Acute and Chronic Airway Responses to Viral Infection
Implications for Asthma and Chronic Obstructive Pulmonary Disease
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Despite the high clinical impact of established and emerging respi-
ratory viruses, some critical aspects of the host response to these
pathogens still need to be defined. In that context, we aimed at
two major issues: first, what are the innate immune mechanisms
that control common respiratory viral infections; and second,
whether these mechanisms also cause long-term airway disease.
Using a mouse model of viral bronchiolitis, we found that antiviral
defense depends at least in part on a network of mucosal epithelial
cells and macrophages specially programmed for immune-response
gene expression. When this network is compromised, the host is
highly susceptible to infection, but network components can be
engineered to provide increased resistance to infection. Similar
alterations appear in asthma and chronic bronchitis/chronic ob-
structive pulmonary disease, suggesting that evolving attempts to
improve antiviral defense may also lead to inflammatory airway
disease. Indeed, in genetically susceptible mice, respiratory para-
myxoviruses cause a “hit and run” phenomenon that is manifested
by the development of a permanent airway disease phenotype long
after the infection has cleared. The phenotype can be segregated
into individual traits to achieve more precise definition of just how
viruses reprogram host behavior. Identifying specific components
of the mucosal immune system that manifest an aberrant antiviral
response may thereby allow for adjusting this response to improve
acute and chronic outcomes after viral infection.
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Similar to other chronic inflammatory diseases, the concept has
gradually evolved that chronic airway diseases, typified by asthma
and chronic obstructive pulmonary disease (COPD), are driven
by a detrimental inflammatory response, and furthermore, that
this mechanism represents an aberration or extension of the
normal immune response. Despite the complexity of the immune
response (or perhaps because of it), a relatively simple scheme
was developed for asthma pathogenesis that rests on the classifi-
cation of the adaptive immune system, and especially the T-cell
responses to allergic and nonallergic stimuli that enter the air-
way. This scheme was devised largely in murine models of the
immune response in which CD4* T-cell-dependent responses
may be classified into T-helper type 1 (Th1) or Th2, where Thl
cells characteristically mediate delayed-type hypersensitivity re-
actions and Th2 cells promote B-cell-dependent humoral immu-
nity (1). In this system, interleukin (IL)-4, IL-5, IL-9, and 1L-13
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promote Th2 cell differentiation and B-cell-dependent IgE pro-
duction, tissue eosinophilia, airway hyperreactivity, and goblet
cell metaplasia (2). Furthermore, these responses are downregu-
lated by Thl cytokines, such as interferon (IFN) vy and IL-12,
and are inversely correlated with the general level of Thl cell
responses (3-6). By extension, the traditional scheme for asthma
pathogenesis is based on a relative increase in Th2 responses in
combination with a decrease in Thl cellular responses. More
recently, murine models indicate that Thl cells may still be
necessary for the development of a Th2 response (7, 8) and that
CDS8" T cells, natural killer T cells, and regulatory T cells may
also contribute to the allergic response (9-11). In all cases, how-
ever, the scheme rests chiefly on the hypothesis that asthma
pathogenesis depends critically if not solely on the overproduc-
tion of Th2 cytokines (12-17).

However, several lines of evidence in model systems and in
humans raise questions for the Th2 hypothesis as a full explana-
tion for asthma. Thus, as noted above, Thl as well as antigen-
specific Th2 cells may be necessary for initiating the allergic
response, even in mouse models of asthma (7, 8). Furthermore,
endpoints of the allergic response, such as airway hyperrreactiv-
ity and mucus production, may develop without IgE production
or eosinophil influx (18-20). In some cases, airway reactivity
may be dissociated from eosinophilic inflammation on the basis
of genetic background (21, 22). In fact, in human subjects, the
development of allergy and asthma is often dissociated as well
(23), and linkage between asthma and candidate genes for atopy
has not been found in large population studies (24). Moreover,
treatment aimed at selective blockade of Th2 pathways has not
yet proven to be efficacious in asthma (17). Indeed, the type of
inflammation found in early childhood asthma and severe asthma
may show little evidence of a traditional allergic response. None-
theless, these discrepancies are generally ascribed to the com-
plexity of the allergic response, so that other features of the
response may still lead to the asthma phenotype (25).

These discrepancies are also relevant to the pathogenesis of
COPD, particularly because the chronic bronchitis phenotype
overlaps significantly with the one for asthma. In fact, some
have argued that asthma pathogenesis may overlap with the
development of the COPD phenotype (26). Shared mechanisms
are highlighted by the association of abnormal airway inflamma-
tion with progression of COPD (27). Immune cell infiltration in
asthma (typically by eosinophils, mast cells, and CD4* Th2 cells)
is often contrasted with inflammation in COPD (often character-
ized by neutrophils, macrophages, and CD8" T cells), but CD4*
T cells appear prominently in COPD and CD8* T cells may
contribute to asthma (27, 28), and, as discussed below, activated
macrophages may be found in both conditions. In either case,
the same mediator profile may be produced by more than one
cellular source, so even with a distinct inflammatory cell profile,
it is still possible that asthma and COPD share similar molecular
mechanisms and consequent overlap in end-organ dysfunction.
In that regard, genetic analysis indicates that candidate genes,
such as /L-13, yield similar susceptibility profiles in asthma and
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COPD cohorts (29), and overexpression of IL-13 in mice may
lead to a phenotypes common to asthma and COPD (i.e., mucous
cell metaplasia and airway hyperreactivity) (30). In the absence
of allergy, is it possible, for example, that another component
of the immune response could lead to Th2 cytokine production
and consequent airway disease?

AN ALTERNATIVE IMMUNE MODEL:
AIRWAY RESPONSES TO VIRUS

To resolve these outstanding issues for asthma and COPD patho-
genesis, we focused on related but distinct aspects of airway
immunity that are particularly relevant to the host response
against microbial pathogens (especially respiratory viruses). Our
initial reasoning was related to the concept that the adaptive
immune system (manifested by the diverse repertoire of T and
B cells) requires signals about the origin of the antigen and the
type of response to be induced. Furthermore, these signals must
be provided by the innate immune system. In this general con-
text, and in the particular context of the response to inhaled
agents, we proposed that the epithelial cells lining the airway
surface represent an ideal candidate to act as a primary sentinel
in innate immunity (31). In particular, our observations in models
of airway inflammation and in human subjects with inflammatory
airway disease indicated that the immune cell response to inhaled
agents was topographically directed toward and then through
the airway epithelium. In turn, this finding suggested that the
epithelium was charged with directing immune cell traffic to the
airway lumen, so that initial studies were directed toward defin-
ing the underlying mechanism for transepithelial traffic of im-
mune cells. In the course of our studies, we learned that the role
of airway epithelial cells is complemented by the actions of
airway macrophages, perhaps in line with observations that mac-
rophages also patrol the airway and, together with airway epithe-
lial cells, are the primary sites for replication of common respira-
tory viruses (32). Here, we begin to develop the concept that
airway epithelial cells and macrophages appear to constitute
critical (but not the only) components of an innate antiviral
immune system, and their roles can be defined by studies of
viral infection in vitro (using physiologic cell culture systems)
and in vivo (using high-fidelity mouse models).

Studies In Vitro Using Airway Epithelial Cells and Macrophages

For studies of isolated cells, special care was taken to preserve the
native properties of airway epithelial and immune cells. Airway
epithelial cell cultures were modified from ones that are appro-
priate for studying immune cell traffic out of the circulation
(where cells must be slowed and activated and often move from
a lumenal to ablumenal compartment). In the case of the airway
epithelium, immune cells are directed from an ablumenal to a
lumenal location and initial immune cell slowing (i.e., rolling)
is not necessarily a feature of this system. Indeed, it became
apparent that airway epithelial cells use a special program for
directing immune cell traffic that depends on a two-step area
code for first, cell adhesion, and second, chemotaxis (33-35). In
the case of T-cell movement, these two steps are typified by dis-
tinct expression of intercellular adhesion molecule 1 (ICAM-1)
and secretion of CC-chemokine ligand 5 (CCLS5; formerly desig-
nated as RANTES [regulated upon activation, normal T-cell
expressed and secreted]). For ICAM-1, distribution on both
apical and basolateral cell surfaces mediates efficient cell adhe-
sion at the basal cell surface (to aid in transmigration) and at
the apical cell surface (for retention and movement along the
airway). For CCLS, a pattern of polarized apical secretion pro-
vides for a soluble chemical gradient for T-cell movement from
the subepithelium (where levels are low) to the mucosal surface
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(where levels are higher) and retention at that lumenal site.
We have presented a scheme for how these two pathways for
controlling cell adhesion and chemotaxis may be coordinated to
explain epithelial cell-dependent transmigration of T cells in a
basal-to-apical direction (36). Here we suggest that these pat-
terns also fit well with available data for ICAM-1 and CCLS5
expression in airway epithelium in vivo on the basis of functional
data from ICAM-1- and CCLS5-null mice. In the case of CCLS5,
however, a nonredundant capacity for mediating macrophage
survival was also uncovered that was distinct from directing
immune cell traffic (described below).

Analogous to how ICAM-1 and CCLS5 complement each
other to direct immune cell traffic, these epithelial immune-
response products also typify how transcriptional and post-tran-
scriptional mechanisms synergize to control gene expression
(Figure 1). Thus, epithelial ICAM-1 gene expression is regulated
by IFN-y signal transduction featuring the Statl transcription
factor as a critical regulator of transcription (37-41). CCL5 gene
expression is also inducible by IFN-y but is exquisitely sensitive
to direct induction by viral replication (thereby bypassing the
need for immune cell IFN production). In this case, the virus
(and IFN-v) relies on regulation at the post-transcriptional level
by stabilization of CCL5 mRNA (42). These virus-driven events
may also be complemented by nuclear factor-kB—dependent
transcriptional activity due either to cytokine (tumor necrosis
factor) or Toll-like receptor actions. This transcriptional/post-
transcriptional synergy may explain why CCLS5 exhibits greater
induction than any other chemokine (and perhaps any other
known gene) after respiratory viral infection. As discussed be-
low, another important response of the airway epithelial cell to
cytosolic detection of viral replication is the generation of type
I IFN (i.e., IFN-B). On the basis of in vitro (and later in vivo)
studies of IFN- and Stat1-null mice, IFN-B-dependent signaling
appears to be a critical line of antiviral defense (43, 44). In
this case, other transcription factors (e.g., interferon regulatory
factor-7) may also be required (45), although this pathway has
not been defined as yet for airway cells or common respiratory
viruses. Of note, respiratory syncytial virus (RSV) has devised
a special mechanism to disrupt type I IFN signaling based on
the expression of distinct nonstructural proteins (NS1 and NS2)
(46). These gene products appear to successfully compromise
IFN signaling in human but not other species of host cells,
thereby providing a mechanism for host range as well.

By comparison to airway epithelial cell studies, the effect
of respiratory viruses on lung macrophage behavior is poorly
characterized. Previous reports document the capacity of alveo-
lar macrophages to be infected by respiratory viruses (e.g., RSV),
although infection may require a higher-level inoculum (47).
Similarly, virus can be detected in alveolar macrophages in vivo,
but less commonly than in airway epithelial cells (32). In this
setting, it is not clear whether viruses primarily infect the macro-
phages, or perhaps more commonly, if they become infected by
phagocytosis of apoptotic epithelial cells left in the wake of viral
cytopathic effects. As developed below, this phenomenon raises
the possibility that macrophage scavenging is another critical
aspect of the antiviral response in the lung.

Studies In Vivo Using Mice and Viruses

Our interest in antiviral responsiveness of airway epithelial cells
and macrophages was next extended to studies of mucosal im-
mune function in vivo. For these experiments, we developed a
mouse model to take further advantage of genetic and genomic
strategies. To achieve epithelial and macrophage activation
(which we considered essential features of chronic airway dis-
ease), respiratory viral infection was chosen as a natural stimulus
to model. Because we were interested in asthma and COPD
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Figure 1. Critical aspects of the antiviral response in the host cell. For
intercellular adhesion molecule 1 (ICAM-1) and related genes, expres-
sion is controlled at the transcriptional level via IFN-y signaling. Sequen-
tial steps include IFN-yR activation/phosphorylation, Stat1 translocation
and interaction at y-activation site (GAS) in the gene promoter region,
generation of pre-mRNA transcripts, and mRNA maturation and release
to ribosomal machinery for translation and then processing of protein
for expression at the appropriate cellular site. For CC-chemokine ligand 5
(CCL5) and related genes, expression is controlled at the transcriptional
level by a direct effect of the virus. For example, virus (e.g., respiratory
syncytial virus [RSV] or Sendai virus) may interact with Toll-like receptors
(TLR) and so activate nuclear factor (NF)-kB and consequent NF-«xB-
dependent gene transcription. In addition, cytosolic viral replication may
act downstream at the post-transcriptional level and alter gene expression
by stabilizing mRNA, likely by influencing mRNA turnover factors (RTF)
that bind to RNA turnover elements and mediate RNase-dependent deg-
radation. Expression of ICAM-1, CCL5, and IFN-B allows for control of
immune cell traffic, host cell survival, and viral replication, respectively.
This scheme was defined in airway epithelial cells but is also active in
macrophages that are also similarly but less effectively infected by com-
mon respiratory viruses.
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pathogenesis, we focused on common respiratory viruses that
target the airways and have been linked to development or at
least exacerbation of asthma and COPD. This raised the possibil-
ity of using a paramyxovirus, and within this family of negative-
strand RNA viruses, there are several common human and
mouse pathogens available for laboratory use (Figure 2). Among
these viruses, RSV would have been an ideal choice because it
is the most common cause of serious respiratory illness in early
childhood and is most often associated with the development of
childhood asthma. Unfortunately, mice are relatively resistant
to infection with RSV, so a high-threshold inoculum of virus
must be given and the resulting all-or-none pattern of illness
manifests primarily as alveolitis with viral localization to type I
alveolar epithelial cells (48). Thus, although RSV was particu-
larly useful in studies of isolated human cells, its utility was
limited for experimental studies done in vivo. We also considered
using a newly identified human pathogen, human metapneumo-
virus (hMPV), which appears to be associated with asthma, but
the native virus is also weakly pathogenic in immunocompetent
mice (unpublished observations, E.A. and M.J.H.). In immune-
compromised animals and humans, hMPV causes more severe
infection (49), but implications for airway disease are still being
defined. Recently, another hMPV isolate has been reported to
cause persistent infection and Th2 cytokine response in mice
(50). This type of variability has also been found for RSV and
pneumonia virus of mice, so in each case it will be of interest
to define the genetic differences between viral isolates (or with
viral passage) that account for a change in host range and re-
sponse.

Although we continue to study these issues, our in vivo studies
were initiated by substituting a closely related paramyxovirus—
that is, mouse parainfluenza type I or Sendai virus (SeV)—for
RSV in the mouse model. SeV was isolated initially from humans
and exhibits natural pathogenicity in immunocompetent mice.
Delivery of intranasal SeV in the proper inoculum (e.g.,2 X 10°
plaque-forming units) and mouse strain (e.g., C57BL/6J) allows
for the development of viral bronchiolitis that maintains high
fidelity with what we observe in humans (51). In particular, there
is reversible illness with infection limited to the airway mucosa
and inflammation largely restricted to peribronchial and bronchi-
olar tissues. At higher inoculum, there is propagation of infec-
tion to distal airspaces with bronchopneumonia that, if severe
enough, can lead to respiratory death. At either inoculum, viral
replication is localized primarily to airway epithelial cells (al-
though detectable in airspace macrophages as well), thereby
resembling the pattern that is found in children with severe
paramyxoviral infection due to RSV (52). Moreover, the infected
epithelial cell population expresses a profile of immune-response
gene expression similar to the one found in cultured airway
epithelial cells infected with RSV or SeV, notably including induc-

Figure 2. Genomic organization for paramyxo-
viruses used for studies of acute viral bronchiolitis
in mice. Some viral genes (e.g., NS1 and NS2) are
distinct for RSV and help viral infectivity by blocking
IFN signaling. Other viral genes (e.g., F gene) re-
quire specific host factors to enable viral entry into
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genes for causing acute infection and for conferring

Paramyxovirus (SeV) 3"

the chronic airway disease phenotype still needs to
be more completely defined.
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TABLE 1. ROLE OF IMMUNE-RESPONSE GENES IN VIRAL BRONCHIOLITIS BASED ON BEHAVIOR
OF INBRED (C57BL/6]) MICE WITH TARGETED NULL MUTATIONS AND PARAMYXOVIRAL

(SENDAI VIRUS) INFECTION

Gene Target Viral Clearance Inflammation Mortality Airway Reactivity
IFN-y No change No change No change No change
IL-12p40* No change No change No change No change
ICAM-1* No change Decreased Decreased Decreased
IL-12p35* No change Increased Increased No change
Stat1* Decreased Increased Increased Not determined®
CCL5* Prolonged Increased Increased Not determined®

Definition of abbreviations: CCL = CC-chemokine ligand; ICAM = intercellular adhesion molecule; IL = interleukin.
* Targets that alter gene expression in airway epithelial cells as well as immune cells.
T Increased susceptibility to viral infection interferes with comparison to wild-type control mice.

ible expression of ICAM-1, CCLS, IL-12p40, as well as Stat1, which
appears to be autoamplified under conditions of IFN production.

The choice of C57BL/6] mice was based on experiments
indicating that the humanlike pattern of illness was not found
in several other genetic backgrounds, but this choice also af-
forded an opportunity to study genetically modified mice that
are commonly generated on this same background. Comparison
of mice with targeted null mutations to wild-type control mice
thereby allowed us to define the function of immune-response
genes important for antiviral host defense. Table 1 summarizes
findings with some of the genotypes that we have recently studied
in the SeV bronchiolitis model. The results indicate that null
mutations of the Thl immune cell network for antiviral defense
(e.g., IFN-y or IL-12p40) did not by themselves adversely affect
the host by increasing inflammation or decreasing viral clearance.
By contrast, mutations that alter the expression of epithelial
immune-response genes invariably alter inflammation and even-
tual outcome. In particular, loss of ICAM-1 decreases airway
inflammation (as predicted from in vitro studies) and blocks
airway hyperreactivity. Loss of IL-12p35 causes overproduction
of epithelial IL-12p40, which in turn increases macrophage-
dependent inflammation and consequent morbidity (51). This
finding highlights the role of IL-12p80 as a macrophage chemo-
attractant (53). Loss of CCLS5 causes an increase in epithelial and
macrophage apoptosis in the face of viral infection and thereby
leads to impaired viral clearance due to a compromise in the
macrophage scavenging system (54). The defect depends on
CCLS5/CCRS signaling and can therefore be found in CCR5-null
mice as well. Thus, macrophages isolated from CCLS5- or CCR5-
null mice as well as human macrophages treated with anti-CCRS
blocking antibody exhibit increased apoptosis after viral infec-
tion. These findings served to highlight the role of the macro-
phage in antiviral defense, and the special need for airway macro-
phage survival in the face of viral infection. Moreover, CCRS
allelic variation is known to alter susceptibility to devastating
pathogens (e.g., HIV) but may also influence the acute and
chronic responses to common respiratory viruses (55).

Among the immune-targeted mice that we studied, the most
devastating compromise in antiviral defense is found after the
loss of Statl function. In Statl-null mice, there is a marked
increase in susceptibility to SeV (as well as RSV or influenza
virus) infection, with lethal consequences (43, 56, 57). The loss
of type I IFN signaling is likely the main determinant of the
Stat1-null defect, because the same phenotype develops in mice
with a null mutation of the receptor for type I IFN (i.e., IFNAR),
whereas, as noted above, the loss of IFN-y signaling alone has
little impact on the antiviral response, at least in response to
influenza virus. Mice bred to be both IFNAR and IFN-y null
exhibit a slightly more severe defect than IFNAR null alone, so
IFN-vy has some contribution when the type I IFN system is lost.

The same profile of immune compromise appears to be manifest
in humans with defective IFN signaling. Thus, humans with Stat1
alleles that disrupt type I and II IFN signaling suffer lethal viral
infections in infancy, whereas alleles that disrupt only IFN-y
signaling appear to cope with viral infections but may later mani-
fest a defect in host defense against mycobacterial infection (58).
As noted above, RSV contains distinct genetic components to
disrupt type I IFN signaling in host cells (46), providing at least
a partial explanation for continued success of this virus to achieve
infection in humans.

In the context of this work, we have aimed to define the role
of epithelial Statl in defense against respiratory viruses. One
approach depends on targeted loss of Statl function in the muco-
sal epithelial cell versus immune cells. Another approach de-
pends on targeted enhancement of Statl signaling function. Our
work on these issues is still in progress, but initial findings indi-
cate that a Statl modified for hyperresponsiveness to IFN can
mediate more effective viral clearance (59). As developed below
in the section on human studies, the apparent hyperresponsive-
ness of Statl found in inflammatory disease may therefore repre-
sent an attempt to evolve Statl signaling capacity to afford a
host advantage in the native setting as well. Definitive proof
of concept awaits the completion of ongoing studies of bone
marrow—chimeric mice as well as mice with epithelial-specific
targeting of Statl expression. A particular challenge is the need
to define new transgenic systems specific for ciliated airway epi-
thelial cells, because this subpopulation appears to be the pri-
mary target of paramyxoviral infection. In that regard, chimeric
and transgenic systems to specifically target the macrophage
population need to be studied in this context as well. Nonethe-
less, the results to date already suggest a critical role for airway
epithelial cells and macrophages for optimal defense against the
types of respiratory viruses that are linked to the development
of asthma and possibly other forms of chronic airway disease.

CHRONIC AIRWAY RESPONSES TO VIRUS

Our initial studies of paramyxoviral infection provided a useful
framework for new observations on innate antiviral immunity,
and the particular contributions of airway epithelial cells and
macrophages, but the work focused largely on the acute response
to viral infection. Because asthma and chronic bronchitis are
often lifelong diseases and are strongly influenced by genetic
background, we next questioned whether our experimental ap-
proach could be further developed to address the critical issues
of chronicity and susceptibility. We therefore next focused on
whether we could detect a long-term effect of respiratory viral
infection on airway behavior, and if so, whether we could segre-
gate this chronic change from the acute events that surround viral
infection. We reasoned that inhibition of the acute inflammatory
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response could be achieved by targeted disruption of airway
epithelial immune-response genes and so influence acute and but
not chronic inflammatory disease phenotypes. As noted above,
among candidate genes that might mediate immune cell traffic,
ICAM-1 is the predominant determinant for adhesion of im-
mune cells to epithelial cells in vitro (33-35). Thus, loss of
ICAM-1 function would likely lead to decreased airway inflam-
mation. Indeed, we found that ICAM-1 expression is induced
primarily on host airway epithelial cells by viral infection and
is necessary for the full development of acute inflammation and
concomitant postviral airway hyperreactivity (60). These findings
finally established a cause-and-effect relationship between acute
airway inflammation and hyperreactivity, which had been pro-
posed in our initial report in 1983 (61).

Although these findings linking inflammation and hyperreac-
tivity were perhaps expected, the next results were surprising.
Thus, as we monitored host response over time, we discovered
that a single, primary viral infection also caused airway hyper-
reactivity and goblet cell metaplasia that lasted for at least a year
after complete clearance of virus (60). This long-term (essentially
permanent) phenotype developed regardless of ICAM-1 defi-
ciency and ICAM-1-dependent alteration of the acute inflam-
matory response, thereby indicating distinct determinants for
acute and chronic airway disease phenotypes. None of the long-
term virus-induced abnormalities were influenced by IFN-vy de-
ficiency, because each developed in IFN-y-null mice as well.
Each of these features is distinct from allergen-induced airway
hyperreactivity and goblet cell metaplasia in the same mouse
system. Thus, airway hyperreactivity and goblet cell metaplasia
are also inducible by allergen challenge in this genetic back-
ground, but in the case of allergy, the phenotypes resolve sponta-
neously with time (in the absence of treatment or additional
challenges) and are sensitive to the levels of IFN-y. Indeed,
the IFN-independent nature of virus-induced phenotypes in this
experimental setting is reminiscent of the low levels of IFN-y
or IFN-y—producing cells found in subjects with asthma (62).
Whether IFN production is similarly low in patients with COPD
and whether other features of this inflammatory response are
similar to the pattern in subjects with asthma and COPD are
still under study. Although we define the mechanism for develop-
ment of disease traits in this mouse model, we have designated
the phenotype as “asthmitis,” recognizing that the type of in-
flammation is distinct from the allergic response and (as devel-
oped below) likely shares cellular and molecular features with
ones found in asthma and chronic bronchitis.

The main impact of this initial work, however, is that a single
paramyxoviral infection can cause both acute and chronic mani-
festations of asthma and chronic bronchitis. These findings there-
fore raise the possibility that asthma not only resembles a persis-
tent antiviral response (51, 62) but may also be caused by such
a response, and so provide the experimental link between para-
myxoviral infection in early life with subsequent asthma in child-
hood and perhaps adulthood. The findings also provide a sub-
strate for segregating a complex disease into individual traits
that can then be linked to the expression of specific host genes.
Thus, ICAM-1 expression appears capable of regulating the
acute but not necessarily the chronic phenotype, whereas addi-
tional determinants may confer individual traits (i.e., airway
hyperreactivity and goblet cell metaplasia) that constitute the
chronic phenotype. The mouse model is particularly suited to
defining genetic and immunologic determinants that can then
be tested for mechanistic relevance in subjects with asthma or
COPD. Critical questions include the following: how do specific
viral genes confer the chronic disease phenotype, how do host
genetics determine susceptibility to developing the phenotype,
how is memory for the phenotype preserved, and how do we
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segregate the individual traits that comprise the chronic pheno-
type? These issues can be addressed both from the perspective
of the virus as well as the host.

Viral Determinants

From the microbial perspective, the viral pathogen must be
equipped with specific components to confer a long-term airway
disease phenotype. At the least, this will require viral genes
encoding for products that target successful infection to the
airways and to the proper host species. For example, the Sendai
viral F (fusion) gene product contributes to pathogenicity in
mice because this species expresses a specific airway protease
required for proteolytic cleavage and activation of the protein
needed to achieve viral entry into the host cell (Figure 2). As
another example, RSV nonstructural proteins NS1 and NS2 are
able to inactivate human but not mouse Stat2 and thereby inhibit
IFN signaling in the host cell (46). Indeed, siRNA-dependent
inhibition of NS1/NS2 expression allowed for an antiviral strat-
egy in a mouse model (63). These studies, as well as those
noted above for enhanced Statl function, raise the possibility
of decreasing the severity of acute viral infection to also decrease
the subsequent long-term sequelae.

On a more complex level, it is also useful to consider the
viral determinants for how respiratory viral infections can cause
permanent abnormalities in airway behavior in the experimental
setting and perhaps in humans. We recognized at least three
possibilities to explain long-term actions of paramyxoviruses:
(1) persistent infection (similar to hepatitis C virus), (2) mutant
quasi-species (similar to coronaviruses), or (3) a hit-and-run
phenomenon (similar to adenoviruses). Experiments aimed at
monitoring tissue (especially lung) levels of virus with immu-
noblotting, immunostaining, plaque-forming assay, and real-time
polymerase chain reaction all indicated that SeV was completely
cleared from the organism by 2 weeks after inoculation. This
finding indicated that the actions of SeV to cause a chronic
asthma phenotype are based on a hit-and-run strategy because
viral effects persist after clearance. Indeed, the results provide
evidence of the capacity for nononcogenic RNA viruses to ir-
reversibly reprogram host cell behavior in a manner previously
restricted to oncogenic DNA viruses (64, 65). Further proof
and understanding of this part of the process will depend on
identifying specific viral gene products responsible for altering
host gene expression and consequent phenotype. Of note, we
found that viral clearance was just as efficient in ICAM-1-null
animals, so the antiinflammatory effect of losing ICAM-1 is
protective against acute hyperreactivity but does not interfere
with efficient viral clearance. This outcome raises a novel strategy
for therapeutic development based on decreasing inflammation
while preserving or even enhancing immunity.

Host Determinants

Mechanisms of virus-induced airway disease are also linked to
the host response, and the mouse model specially lends itself to
genetic and immunologic strategies for defining the basis for the
response that leads to a disease phenotype. Because it was not
possible to separate goblet cell metaplasia from airway hyper-
reactivity within a single host genetic background, we identified
parental strains of mice that were matched for a similar acute
response, with similar histopathology and viral clearance rates,
but for a divergent chronic response (66). This divergence in
genetic susceptibility, and the fact that the F1 children showed
an intermediate phenotype, has allowed us to begin mapping
the genetic basis for these traits in an F2 intercross generation,
as recently reviewed (67). Initial results indicate that asthma
traits are linked to distinct genetic loci. Additional genetic analy-
sis will be needed to determine how these chronic phenotypes
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(i.e., airway hyperreactivity and goblet cell metaplasia) segregate
in mice and in humans and to define the relevant genes for
susceptibility at each time point. These genetic studies still need
to be completed, but taken together with the earlier work on
ICAM-1-null mice, we can start to build a model for how tran-
sient viral replication can cause acute inflammation/hyperreactivity
as well as chronic goblet cell metaplasia/airway hyperreactivity,
likely driven by ongoing airway stimulation and concomitant
pressure from the innate and adaptive immune systems (summa-
rized in Figure 3).

STUDIES IN HUMANS WITH ASTHMA AND COPD

A critical aspect of our work has been to validate findings from
in vitro and in vivo models of airway disease by performing
studies of the innate antiviral network in human subjects with
asthma or chronic bronchitis/COPD. Remarkably, select compo-
nents of the antiviral network are commonly activated in subjects
with asthma as well as COPD even in the apparent absence of
viral infection. In the case of asthma, we found selective activa-
tion of epithelial Statl in the absence of any change in the airway
tissue levels of IFN-y, the cytokine that is normally capable of
driving epithelial Statl activation and consequent ICAM-1 gene
expression (62). Levels of Statl activation correlated with in-
creases in expression of ICAM-1, interferon regulatory factor-1,
and Statl itself, suggesting that activation drives transcription
of downstream target genes. Together, the findings implied that
asthma is characterized by an abnormality in cytokine signaling
that is based in airway epithelial cells versus the traditional ab-
normality in cytokine production from immune cells. In a sub-
sequent study of human subjects, we found that expression of
another virus-inducible product (i.e., IL-12p80) was also in-
creased in airway epithelial cells of asthmatic airways (51). Simi-
lar to the case for the Statl-dependent gene network, induction
of IL-12p40 gene is unaffected by glucocorticoid treatment, un-
related to allergy, and is present in a pattern similar to the one
found in paramyxoviral infection.

In addition to our studies of subjects with stable asthma (often
being treated with glucocorticoids), we have also monitored sub-
jects with asthma after withdrawal from a controlled period of
treatment with inhaled glucocorticoids. Within the glucocorti-
coid-withdrawal group, we compared subjects who experienced
a flare of their disease to those that did not change (on the basis
of symptoms, bronchodilator use, and measurements of maximal
airflow). Although these flares could have been driven by in-
creased allergen exposure or heightened signaling responses to
viral infection, we reasoned that the distinct cell and molecular
biology of the CCL5 system might also make it a candidate for
mediating flares of asthma. If this were the case, we might expect
CCLS expression to be increased selectively in those with flares
of their disease. Indeed, we found that expression of the epithe-
lial CCLS5 gene is inducible by glucocorticoid withdrawal, and
induction occurs in conjunction with airway T-cell infiltration,
obstruction, and hyperreactivity (35, 68). The precise mechanism
for increased CCL5 gene expression in vivo still needs to be
determined, but the absence of notable and relevant transcrip-
tion factor (especially nuclear factor-«B) activation suggests that
expression may depend on the same mRNA stabilization mecha-
nism that is characteristic of the response to paramyxoviral replica-
tion. Thus, for each of three separate epithelial immune-response
genes (i.e., Statl, IL-12p40, and CCLY), activation is character-
istic of the normal response to viral infection and is a signature
of the presumably abnormal response in asthma. Taken together,
these findings bolster the role of the epithelial antiviral network
in asthma and led us to propose an alternative paradigm for the
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disease that includes epithelial, viral, and allergic components
(Figure 4) (31).

In comparative studies of subjects with COPD, we did not
detect constitutive activation of epithelial immune-response
genes, at least for Statl and IL-12p40 (51, 62). This difference
in epithelial cell behavior suggests that any epithelial alterations
might occur in smaller airways distal to the sampling site or that
the cellular site of activation was contained in another compo-
nent of the innate immune system (e.g., the airway macrophage).
Studies are still underway, but initial work (and previous reports
by others) suggests that macrophage activation is a consistent
feature of subjects with chronic bronchitis (27). This activation
likely overlaps with activation found by our group and others
in asthma (51, 53). Moreover, it appears that a critical site for
mucous cell metaplasia is in the very distal airways (27), precisely
the site of greatest epithelial metaplasia during paramyxoviral
bronchiolitis. A particular challenge is to define the full behavior
of epithelial and macrophage behavior under normal conditions
versus viral infection or chronic airway disease, under the prem-
ise that an exaggerated response may drive clinically significant
disease traits—namely, airway hyperreactivity and mucous cell
metaplasia—that are common to both. Indeed, we might expect
considerable synergy between the susceptibility to cigarette smoke—
and virus-induced bronchiolitis in genetically susceptible individ-
uals. Variation in environmental stimuli (i.e., allergen, virus, and
cigarette smoke) and genetic susceptibility may thereby account
for overlap between disease phenotypes (i.e., asthmatic bronchi-
tis) as well.

CONCLUSIONS AND FUTURE DIRECTIONS

Abnormal immune cell accumulation in the airways is character-
istic of patients with asthma and COPD. Traditionally, at least
in the case of asthma, the abnormal inflammation has been linked
to excessive Th2 cytokine production in the context of a skewed
response of the adaptive immune system. An overlapping pheno-
type in chronic bronchitis suggests that this immune mechanism
may contribute to airway hyperreactivity and mucous cell meta-
plasia in that setting as well. We submit that this immune cell
behavior (a manifestation of adaptive immunity), although often
a response to allergen, can also be regulated by the primary
response of airway epithelial cells and macrophages (critical
components of innate immunity). We have presented evidence
that a subset of epithelial immune-response genes may be critical
for antiviral defense and may exhibit aberrant activation in asthma.
Thus, paramyxoviral infection and asthma may share a propen-
sity to activate a network of epithelial immune-response genes
that are part of the innate immune response (35, 51, 62). Macro-
phage activation is also found in subjects with asthma but may
be even more prominent in subjects with chronic bronchitis
(27,51), so current studies aim to further characterize the behav-
ior of the antiviral response in airway epithelial cells and macro-
phages in both types of subjects.

These studies will further serve to associate the innate anti-
viral immune response with asthma and chronic bronchitis, but
will not directly address the issues of the underlying mechanisms
for chronicity and susceptibility to the asthma or chronic bronchi-
tis phenotype. Our more recent approach has therefore analyzed
whether a persistent antiviral response can drive the airway
disease phenotype, at least experimentally. In that regard, we
have used a mouse model of viral bronchiolitis to establish the
capacity of a single, transient paramyxoviral infection to perma-
nently change airway epithelial and smooth muscle behavior
toward disease traits (i.e., airway hyperreactivity and goblet cell
metaplasia) found in asthma and chronic bronchitis. By taking
advantage of genetic approaches, this chronic phenotype can be
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Figure 3. Model for acute and
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e.g., 3 days for neutrophils, 8
days for macrophages, and 12
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these events is linked to the subsequent development of acute airway hyperreactivity that depends on ICAM-1 gene expression and peaks at
approximately 21 days after inoculation. After this time, there is progressive and chronic goblet cell metaplasia and hyperreactivity that persist
indefinitely after infection and are likely driven by ongoing pressure from inhaled inflammatory stimuli and a reprogrammed innate and adaptive
immune system. These chronic disease traits can be segregated by choice of mouse strain or breeding for susceptible and resistant offspring. A
similar set of events may follow respiratory viral infection (e.g., due to RSV) in children that develop a persistent or recurrent asthma phenotype.

Modified by permission from Reference 31.

segregated from the acute antiviral response in a single strain
of mice and can be mapped by comparing susceptible to resistant
strains. The teleology of this chronic response is uncertain, but
may represent an evolving but maladaptive attempt to improve
antiviral host defense. Similarly, we speculate that airway hyper-
reactivity and goblet cell metaplasia may ordinarily offer some
advantage to host defense and become disease producing only
if manifest in excess for prolonged time periods. Further studies
will be required to precisely identify the genes responsible for
epithelial remodeling and chronic hyperreactivity in response
to paramyxoviral infection, but the lack of IFN-y—dependent
regulation in this setting implies already that the viral pathway
is distinct from ones driven by allergen. The interaction of viral
infection with other stimuli of chronic airway disease (especially

Asthma

Chronic Bronchitis

cigarette smoke) also needs to be defined. On the basis of what
we have learned about the innate antiviral network, it may be
feasible to adjust antiviral responses in a way that improves
immunity and decreases inflammation. Examples of this ap-
proach include modifying viral genes for pathogenicity (e.g.,
NS1/NS2) or host genes for antiviral defense (e.g., Statl and
CCLS5/CCRS). We submit that further effort in this regard pro-
vides an opportunity to improve therapeutics for viral infections
and virus-induced diseases of the airway.
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