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Abstract

Research on the pathogenesis of asthma has concentrated on initial stimuli, genetic
susceptibilities, adaptive immune responses, and end-organ alterations (particularly in airway
mucous cells and smooth muscle) as critical steps leading to disease. Recent evidence indicates
that the innate immune cell response to respiratory viruses also contributes to the development of
inflammatory airway disease. We further develop this concept by raising the issue that the
interaction between host airway epithelial cells and respiratory viruses is another aspect of innate
immunity that is also a critical determinant of asthma. We also introduce a rationale for how
antiviral performance at the epithelial cell level might be improved to prevent acute infectious
illness and chronic inflammatory disease caused by respiratory viruses.

Introduction

One of the major tasks facing medical research is to define the pathogenesis of chronic
inflammatory diseases. In the case of asthma, the approach to understanding chronic
inflammation has implicated a broad array of cell types, cell-cell interactions, and cellular
products. One leading scheme for integrating this information is based on the classification
of the adaptive immune system, and especially the responses of T helper (Th) cells into T
helper type 1 (Th1) cells that mediate delayed-type hypersensitivity reactions and selectively
produce interleukin (IL)-2 and interferon (IFN)-y, and Th2 cells that promote B-cell
dependent humoral immunity and selectively produce IL-4, IL-5, and IL-13. Under this
scheme, an up-regulated Th2 and perhaps a down-regulated Th1 response is thought to drive
the development of asthma. The newer contributions of Th17 (IL-17-producing) and Treg
(IL-10- and TGF-B-producing) subsets of T cells are also proposed to contribute to
inflammatory airway disease by skewing the system towards a Th2 response [1, 2].

In general, the Th2 hypothesis is based on observations of the response to allergen challenge
in mouse models of asthma and in humans with allergic asthma [3, 4]. However, it has been
pointed out that a Th2-biased response does not account for the epidemiological link
between respiratory viral infection and the subsequent development of asthma [5]. Indeed,
the broader issue of the relationship between acute viral infection and chronic inflammatory
disease remains uncertain. In an effort to understand this issue, we identified the likely steps
leading from viral infection to inflammatory disease using respiratory viral infection and
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asthma as a template for this process (as outlined in Fig. 1). Here, we review three major
advances that lead to a substantial revision of this virus-disease connection. First, we
develop the experimental and clinical evidence that the link between acute infection and
chronic disease of the airway unexpectedly depends on immune cells of the innate rather
than the adaptive immune system; second, we extend this concept to the airway epithelial
cell and the proposal that high-level viral replication at this cellular site is required to trigger
the innate immune cell activation that in turn drives asthma; and third, we introduce
strategies that could improve antiviral defense at the airway epithelial cell level and thereby
help to prevent acute infectious illness and chronic asthmatic disease. We conclude by
showing how these advances provide for a new virus-disease paradigm.

Introducing the innate immune cells for chronic postviral disease

One of the initial objectives for understanding the role of respiratory viruses in the
pathogenesis of asthma was to define the immune program for postviral disease. This goal
required a high-fidelity experimental model of postviral asthma in humans, where
respiratory syncytial virus (RSV) is implicated. However, we recognized (and confirmed)
the shortcomings of using RSV for an experimental model in mice [6], and therefore
substituted the corresponding mouse paramyxovirus, Sendai virus (SeV). The change in
approach provided for cardinal features of human disease, including acute bronchiolitis
followed by chronic (perhaps lifelong) airway inflammation, mucus overproduction, and
hyperreactivity that depend on genetic susceptibility [7-9]. We used this model to identify a
new immune axis that translates viral infection into chronic airway disease. When the acute
lung disease appears in this model (at 3 weeks after viral inoculation), it depends on an
immune response that features expression and activation of the high-affinity IgE receptor
(FceRlI) on conventional lung dendritic cells (cDCs) and consequent CCL28 production to
recruit IL-13-producing CD4* T cells to the airways [10, 11]. In addition, when the chronic
lung disease develops fully (at 7 weeks after inoculation), it is driven instead by an innate
immune response that relies on invariant natural killer T (iNKT) cells that are programmed
to activate macrophages to produce I1L-13 [12, 13]. The interaction between iNKT cells and
macrophages depends on contact between the semi-invariant Va14Ja18-TCR on lung iNKT
cells and the oligomorphic MHC-like protein CD1d on macrophages as well as NKT cell
production of IL-13 that binds to the IL-13 receptor (IL-13R) on the macrophage. This
innate immune axis is also activated in the lungs of humans with severe asthma or COPD
based on detection of increased numbers of INKT cells and alternatively-activated (M2)
IL-13-producing macrophages in the lung [12, 14-16]. Together, the findings identify an
adaptive immune response that mediates acute disease and an innate immune response that
drives chronic obstructive lung disease in experimental and clinical settings (as summarized
in Fig. 2).

The viral and immune mechanisms for postviral asthma (for SeV and related viruses) are
still under study, but even at this stage, we recognize that a critical element of the
experimental model is the severity of acute infection. As discussed further in the next
section, this requirement for severity may be the reason why others missed the effect of SeV
and other viruses in experimental models and in humans with milder degrees of acute
illness. In contrast, we tailored our experimental approach to match clinical observations
from our group and others that the children with the most severe manifestations of viral
bronchiolitis are the ones that are marked for the subsequent development of chronic asthma
[17-19]. A natural corollary of this issue is that the severity of illness often depends on the
level of virus and in turn on the flux between viral replication and clearance in the primary
host cell. Since this cell is most often the airway epithelial cell (and within this cell
population, it is often the ciliated mucosal epithelial cell) [20], this additional component of
innate mucosal immunity was a prime candidate for further study.
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Moving upstream to the airway epithelial cell

Despite being the primary home to respiratory viruses (or perhaps because of it), airway
epithelial cells contain a potent antiviral system based mainly on IFN production and
subsequent expression of IFN-stimulated genes (ISGs). An abbreviated scheme for this
complex IFN-based network features a master regulator known as STATL1 (as diagrammed
in Fig. 3). If this network is genetically defective (e.g., due to STAT1 deficiency) in mice or
man, the host often succumbs to lethal viral infection [21]. Moreover, the magnitude of this
antiviral IFN response, as judged by the level of IFN production and signaling, appears to
correlate with the level of protection against infection. For example, in a study of peripheral
blood mononuclear cells (PBMCs) obtained at the time of birth, it was found that the level
of IFN-y production in response to RSV infection can predict the likelihood of respiratory
tract infection in the first year of life [22]. In this case, the higher the IFN production, then
the less likely the child is to develop an infection, and in turn, the less likely to develop
serious respiratory or wheezing illnesses. Similarly, decreased induction of IFN-o
production was found in RSV-inoculated PBMCs that were isolated from children and
adults with asthma versus normal control subjects [23]. A comparable deficiency in IFN-y
production was detected in human rhinovirus (HRV)-inoculated PBMCs isolated from
asthmatics compared to normal controls [24]. Others have also reported that circulating
plasmacytoid dendritic cells (pDCs) from asthmatics produce less IFN-a than cells from
normals after inoculation with influenza A virus (IAV) [25].

This concept that there is a deficiency in IFN-dependent control of respiratory viruses in
asthma has been extended to the study of airway epithelial cells in experimental models and
in humans. In particular, a deficiency of IFN signaling in airway epithelial cells will likely
compromise host defense against respiratory viruses and promote the subsequent
development of experimental asthma in mouse models [26-33]. These findings imply that a
deficiency in IFN-dependent antiviral defense at the level of airway epithelial cells might
also be found in humans with more severe infections and subsequent asthma. In support of
this possibility, studies from the labs of Donna Davies and Sebastian Johnston show a
deficiency in IFN-B and IFN-A, production in response to HRV inoculation in airway
epithelial cells cultured from asthmatic versus normal subjects [34, 35]. A recent follow-up
study indicated that the bronchial epithelial cell response to IFN- in asthma was no
different from normal [36], suggesting that the defect lies in IFN production rather than
signaling. However, others reported that asthma is also characterized by a genetic increase in
the levels of an endogenous inhibitor of IFN signaling known as SOCS1 [37], suggesting
that a signaling defect may also be found in some patients with asthma. Meanwhile, there is
evidence that control of viral replication and production of IFN may also be defective in
airway epithelial cells from patients with other types of inflammatory airway disease, e.g.,
COPD and cystic fibrosis, but any possible abnormalities or underlying mechanisms still
need to be better defined [38-40].

Even in the case of asthma, not all reports agree on a defect in IFN-dependent control of
viral replication. In a study from James Gern's lab, airway epithelial cells from asthmatic
and control subjects exhibited no difference in viral levels after inoculation with HRV [41].
Similarly, a study from Homer Boushey's and Pedro Avila's labs found no difference in
HRYV levels in asthma versus normal subjects, and in this case, cells were cultured under air-
liquid interface conditions to better achieve ciliated cell differentiation [42]. Moreover,
reports from two different labs (including Johnston's lab) show no statistical difference in
HRYV levels in asthma versus control subjects after controlled inoculation in vivo [43, 44].
Other reports indicate that the levels of IFN-y in airway epithelium or IFN-A in sputum are
similar in asthmatic versus normal subjects [45, 46]. However, we do not yet have
comprehensive reports of IFN (type I, 11, and/or I11) level or signal during viral infection. In
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fact, precise quantification of IFN and corresponding viral level in vivo are clinical
biomarkers with significant methodological challenges.

In addition to technical concerns, the divergent results in studies of cultured airway
epithelial cells could also be explained by the proposal for a close relationship between level
of viral replication, subsequent acute illness, and finally chronic disease. In particular, it
appears that HRV replicates relatively inefficiently in well-differentiated airway epithelial
cells and in mouse in vivo models as well [47, 48]. A lower level of viral replication could
explain why the anti-HRYV response has not appeared to be reproducible in vitro and why
HRYV infection has not appeared to be sufficient for postviral asthma in vivo in experimental
models in mice. By contrast, SeV is particularly adapted for vigorous viral replication in the
experimental mouse model, and this element of the model is essential for the subsequent
illness and development of chronic obstructive lung disease. Similarly in humans, despite
the difficult in comparing viral levels in asthmatics versus normals, if one concentrates on
just the asthmatic population that is susceptible to virus-induced disease, there remains a
tight relationship between viral load and severity of illness [44].

Improving innate immunity

Taken together, there appears to be a direct relationship between viral level and both the
severity of acute illness and the likelihood of chronic disease in experimental models and in
humans with asthma. Moreover, the capacity of the host to control viral level appears to be
deficient in asthma, perhaps at the level of IFN production and/or signaling in airway
epithelial cells and likely in immune cells in the airway as well. Even if some of these tenets
turn out to be wrong, there still stands to be significant benefit for the normal and the
asthmatic host to improve control over viral infection. So the question still remains as to
how best to achieve that goal given the absence of vaccines for asthmagenic viruses. In that
regard, nearly as soon as it was recognized that physiologic levels of IFNs were required for
normal host defense, it was proposed that excessive levels of IFNs might provide therapeutic
benefit. Indeed, transgenic overexpression of IFN-encoding genes in mice may protect
against experimental infection and inflammatory disease, and administration of recombinant
IFN is commonly used for infectious, autoimmune, and cancerous conditions in humans
[49]. Unfortunately, this approach is limited by toxicity, so that excessive IFN might harm
the normal host [50]. In fact, this strategy suggests that there is little safe reserve in the IFN
system that can be utilized for benefit in vivo. For these reasons and others, it might be more
prudent to aim at increasing the efficiency of endogenous IFN and thereby potentiate
downstream signal transduction [33].

Although an improvement in IFN efficacy might be desirable, it is made difficult by the
complexity of the IFN signaling pathway. Nonetheless, support for an approach to increase
IFN signaling can be found in ongoing experimental work directed at STAT1. In particular,
a double-cysteine substitution of native STAT1 (designated STAT1-CC) leads to a markedly
increased responsiveness to IFN stimulation [51]. The consequence is a marked
improvement in ISG expression and control of viral replication, at least in vitro. Initial
experiments suggest that a similar benefit can be achieved in a transgenic mouse model in
vivo. Thus, current efforts aim to develop therapeutics that mimic this benefit and thereby
correct a possible defect in host defense that might contribute to chronic inflammatory
diseases such as asthma. In particular, the assay methods developed for studies of IFN
signaling can also be used to identify small molecular weight compounds that mimic Stat1-
CC and enhance IFN efficacy in a manner that has distinct advantages over current
therapies, including IFN itself [52].
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Conclusion

Here we summarize new work on the pathogenesis of asthma to support three breakthrough
issues: (1) respiratory viral infections drive long-term activation of an innate immune cell
response and in turn chronic obstructive lung disease in an experimental model that
resembles virus-induced asthma in humans; (2) this type of innate immune response depends
on the severity of acute infection and in turn the tissue levels of virus, so that proper control
of virus by airway epithelial cells via IFN-dependent signaling would prevent asthma under
normal conditions but promote it under deficient conditions; and (3) smart mechanisms exist
for improving IFN signaling as a means for improving antiviral defense and preventing
severe infection and consequent asthma. These concepts lead to a revised scheme for the
steps leading from respiratory viral infection to asthma (as summarized in Fig. 4). The
model also provides a framework for therapeutic strategies that improve antiviral defense at
the level of airway epithelial cells and thereby overcomes common respiratory viruses that
pose a serious public health problem in terms of acute respiratory illness and chronic airway
disease
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Fig. 1. Conventional scheme for how respiratory viruses trigger chronic asthma

Critical steps leading from initial respiratory virus infection to chronic inflammatory disease
include viral properties, genetic susceptibility, altered immune program, and end-organ
dysfunction. The immune program was felt to depend on the development of an adaptive
immune response involving antigen-presenting cells (especially conventional dendritic cells
(cDCs), memory cells (especially T cells and B cells), and effector cells (especially
eosinophils and mast cells). End-organ dysfunction involves a transition from epithelial
precursor cells such ciliated cells and Clara cells to mucous cells (mucous cell metaplasia,
MCM) and increased mass and contractility of airway smooth muscle cells (airway
hyperreactivity, AHR). Modified from ref. [5].
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Fig. 2. Time course for immune events after respiratory viral infection

Viral replication leads to increased viral levels followed by innate and adaptive immune
responses that eventually clear virus to noninfectious levels. The acute illness is followed by
the development of acute and chronic disease that are both characterized by airway
hyperreactivity (AHR) and mucous cell metaplasia (MCM). Acute disease is manifest at 3
weeks after viral inoculation and is driven by an adaptive immune response that includes
cDCs and Th2 cells with IgE-high-affinity IgE receptor interaction and CCL28 production.
Chronic disease is fully manifest at 7 weeks after inoculation and is driven by an innate
immune response that includes cDCs, iNKT cells, and M2 cells with semi-invariant TCR—
CD1d interaction and IL-13 production. Modified from ref. [5].
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Fig. 3. Scheme for virus-induced IFN production and signal transduction

Viral replication causes Toll-like receptor (TLR) 3, 7, 8, and 9, melanoma differentiation-
associated gene 5 (MDAD), retinoic acid-inducible gene I (RIG-1), and protein kinase R
(PKR)-dependent production of three types of IFNs that trigger IFN signaling. IFN-y
signaling begins when IFN-y dimer binds to its heterodimeric receptor (IFNGR) and triggers
activation of Jak1 and Jak2 tyrosine kinases and consequent receptor phosphorylation. This
step enables recruitment of STAT1 and subsequent release of the phosphorylated STAT1-
homodimer. Activated Statl homodimer translocates to the nucleus where it binds to the
gamma-activation site (GAS) and activates (in concert with p300) transcription of
interferon-stimulated genes (1SGs). IFN-A- and IFN-o/B-driven gene expression is initiated
by activation of the IFN-A receptor (IL-10R2/IL-28AR)) or IFN-a/f receptor (IFNAR) and
subsequent activation of IL10R2- or IFNAR1-associated Tyk2 and IFNLR1- or IFNAR2-
associated Jak1 with consequent IL-10R2 or IFNAR1 phosphorylation and recruitment of
STAT2. Phosphorylation of Stat2 enables recruitment of Statl and release of the
phosphorylated STAT1-STAT2-heterodimer. This heterodimer in concert with IRF-9 forms
a complex that binds to the interferon stimulated response element (ISRE) and increases ISG
transcription. SOCS1 and STAT1p (a truncated form of STAT1) decrease signaling as
indicated. Asthma may down-regulate these pathways by direct or indirect actions on IFN
production or signaling as indicated. Modified from ref. [33].
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0 This scheme is modified from the conventional scheme depicted in Fig. 1 to include the
> control of viral level in airway epithelial cells based on IFN production and signaling. The
c diagram also indicates proposed strategies for therapeutic intervention, including an antiviral
8‘ approach that aims to improve epithelial control of viral levels.
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