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Therapeutic Advances in Respiratory Disease

Introduction
Asthma and chronic obstructive pulmonary dis-
ease (COPD) are chronic respiratory diseases 
that are a major cause of morbidity and mortality 
worldwide. Although the aetiology and pathogen-
esis of the two diseases are very different they 
share some common features including the occur-
rence of acute exacerbations. Respiratory virus 
infections are a major cause of exacerbations of 
COPD and asthma and this has led to an intense 
research focus into the mechanisms of virus-
induced exacerbations with a view to developing 
new therapies to reduce the burden of virus-
induced exacerbations.

Respiratory virus infections and asthma and 
COPD exacerbations
The Global Initiative for Asthma defined asthma 
as “a chronic inflammatory disorder of the air-
ways in which many cells and cellular elements 
play a role”. The chronic inflammation is 

associated with airway hyperresponsiveness that 
leads to recurrent episodes of wheezing, breath-
lessness, chest tightness, and coughing, particu-
larly at night or in the early morning. These 
episodes are usually associated with widespread, 
but variable, airflow obstruction within the lung 
that is often reversible either spontaneously or 
with treatment [Bateman et al. 2008]. The Global 
Initiative for Obstructive Lung Disease defines 
COPD as “a common preventable and treatable 
disease, is characterized by persistent airflow limi-
tation that is usually progressive and associated 
with an enhanced chronic inflammatory response 
in the airways and the lung to noxious particles or 
gases. Exacerbations and comorbidities contrib-
ute to the overall severity in individual patients”. 
It has long been recognized that viral respiratory-
tract infections trigger exacerbations of asthma in 
both adults and children, whereas for many years 
bacterial infection was thought to be the main 
trigger of COPD exacerbations. Early studies 
reported low detection rates of viruses in both 
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asthma and COPD exacerbations casting doubt 
on their role as exacerbation triggers [Buscho 
et  al. 1978; Mitchell et  al. 1978; Beasley et  al. 
1988]. The development of highly sensitive and 
specific molecular diagnostic techniques using 
polymerase chain reaction (PCR) technology led 
to a revolution in viral diagnostics. This is partic-
ularly relevant for human rhinoviruses (HRVs) 
that are difficult to culture and for which serology 
is impractical due to the large number of sero-
types. Studies using PCR demonstrated the pres-
ence of viruses in 80–85% of asthma exacerbations 
in children and 60–80% of exacerbations in adults 
[Johnston et al. 1995; Wark et al. 2002; Grissell 
et al. 2005; Arden et al. 2010]. The most com-
monly identified viruses include HRV, influenza 
viruses, respiratory syncytial virus (RSV) and cor-
onaviruses. Detection rates of respiratory viruses 
in COPD exacerbations are more variable than in 
asthma, varying from 22% to 64% of exacerba-
tions [Seemungal et al. 2001; Bandi et al. 2003; 
Qiu et  al. 2003; Rohde et  al. 2003; Tan et  al. 
2003; Beckham et al. 2005; Cameron et al. 2006; 
Papi et al. 2006; Hutchinson et al. 2007; Ko et al. 
2007; Bozinovski et  al. 2008; Camargo et  al. 
2008; Daubin et al. 2008; McManus et al. 2008; 
Minosse et al. 2008; De Serres et al. 2009; Pant 
et al. 2009; Kherad et al. 2010; Singh et al. 2010; 
Almansa et  al. 2011; Bafadhel et  al. 2011; 
Dimopoulos et  al. 2012; Perotin et  al. 2013] 
(Table 1). A number of factors could account for 
this including variations in time from exacerba-
tion onset to presentation, number of viruses 
tested for, length and season of study period, site 
of recruitment of the COPD population and type 
of samples collected. Whilst data are lacking, 
there is a suggestion that nasopharyngeal swabs, 
high influenza vaccination rates and studies con-
fined to the winter are associated with lower virus 
detection (the latter possibly because of a length-
ier delay to presentation in colder weather). 
However, differences in the number of viruses 
tested for and the population studied (commu-
nity versus inpatient) do not seem to affect the 
virus-detection rate.

Experimental rhinovirus infection
Although these studies have demonstrated an 
association between respiratory virus infection 
and exacerbations, they do not prove a causal 
link. Studies sampling patients at different time 
points (before [Singh et al. 2010; Bafadhel et al. 
2011] or after [Seemungal et al. 2001; Papi et al. 
2006; Kherad et  al. 2010] an exacerbation) or 

using time-matched controls [Rohde et al. 2003; 
Hutchinson et  al. 2007; McManus et  al. 2008; 
Almansa et al. 2011] confirm that detection rates 
are higher in patients with an exacerbation, with 
low rates of infection in the same patients when 
clinically stable and in seasonal controls. However, 
as PCR detects viral nucleic acid it cannot prove 
the presence of live, replicating virus and there-
fore cannot exclude secondary causation.

Studies carrying out experimental HRV infec-
tions in subjects with asthma and COPD have 
been pivotal in demonstrating a causal relation-
ship between respiratory virus infection and exac-
erbations, especially in COPD. Experimental 
HRV infection in asthma induces the typical clin-
ical features of an exacerbation [Message et  al. 
2008; Jackson et al. 2014], and studies have suc-
cessfully demonstrated that, following nasal inoc-
ulation, HRV can infect bronchial epithelium 
providing a plausible explanation for lower respir-
atory-tract symptoms observed in asthma 
[Papadopoulos et al. 2000; Mosser et al. 2005].

Our group has carried out experimental HRV 
infection in patients with COPD, successfully 
demonstrating in three separate cohorts that HRV 
infection induces exacerbations in more than 90% 
of infected patients [Mallia et  al. 2006, 2011; 
Footitt et al. 2015]. Virus was detected prior to the 
onset of symptoms and the viral load increased 
during the course of infection, indicating that 
active viral replication was occurring. Viral clear-
ance was followed by symptomatic resolution and 
virus load correlated with inflammatory markers 
and oxidative stress [Mallia et  al. 2011; Footitt 
et al. 2015]. These data provide novel evidence of 
a causal relationship between respiratory virus 
infection and exacerbations in patients with 
COPD.

Newly discovered respiratory viruses
Even studies using PCR consistently fail to iden-
tify viral pathogens in a significant proportion of 
patients with viral-like illnesses. Recently a num-
ber of respiratory viruses have been identified and 
their role investigated in asthma and COPD 
exacerbations.

Human rhinovirus C
HRVs form a genus of positive-sense, single-
stranded RNA viruses called Enterovirus, within 
the Picornavirus family. Initially divided into two 
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distinct species, HRV-A and -B, development of 
improved PCR techniques has allowed the iden-
tification of a third species, HRV-C. HRV-C has 
been frequently detected in patients with respira-
tory-tract illness, particularly in children, and 
analysis of stored samples has determined that 
these are not newly emerged viruses as they can 
be identified in samples collected up to three 
decades ago [Linder et al. 2013]. The prevalence 
of HRV-C in children appears particularly high 
and appears to be disproportionately represented 
in children with asthma and children hospitalized 
with lower respiratory-tract illness [Miller et  al. 
2009; Calvo et  al. 2010; Cox et  al. 2013]. 

Detection rates of HRV-C in asthma exacerba-
tions in the paediatric population are high [Arden 
et al. 2010; Bizzintino et al. 2011], but it is less 
clear whether severity of disease is related to virus 
type. Bizzintino and colleagues reported in chil-
dren with acute asthma that HRV-C was associ-
ated with more severe exacerbations, whereas in 
adult patients with HRV, there was no significant 
difference in severity of respiratory illness 
between the different HRV species [McCulloch 
et  al. 2014]. This variation in results suggests 
that further research is required to better quan-
tify the impact of HRV-C on the severity of acute 
asthma.

Table 1.  Characteristics of studies of viral infections in COPD exacerbations.

Study Year % exacerbations 
where virus 
detected

Number 
of viruses 
tested

Study 
period

Population Sample Influenza 
vaccine 
uptake

Ko et al. 2007 22% 17 1 year Hospital NP swab 40%
Hutchinson et al. 2007 22% 8 99 weeks Community NP swab 87%
Daubin et al. 2008 23% 13 1 year Hospital Nasal swab or trachea-

bronchial aspirate
NS

Camargo et al. 2008 25% 9 Winter Hospital Nasal swab 87%
Bozinovski et al. 2008 26% 6 NS Community NP swab NS
Almansa et al. 2011 28% 17 Winter Hospital Pharyngeal swab NS
Pant et al. 2009 29% 7 Winter Hospital Sputum NS
Bafadhel et al. 2011 29% NS 1 year Community Sputum NS
Singh et al. 2010 30% 17 2 years Community NP swab NS
De Serres et al. 2009 31% 14 Winter Hospital NP swab 83%
McManus et al. 2008 37% 12 2 years Hospital Sputum NS
Seemungal et al. 2001 39% 10 1 year Community Nasal aspirate +/- 

pharyngeal swab
74%

Beckham et al. 2005 42% 11 4 years Hospital Nasal wash +/- 
pharyngeal swab

73%

Cameron et al. 2006 43% 12 Winter Intensive 
care unit

NP aspirate + 
pharnygeal swab

NS

Perotin et al. 2013 44% 20 2 years Community Sputum 72%
Bandi et al. 2003 46% 8 NS Community Nasal wash + 

pharyngeal swab
NS

Qiu et al. 2003 47% NS NS Intensive 
care unit

NP secretions NS

Hosseini et al. 2015 47.6% 16 3 years Hospital Unknown  
Papi et al. 2006 48% 12 2 years Community Sputum NS
Kherad et al. 2010 51% 14 18 months Hospital NP swab 75%
Dimopoulos et al. 2012 54% 17 2 years Hospital Sputum + 

oropharyngeal samples
45%

Rohde et al. 2003 56% 6 1 year Hospital Nasal lavage + sputum NS
Minosse et al. 2008 57% 12 14 months Hospital Sputum +/- ET aspirate 

+/- BAL
NS

Tan et al. 2003 64% 6 NS Hospital Sputum NS

BAL, bronchoalveolar lavage; ET, endotracheal; NP, nasopharyngeal; NS, not specified.
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The role of HRV-C in COPD is less well defined 
with few studies analysing the contribution of dif-
ferent HRV species. Where this has been carried 
out, HRV-A has consistently arisen as the most 
common HRV species associated with COPD 
exacerbations [Dimopoulos et  al. 2012; Gandhi 
et al. 2012; Wark et al. 2013], suggesting a less 
important role for HRV-C in COPD exacerba-
tions compared with asthma.

Human metapneumovirus and human bocavirus
Human metapneumovirus (MPV) is a single-
stranded RNA virus belonging to the family 
Paramyxoviridae and human bocavirus (HBoV) is 
a human parvovirus. Both were first identified in 
samples from children with lower respiratory ill-
ness. As with HRV-C, analysis of stored samples 
revealed that MPV has been present for decades 
but was not previously recognized, and since its 
identification it has been isolated in all age groups 
and in a range of disease syndromes including 
upper respiratory-tract infections, pneumonia and 
exacerbations of asthma and COPD [Jartti et al. 
2012]. Despite being frequently detected in chil-
dren with respiratory illness, MPV appears not to 
be common in asthma exacerbations in children 
and adults [Williams et al. 2005; Khetsuriani et al. 
2007]. The role of MPV in COPD exacerbations 
varies in different studies with some suggesting a 
minor role [Beckham et  al. 2005; Rohde et  al. 
2005; McManus et  al. 2008], whereas in other 
studies it is the second most common viral patho-
gen after HRV [Martinello et  al. 2006; Perotin 
et al. 2013]. The role of HBoV has been less well 
studied but it has been detected in only a small 
proportion of asthma and COPD exacerbations 
[Ringshausen et  al. 2009; Vallet et  al. 2009; 
Hosseini et al. 2015].

Pandemic influenza
First reported in Mexico in 2009, a novel H1N1 
influenza A virus containing swine, avian and 
human genes disseminated to World Health 
Organization confirmed pandemic levels. While 
those with underlying chronic lung diseases, such 
as asthma and COPD, together with the elderly, 
form a well-known high risk group for seasonal 
influenza, this novel pandemic strain displayed a 
propensity to affect young adults. Large, national 
studies in both the UK and Spain retrospectively 
reviewed epidemiological data obtained during 
the pandemic and consistently demonstrated that 

asthma was the most common underlying comor-
bidity in confirmed cases of H1N1 [Nguyen-Van-
Tam et  al. 2010; Rodriguez-Rieiro et  al. 2012]. 
Indeed, asthma rates of 44% have been reported 
in children hospitalized with pandemic influenza 
[Dawood et al. 2011].

The data regarding the severity of outcomes in 
asthmatic patients are more conflicting. Multiple 
studies have specifically compared the severity of 
outcomes between asthmatics and non-asthmat-
ics using markers such as intensive care unit 
(ICU) admission, need for invasive mechanical 
ventilation and death. Mortensen and colleagues 
reported that a third of hospitalized, asthmatic 
patients had severe outcomes [Mortensen et  al. 
2013]. However, other studies reported less 
severe outcomes with influenza infection in asth-
matics. In a large, UK study of 1520 patients 
admitted with H1N1, Myles and colleagues dem-
onstrated that asthma was associated with a 
reduced likelihood of severe outcome [Myles 
et  al. 2013], and similar findings have been 
reported from the USA [Bramley et  al. 2012]. 
This is in line with other studies citing lower 
requirements for mechanical ventilation and 
reduced in-hospital mortality in H1N1-infected 
asthmatic patients [De Miguel-Diez et al. 2012; 
McKenna et  al. 2013]. Earlier presentations, 
lower threshold for admission and use of corticos-
teroid therapy have been hypothesized to account 
for this reduced severity.

There is much data supporting the association 
between COPD and seasonal influenza, while the 
pandemic generated interest in the severity of out-
comes with H1N1 in this patient group. Gerke and 
colleagues used data from the pandemic to dem-
onstrate an association between COPD admission 
rates and influenza activity [Gerke et al. 2013].

In a large study of 3025 patients with PCR-
confirmed pandemic influenza, Santa-Olalla 
Peralta and colleagues demonstrated that COPD 
was significantly associated with the most severe 
outcomes, namely ICU admission and death 
[Santa-Olalla Peralta et  al. 2010]. This is sup-
ported by other studies with significantly greater 
in-hospital mortality, length of stay and costs in 
patients with COPD [De Miguel-Diez et  al. 
2012]. The importance of these findings lies in 
the early initiation of antivirals and targeted vac-
cination of patients with underlying chronic lung 
disease.



Therapeutic Advances in Respiratory Disease 10(2) 

162	 http://tar.sagepub.com

Mechanisms of virus-induced exacerbations 
in asthma and COPD
It has become clear that HRVs are the most com-
mon viral aetiological agents of exacerbations in 
both asthma and COPD. In healthy adults HRV 
causes a self-limiting syndrome with predomi-
nantly upper respiratory-tract manifestations. 
From epidemiological studies it is unclear whether 
patients with asthma and COPD are more sus-
ceptible to HRV infection, have more severe clini-
cal illness with viral infections or are preferentially 
infected with different viruses (e.g. HRV-C).

Deficient innate antiviral immunity
Experimental HRV infection studies have proved 
invaluable in understanding the mechanisms of 
virus-induced exacerbations in both asthma and 
COPD. In these studies subjects with the disease 

and a control group of healthy subjects are experi-
mentally infected with an HRV inoculum and 
studied intensively during the infection period. 
Both groups are inoculated with the same virus 
type at the same dose and via the same route and 
have the same assessments at the same time 
points. Therefore any differences seen between 
patients and controls can be attributed to differ-
ences in host, and not viral, factors. In both 
asthma and COPD virus loads are higher follow-
ing virus infection compared with healthy con-
trols [Mallia et  al. 2011; Jackson et  al. 2014; 
Footitt et al. 2015]. As both the subjects and con-
trols received the same dose this implies that the 
host antiviral immunity is impaired and unable to 
control viral replication. Rhinoviruses enter and 
replicate predominantly within bronchial epithe-
lial cells, activating a cascade of immune, inflam-
matory and cytotoxic responses [Papadopoulos 

Figure 1.  Novel approaches to treating virus-induced exacerbations of asthma and COPD.
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et al. 2000; Bossios et al. 2005; Laza-Stanca et al. 
2006]. Other cells, including airway smooth mus-
cle cells [Oliver et al. 2006], fibroblasts [Ghildyal 
et al. 2005], and alveolar macrophages [Message 
et al. 2008], may also be important sites of infec-
tion, inducing inflammatory mediators [Hall et al. 
2005; Message et  al. 2008; Oliver et  al. 2008; 
Nagarkar et al. 2010]. During infection, the viral 
RNA generated is recognized by innate immune 
receptors and triggers a signalling cascade, which 
leads to the activation of transcription factors, 
induction of type I interferon (IFN-α/-β) and 
type III interferon (IFN-λ), and pro-inflamma-
tory cytokines and chemokines [Zhu et al. 1996, 
1997; Johnston et  al. 1998; Papadopoulos et  al. 
2000; Sheppard et  al. 2003; Ieki et  al. 2004; 
Spurrell et al. 2005; Contoli et al. 2006; Korpi-
Steiner et  al. 2006; Laza-Stanca et  al. 2006; 
Edwards et al. 2007; Bossios et al. 2008].

IFNs are of upmost importance in the innate 
immune response to viral infection as they stimu-
late multiple antiviral pathways [Isaacs and 
Lindenmann, 1957]. Their antiviral effects occur 
directly through inhibition of viral replication in 
cells, and indirectly through stimulation of adap-
tive immune responses. The direct antiviral activ-
ity of type I IFNs is mediated by a number of 
mechanisms including blocking viral entry into 
cells, control of viral transcription, cleavage of 
RNA, blocking translation and induction of apop-
tosis [Fensterl and Sen, 2009]. Therefore failure 
to induce a robust IFN response following virus 
infection would be expected to lead to uncon-
trolled viral replication and increased inflamma-
tory responses, and this could be a mechanism of 
virus-induced exacerbations in asthma and 
COPD. The first report that indicated that innate 
immune responses to virus infection may be 
impaired in asthma emerged in 2005 when Wark 
and colleagues investigated responses to HRV 
infection in bronchial epithelial cells [Wark et al. 
2005]. HRV replication was increased in the cells 
from asthmatics compared with those from non-
asthmatic subjects, and induction of IFN-β was 
both delayed and deficient in asthmatics. 
Administration of exogenous IFN-β resulted in 
reduced virus replication and the observation of a 
restored antiviral response with administration of 
IFN was validated in a subsequent study 
[Cakebread et  al. 2011]. Other studies have 
reported IFN deficiency both in vitro and in vivo 
in asthma [Baraldo et  al. 2012]. Our group has 
demonstrated that production of IFN-α, IFN-β 
and IFN-λ by alveolar macrophages is also 

impaired in asthma [Contoli et  al. 2006; Sykes 
et  al. 2012], and that exacerbation severity is 
inversely proportional to IFN-λ production.

However, other studies have not reported defi-
cient IFN responses in asthmatics [Lopez-Souza 
et al. 2009; Bochkov et al. 2010; Sykes et al. 2013, 
2014]. The reasons for this are unclear but pos-
sible reasons include different experimental con-
ditions, different cell types, and different virus 
types and doses. As we will discuss later it may 
also be that IFN deficiency is limited to a subset 
of asthma patients. Thus although IFN deficiency 
is an interesting and biologically plausible possi-
ble mechanism underlying increased severity of 
virus infection in asthma, it has not been univer-
sally demonstrated.

It is only recently that it has been widely accepted 
that respiratory viruses are a major contributor to 
COPD exacerbations and research has focused 
predominantly on the role of bacteria in exacerba-
tions. Therefore there are fewer studies investi-
gating the mechanisms of virus-induced 
exacerbations in COPD when compared with 
asthma, and subsequently our knowledge base is 
much smaller.

Older in vitro studies showed that exposure of cell 
cultures to cigarette smoke results in significant 
reductions in IFN-α and IFN-β production 
[Sonnenfeld and Hudgens, 1986], suggesting 
that IFN deficiency may play a role in smoking-
induced COPD. The first investigation of IFN in 
COPD was a study of airway epithelial cells from 
patients with COPD infected with HRV. This 
study reported that production of IFN-λ1 and 
IFN-λ2 was increased compared with cells from 
the control subjects [Schneider et  al. 2010]. 
However paradoxically there were significantly 
increased viral titres in the COPD cells, suggest-
ing other antiviral mediators may be impaired. A 
similar in vitro study also reported increased 
IFNs, but with no difference in virus load between 
COPD and non-COPD subjects [Baines et  al. 
2013]. Conversely in bronchoalveolar lavage 
(BAL) cells from subjects with COPD and non-
obstructed smoker controls infected with HRV ex 
vivo IFN-β responses were significantly impaired 
[Mallia et al. 2011]. There was also impaired pro-
duction of INF-α and IFN-λ although this did 
not reach statistical significance. In a murine 
COPD model infected with HRV-1B, IFN-α and 
IFN-β responses were deficient and viral clear-
ance impaired [Sajjan et  al. 2009], whereas 
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another study using a murine model showed 
reduced IFN-λ but no change in IFN-β or virus 
load [Singanayagam et al. 2015]. Another poten-
tial mechanism underlying increased severity of 
HRV infection in COPD is increased surface 
expression of intracellular adhesion molecule 
(ICAM)-1. The major group of HRVs enter cells 
by binding to ICAM-1 and this is upregulated on 
epithelial cells from bronchial biopsies of patients 
with COPD [Di Stefano et al. 1994].

Evidence for a susceptibility phenotype in 
asthma and COPD
It is increasingly well recognized that asthma and 
COPD are heterogeneous diseases with a number 
of subtypes or phenotypes and among the pheno-
types described are patients that have more fre-
quent exacerbations. This suggests that some 
patients are either susceptible to infection or have 
more severe clinical disease following infection. 
Therefore impaired antiviral immunity may not 
be present in all patients and this may account for 
some of the discrepant results regarding IFN defi-
ciency obtained from different studies.

Asthma.  A proportion of asthma patients experi-
ence more frequent exacerbations despite treat-
ment. The mechanisms of this remain undetermined 
but it is linked to poorer asthma control, higher 
sputum eosinophils and higher exhaled nitric oxide 
[Kupczyk et al. 2014]. In experimental HRV infec-
tion exacerbation patients with poorly controlled 
asthma at baseline display more symptoms, reduced 
production of antiviral T helper cell 1 (Th1) cyto-
kines and higher virus load [Jackson et al. 2015]. 
Therefore poor asthma control and eosinophilic 
inflammation are related to exacerbation frequency 
but the mechanistic link between these has yet to be 
determined. Several studies have reported relation-
ships between markers of asthma/allergy severity 
and IFN responses [Contoli et al. 2015]. In chil-
dren HRV-induced IFN-λ and IFN-β induction 
correlated inversely with airway T helper cell 2 
(Th2) markers and serum immunoglobulin (Ig) E 
levels [Baraldo et al. 2012]. Induction of IFN-α by 
dendritic cells from asthmatic patients infected 
with influenza A virus inversely correlated with 
serum IgE levels [Gill et al. 2010], and IgE levels 
correlated inversely with toll-like receptor 7 induc-
tion of IFN-γ-induced protein 10 in peripheral 
blood mononuclear cells (PBMCs) from asthmatic 
adolescents [Roponen et  al. 2010]. In a group  
of adult subjects with mild-to-moderate asthma 
there was a significant correlation between type I 

interferon levels produced by PBMCs and BAL 
cells, and skin prick tests [Sykes et al. 2012].

A recent report has proposed that increased expres-
sion of suppressor of cytokine signalling (SOCS) 1 
may link Th2 inflammation with IFN deficiency. 
SOCS proteins suppress cytokine-receptor signal-
ling and virus-induced IFN-β promoter activation. 
SOCS1 levels were increased in epithelial cells 
from children with severe asthma and SOCS1 
mRNA levels were significantly inversely corre-
lated with induction of type I and type III interfer-
ons by HRV [Gielen et  al. 2015]. In bronchial 
biopsy specimens from patients with mild-to-mod-
erate asthma nuclear SOCS1 staining was signifi-
cantly higher in asthmatic patients compared with 
healthy subjects, and numbers of nuclear SOCS1-
positive cells correlated with serum total IgE levels, 
but not with exacerbations.

COPD.  Similar to asthma not all COPD patients 
experience the same frequency of exacerbations. 
The Evaluation of COPD Longitudinally to Iden-
tify Predictive Surrogate Endpoints (ECLIPSE) 
cohort study identified a distinct ‘frequent exac-
erbator’ phenotype. This was a group who, irre-
spective of disease severity, were more susceptible 
to exacerbations and could be identified by a pre-
vious history of two or more exacerbations per 
year [Hurst et al. 2010]. The mechanisms of fre-
quent exacerbations remains unknown, but as 
virus infections are a major cause of exacerbations 
this may reflect a defect in innate host defence to 
viral pathogens.

There is some indirect evidence that an increased 
susceptibility to virus infection may be present in 
frequent exacerbators. In studies of naturally 
acquired virus-induced COPD exacerbations, 
virus infection was detected more commonly in 
frequent exacerbators [Seemungal et  al. 2001; 
George et al. 2014]. However, the description of 
frequent exacerbators remains essentially clinical 
and there are as yet no studies investigating the 
underlying mechanisms.

In summary, there is evidence that antiviral 
immune responses are delayed and deficient in 
asthmatics and this is a plausible rationale for 
observed increased disease severity following 
virus infection in asthma. This is less well estab-
lished in COPD. Further work is required to 
determine whether these impairments are com-
mon to all asthmatics and how Th2 inflammation 
is linked to impaired IFN responses.
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Virus–bacterial co-infections in asthma and 
COPD
The majority of studies into the role of infection 
in asthma and COPD have focused on either 
viruses or bacteria with few studies examining 
the potential role of dual infection. Virus–
bacterial co-infection is well recognized with 
influenza virus but it is unclear whether other 
respiratory viruses such as HRV result in second-
ary bacterial infections. Epidemiological studies 
appear to indicate that dual virus–bacterial infec-
tion does not play a major role in COPD exacer-
bations with low detection rates ranging from 
6.5% [Cameron et  al. 2006] to at most 27% 
[Papi et al. 2006; Perotin et al. 2013]. In experi-
mental HRV infections in COPD, bacteria were 
detected in 60% of virus-induced exacerbations 
[Mallia et  al. 2012]. Viruses and bacteria were 
detected at different time points with virus infec-
tion occurring first and bacterial infection at later 
time points. This suggests that studies of natu-
rally occurring exacerbations that collect samples 
at a single time point significantly underestimate 
the true incidence of dual infection. A recent 
study in which patients were sampled at two time 
points during an exacerbation has confirmed 
this: 73% of patients positive for HRV but nega-
tive for bacteria at presentation were positive for 
bacteria when sampled again at day 14 [George 
et al. 2014]. An association between HRV infec-
tion and bacteria has also been reported in 
asthma [Kloepfer et al. 2014]

The effect of dual infection on outcomes in exac-
erbations has not been studied in detail but 
would appear to be associated with increased 
severity. The presence of a symptomatic cold in 
patients with COPD infected with Haemophilus 
influenzae is associated with higher bacterial 
loads [Wilkinson et al. 2006], and in a study of 
hospitalized patients with COPD exacerbations 
in Italy, co-infection was associated with impaired 
lung function and longer hospital stay [Papi et al. 
2006]. In our experimental HRV infection stud-
ies, co-infection was associated with prolonged 
lower respiratory symptoms [Mallia et al. 2012]. 
In asthma exacerbations co-infection with HRV 
and Streptococcus pneumoniae or Moraxella cat-
tarhalis was associated with more severe exacer-
bations [Kloepfer et  al. 2014]. Therefore the 
prevalence of dual virus–bacterial infections in 
asthma and COPD exacerbations is likely to have 
been significantly underestimated and this has 
implications for designing new therapies for 
exacerbations.

Mechanisms of virus–bacterial co-infection
The mechanisms whereby viruses may increase 
susceptibility to bacterial infection remain poorly 
characterized and there is a dearth of in vivo stud-
ies in humans. In vitro studies have demonstrated 
that HRV and RSV can induce changes in airway 
epithelial cells that promote bacterial adhesion and 
invasion [Ishizuka et al. 2003; Sajjan et al. 2008; 
Wang et al. 2009]. HRV infection promotes inter-
nalization of Staphylococcus aureus into epithelial 
cells [Passariello et  al. 2006], and, by disrupting 
the epithelial tight junctions, facilitates bacterial 
transmigration across the epithelium [Sajjan et al. 
2008]. In a murine model mice co-infected with 
HRV and Haemophilus influenzae demonstrated 
reduced neutrophil recruitment and delayed bac-
terial clearance [Unger et al. 2012].

In addition, viruses may directly impair the host 
immune response to bacterial infection. HRV 
infection reduces macrophage cytokine release in 
response to bacterial products [Oliver et al. 2008], 
and degradation of antimicrobial peptides. In ani-
mal models of postinfluenza bacterial pneumonia, 
there are impairments in macrophage [Jakab, 
1982] and neutrophil responses [McNamee and 
Harmsen, 2006], and IFN-γ signalling [Sun and 
Metzger, 2008]. In the human experimental infec-
tion model reduced airway levels of the antimicro-
bial peptide elafin and secretory leucoprotease 
inhibitor were associated with increased risk of sec-
ondary bacterial infections [Mallia et  al. 2012]. 
Initial bacterial infection may also influence 
immune responses to viral infection. In vitro epi-
thelial cell infection with Haemophilus influenzae 
increases rhinovirus binding, cytokine release and 
virus load [Sajjan et al. 2006; Gulraiz et al. 2015]. 
Pretreating peripheral blood monocytes or alveolar 
macrophages with the bacterial product lipopoly-
saccharide inhibits rhinovirus-induced secretion of 
C-X-C motif chemokine 10 (CXCL10) and 
chemokine (C-X-C motif) ligand 11, which are 
chemotactic for T cells [Karta et al. 2014].

Therapies
Therapies in asthma and COPD include both 
long-term preventive therapies to reduce the fre-
quency of exacerbations, and treatments com-
menced after the onset of an exacerbation. A 
comprehensive description of treatments is beyond 
the scope of this review and therefore we will focus 
on preventive treatments that reduce exacerba-
tions, particularly novel treatments, and how these 
may relate to the postulated mechanisms of 
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increased susceptibility to virus infection. Inhaled 
corticosteroids (ICSs), inhaled bronchodilators 
including long-acting beta agonists (LABAs) and 
long-acting muscarinic receptor antagonists 
(LAMAs), and combinations of these, form the 
core of ‘preventive’ asthma and COPD therapies, 
with use dictated by individual disease severity 
[Bateman et al. 2008 Vestbo et al., 2013]. It is well 
established that these therapies reduce exacerba-
tions but patients taking maximum inhaled ther-
apy continue to experience exacerbations and 
therefore new therapeutic approaches are needed.

Asthma
ICSs have been the mainstay of anti-inflamma-
tory treatment in asthma for many years and exert 
their beneficial effects by modulating the host 
adaptive immune response that drives the patho-
physiology of asthma. In clinical trials ICSs are 
effective in reducing exacerbations but these 
studies are in highly selected patients and surveys 
of ‘real-life’ asthma patients have shown that 
almost half of asthma patients continue to experi-
ence exacerbations [Rabe et al. 2000; Price et al. 
2014]. It is unclear whether virus-induced asthma 
exacerbations are characterized by a Th1 or Th2 
predominant inflammatory response and there-
fore the effects of ICSs on virus-induced exacer-
bations are unclear. In atopic asthmatics 
experimentally infected with rhinovirus 16, pre-
treatment with the ICS budesonide was shown to 
improve airway hyperresponsiveness and eosino-
philic inflammation, but did not prevent the 
inflammatory changes associated with HRV 
infection [Grunberg et al. 2001].

The Th2 cytokines interleukin-4 (IL-4), interleu-
kin-5 (IL-5) and interleukin-13 (IL-13), and IgE 
are recognized to be central mediators in asthma. 
A number of new monoclonal antibodies have 
recently become available that target these media-
tors. These therapies have a number of beneficial 
effects including improvements in lung function, 
reduction in symptoms and reduced require-
ments for oral corticosteroids, and a significant 
reduction in exacerbations.

Omalizumab, a recombinant humanized mono-
clonal antibody against IgE, which reduces circu-
lating serum levels of IgE, demonstrated a 58% 
reduction in asthma exacerbations in atopic 
patients with serum IgE levels greater than 30 IU/
ml already receiving ICSs [Soler et  al. 2001]. 
Similarly in patients with severe, eosinophilic 

asthma the monoclonal antibodies against IL-5 
mepolizumab and reslizumab, reduced the rate of 
exacerbations by approximately 50% compared 
with placebo [Ortega et  al. 2014; Castro et  al. 
2015]. Two studies of anti-IL-13 monoclonal 
antibodies lebrikizumab and tralokinumab in 
patients with uncontrolled asthma showed that 
they did not reduce the exacerbation rate [Corren 
et al. 2011; Brightling et al., 2015]. IL-13 induces 
secretion of a matricellular protein called peri-
ostin from bronchial epithelial cells, which may 
play a role in subepithelial fibrosis and periostin 
has been used as a biomarker to predict anti-
IL-13 treatment effects. Pooled analysis of data 
from two randomized controlled trials stratifying 
the treated population by baseline serum peri-
ostin levels showed that lebrikizumab reduced 
exacerbations by 60% (95% confidence interval 
[CI] 18–80%) compared with placebo in ‘peri-
ostin-high’ patients, but only by 5% (95% CI 
-81– 47%) in ‘periostin-low’ patients [Hanania 
et al. 2015]. A small study has investigated the use 
of dupilumab, a monoclonal antibody that targets 
the IL-4 receptor α subunit, inhibiting both IL-4 
and IL-13 signalling. Dupilumab reduced exacer-
bation rates by 87% compared with placebo (odds 
ratio 0.08; 95% CI 0.02–0.28; p < 0.001) in 
patients with moderate-to-severe asthma on com-
bination treatment [Wenzel et al. 2013].

Following the description of impaired antiviral 
innate immunity in asthmatics, the possibility of 
augmenting deficient interferon responses has 
been explored as a therapeutic option. A rand-
omized, placebo-controlled trial of inhaled IFN-β 
commenced at the onset of an asthma exacerba-
tion did not change asthma symptoms, but did 
improve morning peak expiratory flow (p = 
0.033), and enhanced innate immune responses 
as determined by serum biomarkers of antiviral 
activity including CXCL10 [Djukanovic et  al. 
2014]. Subanalysis of moderate-to-severe asth-
matics showed a significant reduction in asthma 
control questionnaire-6 score (p = 0.004) com-
pared with placebo, suggesting it may be a more 
effective treatment in those with more severe 
disease.

COPD
In contrast to asthma few new agents have been 
approved for use in COPD and those that have 
consist mainly of the same drug classes of ICSs, 
LABAs and LAMAs. Long-term use of the mac-
rolide antibiotic azithromycin has been shown to 
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reduce exacerbations in COPD [Albert et  al. 
2011]. Although it has been assumed that this is 
due to its antimicrobial action, macrolides have a 
number of additional mechanisms of action 
including anti-inflammatory effects. A recent 
publication reported that azithromycin has antivi-
ral effects and stimulates IFN production in vitro 
[Gielen et  al. 2010]. Use of azithromycin in 
COPD is not widespread due to concern about 
the emergence of bacterial resistance. If the anti-
inflammatory and antiviral effects of azithromy-
cin mediate some of the reduction in exacerbations 
then macrolides that retain these mechanisms but 
are not antibacterial may overcome this hurdle.

Antiviral agents
Another approach to preventing virus-induced 
exacerbations is to target the infecting viral agent. 
Antiviral therapy is most well established for influ-
enza but discussion of this is beyond the scope of 
this review. We will briefly describe here agents 
that have been developed for treatment of HRV 
infections. Most serotypes of HRV attach to cells 
via ICAM-1, therefore blocking this receptor may 
halt viral infection. In a randomized, placebo-con-
trolled trial in experimental HRV infections, trem-
acamra, a recombinant soluble ICAM-1 molecule 
introduced nasally, was effective in reducing 
symptoms compared with placebo (p < 0.001), 
whether used before or after inoculation of virus 
[Turner et al. 1999]. A human ICAM-1 antibody, 
14C11, has been shown in a mouse model to 
inhibit HRV-induced asthma exacerbations 
[Traub et al. 2013]. Importantly 14C11 did not 
prevent cell-trafficking via lymphocyte function-
associated antigen 1/ICAM-1 interactions, which 
are important for host defence. ICAM-1 receptor 
blockers may have a role in preventing viral exac-
erbations of asthma and COPD and require fur-
ther evaluation.

Pleconaril is an oral capsid-function inhibitor, 
which was demonstrated in a large randomized, 
placebo-controlled trial of healthy adults with 
picornavirus infections to shorten the duration of 
illness by 1 day compared with placebo [Hayden 
et  al. 2003]. However, these benefits were out-
weighed by concerns regarding the risks of drug 
interactions, particularly with oral contraceptives, 
and pleconaril was not approved for treatment of 
the common cold by the US Food and Drug 
Administration [Senior, 2002]. No studies of 
pleconaril or other antiviral drugs have been car-
ried out in patients with asthma or COPD. The 

results from experimental infection studies pro-
vide a theoretical basis that antiviral agents may 
be of clinical benefit in treating asthma and 
COPD exacerbations. Studies in these specific 
groups are needed to demonstrate this.

Vaccination is a highly effective means of prevent-
ing viral infections and influenza vaccination is 
recommended for all patients with asthma and 
COPD. However, effective vaccines against other 
common respiratory pathogens such as HRV, 
RSV and coronaviruses are not available. Given 
the diversity in HRV serotypes, developing an 
effective vaccine with cross-reactivity against over 
100 strains is a considerable challenge, further 
complicated by the recent recognition of HRV-C 
species. Highly conserved regions of the VP0 
(VP4 and VP2) capsid protein have been identi-
fied and immunization with recombinant HRV/
VP0 protein promoted airway CD4+ T-cell 
responses in a mouse model, with more rapid 
viral RNA clearance from the lungs of mice after 
subsequent infection [Glanville et  al. 2013]. 
Antibodies to the VP1 protein may also induce 
antibodies active against different serotypes 
[Edlmayr et al. 2011], although others have dis-
puted this [Papi and Contoli, 2011]. It is clear 
that a vaccine protective against HRV remains 
highly problematic.

Conclusion
It is now well established that respiratory virus 
infections are a major cause of acute exacerba-
tions in both COPD and asthma, although there 
remain many unanswered questions and areas for 
further research. Experimental infection studies 
have clearly demonstrated increased severity of 
clinical illness with HRV infection in asthma and 
COPD, and determining the mechanisms of this 
offer an attractive target for new therapies. 
Interferon deficiency may be one such mecha-
nism and has already led to the development of a 
new treatment. However, it remains unclear 
whether IFN deficiency is present in all asthmatic 
patients and whether it is also relevant to COPD. 
The roles of newly discovered viruses and of dual 
virus–bacterial infections are other areas where 
further research is needed. The demonstration 
that secondary bacterial infection is common fol-
lowing HRV infection in COPD holds out the 
prospect that antiviral treatments may reduce 
bacterial infection and reduce antibiotic use. 
However, this awaits the development of new, 
more effective antiviral agents.
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