (e.g., ruffled fur
and significant weight loss) are typically observed on Days 3–4
after infection of mice with higher doses (107 PFUs) of human
RSV (38). In humans, there is a lack of information as to what
extent RSV can replicate in vivo in the lower airways and it is
unclear whether severity of RSV disease (bronchiolitis) can
directly be related to the rate of viral replication in the lower
respiratory tract of children. Previous studies have described
marked differences between human primary nasal epithelial
cells, bronchial epithelial cells, and alveolar macrophages in
permissiveness to RSV infection and viral replication in vitro
(39). Although both nasal and bronchial epithelial cells were

equally permissive to RSV infection in vitro, nasal epithelial cells
produced much more virus than bronchial epithelial cells (10-
fold at 0.1 multiplicity of infection [MOI], 3-fold at 1 MOI).
Alveolar macrophages were much less permissive and restricted
viral replication. These observations suggest that RSV replica-
tion might also be limited (restricted) in human lower airways,
the major site of RSV-induced bronchiolitis and altered airway
function (wheezing).

Analysis of cells recovered by lavage from the airways of
children with acute bronchiolitis revealed predominant airway
neutrophilia in some studies (40), whereas lymphocytes appear
to be more prominent in tissue (41). However, the role of
neutrophils in RSV-mediated disease remains unclear. In one
study, repeated BAL samples were obtained from both term
and preterm infants hospitalized for 7 days for severe RSV
bronchiolitis requiring ventilation (42). Although neutrophils
predominated during the first 2 to 3 days after intubation, the
numbers of these cells declined progressively, reaching baseline
control values by Day 4. By contrast, despite the severity of
RSV bronchiolitis, preterm infants did not exhibit such a prom-
inent BAL neutrophilia (no difference compared with nonbron-
chiolitic control infant group). In the mouse model, neutrophils
never predominate in the BAL fluid at the peak of RSV-
induced lung inflammation (i.e., Days 6–7 postinfection). How-
ever, a transient BAL neutrophilia can be observed early (Days
1–3) after RSV infection in mice (unpublished observations).
We are currently investigating this neutrophilic response in the
mouse model to define its role in RSV-induced airway in-
flammation and altered airway function.

The exact mechanisms of AHR are not really clear and there
is not a single common pathway that leads to this alteration,
which can be triggered by allergen, virus, or pollution. Studies
of murine models of allergic airway responsiveness have estab-
lished a key role for IL-13 as a downstream mediator that
regulates AHR and mucus hyperproduction and contributes to
airway eosinophilia (reviewed in Reference 43). This patho-
physiology is believed to be initiated during sensitization by an
IL-4–dependent mechanism that drives the development of Th2
response. We have previously shown that IL-13 is not required
for the development of AHR after primary RSV infection (44).
However, similar to allergen-mediated AHR and lung histopa-
thology, the pathophysiology (AHR, airway eosinophilia, and
mucus hyperproduction) that develops on reinfection of IFN-g–
deficient mice (adult IFN-g2/2 or newborn mice) with RSV is
likely driven by a Th2 (IL-13) response that develops due to the

Figure 6. (Continued)
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deficient (or the absence of) IFN-g production during initial
RSV infection. The fact that rIFN-g did not alter the responses
when administered during reinfection suggests that IFN-g has
no direct effect on AHR and cannot reverse established Th2
responses and lung histopathology. On the other hand, the ef-
fectiveness of IFN-g treatment during the primary RSV in-
fection in preventing the subsequent Th2-biased, altered airway
responses that develop on reinfection further emphasizes the
important role IFN-g plays during initial infection in determin-
ing the outcome of reinfection with RSV. IFN-g enhances Th1
responses and is an important counterregulator of Th2 devel-
opment, particularly during priming (45). Conceivably, deficiency
or lack of IFN-g production during initial RSV infection (prim-
ing) may result in the unopposed differentiation of a Th2-biased
response, leading to development of eosinophilia, mucus hyper-
production, and AHR on subsequent reinfection with this virus.

In conclusion, the results of this study demonstrate that IFN-g
production at the time of initial infection is a critical factor that
determines the outcome of reinfection with RSV in mice. In con-
junction with several clinical reports, these findings are impor-
tant to our understanding of the pathogenesis of post-RSV
wheezing and asthma and may provide novel insights for the
development of immunotherapeutic approaches for the pre-
vention of RSV-mediated long-term sequelae in infants with
severe RSV bronchiolitis.
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