
 



  I 

 

Production Note:

Signature removed prior to publication.



 II 



 III 



 IV 

 



 V 

I

II

V

VII

XVII

XVIII

XIX



 VI 



   VII 



   VIII 



   IX 

 



   X 

 



   XI 



   XII 



   XIII 



   XIV 



   XV 



   XVI 

 



   XVII 



  XVIII 

 



  XIX 



  XX 

 
 



 1 

 



 2 



 3 



 4 



 5 



 6 



 7 



 8 

 



 9 



 10 



 11 



 12 



 13 

.98 



 14 



 15 



 16 



 17 



 18 



 19 



 20 



 21 



 22 



 23 



 24 



 25 



 26 



 27 



 28 



 29 



 30 



 31 



 32 



 33 

β

α



 34 



 35 



 36 



 37 



 38 



 39 



 40 



 41 



 42 



 43 



 44 



 45 



 46 

 

 



4/6/18
  Allan R Glanville 04/06/2018

47



The Human Respiratory Microbiome:
Implications and Impact
Alicia B. Mitchell, BMedSci (Hons)1,2,3 Allan R. Glanville, MBBS, MD, FRACP3,4

1School of Molecular Biosciences, University of Technology Sydney,
Sydney, New South Wales, Australia

2Woolcock Institute of Medical Research, Glebe, Sydney, New South
Wales, Australia

3Department of Thoracic Medicine, St. Vincent’s Hospital,
Darlinghurst, New South Wales, Australia

4Department of Medicine, University of New South Wales, Sydney,
New South Wales, Australia

Semin Respir Crit Care Med 2018;39:199–212.

Address for correspondence Allan R. Glanville, MBBS, MD, FRACP,
Department of Thoracic Medicine, St. Vincent’s Hospital,
Darlinghurst, New South Wales 2010, Australia
(e-mail: Allan.Glanville@svha.org.au).

The microbiome consists of all microorganisms and their
products that occupy surfaces within the human body. Each
major compartment of the human body appears to have a
unique microbiome with species which are specific for that
environment. The microbiome encompasses bacteria, fungi,
viruses (including bacteriophages), and archaea. These micro-
organisms are an integral part of the functional human unit.
The human body hosts more than a trillion microbial cells and

microbiome-associatedgenes outnumberhuman-codedgenes
100-fold.1Humansandmicrobeshaveco-evolvedovermillions
of years, and subsequently, thehuman immunesystemand the
microbiome demonstrate complex interactions. The develop-
ment of the microbiome is integral in shaping the immune
response, while the immune system is required to maintain
this large, and highly diverse set ofmicrobes. Thus, a symbiotic
interface has been established within the human body.2

Keywords

► microbiome
► lung transplant
► lung allograft
► respiratory tract
► virome

Abstract Once considered a sterile site below the larynx, the tracheobronchial tree and
parenchyma of the lungs are now known to harbor a rich diversity of microbial species
including bacteria, viruses, fungi, and archaea. Many of these organisms, particularly
the viruses which comprise the human respiratory virome, have not been identified, so
their true role is unknown. It seems logical to conclude that a “healthy” respiratory
microbiome exists which may be modified in disease states and perhaps by therapies
such as antibiotics, antifungals, and antiviral treatments. It is likely that there is a
critical relationship or equilibrium between components of the microbiome until such
time as perturbations occur which lead to a state of dysbiosis or an “unhealthy”
microbiome. The act of lung transplantation provides an extreme change to an
individual’s respiratory microbiome as, in effect, the donor respiratory microbiome
is transplanted into the recipient. The mandatory ex-vivo period of the donor lungs
appears to be associated with blooms of resident viral species in particular. Subse-
quently, allograft injury, rejection, and immune suppressive therapy all combine to
create periods of dysbiosis which when combined with transient infections such as
community acquired respiratory viruses may facilitate the development of chronic
allograft dysfunction in predisposed individuals. As our understanding of the respira-
tory microbiome is rapidly expanding, based on the use of new-generation sequencing
tools in particular, it is to be hoped that insights gained into the subtle relationship
between the microbiome and the lung allograft will facilitate improved outcomes by
directing novel therapeutic endeavors.
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CONCISE CLINICAL REVIEW

Translational Aspects of the Human Respiratory Virome
Alicia B. Mitchell1,2, Brian G. G. Oliver1, and Allan R. Glanville2

1The Woolcock Institute of Medical Research, Sydney, New South Wales, Australia; and 2The Lung Transplant Unit, St. Vincent’s
Hospital, Sydney, New South Wales, Australia

Abstract

Despite the dominant role of community-acquired respiratory
viruses as etiological agents of disease, there has been little
focus to date on the translation of rapidly developing diagnostic
modalities, such as next-generation sequencing techniques in the
examination of lower respiratory tract samples. When applied,
these techniques should inform strategies to both understand
the nexus between health and disease states of the respiratory
virome, and drive a paradigm shift in how the practicing
pulmonologist views the conceptual framework of respiratory
infections. The lower respiratory tract was once thought to be a
sanctuary site from microbiological colonization owing to the
efficacy of upper airway–protective mechanisms and the host
mucosal barrier function of the lower airways, combined with both

innate and adaptive immune responses. As a small number of recent
studies confirm, this is a naive vision of the lung, the viral
component of which parallels recent revelations from respiratory
microbiome studies. Hence, it is now timely to revise our
thinking regarding the constituents, diversity, and changing
nature of the respiratory virome in health and disease. One area
worthy of focus is the interface between community-acquired
respiratory viruses and the respiratory virome to better
understand the dynamics in acute infection, as well as the
factors that may lead to viral persistence and chronic disease.
Given recent advances in metagenomics, the tools are now at
hand to accomplish these goals.

Keywords: microbiota; metagenome; virome; community-
acquired respiratory viruses
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Abstract
Respiratory viruses are very common in the community and contribute to the burden of illness 
for patients with chronic respiratory diseases, including acute exacerbations. Traditional sampling 
methods are invasive and problematic to repeat. Accordingly, we explored whether respiratory 
viruses could be isolated from disposable spirometry filters and whether detection of viruses in this 
context represented presence in the upper or lower respiratory tract.

Discovery (n  =  53) and validation (n  =  49) cohorts were recruited from a hospital outpatient 
department during two different time periods. Spirometry mouthpiece filters were collected from 
all participants. Respiratory secretions were sampled from the upper and lower respiratory tract by 
nasal washing (NW), sputum, and bronchoalveolar lavage (BAL). All samples were examined using 
RT-PCR to identify a panel of respiratory viruses (rhinovirus, respiratory syncytial virus, influenza A, 
influenza B, parainfluenza virus 1, 2 & 3, and human metapneumovirus). Rhinovirus was quantified 
using qPCR.

Paired filter-NW samples (n  =  29), filter-sputum samples (n  =  24), filter-BAL samples (n  =  39) 
and filter-NW-BAL samples (n  =  10) provided a range of comparisons. At least one virus was 
detected in any sample in 85% of participants in the discovery cohort versus 45% in the validation 
cohort. Overall, 72% of viruses identified in the paired comparator method matched those detected 
in spirometry filters.

There was a high correlation between viruses identified in spirometry filters compared with 
viruses identified in both the upper and lower respiratory tract using traditional sampling methods. 
Our results suggest that examination of spirometry filters may be a novel and inexpensive sampling 
method for the presence of respiratory viruses in exhaled breath.
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Viruses in bronchiectasis: a pilot study to
explore the presence of community
acquired respiratory viruses in stable
patients and during acute exacerbations
Alicia B. Mitchell1,2,4* , Bassel Mourad1,4, Lachlan Buddle2, Matthew J. Peters2,3, Brian G. G. Oliver1,4,5,6

and Lucy C. Morgan2,3

Abstract

Background: Bronchiectasis is a chronic respiratory condition. Persistent bacterial colonisation in the stable state
with increased and sometimes altered bacterial burden during exacerbations are accepted as key features in the
pathophysiology. The extent to which respiratory viruses are present during stable periods and in exacerbations is
less well understood.

Methods: This study aimed to determine the incidence of respiratory viruses within a cohort of bronchiectasis
patients with acute exacerbations at a teaching hospital and, separately, in a group of patients with stable
bronchiectasis. In the group of stable patients, a panel of respiratory viruses were assayed for using real time
quantitative PCR in respiratory secretions and exhaled breath. The Impact of virus detection on exacerbation rates
and development of symptomatic infection was evaluated.

Results: Routine hospital-based viral PCR testing was only requested in 28% of admissions for an exacerbation. In
our cohort of stable bronchiectasis patients, viruses were detected in 92% of patients during the winter season, and
33% of patients during the summer season. In the 2-month follow up period, 2 of 27 patients presented with an
exacerbation.

Conclusions: This pilot study demonstrated that respiratory viruses are commonly detected in patients with stable
bronchiectasis. They are frequently detected during asymptomatic viral periods, and multiple viruses are often
present concurrently.

Keywords: Bronchiectasis, Respiratory viruses, Viral infection, Influenza

Background
Bronchiectasis is a progressive disease characterised by
permanent dilatation of bronchi, impairment of muco-
ciliary clearance, and retention of secretions. Recurrent
respiratory infections are a key feature of bronchiectasis,
with the majority of research focusing on the role of
bacteria in stable patients, during acute exacerbations
and particularly in disease progression [1, 2]. Despite

significant advances in diagnostic immunology and radi-
ology, and a growing global awareness of bronchiectasis
as a significant twenty-first century clinical problem, the
underlying cause of bronchiectasis in a given patient is
not always clear. Approximately 40% of cases remain
idiopathic [3], after the most common causes (immuno-
deficiencies, cystic fibrosis (CF), primary ciliary dysfunc-
tion (PCD), allergic bronchopulmonary aspergillosis
(ABPA), connective tissue disorders, chronic obstructive
pulmonary disease (COPD)-related, or asthma-related)
have been excluded [4, 5].
Respiratory infections in early childhood are an

important cause of airway damage with the potential to
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initiate the vicious cycle of epithelial damage, airway
dilatation, mucostasis, and bacterial colonisation [6].
Prior to widespread vaccination in the mid twentieth
century, measles and pertussis played a major role in
post-infectious damage leading to bronchiectasis [7].
The incidence and mortality of pneumonia associated
with influenza and pneumococcal infection has also been
reduced in both paediatric [8–10] and adult populations
with access to vaccination programs [11, 12]. Pneumonia
in childhood caused by common respiratory viruses has
been associated with significant early airway damage and
these viruses are emerging as major factors in the
subsequent development of bronchiectasis [4, 13]. While
research has focused on defining the aetiology of
bronchiectasis due to its implications in individualised
treatment and management of the disease, little work
has been done to define the role of respiratory viruses in
stable and acute bronchiectasis.
As there is considerable phenotypic overlap between

bronchiectasis, CF and COPD, the basic understanding
gained from investigating the role of viruses in exacerba-
tions and asymptomatic viral detection during stable
phases in these diseases may guide our knowledge
regarding bronchiectasis.
The association between viral infection and bacterial

superinfection is well described in the literature, and
more recently, with changes in the microbiome. In
COPD and CF, respiratory viruses precipate exacerba-
tions, which in turn, are associated with accelerated
disease progression [14]. Mallia et al. [15] demonstrated
that experimental rhinovirus infection in patients with
COPD could induce symptoms associated with exacer-
bations, and induce changes in the microbiota. These
findings in COPD have been further confirmed by a ser-
ial analysis of the lung microbiome following rhinovirus
infection [16]. In patients with CF, significantly higher
levels of respiratory viruses were detected during ex-
acerbations (46%) compared to stable phases (17%)
[17]. The detection of viruses during exacerbation has
also been associated with an increase in colony
counts of Pseudomonas aeruginosa, suggesting that
viruses may also affect the stability of the microbiome
in cystic fibrosis [18]. In these diseases, increased viral
presence was often observed during exacerbations which
also lead to changes in the resident microbial communi-
ties. Bacterial colonisation is a common and key feature of
the pathophysiology of bronchiectasis. Less is known
about the role of viruses in stable state bronchiectasis, or
the effect of viruses on the equilibrium between symbiotic
and pathogenic bacterial species.
Therefore, this pilot study aimed to determine the

incidence of respiratory virus testing ordered by physi-
cians within a cohort of bronchiectasis patients with
acute exacerbations at a teaching hospital and separately,

to determine the incidence of viral detection within a
group of patients with stable bronchiectasis to establish
baseline viral prevalence. The incidence of symptomatic
viral infections and rates of exacerbations in this cohort
was also evaluated.

Methods
Part 1
A retrospective clinical audit was undertaken to deter-
mine the rate of testing for respiratory viruses for pa-
tients admitted to Concord Repatriation General
Hospital July 2011 to June 2016 with an acute exacerba-
tion of bronchiectasis. Patient data regarding exacerba-
tion frequency, previous lung function and hospital
admissions were collected from the Australian Bronchi-
ectasis Registry.

Part 2
Clinical measures
Two cohorts of patients were recruited from an
outpatient clinic whilst clinically stable. All patients
attending the specialised bronchiectasis clinic during the
recruitment months were asked to participate. Bronchi-
ectasis was deemed to be clinically stable from the point
of view by the consultant physician in clinic based on
the patient’s history, and no deterioration in clinical
symptoms in the month prior to their clinic visit. A
history of viral-related symptoms was not an exclusion
criteria. One cohort was recruited during the winter
months in Australia (May – September), while the other
was recruited during the summer months (January –
March). Samples were collected from each patient dur-
ing their clinic visit, to determine if viruses were present
within the lungs of bronchiectasis patients when clinic-
ally stable, similar to resident bacterial species. This is a
tertiary referral centre for PCD, where the diagnosis of
PCD was made based on ciliary motility studies and
electron microscopy. Patients provided a basic medical
history and filled out a common cold questionnaire at
the time of recruitment [19]. The common cold ques-
tionnaire (CCQ) assesses viral symptoms on an 11-point
scale. Based on the presence or absence of these symp-
toms, the questionnaire predicts the likelihood of a viral
infection. Results are classified into three categories; ‘no
virus’, ‘possible virus’ or ‘probable virus’ depending on
how many symptoms are reported [19]. The results of
the questionnaires were considered at the time of
analysis in conjunction with the viral PCR results, and
were not used as inclusion or exclusion criteria.
Spirometry was performed at the time of sample

collection (according to ATS/ERS guidelines) [20] and
compared to previous results to ensure that patients
were at baseline. FEV1 was used as a surrogate measure
of severity in this cohort of patients. The filters from the
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spirometer mouthpieces were frozen during storage,
then processed for RNA extraction from exhaled breath
using a methodology described previously [21], and
spontaneously expectorated sputum samples were also
collected. All patients were reviewed by the physiother-
apist in clinic if sputum was not easily spontaneously
expectorated.
To investigate if asymptomatic infections could

develop into acute exacerbations, information regarding
exacerbations and hospitalisations in the following
2 months were collected for all patients. Other patient
outcomes, including lung function, acute viral or bacter-
ial infections, were also collected.

Sample molecular processing
Filters and sputum samples were analysed for a panel of
respiratory viruses using PCR. Virus RNA was extracted
from the exhaled breath captured in spirometry filters
using a methodology published previously [21]. Filters
were first removed from the spirometry mouthpieces
and 1 ml of Bioline Lysis Buffer RLY (Bioline, Alexandria,
Australia) was then added. This was centrifuged for 2 min
at 10 000 rpm. The eluate was collected after the final spin
and stored at − 20 °C until RNA extraction. Sputum sam-
ples were homogenised by mixing the secretion with 1 ml
of 1% B-ME Lysis Buffer RLY to achieve a final volume of
1.5 ml, which was then stored at − 20 °C. Following this,
RNA was purified using the Isolate II RNA Mini Kit
(Bioline, Alexandria, Australia) before conversion to
cDNA using the Bioline SensiFAST cDNA Synthesis Kit
(Bioline, Alexandria, Australia).
cDNA was assayed by uniplex real time reverse tran-

scription polymerase chain reactions for human rhino-
virus (HRV), respiratory syncytial virus (RSV), influenza
virus type A and influenza virus type B, parainfluenza
virus (PIV) 1, 2 and 3, and human metapneumovirus
(HMPV). Real Time quantitative PCR (qPCR) assays
utilised the StepOnePlus Real-Time PCR System (Applied
Biosystems, ThermoFisher, Massachusetts, USA). All sam-
ples were run in triplicate, with 2 μl of cDNA template
added to Bioline SensiFAST Probe Hi-ROX Master Mix.
PCR primers were sourced from the literature [21–25],
and have been previously optimised using clinical samples.
Forward and reverse primers were added along with virus
specific probe. The qPCR was run for 40 cycles, and the
cycle threshold (CT) value was defined for each reaction.

Statistical analysis
T-tests were used to compare parametric data sets,
Mann-Whitney tests for non-parametric data, and Fisher’s
exact test was completed for contingency table analyses
using GraphPad Prism version 6.

Results
Part 1
During the study period 47 patients were identified from
the Bronchiectasis Registry as having been admitted to
Concord Repatriation General Hospital for an exacerba-
tion of bronchiectasis with a total of 83 admissions. The
average age for this cohort was 72 ± 14 years, mean ± SD
(range 24–88) (male = 19).
Of the 83 total admissions, viral PCR was requested in

only 23. In comparison, bacterial and fungal cultures
were requested in 73 admissions.
Viral PCR was positive in 9 of 23 cases (39%), with 3

cases of influenza A and 6 cases of HRV.
Bacterial and fungal cultures were positive in 22/73

admissions (30%). The most commonly detected pathogen
by culture was Pseudomonas aeruginosa in 9 admissions,
followed by Haemophilus influenzae in 7 cases, Burkhol-
deria cepacia in 1, and Achromobacter xylosoxidans in 1
case. Fungal species were less common, with Aspergillus
spp. detected during 3 exacerbations, and Candida albi-
cans in 1 case.

Part 2
Winter cohort
Twelve patients with stable bronchiectasis were re-
cruited in the winter cohort. The clinical characteristics
of these patients are summarised in Table 1. Four
patients were on maintenance therapy with an inhaled
corticosteroid (ICS) /long acting beta agonist (LABA)
combination inhaler, while the majority had been pre-
scribed a short acting beta agonist (SABA) as needed.
Only one patient reported being a past smoker, all other
patients had never smoked.
Of the 12 patients with bronchiectasis recruited during

the winter period, 9 of these also had a concurrent diag-
nosis of PCD. The majority of these patients (11/12) had
relatively preserved lung function with an FEV1 greater
than the lower limit of normal. One patient had severely
reduced lung function, with an FEV1 of only 21% pre-
dicted (0.56 L), and an FEV1/FVC ratio of 50% based on
ATS/ERS guidelines [26].
All patients completed the CCQ on the day of secre-

tion sampling. None reported enough symptoms on the
11-point scale to be categorised as “probable virus”. All
patients remained stable, with no reported exacerbations
or hospital admissions within a month prior to or 2
months after sample collection.
Filters and sputum samples were processed for a panel

of respiratory viruses. Nine of 12 patients had respiratory
virus RNA identified in filter samples. In the filters,
influenza was the most commonly detected respiratory
virus (9/12), with 3 patients having influenza A, 3 with
influenza B, 2 with concurrent influenza A and B detec-
tion and one patient who demonstrated co-detection of

Mitchell et al. BMC Pulmonary Medicine  (2018) 18:84 Page 3 of 8
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human rhinovirus and influenza A (Table 2). Using
qPCR, in the samples where the same virus was detected
in the filter as the sputum sample, the CT value was
lower (approximately 33 cycles) compared with those
viruses found in the sputum alone (approximately
37 cycles).

In sputum samples, 11 of 12 patients had a respiratory
virus identified. A single patient had only influenza A
identified. Co-infection was more common with 7 pa-
tients showing concurrent detection of HRV, RSV, influ-
enza A and B; 1 patient with HRV, RSV and influenza A;
1 with HRV and RSV; 1 with HRV and influenza A. All 9
subjects with virus detected in exhaled breath also had
virus detected in the matched sputum sample. As 11 of
12 patients in the winter cohort were viral positive, it
was not possible to correlate virus detection with disease
severity based on FEV1. Similarly, a correlation between
viral detection and use of SABA, or ICS/LABA combin-
ation treatment could not be deduced.

Summer cohort
Fifteen patients were recruited in the summer cohort.
Their clinical characteristics are summarised in Table 1.
Ten patients were on maintenance therapy with an ICS/
LABA combination inhaler, two had additional tiotro-
pium therapy; 12/15 had been prescribed a SABA PRN.
All patients reported never smoking.
In this cohort, 3 of 15 patients had a concomitant

PCD diagnosis, while 2 of 15 also had a diagnosis of
asthma. This was a slightly more severe cohort of bron-
chiectasis patients based on spirometry when compared
with the group recruited during the winter season. The
mean FEV1 in this group was 59% of predicted, however
this was not significantly different to the winter group.
Only one patient reported symptoms of viral infection at
the time of sample collection, the rest of the patients re-
ported feeling well at the time of their clinic visit which
was confirmed by responses to the common cold
questionnaire. Two patients with severe bronchiectasis
(one with comorbid asthma) were subsequently admitted
to hospital for an exacerbation within 2 months of sam-
ple collection.
During the summer season, respiratory viruses were

less commonly detected, with 3 of 15 patients demon-
strating influenza A detection in the filters and 5 of 15
samples detecting Influenza A in the sputum sample
(Table 2). No other respiratory viruses on our panel were
detected in these samples. Furthermore, none of the pa-
tients in the summer cohort had a “probable virus”
based on the CCQ. In the patients who were viral posi-
tive in the summer cohort, the average FEV1 was lower

Table 1 Summary of patient characteristics and respiratory virus detection and exacerbation rates in both the winter and
summer cohorts

Season Mean
age ± SD

Gender
(F/M)

Mean
FEV1 ± SD

Comorbid
PCD

Overall viral
detection rate

Number of patients
with Influenza

Multiple virus
detection rate

Exacerbation rate during
follow up period

Winter (n = 12) 36 ± 12 10/2 77% ± 22% 9/12 (75%) 11/12 (92%) 10/12 (83%) 10/12 (83%) 0/12 (0%)

Summer (n = 15) 60 ± 17 12/3 60% ± 33% 3/15 (20%) 5/15 (33%) 5/15 (33%) 0/15 (0%) 1/15 (7%)

Overall (n = 27) 49 ± 19 22/5 67% ± 29% 12/27 (44%) 16/27 (59%) 15/27 (56%) 10/27 (37%) 1/27 (4%)

Table 2 Specific viruses detected in the filter and sputum
samples of patients in Summer and Winter cohorts

Patient Winter

Filter positive Sputum positive

1 Flu A RV, RSV, Flu A + B

2 Flu B RV, RSV, Flu A + B

3 Flu B RV, RSV, Flu A + B

4 Flu B RV, RSV, Flu A + B

5 Flu A RV, RSV + Flu A

6 RV + RSV

7 Flu A

8 RV + Flu A RV + Flu A

9 Flu A + B RV, RSV, Flu A + B

10 Flu A + B RV, RSV, Flu A + B

11 Flu A RV, RSV, Flu A + B

12

Patient Summer

Filter positive Sputum positive

13

14 FluA FluA

15

16

17

18 FluA FluA

19 FluA

20 FluA

21

22

23

24

25

26 FluA FluA

27
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(p > 0.05), compared with the viral negative group. How-
ever, no associations between medication usage and viral
detection were observed.
One patient was admitted to hospital within 2 weeks

of the clinic visit with an exacerbation of bronchiectasis,
and influenza A was again detected in both exhaled
breath and sputum samples. Another patient who expe-
rienced an exacerbation 6 weeks after their clinic visit,
did not have any viruses detected in either sample.

Comparison of cohorts
There was a significant difference in viral detection
between Summer and Winter cohorts (p < 0.01), with a
greater rate of viral detection observed during the winter
months (Fig. 1). These cohorts were not age or severity
matched, and there was a significantly higher rate of
underlying PCD in the winter cohort (p < 0.05).

Discussion
Our small retrospective audit of admissions for exacer-
bation of bronchiectasis revealed how infrequently viral
PCR testing was requested in a large teaching hospital
with ready access to on site rapid respiratory viral PCR.
Reflecting the current state of the literature, bacterial
and fungal species were more frequently assumed to be
the etiological agents and therefore, tested for in the ma-
jority of patients presenting with an exacerbation. Viral
PCR testing was only requested in 28% of the bronchiec-
tasis exacerbations included in the audit, compared with
88% of admissions where bacterial and fungal culture
were requested.
However, despite the greater frequency of request for

bacterial and fungal culture, viruses were still detected
in 39% of the samples when viral PCR was requested,
compared with bacterial or fungal pathogen detection in
30% of samples sent for testing. It is important that
sampling rates increase, and prospective, longitudinal
studies of both bacterial and viral pathogens in stable
and exacerbating bronchiectasis are undertaken, if we
are to understand with more precision, the role of
viruses in exacerbations and their seasonality.

Due to the low rate of viral testing in acute exacerba-
tions of bronchiectasis at our centre, we designed a
study to determine the incidence of respiratory virus
detection during stable periods and whether this was
associated with an increased risk of exacerbation or
developing a symptomatic viral infection. Studying stable
patients with bronchiectasis provides information re-
garding the background level of viruses to inform future
analysis of results obtained during acute exacerbations.
Our pilot study demonstrated that respiratory viruses
are commonly detected in respiratory secretions and the
exhaled breath of patients with stable bronchiectasis.
They are frequently detected during asymptomatic pe-
riods, and multiple viruses are often present concurrently.
In this study, there was a 92% detection rate in the

winter cohort, and a 33% detection rate in the summer
cohort. Other studies have detection rates of around 20%
in stable bronchiectasis rising to around 40–50% in exac-
erbations in non-CF bronchiectasis in adults [27, 28]. One
potential reason for obtaining such high virus detection by
PCR is contamination within the PCR reaction. We are
confident that high viral detection rates in the winter
cohort this is not caused by poor PCR technique or
experimental contamination as out negative controls were
always negative. Furthermore, whilst the samples were
collected during different periods of the year, the PCRs
were carried out simultaneously. However, we used a
highly sensitive PCR which can detect as few as 5 virions.
In our study, even low CT values were classified as viral
positive whereas in other studies these might be classified
as negative. Whist not a part of this study, we have com-
pared our research lab virus PCR results to virus positivity
by PCR obtained from a diagnostic lab. We found almost
100% agreement for all viruses, apart from rhinovirus,
where we found our PCR was more sensitive (twice the
detection frequency). We think that the most plausible
explanation for the high sample detection in our winter
cohort happened to be sampled during a year that was
recognised to have a heavy burden of influenza infections.
Other possible reasons might be the increased severity of
bronchiectasis based on FEV1 values in our cohort, and

Fig. 1 Rates of single or multiple respiratory virus detection during stable state in the summer and winter cohorts
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also, the high incidence of PCD as our clinic is a state-
wide referral centre for PCD. However, it is unusual to
have found such high rates of multiple virus detection,
and further studies are needed in PCD to confirm these
findings. There is currently little literature regarding the
detection and persistence of respiratory viruses in the
respiratory tract of individuals with PCD.
Respiratory viruses were more common during

winter season, compared with the summer season.
This study confirms previously reported seasonality of
respiratory viruses [29] for RSV, however rhinovirus
has been shown to occur all year round in respiratory
specimens which was not observed in this cross-
sectional study of bronchiectasis patients. Influenza
has also demonstrated peak detection during the win-
ter months in temperate zones, and year-round distri-
bution in tropical areas [30]. In this study, we
observed a heavy burden of influenza during the
winter season, however influenza A virus was still
detected in multiple asymptomatic individuals during
the summer months.
Detection of respiratory viruses in the exhaled breath

and sputum samples of this bronchiectasis cohort, was
not significantly associated with disease severity or risk
of exacerbation within the 2 month follow up period. In
the one patient who was admitted to hospital with a
bronchiectasis exacerbation within 2 weeks of their
clinic visit, influenza A was present within both the ex-
haled breath and sputum sample. However, this was the
only case where an exacerbation was associated with
virus detection in our study. The short duration of this
follow up time may not be adequate, however, to make a
clear determination of exacerbation risk in this cohort.
A longitudinal study design with regular viral sampling
during periods of both stable disease and exacerbation,
and more in depth analysis of patient outcomes may be
needed to elucidate this risk.
No association was observed between viral detection

and treatment with ICS/LABA or SABA alone. In the
summer cohort, viruses were more commonly detected
in patients with more severe disease as indicated by
spirometry, with 80% patients who had influenza A de-
tection demonstrating an FEV1 below 30% predicted
based on the GLI-2012 reference set [31]. In the winter
cohort, viral detection had no significant association
with spirometry values.
Real time PCR allowed quantification of viral load,

with higher viral load detection in the sputum sample
predicting detection in the exhaled breath sample
collected using the spirometry filters. Huang et al. [32]
showed that presence of influenza virus within the
respiratory tract is necessary but not sufficient to cause
a symptomatic influenza infection. Host immune
responses play an important role, and activation of

multiple simultaneous pattern recognition receptors to
cause antiviral and inflammatory responses are associ-
ated with symptomatic infection. Individuals who retain
tight control over these responses usually remain asymp-
tomatic, and may explain why asymptomatic infection
was so prevalent in our cohort. These patients with
bronchiectasis all have chronic bacterial lung colonisa-
tion, which may play a role in downregulating immune
responses [33].
A surprising finding was that of influenza A detection

only during the summer months. Traditionally, influenza
A activity peaks during the winter months and viruses
such as rhinovirus are more commonly seen in summer
and early autumn. The Australian influenza surveillance
network showed that there was a higher than normal
level of influenza A detected during January to March of
2017, the sampling period of our summer cohort. Likely
due to the fact that this group of bronchiectasis patients
have an underlying respiratory disease, and impaired
muco-ciliary clearance, it is possible that these individ-
uals were more susceptible to acquiring these circulating
viruses.
A large proportion of those recruited during the win-

ter months had PCD as the underlying cause of bronchi-
ectasis, as this study was undertaken at a tertiary referral
centre for PCD. Ciliary dysmotility impairs mucociliary
clearance and it seems plausible that this might result in
persistence of viral nucleic acids within sputum, even if
the virus is not actively replicating. Whilst the number
of subjects in this pilot is small, it raises the possibility
that differences in underlying pathophysiology of bron-
chiectasis extend to heterogeneity in the pathogenesis of
viruses.
Since the introduction of culture-independent tech-

niques, a substantial increase in bacterial detection
has been observed [34]. Molecular methods that iden-
tify bacterial species based on nucleic acid presence
has greatly improved diagnostic accuracy [35, 36], and
has allowed discovery of a whole range of bacterial
species that are present within the lower respiratory
tract. The introduction of these molecular based
methods such as PCR, have also allowed the detection
of respiratory viral species to become faster and eas-
ier [37]. This greatly increased the rate of respiratory
infections that were found to be attributable to vi-
ruses, as this is a much more sensitive and specific
tool. This was an important step in realising the high
frequency of respiratory viral infections, and thus
their importance in clinical disease. It also allowed a
more guided approach to treatment, with a decrease
in the use of antibacterial agents in some cases. Char-
acterising the role of viruses in both stable bronchiec-
tasis and during exacerbations may allow a greater
understanding of disease pathogenesis.
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Conclusions
Our pilot study provides preliminary data supporting
the notion that respiratory viruses are an important
part of the lung microbiome in patients with bronchi-
ectasis. The high rates of respiratory virus detection
in patients with stable bronchiectasis encourages
further studies in this area to determine how viruses
may impact both chronic and transient bacterial
species within the lung, and the role that viruses may
have in exacerbations. This is the first study to inves-
tigate the potential impact of viruses in bronchiec-
tasis. Many fundamental questions have been raised
regarding the role of respiratory viruses in this
disease process, and as outlined, recent advances in
metagenomic techniques have provided the tools to
investigate this area. We are just beginning to under-
stand the role of viruses in many chronic respiratory
diseases and it is now timely to apply this work in
patients with bronchiectasis.
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Abstract

Background: Respiratory viruses circulate constantly in the ambient air. The risk of opportunistic infection from these

viruses can be increased in mechanically ventilated patients. The present study evaluates the feasibility of detecting 

airborne respiratory viruses in mechanically ventilated patients using a novel sample collection method involving

ventilator filters.

Methods: We collected inspiratory and expiratory filters from the ventilator circuits of mechanically ventilated 

patients in an intensive care unit over a 14-month period. To evaluate whether we could detect respiratory viruses

collected in these filters, we performed a reverse transcription polymerase chain reaction on the extracted filter mem-

brane with primers specific for rhinovirus, respiratory syncytial virus, influenza virus A and B, parainfluenza virus (type 

1, 2 and 3) and human metapneumovirus. For each patient, we also performed a full virology screen (virus particles, 

antibody titres and virus-induced biomarkers) on respiratory samples (nasopharyngeal swab, tracheal aspirate or

bronchoalveolar fluid) and blood samples.

Results: Respiratory viruses were detected in the ventilator filters of nearly half the patients in the study cohort 

(n=33/70). The most common virus detected was influenza A virus (n=29). There were more viruses detected in the 

inspiratory filters (n=18) than in the expiratory filters (n=15). A third of the patients with a positive virus detection in 

the ventilator filters had a hospital laboratory confirmed viral infection. In the remaining cases, the detected viruses

were different from viruses already identified in the same patient, suggesting that these additional viruses come from ffff

the ambient air or from cross-contamination (staff or visitors). In patients in whom new viruses were detected in theff

ventilator filters, there was no evidence of clinical signs of an active viral infection. Additionally, the levels of virus-

induced biomarker in these patients were not statistically different from those of non-infected patients (ffff p=0.33).

Conclusions: Respiratory viruses were present within the ventilator circuits of patients receiving mechanical ventila-

tion. Although no adverse clinical effect was evident in these patients, further studies are warranted, given the smallffff

sample size of the study and the recognition that ventilated patients are potentially susceptible to opportunistic

infection from airborne respiratory viruses.
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Background

Influenza and other respiratory viruses spread via three

main transmission routes, namely direct contact, respira-

tory droplets and airborne transmission. The first two 

routes (direct contact and respiratory droplets) can be

reduced by infection control measures (e.g. hand washing

and wearing face masks). The third route, airborne trans-

mission, is difficult to prevent since respiratory viruses

are ubiquitous in the environment and virus particles

constantly circulate in the air [1]. The concentration of 

airborne viruses is usually low and insufficient to cause

disease in humans; however, in those with a compro-

mised immune system (e.g. critically ill patients), the risk 

of infection increases dramatically [2].

The risk of infection from circulating respiratory 

viruses is higher in mechanically ventilated patients com-

pared to non-ventilated patients. These patients have an 

exposed lower airway (the endotracheal tube bypasses the 

upper airway defence which normally acts as a physical

barrier to airborne viruses). In addition, they have mul-

tiple risk factors that may further compromise their host 

defence system, including local trauma (due to intuba-

tion and airway manipulation), a weakened local defence

(from a loss of mucociliary clearance and cough reflex)

and a diminished immune response (e.g. reduced alveolar

macrophages in the lungs). Despite this increased infec-

tion risk, the air in the ICU is not routinely sampled for

the presence of respiratory viruses because no method is

currently available for measuring airborne viruses.

The aim of the present study was to evaluate the

effectiveness of a novel sampling method that collectedffff

inspired/expired air within the ventilator circuit to allow 

for the measuring of airborne viruses. Detecting airborne

viruses in these patients is technically challenging as the

concentration of viruses in the inspired/expired air is

usually very low; a substantially large volume of air per

sample is required for detection. To address this chal-

lenge, we applied a novel approach in which we measured 

viruses trapped in the ventilator filters of mechanically 

ventilated patients. The ventilator filters have a large

volume of inspired/expired air circulating through them 

each day, thus making them an ideal medium for sam-

pling airborne viruses. Here, we report the findings of a

feasibility study using ventilator filters to detect airborne 

viruses in mechanically ventilated patients admitted to an

intensive care unit.

Methods

Patient recruitment

We recruited mechanically ventilated patients in 

an intensive care unit over a 14-month period. Eli-

gible patients included those (1) over 18 years old; 

(2) suspected of having pneumonia with a viral

aetiology (“flu-like” illness in the preceding 7 days); and

(3) mechanically ventilated for at least 24 h. Pneumonia

was defined as a new lung infiltrate on chest radiography 

at hospital admission with symptoms and signs of lower

respiratory tract infection. “Flu-like” illness was defined

as having at least one symptom from two or more symp-

toms categories. The symptom categories were as follows: 

(1) fever, (2) constitutional symptoms (e.g. chill, head-

ache, muscle ache) and (3) respiratory symptoms (e.g. 

cough, sore throat, nasal congestion). Informed consent 

was obtained from relatives or the legal guardian of the 

patient. The study was approved by the human ethics 

committee of our institution.

Filter collection

To evaluate whether we could detect respiratory viruses in

the inspired/expired air, we sampled both the inspiratory 

and expiratory filters from the ventilator circuits (Fig. 1).

After the first 24 h of mechanical ventilation, ventilator

filters were collected, placed in pre-prepared sample bags 

and stored in −80 °C for later processing (see below).

Processing

Prior to the processing of the filters, care was taken 

to ensure that the filters were not exposed to ambi-

ent air during transportation. During processing, filters

were first dismantled to allow the filter membrane to 

be extracted. 1 ml of Bioline Lysis Buffer RLY (Bioline,ffff

Alexandria, Australia) was then added to the filter mem-

brane in a tube, followed by centrifugation for 2 min at 

2000 rpm. The full 1 mL of eluate was collected after the

final spin and stored at −20 °C until RNA extraction. 

Viral RNA in the eluate was extracted using the Isolate

II RNA Mini Kit (Bioline, Alexandria, Australia) as per

manufacturer’s instructions before conversion to cDNA.

Pa�ent’s lungs

Ven�lator

Air/Oxygen 
supply

Inspiratory
filter

Expiratory
filter

Exhaled
gas

Fig. 1 Ventilator circuit with the position of filters shown. A simpli-

fied schematic drawing showing the position of the inspiratory and 

expiratory filters (highlighted in red). Arrows inside each arm of the

ventilator circuit indicate the direction of air flow
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Virus detection in filters

The reverse transcription polymerase chain reaction (RT-

PCR) (Bioline, Alexandria, Australia) was performed 

on the extracted filter membrane to detect rhinovi-

rus, respiratory syncytial virus, influenza virus A and B, 

parainfluenza virus (type 1, 2 and 3) and human metap-

neumovirus. As an internal control, positive viral cDNA

was included in each PCR assay. All primer sequences are

provided in the (Additional file 1: Table S1).

Extracted RNA was converted to cDNA using the 

Bioline SensiFAST cDNA Synthesis Kit (Bioline, Alex-

andria, Australia) as per manufacturer’s instructions, 

with 8 μl of extracted RNA, 7 μl of DPEC water, 4  μl 

reaction buffer, 1  μl of reverse transcriptase added

to each reaction to make a total volume of 20 μl. The 

PCR assay was performed as follows: all samples were

run in triplicate, with 2 μl of cDNA template added to

Bioline SensiFAST Probe Hi-ROX Master Mix. Spe-

cific primers and probes (Table 1) for each virus were

added to the PCR assay along with DEPC water. The

dual-labelled probes utilised the FAM fluorophore

and BHQ-1 quencher. These samples were run on the

StepOnePlus Real-Time PCR System (Applied Biosys-

tems, California, USA) for 40 cycles. The threshold

was automatically detected based on amplification.

Positive viral samples and negative controls were run

individually for each assay.

Additional laboratory tests

In addition to ventilator filters, clinical respiratory 

samples were collected from each patient, including a 

nasopharyngeal swab, tracheal aspirate and/or bron-

choalveolar fluid. Multiplex viral PCR (BioFire FilmAr-

ray, Salt Lake City, USA) was performed to detect the

presence of rhinovirus, respiratory syncytial virus, influ-

enza virus A and B, parainfluenza virus (type 1, 2 and 3)

and human metapneumovirus in these samples. Assay 

characteristics and methodology of this multiplex viral 

PCR have been previously published [3–5]. This clinical

testing was performed by the hospital laboratory scien-

tists, separate from the researchers who performed the 

PCR assay on the ventilator filters. The researchers who

performed the PCR assay on the ventilator filters were 

blind to the results of the multiplex viral PCR and vice 

versa. Tests for bacterial pathogens were also carried for

each patient, including both typical and atypical respira-

tory pathogens.

Serology and host response biomarker

To assess the host response to respiratory viruses, a 

blood sample was taken from each patient to meas-

ure (1) serological changes and (2) biomarker IFI27

changes. For the serological test, a positive seroconver-

sion to influenza virus is defined as a low baseline anti-

body titre (< 1:10) followed by an increase (> 4 fold) in 

antibody titre between the two blood samples. For the

IFI27 biomarker, an increased7 IFI27 gene expression 7
in peripheral blood indicates an immune response to a 

specific respiratory virus with the following threshold

cut-off values: influenza (>ff 74 fold change), parainflu-

enza virus (> 74 fold change), respiratory syncytial virus

(> 40 fold change) and human metapneumovirus (> 40

fold change) [6].

Statistical analysis

For continuous variables, comparisons between two

groups were made using an unpaired two-tailed Student’s 

t test or the nonparametric Mann–Whitney t U test, whereU
appropriate. For categorical variables, comparisons 

between two groups were calculated using Fisher’s exact 

test. Statistical significance was defined as p< 0.05.

Results

Technical feasibility study

We first assessed the feasibility of detecting respiratory 

viruses in clean, unused ventilator filters. To this end, we 

inoculated two different respiratory viruses (influenza Affff

and rhinovirus) using viral stock onto clean ventilator fil-

ters. These filters were then stored for 1, 2 and 4 weeks

under different temperatures (room temperature orffff

−20 °C). After the storage period, we extracted the fil-

ter membrane from each filter casing and amplified viral 

nucleic acids using RT-PCR (as described in the Methods 

section). We detected viral nucleic acids after 1 week at 

room temperature and up to 4 weeks at −20 °C (Table 1).

Both influenza virus and rhinovirus were recovered in 

the inoculated filters (Table 1). This finding demonstrates

the feasibility of using ventilator filters as a collection 

device, providing the basis for our sampling approach 

subsequently used in this study.

Table 1 Virus inoculation and subsequent recovery by PCR

10 uL of viral stock was inoculated onto each ventilator filter. These filters were
then stored at either room temperature (20 °C) or low temperature (−20 °C) for
1, 2 or 4 weeks. Triplicates were stored for each condition
a Negative controls did not have any virus particles added to the filter

Virus Treatment Condi-
tions

1 week 2 weeks 4 weeks

Influenza 

virus

Negative

controlsa
No No No

Virus added 20 °C Detected No No

Virus added −20 °C Detected Detected Detected

Rhinovirus Negative 

controlsa
No No No

Virus added 20 °C Detected No No

Virus added −20 °C Detected Detected Detected

101



Page 4 of 8Mitchell et al. Ann. Intensive Care  (2018) 8:45

Airborne viruses in ventilated patients

Having demonstrated the technical feasibility of our

sampling method, we next investigated whether we 

could detect airborne viruses in mechanically ventilated

patients. A total of 35 mechanically ventilated patients

were recruited for the study. Full, detailed demographic 

and clinical features of the patients are provided in

Table 2. In brief, 35 patients were admitted to the inten-

sive care unit for the management of respiratory failure. 

Thirty of these 35 patients had pneumonia. Five patients

had no evidence of infection—these patients acted as

controls in the study. Infectious agents identified in the

patients with pneumonia included viruses (n=20), bac-

teria (n=18), fungi (n=1) and virus–bacteria co-infec-

tion (n=8). A full list of identified infectious agents is

provided in the (Additional file 2: Table S2). No infec-

tious agents were identified in the control patients after a

full microbiological and virology screen on each patient’s

blood, urine and airway samples.

A total of 70 ventilator filters were collected from the 

recruited patients, with one expiratory filter and one 

inspiratory filter collected from each patient. Airborne 

respiratory viruses were detected in nearly half of the fil-

ters (n=33) using RT-PCR (Table 3). There were more

viruses detected in the inspiratory filters (n=18) than in

the expiratory filters (n=15). The most common virus

detected was the influenza A virus (n=29).

Inspired air versus expired air

We hypothesised that the expired air reflects the virus 

ecology inside the patients’ lungs. This means the dis-

tribution of viruses detected in the expiratory filters

would resemble the viruses circulating in the local 

patient population, which would display seasonal fluc-

tuations related to the onset/end of each flu season. To 

assess the impact of seasonal changes on virus detec-

tion in inspired/expired air, we divided the recruit-

ment period into stages including (1) peak flu seasons

and (2) off-peak flu season (Fig.ffff 2). In this analysis, we 

found that the airborne viruses in the expiratory filters 

did show a seasonal pattern and matched the seasonal 

increase/decrease reported in our local institution 

(data not shown). In contrast, no seasonal fluctuation

was observed in the influenza viruses detected in the 

inspiratory filters (Fig. 2), in keeping with the fact that 

inspired air came from the main hospital air supply 

(which is insulated from the viruses circulating in the 

local population) (Table 3).  

Sources of airborne viruses

Having demonstrated the presence of airborne viruses 

in mechanically ventilated patients, we next sought to 

identify the possible sources of these airborne viruses. 

A third of the cases (n= 9) were found in patients with 

an established diagnosis of respiratory virus infection, 

indicating that these patients were actively shedding 

viruses during the study period and some of these virus 

particles were detected by our method. In the remaining 

cases, the detected viruses were different from virusesffff

identified in the respiratory secretions of the same 

patient, suggesting that these new viruses might come 

from either the ambient air (from routine change of the 

patient’s ventilator circuit) or from cross-contamination 

(staff or visitors).ff

Host response to airborne viruses

We next assessed the acute host response to the presence

of airborne viruses in each patient. To this end, we ana-

lysed patients’ peripheral blood samples to measure the 

gene expression levels of the biomarker IFI27, an estab77 -

lished marker of virus-induced immune response [3].

We compared the IFI27 levels between patients with an7
established diagnosis of viral infection, patients in whom 

a new virus was detected (in their ventilator filters) and 

patients in whom no respiratory virus was found any-

where (in blood, respiratory secretions or ventilator

filters). We found that IFI27 levels were significantly ele7 -

vated in those with confirmed respiratory viral infection 

(mean fold change=483), confirming the presence of 

an immune response to the viral infection. In patients in

whom a new virus was detected in their ventilator filters,

the IFI27 levels were low (mean fold change7 =13) and 

not statistically different to patients who had no evidenceffff

of viral infection (Fig. 3); this result suggested an absence 

of virus-induced immune response in these patients 

(Table 4).

Table 2 Patient demographic and clinical characteristics

a Data are presented as mean and range (minimum–maximum)

Infected patients Control patients

Number of patients 30 5

Age (years)a 58.6 (23–86) 52.6 (21–71)

Gender (male/female) 10/20 3/2

Infection types

Bacterial 8 0

Viral 11 0

Bacteria–bacteria 2 0

Virus–bacteria 8 0

Virus–fungus 1 0

Severity and outcomes

APACHE III scoresa 67 (36–128) 57 (35–83)

Length of ventilation (days)a 8.7 (2–28) 3.8 (1–8)

Length of ICU stay (days)a 11.5 (2–37) 6 (2–11)

Length of hospital stay (days)a 16 (2–45) 8.6 (2–16)

Alive/dead 22/8 5/0
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Discussion

This is the first report to assess the feasibility of using a 

novel sampling method to detect airborne respiratory 

viruses in a critically ill patient population. The results

show that airborne viruses were present in 44% of the

ventilator filters collected from mechanically ventilated

patients. The vast majority of the detected airborne

viruses (88%) were influenza viruses. In some cases, the

airborne viruses detected reflected the carrier status of 

the patients, with the same virus found in both the ven-

tilator filter and patients’ respiratory secretions. In other 

cases, where a new virus was detected, the clinical signifi-

cance of these viruses remains unclear, since the affectedffff

patients showed no evidence of a virus-induced immune 

response.

A large number of studies have demonstrated that

respiratory viruses (e.g. influenza viruses) are always 

present in the ambient air [2]. The importance of detect-

ing airborne viruses present in the hospital environment

is increasingly being recognised. Several recent stud-

ies have provided a direct demonstration that influenza 

viruses were present in aerosolised droplets from the 

tidal breathing of infected persons and in the air of the

emergency department [7, 8]. During peak flu season, 

the concentration of airborne viruses in the environ-

ment rises to 5800–37,000 virus particles per m3. At this

concentration, breathing air for 1 h is sufficient to cause

clinical infection in a previously unexposed person [9].

Thus, monitoring airborne virus concentrations may be 

important in a high-risk clinical environment such as the

intensive care unit, where many patients have immune-

compromised status and an increased susceptibility to

opportunistic infection. Furthermore, there is significant 

risk of droplet transmission if visitors or healthcare staff

Fig. 2 Seasonal changes in the frequency of detected viruses. The recruitment period covered two flu seasons in the Southern hemisphere one 

inter-seasonal period. “2016” refers to the first flu season (early July–late October 2016). “2017” refers to the second flu season (late July–mid-October

2017). “Inter-flu season” refers to the period in between the two seasons (November 2016 to early July 2017). p values were calculated using Fisher 

exact test. No difference was detected in the distribution of detected viruses in the inspiratory filtersffff
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are infected with respiratory viruses and are in close con-

tact with these critically ill patients. The method outlined

in this study may provide a tool to monitor both airborne

and droplet sized viral particles that mechanically venti-

lated patients are exposed to.

Monitoring airborne viruses requires a different ffff

approach than the conventional testing method of res-

piratory viruses. This difference is due to the fact that the ffff

concentration of viruses in the ambient air is much lower 

than that of the respiratory secretions (e.g. nasopharyn-

geal swab or bronchoalveolar lavage). Unfortunately, 

there is a lack of data on detection method specifically 

developed for airborne viruses. This study represents

the first step towards developing a reliable, easy-to-per-

form method for airborne virus detection. Future studies 

should investigate whether such methods could increase

the diagnostic yield of detecting viral aetiology in patients 

with community-acquired pneumonia or whether such 

methods could prevent hospital-acquired viral infection 

in mechanically ventilated patients.

Table 3 Airborne viruses in patients’ ventilator filters

a Infected patients refer to pneumonia patients in whom a bacterium was
identified by culture or a respiratory virus was identified either by PCR assay on
respiratory secretions (e.g. nasopharyngeal swap, bronchoalveolar lavage fluid)
or by serology on serum samples

Virus Inspiratory
filters

Expiratory filters

Infected

patientsa
Influenza 14 9

Rhinovirus 0 1

Metapneumo-

virus

0 1

Parainfluenza 

virus

1 1

Non-infected 

controls

Influenza 3 3

Rhinovirus 0 0

Metapneumo-

virus

0 0

Parainfluenza 

virus

0 0

Total 18 15

Fig. 3 Host response biomarker and clinical outcomes. “Confirmed viral infection” group refers to all patients in whom a respiratory virus was identi-

fied in their respiratory secretions (e.g. nasopharyngeal swap, bronchoalveolar lavage fluid) or increased anti-viral titres in their serum as measured

by serology. “Airborne viruses detected“ ” group refers to patients in whom a new respiratory virus was detected in the inspiratory filter or the expiratory 

filter. “No viruses detected” group refers to patients in whom no respiratory virus was detected in the respiratory secretions, serum or the ventilator 

filters. The IFI27 mRNA-expression was measured by quantitative real-time PCR, and its level is expressed as fold change (relative to GAPDH). The p
values were calculated using Kruskal–Wallis test (for comparison of multiple groups). The error bars are mean plus standard deviation
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There are additional challenges with investigating air-

borne respiratory viruses in critically ill patients due to

experimental difficulties in sampling aerosolised virus 

particles, including the potential inactivation of viruses

by current sampling methodology [10]. To overcome this 

sampling difficulty, we used ventilator filters as a collec-

tion device, since these filters collect a large volume of 

air which potentially increases the yield of detected virus

particles. This approach was first tested in the pilot phase 

of this study, in which we inoculated live viruses into

clean, unused filters. Days later, we were able to recover 

the same viruses in the filters. This finding provides 

strong support for using this approach in our study. The

result is also in keeping with findings from a previous 

study by Heuer et al., who demonstrated that aerosolised

influenza virus particles could be trapped inside ventila-

tor filters [11]. In Heuer’s study, three different brandsffff

of commercially available filters were tested; all showed 

that the filters could successfully collect airborne viruses. 

Whilst the Heuer study was designed as an in vitro study,

our study provides real-world data in a clinical setting.

Collectively, both the in vitro and the clinical data con-

firm the technical feasibility of using ventilator filters as a 

collection device.

We used a RT-PCR assay to detect viruses in the pre-

sent study, which is the method of choice for airborne 

viruses suggested by the established literature [1]. We 

purposefully adopted a more sensitive detection thresh-

old (cycle threshold (Ct) value of 37–38) in order to 

quantify the lowest background virus level inside the 

ventilator circuits. This information allowed us assess the

baseline risk level of airborne viruses in our clinical envi-

ronment. It is important to note that the low detection 

threshold used in this study detects viruses at concentra-

tions less than 500 virus particles per m3 [12]. Such a low 

virus concentration is generally insufficient to breach the 

normal defence barrier of the host’s airways and, hence, is

unlikely to cause clinical infection in the affected individffff -

ual. This helps explain the observation that there was no 

evidence of virus-induced immune response in patients

in whom a virus was detected in the filters and the clini-

cal course/outcomes of these patients did not differ from ffff

the control patients.

The current study has some limitations, first of which 

was a small sample size and selected cohort of patients, 

meaning the generalisability of the findings to other 

patient populations is limited. As part of this, it was 

impossible to determine the original size of the viral par-

ticles that were collected on ventilator filters making it

difficult to delineate whether this was detection of air-

borne transmission, droplet transmission or a combina-

tion of the two. Secondly, we did not quantify the number

of virus particles in the collected samples (ventilator filter

or respiratory samples). As a result, no information was 

available regarding the precise viral load in each sample.

Thirdly, we did not perform sequencing of the identified 

viruses, making it difficult to know with certainty the

exact source of each virus. Fourthly, we did not assess 

whether the detected virus particles could replicate in 

human cells and therefore had no information regard-

ing the viruses’ viability or infectivity, both of which are

clinically important. A further limitation of this study is

Table 4 Virus detected in each patient

RSV respiratory syncytial virus, V HMPV human metapneumovirus,V PIV
parainfluenza virus
a In this column, “Infected” refers to any of the following status; (1) bacterial
infection, (2) viral infection or (3) viral–bacterial co-infection

Subjects Statusa Airway Serology Inspiratory Expiratory

1 Infected Influenza Influenza

2 Infected RSV Influenza Influenza

3 Infected Influenza Influenza

4 Infected Rhinovirus Influenza Influenza

5 Control

6 Infected Influenza PIV Influenza

7 Infected Influenza PIV

8 Infected Rhinovirus

9 Control Influenza Influenza

10 Infected

11 Infected Rhinovirus Influenza

12 Control Influenza

13 Infected PIV

14 Control Influenza Influenza

15 Infected Rhinovirus Influenza Influenza

16 Infected RSV Influenza

17 Infected

18 Infected

19 Infected

20 Infected

21 Infected Influenza Influenza

22 Infected Influenza

23 Infected Influenza

24 Infected Influenza

25 Infected HMPV HMPV

26 Infected Influenza

27 Infected Influenza Influenza

28 Infected Influenza Influenza Influenza

29 Infected Influenza Influenza

30 Infected Influenza Influenza Influenza

31 Control Influenza

32 Infected Influenza Influenza

33 Infected Influenza

34 Infected Influenza Influenza Rhinovirus

35 Infected Influenza Influenza
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that 24 h was used as a sampling time; it is possible that 

a longer sampling time (e.g. 48 h, 72 h) may increase the 

yield of virus detection.

Conclusion

This preliminary study shows that it is technically feasi-

ble to detect airborne viruses in the ventilator filters col-

lected from patients receiving mechanical ventilation.

Our findings provide important baseline data regarding 

the presence of airborne viruses in critically ill patients

and may help inform the design of future studies in a

similar setting.
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Transplanting the pulmonary virome: Dynamics of
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BACKGROUND: Lung transplantation provides a unique opportunity to investigate the dynamics of the

human pulmonary virome that is transplanted within the donor lungs. The pulmonary virome comprises

both “resident” and “transient” viruses. In this study we aimed to analyze the dynamics of the

“transient” members.

METHODS: We conducted a single-center, prospective, longitudinal investigation of community-

acquired respiratory viruses detected in nasopharyngeal swabs, swabs of explanted and donor lungs,

and serial bronchoalveolar lavages post-transplant.

RESULTS: Fifty-two consecutive lung transplant recipients were recruited (bilateral:heart‒lung:
bilateral lung�liver = 48:2:2) (age [mean § SD] 48 § 15 years, range 20 to 63 years; 27 males and

25 females). Follow-up was 344 § 120 (range 186 to 534) days. Seventeen of 45 explanted lungs

were positive for influenza A and/or B (A = 14, B = 2, A+B = 1), despite recipient vaccination and

negative nasal swabs, and 4 of 45 had human rhinovirus and 2 of 45 parainfluenza. Donor swabs

showed influenza (A = 1, B = 1) and rhinovirus (n = 3). Day 1 lavage showed influenza A (n = 28),

rhinovirus (n = 9), and parainfluenza (n = 1). Forty-seven of 52 recipients had a positive lavage for

virus (38 of 47 on multiple lavages). Influenza persisted for 59 § 38 (range 4 to 147) days in 27 of

52, and 14 had a single isolate. Rhinovirus persisted for 95 § 84 (range 22 to 174) days in 13 of

52, and 13 had a single isolate. Analysis of 118 paired transbronchial biopsies and lavage demon-

strated no association between viruses and acute cellular rejection (Fisher’s exact test, 2 tailed,

p = 1.00).

CONCLUSIONS: Using a sensitive uniplex polymerase chain reaction we found that the transplanted pul-

monary virome often includes community-acquired respiratory viruses, including influenza, which are

variably persistent but not associated with acute rejection.
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