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EDUCATIONAL AIMS

e [o review the importance of respiratory viral infection in adults and children in healthy individuals, and to contrast
this with subjects with asthma and other chronic inflammatory airways disease.

e To describe the role of pathogen recognition receptors in detecting viral infection and how this initiates an antiviral
and inflalmmatory immune response.

e To assess the central role of type | interferons in the innate immune response to viral infection.

e To determine the important role in the innate immune response of cells within the airways, especially the airway
epithelium: macrophages, dendritic cells and CD8 lymphocytes.
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Summary Viral respiratory tract infections are the most common infectious illnesses,
though they are usually self-limiting and confined to the respiratory tract. The rapid
identification of viruses and their effective elimination with minimal local and systemic
inflammation is a testament to the efficiency of the innate immune response within the
airways and lungs. A failure of this response appears to occur in those with asthma and
chronic obstructive pulmonary disease, where viral infection is an important trigger for
acute exacerbations.

The innate immune response to viruses requires their early detection through
pathogen recognition receptors and the recruitment of the efficient antiviral response
that is centred around the release of type | interferons. The airway epithelium provides
both a barrier and an early detector for viruses, and interacts closely with cells of the
innate immune response, especially macrophages and dendritic cells, to eliminate
infection and trigger a specific adaptive immune response.
© 2008 Elsevier Ltd. All rights reserved.
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Viral respiratory tract infections are amongst the most
frequent infectious illnesses afflicting both adults and chil-
dren, and result in a surprisingly diverse range of disease
severity from the mild common cold to severe life-threa-
tening lower respiratory tract infections. Whilst careful
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studies undertaken in the 1960s identified many of the
viruses responsible for upper respiratory tract infections
(URTIs)," it was only with the advent of sensitive molecular
diagnostic techniques that it was determined which viruses
were responsible for the majority of URTIs and the viruses
identified in population studies.”® Human rhinoviruses
(RVs) have consistently been found to be the most fre-
quent cause of URTIs (30-50% of cases), followed by
coronaviruses (10—15%), with parainfluenza virus, adeno-
virus and enteroviruses in 5% of cases or less."” Influenza
virus causes 5—15% of viral respiratory infections and
respiratory syncytial virus (RSV) 5—10%; these two viruses
appear to have the capacity to cause more serious disease
(see below).' Recently, human metapneumovirus has been
identified as a pathogen in humans and is thought to
account for up to 6% of all URTIs in young children.*
Despite the use of polymerase chain reaction (PCR) in
20-30% of URTIs a pathogen cannot be identified. A more
recent advance in viral diagnostics is the application of DNA
microarray technology, which allows researchers to assess
individuals with URTIs for all known viruses.” Using this
technology in a community study of adults, RVs were still
found to predominate, but a much greater diversity in both
RVs and coronaviruses was found to cause disease than had
been anticipated.®

For the most part these viruses result in a syndrome of
rhinorrhoea, nasal congestion, pharyngitis and cough.'
They affect children 6-8 times per year and adults 2—4
times per year.” In temperate climates RV infection occurs
throughout the year but peaks in autumn and spring, whilst
RSV and influenza tend to cause disease clusters in winter.'
In an immunocompetent host, with the exception of
influenza, these viruses lead to a disease confined to the
respiratory tract, which may be complicated by otitis media
and sinusitis, and rarely predispose to the development of
bacterial pneumonia.' Experimental studies have shown
that RV infects airway epithelial cells of the upper respira-
tory tract but this leads to no discernable damage to the
epithelium, though it does result in vasodilatation,
increased vascular permeability and an influx of neutro-
phils.? Symptom severity has also been found to correlate
with the release of interleukin (IL)-8 and the influx of
neutrophils.”

Influenza and RSV both cause a URTI syndrome but
appear to have a greater capacity to infect the lower
respiratory tract. RSV is the leading cause of bronchiolitis
in infants,' but is also increasingly being recognized as a
disease of adults, especially the elderly and those with
chronic lung disease.'" Infection targets the lower airway
epithelial cells with resulting cytolysis of these cells due to
direct viral effects and the resulting lymphocytic and neu-
trophilic inflammatory response.|2 Influenza is similar in its
propensity to infect the lower respiratory tract and, whilst it
generally causes a self-limiting URT], it occupies a unique
place among respiratory tract viruses in its ability to cause a
devastating respiratory illness and death, even in previously

healthy individuals. This phenomenon occurs through a
complex interaction of host susceptibility, including pre-
vious recognition by the adaptive immune response, and
viral virulence.'? Even limited endobronchial infection with
influenza leads to extensive damage to the epithelium.'* Of
all the viruses, influenza appears the best able to avoid the
innate immune response in the airways with the potential
consequence of severe respiratory symptoms and systemic
inflammation.

VIRAL RESPIRATORY TRACT
INFECTION AND CHRONIC
AIRWAYS DISEASE

Viral respiratory infections have a major impact in indivi-
duals with chronic airways diseases such as asthma and
chronic obstructive pulmonary disease (COPD). In these
individuals the clinical response appears to be affected by an
interaction that results from direct effects of the virus, the
antiviral immune response and, presumably, the pre-exist-
ing chronic airway inflammation.

Viral respiratory infections, especially RV, are asso-
ciated with the majority of acute asthma exacerbations
in children'*'® and adults.'”"'® A similar association is seen
in COPD, where again RV is linked to the majority of
exacerbations, including the most severe ones.'? Studies
of in vitro?®*? and experimental RV infection in asthmatic
subjects®**> show that RV can directly increase airway
inflammation and worsen airflow obstruction.”® Whilst
adults with asthma appear no more likely to develop
colds, they do experience considerably more lower
respiratory tract symptoms associated with them.”” In
children, RV is more strongly associated with acute
asthma exacerbations than other respiratory viruses.”®
This is of particular interest as RV causes only limited
epithelial damage and relatively less airway inflammation
compared to infection with RSV or influenza. Viral triggers
to acute exacerbation of asthma were also seen to have a
direct impact on the airway inflammation in acute asthma,
leading to a specific neutrophil infiltrate, with elevated
levels of IL-8 which correlated with acute disease sever-
ity.'® These findings demonstrate that activation of the
innate immune response to virus infection in asthma
influences airway inflammation and clinical disease sever-
ity directly.

This susceptibility of individuals with asthma and COPD
to virus infection is an intriguing finding, as despite the fact
these individuals have pre-existing airway inflammation and
a heightened airway immune response, they appear parti-
cularly incapable of efficiently eliminating the effect of viral
infection. Given the important role of the early innate
immune response to prevent infection and then eliminate
it with minimal disruption to the host, a specific abnormality
of the innate immune response in these individuals may be
present.
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DETECTING AND RESPONDING TO
VIRAL INFECTION

Pathogen recognition receptors

A vital feature of the innate immune response is the ability
of host cells to survey their external and internal environ-
ment and to recognize foreign organisms. An evolutionally
well conserved system of pathogen recognition receptors
(PRRs) exists to detect the pathogen-associated molecular
patterns (PAMPs) that characterize invading viruses. The
best characterized of these PRRs are the family of Toll-like
receptors (TLRs) and the RNA helicases, including retinoic-
acid-inducible protein | (RIG-I) and melanoma-differentia-
tion-associated gene 5 (MDA-5). Viral interaction with
these PRRs is described in Table | and Fig. I.

The TLRs are well expressed in dendritic cells (DCs) and
macrophages, but can be found in nearly all human cells.
TLR-3 is expressed in intracellular endosomes of bronchial
epithelial cells (BECs), macrophages, DCs and CD8" effec-
tor lymphocytes.”” ** TLR-3 responds to the presence of
double-stranded (ds)RNA,** which forms as a product of
the replication of the majority of RNA viruses, including
picornaviruses, RSV and influenza A*> Signalling through
TLR-3 is dependent on binding with the Toll/IL-| receptor
(TIR) domain-containing adaptor (TRIF).?’ This leads to
phosphorylation of the interferon response factor (IRF)-3,
which forms a dimer and translocates to the nucleus,
resulting in the expression of IFN-B (Fig. 1).>° Signalling
can also occur that leads to the translocation of nuclear
factor kappa-B (NF-kB) to the nucleus and results in the
release of inflammatory cytokines.*® TLR-3 is known to play
a crucial role in viral recognition by DCs and their release of
antiviral type | interferons (IFNs).>’

TLR-7/8 are also found within endosomes and their
activation by single-stranded (ss)RNA signals through a
MyD88-dependent pathway leads to the translocation of
NF-kB, activating protein (AP)-1 and IRF-7; the latter is
responsible for release of IFN-a (Fig. 1).>® Again, TLR-7 and
IRF-7 are strongly expressed by DCs.”’

TLR-4 is among the best characterized of the TLRs and,
like TLR-2, is expressed on the cell surface. TLR-4 is best
known for its ability to recognize bacterial endotoxin or

lipopolysaccharide (LPS). TLR-4 has been found to interact
with the F protein of RSV, and is able to signal via both
MyD88-dependent and -independent pathways and to
activate a response via IRF-3, NF-kB and AP-1 8

The RNA helicases, MDA-5 and RIG-, are present in
the cytosol and detect intracellular dsRNA and ssRNA
downstream to initiate type | IFN and pro-inflammatory
cytokine production.®® MDA-5 and RIG-I detect different
groups of RNA viruses; MDA-5 detects picornavirus and is
critical in regulating type | IFN and pro-inflammatory
cytokine transcription,® whilst RIG-I detects negative-
sense ssSRNA viruses, such as RSV and influenza virus,
and appears to be very important in the antiviral response
of non-myeloid cells to infection with these viruses.*”
Interestingly, RIG-I appears less important in the antiviral
response of plasmacytoid DCs.*® Apart from the respon-
siveness of these helicases, the differences in the structure
and mechanism of their action are poorly understood.
Binding of viral RNA is expected to occur at the helicase
domains, but there are important differences as to how
they are activated, e.g. RIG-| responds to the synthetic
dsRNA analogue polyl:C, whereas MDA-5 does not, and
the uniqueness of these domains and the resulting pre-
ferential actions of these RNA helicases remains to be
determined.

Type | interferons and interferon
stimulated genes

IFNs were among the first antiviral agents to be character-
ized and are still seen to be central in the early antiviral
response, inducing in infected cells and their neighbours an
antiviral state. In addition, it is now recognized that IFNs are
important regulators of innate and adaptive immune
responses, as well as regulating cell growth and viability.40

IFNs have been subdivided into groups according to the
receptors with which they interact. Type | IFNs, which
include IFN-a and -B, interfere with viral replication and
spread. In BECs, fibroblasts, DCs and macrophages infected
with viruses, the type | IFNs are transcribed upon signalling
from TLRs and RNA helicases, as described above. The
only type 2 IFN, IFN-y, is an important cytokine which

Table | Host pathogen recognition receptors (PRRs) and their interaction with respiratory viruses

PRR Viral PAMP Viruses PRR location Signalling pathways triggered
TLR-4 F protein RSV Cell surface NF-kB, AP-1

TLR-3 dsRNA RNA viruses Endosome IRF-3, NF-kB

TLR-7 ssRNA Influenza A Endosome IRF-7

TLR-9 Unmethylated DNA Adenovirus Endosome IRF-7

RIG-I dsRNA RSV and influenza Cytosol IRF-3, IRF-7

MDA-5 dsRNA Picornaviruses Cytosol IRF-3, IRF-7

AP, activating protein; dsRNA, double-stranded RNA; IRF, interferon response factor; MDA-5, melanoma-differentiation-associated
gene 5; PAMP, pathogen-associated molecular pattern; RIG-I, retinoic-acid-inducible protein I; ssRNA, single-stranded RNA; TLR, Toll-

like receptor.
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Figure 1  RNA helicases, retinoic-acid-inducible protein (RIG)-I and melanoma-differentiation-associated gene (MDA)-5 detect viral
replication in the cytosol. RIG-I detects negative-sense RNA from DNA viruses and MDA-5 detects positive-sense RNA from RNA
viruses. RIG-I and MDA-5 signal through interferon response factor (IRF)-3 and IRF-7 to induce interferon (IFN)-f and NF-kB, leading to
the transcription of pro-inflammatory mediators. TLR-3 is expressed in intracellular endosomes and responds to the presence of double-
stranded RNA (dsRNA) which forms as a product of the replication of the majority of RNA viruses. TLR-3 is dependent on binding with
the Toll/IlL-1 receptor domain-containing adaptor (TRIF). This leads to phosphorylation of IRF-3 which forms a homodimer and
translocates to the nucleus, resulting in the expression of IFN-f. Signalling can also occur that leads to the translocation of NF-kB. TLR-4 is
expressed on the surface of cells and recognizes bacterial endotoxin, lipopolysaccharide and the F protein of respiratory syncytial virus
(RSV). TLR-4 is able to signal via both MyD88-dependent and -independent pathways and is able to activate a response via IRF-3, NF-kB
and activating protein (AP)-1. TLR-7 is found within endosomes and is activated by single-stranded RNA (ssRNA). TLR-9 is also found
within endosomes and is activated by unmethylated CpG dsRNA. Both TLR-7 and -9 signal through a MyD88-dependent pathway, leading
to the translocation of NF-kB, AP-1 and IRF-7, and the latter is responsible for release of IFN-a. The IFNs mediate their effects through the
induction of hundreds of IFN stimulated genes (ISGs), the actions of many of which remain unknown. Induction of IFN-f and IFN-o4
occurs early after virus infection and is regulated by phosphorylation of IRF-3. The other IFN-a genes require synthesis of IRF-7 to lead to
their activation and this occurs as a more delayed response requiring a positive feedback signal via the early release of IFN-f/a4 to lead to
the full induction of ISGs. Release of type | IFNs can be recognized by infected and neighbouring cells and type | IFNs exert their actions
through specific receptors (IFN receptor-a | /a2). Receptor engagement leads to activation of the IFN stimulated regulatory factor (ISGF)-
3 comprised of members of the signal transducers and activators of transcription (STAT)-1 and -2, as well as IRF-9. This complex can
directly bind in the nucleus to the IFN stimulated response element, leading to transcription of type | IFNs as well as ISGs, especially the
antiviral proteins: protein kinase receptor (PKR), RNAse-I and 2',5""" oligoadenylate synthetase, and myxovirus resistance proteins (MxA).

characterizes traditional Th-| adaptive immune responses
released by natural killer, CD4 and CD8 T cells.*

The IFNs mediate their effects through the induction of
hundreds of IFN stimulated genes (ISGs), the actions of
many of which remain unknown. Induction of IFN-f and
select IFN-a subtypes (a2, 4, 5 and 6) occurs early after
virus infection and is regulated by phosphorylation of IRF-

3.*' The other IFN-a genes require synthesis of IRF-7 to be
activated and this occurs as a more delayed response
requiring a positive feedback signal via the early release
of IFN-B/a to lead to the full induction of ISGs.*' Negative
regulation of these responses occurs via suppressors of
cytokine signalling (SOCS), especially SOCS-1, which is
induced by IFN-a and IFN-y.*?
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Type | IFNs exert their actions through specific recep-
tors (IFN receptor-al/a2). Receptor engagement leads to
activation of the IFN stimulated regulatory factor (ISGF-3)
comprised of members of the signal transducers and
activators of transcription (STAT)-1 and -2, as well as
IRF-9: this complex can directly bind in the nucleus to
the IFN stimulated response element, leading to transcrip-
tion of type | IFNs as well as 1SGs.*?

The effects of many of these ISGs are well characterized.
Protein kinase receptor (PKR) is a negative regulator of cell
proliferation and inhibits viral replication, though PKR is
inhibited by many viruses including influenza.** Infected
cells also generate enzymes RNAse-| and 2/,5"” oligoade-
nylate synthetase that degrade viral RNA and prevent
replication.44 Myxovirus resistance proteins are induced
by IFNs and are important in inhibiting replication of
influenza viruses.” IFNs also upregulate the expression
of MHC class | and Il on cells and act as a link to induce an
adaptive immune response to infection.** Viruses have also
evolved to subvert the IFN response, such as influenza
which has non-structural protein (NS)-1. NS-1 inhibits PKR
and interacts directly with RIG-I to inhibit downstream IRF-
3 translocation.*

AIRWAY CELLS AND THEIR ROLE IN
INNATE IMMUNE RESPONSES TO
RESPIRATORY VIRUSES

Bronchial epithelial cells

BECs line the airways and provide a surface area for
conduction, diffusion and exchange of gases. The epithe-
lium provides a mechanical barrier to infection but also
contributes as a sentinel for the innate immune response
and acts as the trigger for a more specific adaptive immune
response. The combined effect of these barriers to infec-
tion is to initiate an early effective immune response that
minimizes damage and limits infection to the airways.
Respiratory viruses, however, have evolved to exploit
the BEC which is also their primary site of infection. The
airway epithelium has evolved into a complex system of
morphologically distinct cells; including ciliated epithelial
cells, secretory cells as well as neurons, and migrated
immune cells.*

BEC morphology itself appears to be important in deter-
mining susceptibility to infection with certain viruses. BECs
cultured at the air—liquid interface as differentiated ciliated
cells are markedly more resistant to infection with RV
compared to the same cells grown in submerged culture
as a basal phenotype, and infection results in a more subdued
inflammatory response.*” BEC confluence also influences
response to infection: RV infection of non-confluent cells
leads to cytolysis, not seen with an intact monolayer.*® This
suggests that a disrupted or repairing epithelium may be
more susceptible to virus infection and its effect, a situation
that has been proposed to occur in asthma.

The airway mucociliary escalator also provides a system
to remove potential pathogens from the lower respiratory
tract and an environment unfavourable for their exploita-
tion. A specific antiviral effect of mucus has not so far been
demonstrated, but within this layer BECs secrete antimi-
crobial peptides such as the B-defensins. These cationic
peptides have a well characterized antibacterial role but
also are active against enveloped viruses.*”” Investigators
have also shown that RV infection of cultured BECs induces
the expression of human (2-defensin and that elevated
levels are also seen in nasal lavage following experimental
RV infection.”® However, this study also found that B2-
defensin did not have an inhibiting effect on RV directly,
though it is known to be chemotactic for DCs and T cells.”!

The volatile gas nitric oxide (NO) is found in exhaled
breath and elevated levels have been associated with
asthma® and viral URTIs,>® with the BEC implicated as
the source of airway NO.>* NO has the ability directly to
inhibit the growth of a number of viruses.> In BEC culture
models, NO has also been shown to reduce RV replication
and reduce the release of IL-6, IL-8 and granulocyte-
macrophage colony stimulating factor (GMCSF).>**’ In
addition, RV infection of BECs was shown to activate
NO synthetases: this reduces the BEC's ability to buffer
acid which lowers airway pH and reduces RV replication.”®
Unfortunately a lower airway pH has also been shown to
worsen asthma.

The immediate antiviral response of asthmatic BECs to
infection with RV has also been shown to be impaired.® In
BEC:s cultured from healthy non-atopic individuals, infection
with RV induces a robust release of IFN-3 and this induces
apoptosis or programmed cell death in the infected cell,
effectively shutting it down and impairing viral replication.
Asthmatic BECs respond to RV infection with a reduced
IFN-B response and there is limited early apoptosis, but a
marked increase in late cytolysis, resulting in enhanced viral
replication. This indicates a specific defect in asthma BECs
to recognize and respond to RV effectively.

Dendritic cells and alveolar macrophages

DCs are a complex immune cell with immediate innate
responses and a sentinel responsibility in the adaptive
immunity. Myeloid DCs (mDCs) and plasmacytoid DCs
(pDCs) are derived from progenitor cells produced by the
bone marrow and mature into conventional DCs (cDCs).
The mDCs and pDCs are phenotypically and functionally
different, with pDCs migrating through small blood vessels,
surveying for microbial presence,®’ whilst mDCs migrate
though the lymphatics and into lymph nodes where they act
as antigen-presenting cells (APCs).%*

Plasmacytoid DCs are prominent innate responders,
strongly expressing TLR-7 and -9,°** and are capable of
quickly producing type | IFNs at levels 1000 times greater
than any other leucocyte, and for this reason they are
thought to have the potential greatly to influence the initial



248

H. SEE AND P. WARK

innate immune response to viral infection.®> These imma-
ture DCs also appear to have a high degree of plasticity.
When pDCs harvested from the bone marrow of LMCV-
infected mice were cultured for 4 days there was a
transformation of pDCs into mDCs. This was dependent
on viral replication and was seen by a downregulation of
pDC markers and the development of the mDC pheno-
type; an increase in cell size and granularity, and myeloid
marker expression.®” This transformed population of
mDCs also switched functional states, achieving a heigh-
tened antigen-presenting capacity, an enhanced ability to
stimulate naive T cells and the ability to signal through TLR-
462

Inanimportant recent study using a knock-in mouse that
was made to express green fluorescence protein (GFP)
under the control of IFN-a6, the in vivo response to
systemic and intranasal viral infection was assessed.®® Intra-
nasal infection with Newcastle disease virus (NDV) led to
GFP expression in alveolar macrophages (AMs) and ¢cDCs
as the first line of antiviral defence. This initial activation was
mediated by RNA helicases with AM localized to the lungs
and cDCs migrating to regional lymph nodes and producing
IFNs. However, when AMs were depleted there was a
marked defect in viral elimination evident and an IFN
response. It was then seen that pDCs became GFP positive
and localized to the lung interstitium, producing a delayed
yet quantitatively similar IFN response via TLR-3 activation.
Infection was then repeated with Sendai virus which has
been used to model respiratory virus infection in mice and,
like influenza virus, inhibits RNA helicases. A similar
response was again seen with the activation of the alternate
pDC response.

Both DCs and AMs occupy a unique position as cells of
the innate immune response, reacting to viruses via PRR,
and as potent releasers of type | IFNs. They also play a
pivotal role as APCs in activating T lymphocytes and the
recruitment of the more specific adaptive immune
response.

Cytotoxic T lymphocytes

T lymphocytes influx to areas of acute inflammation sur-
rounding viral infected cells where specific CD8" lympho-
cytes mount an attack on targeted cells. Cytotoxic
lymphocytes (CTL) are classically part of the adaptive
immunity. This requires the development of a cohort of
CD8 cells that recognize specific viral epitopes and infected
cells, and selectively target them for elimination. Whilst this
is a highly effective and specific system, it requires time to
mount an effective adaptive response. Recent evidence
now suggests that proliferating memory CD8" lympho-
cytes activated for other reasons can provide an early
source of IFN-y acting in a non-specific bystander role.®”¢®
This early source of IFN-y comes from CD44"€"CD8*
lymphocytes through mechanisms which are independent
of the T-cell receptor (TCR) and cannot be generated by

naive T cells.®”” It was shown that CD8 effector cells from
mice could be activated by LPS via TLR-4 and by Polyl:C via
TLR-3, leading to the release of IFN-y without a specific
TCR-mediated response.70 Evidence suggests this innate
activation is highly influenced by cytokines secreted by
APCs; DCs, macrophages and epithelial cells. When these
cells release IL-12, IL-18 and IFN-o/B, an antiviral response
is stimulated, whilst IL-15 assists in the development of
memory phenotype of CD8" lymphocytes.®” " In fact, IL-
I5 enhances IL-12 and IL-18's ability to induce IFN-vy and
increases the sensitivity of CD8" lymphocytes to stimula-
tion with pro-inflammatory cytokines.”*

This non-specific activation of CD8 also appears to be
important in vivo. In a mouse deficient in IFN-vy, infection
with Listeria monocytogenes results in significantly heigh-
tened mortality; however, if the mouse is sensitized to
ovalbumin prior to infection, it can respond with an ade-
quate IFN-vy response and this results in reduced organ
bacterial counts.”®> Therefore, bystander activated CD8
memory cells may not be redundant inflammatory cells
when confronted by an unrecognized virus, but may pro-
vide important acute antiviral support as part of the innate
immune response.

The other crucial effect that CD8 T lymphocytes have
on the innate immune response is their ability to suppress
tissue damage that may result as a consequence of an
overzealous innate immune responses during acute infec-
tion.”* Mice without functional CD4" and CD8™ lympho-
cytes (nude mice and Rag- | knock-out mice) when infected
with a sub-lethal dose of the RNA virus (MHV-A59) or
exposed to Polyl:C died within 12-24 h post infection and
suffered due to a cytokine storm with marked release of
TNF-c.”* This effect was reversed when T cells activated by
ovalbumin were replaced and they were found also to limit
the inflammation associated with exposure to LPS and
Polyl:C. Thus, T lymphocytes are both negative regulators
of early innate responses to infection and non-specific IFN-
v releasing cells, and without these roles the adaptive
components of immunity would never be able to be
performed.

CONCLUSIONS

The human innate immune system has developed in parallel
with a large number of viruses that attempt to subvert it and
that are responsible for disease. The fact that most of these
viruses are efficiently eliminated with minimal airway inflam-
mation and damage reflects the effectiveness of a system
that can quickly recognize invading viruses and initiate an
appropriate response. The detection by PRR initiates an
effective antiviral response characterized by type | inter-
ferons. This response begins with the epithelium acting
both as a barrier and sentinel for the innate response and
interacts with both macrophages and DCs. This response in
itself can eliminate infection, but also leads to the recruit-
ment of an effective adaptive immune response, whilst the
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presence of adaptive T cells acts as an important safety
valve to limit inflammation associated with the innate
response.

Important questions remain to be addressed, especially

how viruses such as influenza can subvert this system. It is
also unclear how chronic inflammatory airways diseases
appear to impair the efficiency of this innate response and
how this response appears to worsen these conditions
both acutely and even in the long term.
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