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A majority of the morbidity and mortality associated with the genetic disease Cystic

Fibrosis (CF) is due to lung disease resulting from chronic respiratory infections. The

CF airways become chronically colonized with bacteria in childhood, and over time

commensal lung microbes are displaced by bacterial pathogens, leading to a decrease

in microbial diversity that correlates with declining patient health. Infection with the

pathogen Pseudomonas aeruginosa is a major predictor of morbidity and mortality in

CF, with CF individuals often becoming chronically colonized with P. aeruginosa in early

adulthood and thereafter having an increased risk of hospitalization. Progression of

CF respiratory disease is also influenced by infection with respiratory viruses. Children

and adults with CF experience frequent respiratory viral infections with respiratory

syncytial virus (RSV), rhinovirus, influenza, parainfluenza, and adenovirus, with RSV and

influenza infection linked to the greatest decreases in lung function. Along with directly

causing severe respiratory symptoms in CF populations, the impact of respiratory virus

infections may be more far-reaching, indirectly promoting bacterial persistence and

pathogenesis in the CF respiratory tract. Acquisition of P. aeruginosa in CF patients

correlates with seasonal respiratory virus infections, and CF patients colonized with

P. aeruginosa experience increased severe exacerbations and declines in lung function

during respiratory viral co-infection. In light of such observations, efforts to better

understand the impact of viral-bacterial co-infections in the CF airways have been a

focus of clinical and basic research in recent years. This review summarizes what has

been learned about the interactions between viruses and bacteria in the CF upper and

lower respiratory tract and how co-infections impact the health of individuals with CF.
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FACTORS PROMOTING RESPIRATORY INFECTIONS IN CYSTIC
FIBROSIS

Cystic fibrosis (CF) is a lethal genetic disease caused by mutations in the Cystic
Fibrosis Transmembrane Conductance Regulator (CFTR) gene (1) that result in dysfunction
of the CFTR anion channel (2). To date, close to 2,000 individual mutations in the CFTR gene
have been identified (3), and these mutations are further sub-divided into five classes based
on how they lead to defective production of CFTR protein, resulting in deficiencies in protein
folding, intracellular trafficking, and/or gating reviewed in-depth by Rowntree and Harris (4).
While CFTR mutations affect most cell types and all mucosal surfaces in the body, manifesting in
different types of disease, respiratory disease remains the most heavily-studied pathology of CF.
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Chronic respiratory infections and the resulting robust but
ineffective inflammatory response, culminating in respiratory
failure, are the primary causes of death in CF patients.

In the CF respiratory tract, numerous factors resulting from
dysfunctional CFTR combine to create an environment that
promotes chronic bacterial and recurring viral infections. A
dysfunctional CFTR alters the osmolarity of the airway surface
liquid (ASL) layer, resulting in dehydrated ASL, and facilitating
the buildup of a thick mucus layer. Diminished ASL hydration
and thick mucus at the airway epithelial surface leads to failure
of mucociliary clearance in the CF respiratory tract due to
collapse of airway cilia, thereby preventing ciliary beat that
normally clears debris, and infectious agents from the lungs.
This allows microorganisms to repeatedly infect, eliciting robust
inflammatory responses dominated by elevated proinflammatory
cytokines, and continued accumulation of neutrophils in the
CF airway (5). However, these inflammatory responses are
ineffective at clearing pathogens in the CF lung, instead
creating a hyperinflammatory cycle that leads to host tissue
damage, respiratory failure, lung transplant or eventually, death
(6). Additionally, the dysregulated conductance of bicarbonate
anions by the CFTR channel in CF results in improper mucus
formation and an altered ASL pH, which impacts the function
of secreted antimicrobial peptides, disrupting a first line of
defense against invading bacterial pathogens (7–9). Together,
these deficiencies in CF respiratory tract physiology prevent
efficient clearance of pathogens from the airways, allowing for the
establishment of a robust community of microbes.

THE CF RESPIRATORY MICROBIOME

Identification of Bacterial Species in the CF
Microbiome
The microbial community in the CF lung is complex, and lung
health is affected by the presence and interactions of bacteria,
fungi, and respiratory viruses (10, 11). Identification of bacterial
species in the CF airways has traditionally relied on culture of
bacteria by clinical microbiology laboratories from expectorated
sputum samples, respiratory swabs, or samples obtained through
bronchoscopy (referred to as culture-dependent methods) (12).
Advances in next-generation sequencing have made it possible
to identify populations of bacteria residing in the airways
without culturing through the isolation of genomic DNA from
CF patient samples and sequencing of the gene encoding the
bacterial 16S ribosomal subunit. The 16S ribosomal subunit
contains variable regions whose sequences can be assigned
to bacteria at the species level (termed culture-independent
methods) (13). Because culture-dependent methods require
knowledge of which bacterial species to target for identification
and how to isolate them, known bacterial pathogens were
the main species identified from CF respiratory samples prior
to culture-independent methods. With the advent of culture-
independent methods, it became appreciated that in addition
to traditional pathogens, many other bacterial species often
associated with the oral cavity or upper respiratory tract, and
considered commensal or colonizing organisms were present in

the CF lung at high abundance (14). These newly recognized
populations included many species of anaerobic bacteria, which
previously were not identified, as clinical laboratories did not
use culture methods that would allow anaerobic growth (15). It
remains a debated issue in the field as to whether all bacterial
species identified via culture-independent methods are truly
established in the CF lower airways, or if presence of these
species is due to contamination of samples by oral or upper
respiratory tract microbes during the collection process (11,
16).

Commensal Microbiome Members
Focusing on bacterial members of the CF microbiome,
from culture-independent studies we find that before chronic
infections are established by pathogens, the CF lung is colonized
by several genera of commensal bacteria. Studies have identified
core bacterial airway microbiome members as belonging
to the genera Streptococcus, Prevotella, Veillonella, Rothia,
Granulicatella, Gemella, and Fusobacterium (14, 17, 18). Many
factors can impact individual patients’ respiratory microbiomes,
most notably age and antibiotic exposures. Studies of longitudinal
samples collected from patients over time have found distinct
bacterial community profiles exist for younger vs. older CF
patients, with pediatric CF patients possessing a greater
abundance of core/commensal bacterial species, and a more
diverse bacterial microbiome than CF adults (19). It is thought
that these core species are displaced over time as patients age
and pathogens are introduced and become established in the
airways (10, 18). Multiple studies have found that a higher
diversity of species in the lung correlates with better patient
outcomes, and decreased diversity correlates with an over-
abundance of CF pathogens and declines in patient health
(10, 17, 18). Like microbiomes associated with other organ
systems in healthy adults, the microbiome in the CF airways
has ultimately been found to change minimally upon exposure
to antibiotics, exhibiting an altered community structure or
decrease in overall abundance during treatment but rebounding
to the original community structure after treatment ends (20, 21).
Roles for interspecies interactions occurring between commensal
and pathogenic bacteria in the CF airways are just beginning to be
elucidated. Species of commensal streptococci have been found
to have direct protective effects toward the lung by inhibiting
pathogens such as P. aeruginosa (22–24). We have only recently
begun to recognize the complexity of the microbial ecology in
the CF airways and how dynamics of microbial communities,
and not solely presence of pathogens, can contribute to disease
outcomes (25). It is likely that many as yet unknown interspecies
interactions exist that impact bacterial populations in the CF
airways at a given time, and future studies will pinpoint specific
mechanisms mediating bacterial crosstalk that may be targeted to
alter the abundance of distinct species.

Bacterial Respiratory Pathogens in CF
A number of bacterial species have been identified as major
respiratory pathogens in CF, including Staphylococcus aureus,
Haemophilus influenzae, P. aeruginosa, and Burkholderia
complex (3, 26). S. aureus is the most frequently isolated bacterial
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pathogen in CF pediatric populations, whereas P. aeruginosa
becomes established as CF patients age (3). S. aureus is regarded
as a commensal species of the nares and upper respiratory tract
but is recognized as a pathogen when identified in other body
sites, such as the lower airways, and is cultured from over 70% of
CF patients (3). P. aeruginosa is the dominant pathogen in end-
stage CF lung disease, and chronic infection with P. aeruginosa
is correlated with more severe reductions in pulmonary function
measures (27) and mortality in CF patients. Methicillin-
resistant (MRSA) and methicillin-sensitive (MSSA) S. aureus
and P. aeruginosa that display enhanced antibiotic resistance
during chronic infection pose significant challenges to treatment
efforts (28). Non-traditional bacterial pathogens, including
Achromobacter xylosoxidans, Stenotrophomonas maltophilia,
and non-tuberculosis Mycobacterium (NTM), also contribute to
respiratory infections in CF patients and have been associated
with worsening lung function (26, 29). A mechanism common
to most CF bacterial pathogens for evasion of host immune
defenses in the CF lung, despite its hyperinflammatory state, is
growth in bacterial aggregates or biofilms. During the transition
from acute to chronic infection, P. aeruginosa, S. aureus,
and other bacterial pathogens exhibit altered metabolism,
decreased growth rate and up-regulated expression of antibiotic
resistance genes, and these changes, together with increased
production of polymeric matrix materials, protect organisms
within biofilms from the hostile environment in the CF lung
(30–32).

RESPIRATORY VIRUSES IN CF

Acute Respiratory Viral Infections in CF
Pediatric and adult CF patients experience frequent acute
respiratory virus infections. Specific respiratory viruses
responsible for infections are identified when patients present
with symptoms indicative of a viral infection, leading physicians
to take a viral swab from which genetic material is extracted
for PCR, and a viral panel is performed consisting of primer
sets specific to common viral culprits. The true incidence of
viral infections is likely under-reported for several reasons,
including infrequent use of viral swabs and incomplete PCR
panels to detect viral infections, as well as the fact that not
all patients present with symptoms during a viral infection
(33, 34). The most commonly identified viral pathogens in
CF populations are respiratory syncytial virus (RSV), human
rhinovirus (RV), Influenza types A and B, and parainfluenza,
all belonging to families of RNA viruses (34–36). It has been
reported that close to 40% of children with CF are hospitalized
at some point for severe respiratory infections, and of these
hospitalizations, respiratory viruses were identified in 50%
of patients, with RSV predominating (33). While in non-CF
populations RSV is thought to be almost exclusively a pediatric
pathogen, RSV infections are frequent in both adult and
pediatric CF patients, and can result in severe symptoms. RSV
infection may result in upper respiratory disease, including
rhinitis, cough, fever, and acute otitis media, or progress
to the lower respiratory tract, resulting in bronchiolitis or
pneumonia in children, and exacerbate existing chronic airway

disease in adults (37). RSV infection is especially aggressive
in young infants with CF, leading to significant respiratory
morbidity (38).

Links Between Viral Infections and
Exacerbations
CF patients frequently experience periods of rapidly worsening
respiratory symptoms, termed pulmonary exacerbations (39).
Pulmonary exacerbations are typically defined by a decrease
in lung function or increases in patient symptoms, however
symptoms and severity of exacerbations vary from patient
to patient and can be triggered by a multitude of causes
(40). Exacerbations are often treated by initiating courses of
additional antibiotics, increasing airway clearance therapies,
or hospitalization in severe cases (41). Many clinical studies
have now linked viral infections with pulmonary exacerbations
(33, 35, 36, 42). Respiratory viral infections account for at
least 40% of pulmonary exacerbations of CF adults (38, 43)
and are linked to pulmonary function decline, antibiotic use,
prolonged hospitalizations, and increased respiratory symptoms
in CF patients (44–46). Respiratory viruses most frequently
cultured during periods of exacerbation include the major viral
pathogens appreciated in CF: influenza A and B, RSV, and RV
(47–50).

Severity of Viral Infections in CF
CF patients are known to be pre-disposed to chronic bacterial
infections, and several groups have examined whether CF disease
also leads to more severe respiratory viral infections. In vitro
studies evaluating CF vs. non-CF primary human bronchial
epithelial cells in culture found that RV replication was increased
in CF cells (51). Enhancement of viral infection could be
attributed to a diminished innate antiviral response in CF cells,
which showed weaker induction of interferon and expression
of some interferon-stimulated genes, as compared to non-CF
controls (52). A clinical study evaluating severity of RV infections
in CF children compared to non-CF pediatric patients with
asthma, non-CF bronchiectasis or healthy controls found CF
patients had a higher prevalence of RV, and higher viral load in
bronchoalveolar lavage (BAL), both when patients were stable
and at even higher levels during pulmonary exacerbations (53).
Higher RV load correlated with worse lung function scores
in CF children, and RV infection in CF resulted in lower
levels of inflammatory markers than in non-CF children, again
indicating a dysregulated innate immune response in CF patients
could be responsible for increased severity of viral infections
(53). A longitudinal study reported that RV was identified
more frequently in CF children than non-CF subjects, and RV
infections in CF children persisted longer (54). These studies
suggest inherent properties of CF airway cells may make the CF
airway epithelium more prone to viral infection, and together
with what is known regarding links between airway physiology
and bacterial respiratory infection in CF, these factors could have
important implications in cases of viral-bacterial co-infections.
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VIRAL-BACTERIAL CO-INFECTIONS IN CF

CF patients are commonly chronically infected with bacterial
pathogens and maintain a high abundance of microbes in
the respiratory tract, including pathogens, and commensal
organisms. These same patient populations also experience
frequent acute respiratory viral infections. There are numerous
ways in which infection with a viral pathogen can alter the
host response, impacting previously existing chronic bacterial
infections and microbial communities, potentiating secondary
bacterial infections, and/or permitting the acquisition of new
bacterial species in the airways (summarized in Figure 1). In this
section, we evaluate insights from clinical studies of CF patient
populations and mechanistic in vitro studies that inform us of
viral-bacterial interactions occurring in CF during co-infections.

Impact of Virus Infection on the CF
Microbiome
Temporal changes in microbiome composition could result
from a variety of disturbances that alter the environment in
the CF airways, including initiation of antimicrobial therapies,
mechanical or airway clearance treatments, or an altered
host response. Respiratory viral infections can promote the
onset of respiratory symptoms, as well as trigger the innate
antiviral response in the CF airway epithelium, resulting in
induction of antiviral signaling, and inflammation. From non-
CF studies, respiratory viral infection is known to skew the
immune status of the respiratory tract to be predisposed to
secondary bacterial infection, which has been most studied for
influenza (55). The altered host immune status following viral
infection reduces antibacterial effector functions, like phagocyte
recruitment (56), antimicrobial peptide production (57, 58),
and protective adaptive immune responses (59–61), increasing
susceptibility to bacterial infections. Specifically, interferon-
mediated antiviral responses following influenza infection in
mice (62) and vaccination with live attenuated influenza in
humans (63) have been shown to shift the composition of the
upper respiratory microbiome and increase the potential for
emergence of S. aureus infections. An altered immune status
resulting from respiratory viral infection likely also alters the
microbial composition of the CF airways, potentially leading to
shifts in bacterial populations comprising the microbiome and
promoting infection by specific bacterial pathogens.

How respiratory viral infections impact the CF airway
microbiome can be evaluated by observing changes in
overall bacterial burden (or bacterial load), community
composition, or dominant taxa. In non-viral-associated
pulmonary exacerbations, the overall bacterial burden in
the CF airways rarely changes in the time leading up to an
exacerbation or during exacerbations (64–66). Studies evaluating
bacterial burden during acute respiratory viral-associated
pulmonary exacerbations have produced conflicting results.
In one prospective study of CF adults, P. aeruginosa density
in sputum was not found to increase during exacerbation,
compared to patients’ stable states in either the presence or
absence of a respiratory virus co-infection (67). A similar
study design by another group found the opposite to be true:

in adult CF patients evaluated, a significantly higher load of
P. aeruginosa was observed during respiratory-virus associated
exacerbations (48). An observational study of CF children found
P. aeruginosa density was not significantly different between
patients experiencing viral- or non-viral-associated exacerbations
(47). Additional prospective studies with larger patient cohorts
are needed to gain a more definitive understanding of the effects
of virus co-infection on overall bacterial burden and burden of
specific organisms, like P. aeruginosa, in pediatric and adult CF
populations.

While the relationship between respiratory virus co-infection
and bacterial burden remains unclear, more efforts have been
made toward investigating associations between viral infection
and culture of specific bacterial pathogens from the CF airways.
Findings frommultiple studies indicate approximately 15–25% of
CF patients undergoing a respiratory viral infection also culture
positive for a known CF bacterial pathogen (68–70). Previously
uncolonized CF patients have been reported to undergo new
acquisition of P. aeruginosa following seasonal respiratory virus
infections (44). Regarding roles for specific respiratory viruses,
both RSV and RV are linked in clinical studies to development
of P. aeruginosa co-infections and conversion from intermittent
to chronic P. aeruginosa colonization in CF patients (33, 35, 43,
44, 71). Similarly, other known bacterial respiratory pathogens,
including H. influenzae, Moraxella catarrhalis, and Streptococcus
pneumoniae, were cultured more frequently from CF patients
experiencing a RV co-infection (68). A separate pediatric study
also found that in a cohort of CF children experiencing viral-
bacterial co-infections, RV and S. aureus were co-cultured more
frequently than any other viral-bacterial pair (69). Together,
these studies present strong clinical evidence for association
of respiratory viral co-infection with presence of bacterial
pathogens in the airways and suggest associations between
specific species of viruses and bacteria co-cultured that may vary
with age.

Toward Mechanisms Underlying
Viral-Bacterial Interactions
Mechanistic studies evaluating the outcomes of viral-bacterial
co-infections have been made possible through the availability
of isogenic immortalized CF airway epithelial cell lines (72)
and access to well-differentiated primary airway epithelial cells
cultured from CF lung tissue following lung transplant (73). In
cell culture experiments by our group and others, simultaneous
inoculation of CF and non-CF airway cells with RSV and
P. aeruginosa increased adherence of both mucoid and non-
mucoid P. aeruginosa strains (74, 75). This effect could be blocked
by pre-treating non-polarized airway cells with heparin prior to
inoculation with RSV and P. aeruginosa (75). A recent study
from our group found no significant difference in P. aeruginosa
adherence to polarized CF airway cells with a preceding RSV
infection (24–72 h) compared to control CF cells; however,
co-infection with RSV, RV, and adenovirus each promoted
the growth of P. aeruginosa biofilms (74). Treatment of CF
airway cells with exogenous type I or type III interferon prior
to P. aeruginosa inoculation also stimulated biofilm growth,
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FIGURE 1 | Summary of respiratory virus infection outcomes impacting viral-bacterial interactions in Cystic Fibrosis. Acute respiratory viral infections are known to

affect subsequent infection with bacterial pathogens and influence pre-existing chronic bacterial infections in individuals with Cystic Fibrosis. Some ways in which

respiratory viruses have been shown to impact bacterial infections include: inducing the host immune response; altering metabolic output of both host and infecting

bacteria; causing new bacterial acquisition in patients who were previously culture-negative; altering bacterial community composition by shifting relative abundance

of specific bacterial species; and inducing fluctuations in total bacterial burden.

suggesting P. aeruginosa benefits from the innate antiviral
response in CF airway cells. Together, these studies suggest
physical binding of RSV to P. aeruginosa or the CF airway cell
surface may facilitate initial adherence of P. aeruginosa to the
epithelium, whereas progression of viral infections and activation
of interferon-stimulated innate antiviral signaling pathways may
play a role in promoting chronic P. aeruginosa growth in biofilms.
New work from our group finds co-infection with RSV and
RV also promotes S. aureus biofilm growth on CF airway cells
through as yet unidentified mechanisms (76).

Bacteria depend largely on nutrients and metabolites supplied
by the host during infection, and virus co-infection has been
shown to alter nutritional availability, thereby influencing
bacterial responses. Iron is known to be a key nutrient
required for growth and pathogenesis of many pathogens
(see the Frontiers Research Topic, “Role of Iron in Bacterial
Pathogenesis”). The host normally sequesters iron and other
essential metals from invading microbes through a process
termed nutritional immunity (77), but these mechanisms have
been found to be dysregulated during virus infection. In
CF airway cell studies, it was discovered that RSV infection
promoted increased secretion of iron-bound host transferrin
protein, which stimulated P. aeruginosa biofilm growth (74).
Lipocalin-2, a host antimicrobial protein that sequesters iron
(78), was found to be reduced during influenza A infection

through virus-mediated suppression of NF-kB activation and IL-
1B expression, exacerbating S. aureus acute pneumonia in mice
(58). Other potential nutrient sources in the airways, such as
surfactant proteins (79–81), and mucins (82–84), are known to
change during virus co-infections, and there is evidence that CF
bacterial pathogens can utilize these nutrient sources (85–88),
but specific links between these nutrient shifts and viral-bacterial
co-infections CF have not yet been confirmed.

Conversely, bacterial interactions with the CF airway
epithelium can also alter subsequent virus infection. In one study,
pre-infection of CF human bronchial cells with P. aeruginosa
was found to diminish the interferon response to RV infection
and resulted in a higher RV load than RV infection alone (89).
As CF cells showed increased generation of reactive oxygen
species (ROS) at baseline compared to non-CF cells, treatment
of CF cells with antioxidants prior to P. aeruginosa infection
helped to restore the IFN response, and it was observed that
while RV infection alone acted through PI-3 kinase to induce
Akt phosphorylation, this was prevented by pre-infection of CF
airway cells with P. aeruginosa. A later study evaluating the
effects of P. aeruginosa secreted factors on primary CF and
non-CF airway cells observed no effect of pre-treatment on
RV load or antiviral gene expression; however, pre-exposure
of cells to P. aeruginosa secreted factors did potentiate IL-8
production upon subsequent RV infection (90). Another secreted
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P. aeruginosa protein, Cif, also potentiated virus infections in
CF airway epithelial cells by preventing MHC class I antigen
presentation and CD8T cell-mediated clearance of influenza
A-infected cells (91). Taken together, these findings suggest
a complex interplay between bacterial pathogens, respiratory
viruses, and the innate immune response in the CF airway
epithelium, where an appropriate immune response to one
pathogen may alter secondary infection by another pathogen.
The effects of virus co-infection on many prominent CF bacterial
pathogens has yet to be evaluated, and relationships between
respiratory viruses and bacteria in multi-species polymicrobial
infections representative of the complex communities existing in
the CF airways is also an underexplored area.

IMPACT OF THERAPEUTICS ON
CO-INFECTIONS

Antimicrobial Treatments for Viral and
Bacterial Infections
As we’ve observed with the host immune response, attempts
to clear one type of pathogen may have unintended effects
on other microbes in the CF airways. The same may be true
for cases of antiviral or antibacterial treatments administered
to CF patients. It is appreciated that despite intense antibiotic
therapy and even with alternating antibiotic courses, chronic
infections with bacterial pathogens established as biofilms in
the CF airways resist clearance through multiple mechanisms
reviewed in Høiby et al. (92) and Lambert (93). Several therapies
are now shown to impact both viral and bacterial pathogens,
potentially leading to new therapeutic options for polymicrobial
infections.We recently reported that an engineered antimicrobial
peptide therapy, WLBU2, reduced both bacterial biofilm, and
RSV titers in a mixed infection model in vitro (94). In
addition, members of the macrolide class of antibiotics, including
erythromycin, azithromycin, and bafilomycin, which are known
to effect antibacterial activity by binding to bacterial ribosomal
subunits to inhibit protein synthesis (95) were also found to
have anti-inflammatory effects. By blocking production of the
pro-inflammatory cytokines IL-6 and IL-8, macrolide antibiotics
reduced neutrophil recruitment to sites of injury, and infection
(96). In non-CF bronchial epithelial cells, azithromycin (97),
bafilomycin (98), and clarithromycin (99) treatments were found
to reduce RV replication by increasing induction of interferon-
stimulated antiviral genes, demonstrating that in addition to its
anti-inflammatory, and anti-bacterial properties, azithromycin
has anti-viral activity. In CF airway cells, azithromycin also
reduced RV replication and increased RV-induced expression
of interferon and interferon-stimulated antiviral genes; however,
azithromycin did not prevent induction of IL-6 or IL-8
during RV infection, suggesting that the anti-inflammatory
effects of azithromycin are diminished during a virus infection
(51). Administration of azithromycin as an antiviral or anti-
inflammatory agent could provide a potential therapeutic option
for CF patients, yet as macrolide resistance is known to be
widespread in clinical isolates from chronic airway infections

(100), it is important to keep in mind the broader effects
antibiotic administration may have on the CF microbiome.

As viral infections can lead to severe respiratory morbidity
and are linked to exacerbations in CF populations, there is a
demand for effective anti-viral therapies, especially for major
CF pathogens like RV and RSV for which no successful
vaccine exists. RSV immunotherapy was shown to be effective
at preventing lower respiratory tract infections and reducing
symptom severity in high-risk infants, and young children
(101). A humanized monocolonal antibody treatment for RSV,
palivizumab, was developed (102) and prophylactic treatment
with palivizumab significantly reduced hospitalizations (103),
and incidences of respiratory-related illness (104) in CF children
compared to untreated control groups.While potentially effective
at preventing RSV infection, palivizumab prophylaxis is costly
and has shown limited benefits for populations that do not
regularly have high incidence of RSV-related hospitalizations
(105), leading some to propose that anti-RSV therapy would be
best-reserved for treatment during infections, not as prophylaxis,
or for fall, and winter seasons when probability of virus-related
illnesses and hospitalizations typically increases (106). As it has
been observed that virus co-infection promotes P. aeruginosa
colonization, a secondary benefit of antiviral therapies could be
a delay in acquisition of bacterial pathogens in CF children.
However, a recent study found that prophylactic treatment of CF
infants with palivizumab to prevent RSV infection did not delay
acquisition of either P. aeruginosa or S. aureus (107). A separate
retrospective study found that although palivizumab reduced
RSV-related hospitalizations and overall P. aeruginosa chronic
colonization rates did not differ between treatment and control
groups, the time to first P. aeruginosa isolate was significantly
earlier in palivizumab-treated CF children (108). Many factors
could have affected these outcomes, including patients’ genetics,
environmental exposures, and differences in clinical care quality
and access. Broader studies evaluating the impact of palivizumab
on the CF microbiome, including changes in abundance of
commensal and pathogenic bacterial species, could shed light on
how anti-viral therapies affect viral-bacterial-host interactions.

CFTR Modulators and Impact on Infections
In the field of CF research and patient care, there is great
excitement surrounding the promise of CFTR modulating drugs
that improvemutated CFTR rescue to the cell surface (correctors)
or modulate activity of dysfunctional CFTR protein channels
(potentiators). Three drugs have undergone clinical trials and are
now options for CF patients with specific CFTR mutations: the
potentiator ivacaftor and correctors lumacaftor and tezacaftor
(109, 110). Trials showed CF patients treated with CFTR
modulators had improved lung function and decreased rates of
pulmonary exacerbations, hospitalization, and IV antibiotic use,
and the first studies on how these treatments impact respiratory
microbiology in CF patients are now becoming available. During
clinical trials, CF patients receiving ivacaftor, and lumacaftor
were still found to experience adverse events, including upper
respiratory infections (usually attributed to acute respiratory
viral infection), at rates similar to placebo groups (111–113),
and CF patients experiencing acute upper or lower respiratory
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infections have also been excluded from trials on the basis
that this could confound results, although this practice may
limit knowledge of the impact of these drugs during infection
(113).

In vitro studies of ivacaftor, whose structure resembles that of
quinolone antibiotics, found that ivacaftor has dose-dependent
antibacterial activity against S. aureus and S. pneumoniae
clinical isolates, and synergy of ivacaftor and the anti-Gram
positive antibiotic vancomycin was observed (114). Ivacaftor
was also observed to have a milder antimicrobial effect
toward P. aeruginosa that was improved in combination
with the anti-pseudomonal antibiotic ciprofloxacin. These
results suggest that in addition to the intended ability
of CFTR modulators to improve CFTR production and
function, these treatments could have the added benefit of
helping to reduce certain bacterial populations in the CF
airways.

Studies evaluating changes in the airway microbiome of CF
patients undergoing CFTR modulator therapies can begin to
inform us if the above observed properties of CFTR modulators
translate to the clinic. A small study using quantitative PCR
and 16S sequencing to evaluate the microbiome of three CF
children undergoing ivacaftor treatment found no significance
in overall bacterial burden or bacterial genera represented
prior to and following treatment, and individual patients’
microbiomes pre- and post-treatment were found to be more
similar than treated vs. non-treated microbiomes across all
patients (115). Recent work evaluating CF adults showed
that ivacaftor treatment reduced P. aeruginosa and overall
bacterial density in sputum samples, yet despite immediate
effects, the same clonal isolates of P. aeruginosa sampled prior
to treatment persisted in the airways of CF patients after
ivacaftor (116). Inflammatory markers in patient sputum were
found to be decreased in patients through mass spectrometry
analysis of sputum proteins, and a separate study unexpectedly
found that ivacaftor treatment dampened the interferon-
gamma response and impaired monocyte recruitment, effects
that modulate immune responses in the respiratory tract
and could potentially influence disease outcome (117). Trials
conducted in adult populations, many of whom are already
chronically colonized with P. aeruginosa, do not allow for
evaluation of the potential impact of CFTR modulators in
preventing P. aeruginosa acquisition. Initiating new studies in
younger patient populations following modulator treatment and
following patients that begin treatment culturing P. aeruginosa-
negative for longer periods of time post-treatment will be
important to address the question of whether CFTR modulators
impact P. aeruginosa acquisition. No specific effects of CFTR
modulators on viral-bacterial co-infections have been reported
to date, and valuable information could be gained from testing
for the presence of specific respiratory viruses in patients
undergoing modulator therapy, along with measuring changes
in bacterial microbiome constituents. The above described
effects of CFTR modulators on specific bacterial pathogens
and the host immune response suggest co-infections will
likely be impacted by such therapies and warrant further
study.

NEW TECHNIQUES FOR EVALUATION OF
VIRAL-BACTERIAL CO-INFECTIONS

Traditional means of diagnosing viral and bacterial infections
through specific PCR panels or culture-based techniques,
respectively, have provided the majority of our current
knowledge regarding which microbes comprise the CF
respiratory microbiome and can be considered pathogens
in the CF airways. However, as previously mentioned, these
methods of identification are limited, as each requires prior
knowledge of which viruses to screen for or which bacteria
to culture, and therefore we may be underestimating the
number of species that exist in the airway environment and
the impact they have on CF respiratory disease. The recent
trend toward 16S studies has identified additional members of
the bacterial microbial community, and the application of new
techniques such as metagenomics, metatranscriptomics, and
metabolomics to the study of the CF microbiome may begin
to reveal previously unknown roles for new microbial species
and offer unprecedented insight into their functions in the CF
respiratory tract.

Metagenomics and Metatranscriptomics
Metagenomic studies evaluating the total genomic content of
samples have great potential to identify a broader range of
viruses and other microbes in CF, in addition to bacterial
species. Such evaluations are technically challenging from a
computational standpoint, and to date, few metagenomic studies
have been published applying this technique to the study of
viromes in CF populations. While RNA viruses have been the
most appreciated viruses in causing acute respiratory infections
in CF, a metagenomic study evaluating DNA viruses identified
genomes of herpesviruses, and retroviruses in CF sputum and
found overall eukaryotic viral diversity was low in both CF
and non-CF individuals (118). The majority of viral diversity
in airway microbial communities was found to be derived from
populations of bacteriophage, with CF phage communities being
more similar to one another than non-CF phage, and indicative
of the dominant bacterial species residing in the CF airways that
comprise the host range of the phage (118, 119). Although phage
are not traditionally thought of as viruses that impact human
health, recent work has shown that phage affect P. aeruginosa
biofilm assembly and promote survival of bacteria in biofilms
by enhancing adhesion and tolerance to antibiotics (120), and
the role of phage in promoting a healthy microbiome in other
organ systems, namely the gastrointestinal tract, has been a
rapidly growing area of research outside of CF (121, 122). Going
further, functional genomic analyses that consider the predicted
functions of all genes present in the total DNA from a sample
predicted the viromes of CF patients had a separate set of core
metabolic functions compared to healthy subjects (118), with
enrichment of genes for metabolizing aromatic amino acids. This
suggests the host organisms of these phage have a specialized
metabolism specific to CF disease, and the genes carried by phage
represent factors necessary for survival in the CF airways.

Similar to metagenomics, metatranscriptomics is the analysis
of the total RNA content of a sample and can thus account

Frontiers in Immunology | www.frontiersin.org 7 December 2018 | Volume 9 | Article 3067

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Kiedrowski and Bomberger Viral-Bacterial Co-infections in CF

for changes in expression of host and microbial genes. To
date, limited metatranscriptomics studies have been performed
evaluating both host and pathogen gene expression in the same
sample. In a mouse model of acute P. aeruginosa infection,
metatranscriptomics revealed genes related to P. aeruginosa outer
membrane vesicle production, and iron uptake and utilization
were significantly upregulated, indicating the importance of
iron-mediated regulation and scavenging in vivo (123). In
infected mice, expression of pro-inflammatory cytokines and
chemokines associated with toll-like receptor signaling were
induced. Recent dual-RNA sequencing experiments from our
group show polarized CF airway cells and S. aureus exhibit
altered transcriptional profiles during co-culture in the presence
of RSV co-infection (76). In CF cells, differences in innate
immune and inflammatory signaling were observed in the
presence of RSV, S. aureus or viral-bacterial co-infection, and
S. aureus exhibited an altered metabolic transcriptional profile
during virus co-infection, with upregulation of genes for cofactor
biosynthesis and amino acid utilization, perhaps reflecting
altered availability of protein substrates in the airway surface
liquid of virus-infected CF cells. The use of next-generation
sequencing approaches is expanding, and these techniques as
applied to CF in future studies will no doubt expand our view
of viruses and other underappreciated microbes that exist in the
CF airways.

Metabolomics
Supplementing metagenomic studies that identify which
microbial species are present in the airways, metabolomics
studies can account for microbial and host-derived metabolites
and proteins. For studies of biological samples, liquid
chromatography-mass spectrometry (LC-MS) is often used
to identify small molecules, and liquid chromatography-tandem
mass spectrometry (LC-MS/MS) can be applied to identify
sequences of individual peptides for proteomic analysis in
complex samples (124).

A novel application of MS techniques is analysis of volatile
compounds found in breath to diagnose infections. Volatile
compounds produced during microbial metabolism can provide
species-specific signatures based on knowledge of individual
species’ metabolic capabilities from genome sequences, and
variation in volatile compound production can be an indicator
of compounds available for use in the environment. Early
studies in CF utilized the knowledge that P. aeruginosa produces
cyanide, and using cyanide as a biomarker, selected ion flow
mass spectrometry (SIFT-MS) was able to identify the presence
of P. aeruginosa in the airways by sampling the breath of
infected CF patients (125, 126). Later studies showed that
beyond identifying presence of a specific molecule, groups of
P. aeruginosa-colonized CF patients could be differentiated from
non-colonized CF patients based on overall volatile breath
profiles (127). Using genomic data available for other CF-related
bacterial species to predict organisms capable of producing
specific volatile compounds, high levels of acetaldehyde, ethanol,
and methanol in CF subjects’ breath were linked to Lactococcus,
Escherichia and Rothia species, respectively (128), confirming

that metabolic predictions based on genetic sequence could
translate to positive identification in patient samples for species
other than P. aeruginosa.

Translating breath detection to bench studies, a volatile
fingerprint could be identified for CF airway cells co-cultured
with P. aeruginosa (129). Evaluating RSV-P. aeruginosa co-
infections in CF airway cells, different levels of volatile
compounds were found to be produced during co-infection
rather than infection with either P. aeruginosa or RSV alone,
and predictive models were able to discriminate P. aeruginosa-
infected cells, but not cells undergoing only RSV infection (129).
Breath diagnosis could prove to be a quick, non-invasive, and
culture-independent means for diagnosing the presence of CF
pathogens, and with additional knowledge of the links between
overall metabolic state and respiratory function, breath testing
could serve as an indicator of a stable or exacerbating CF airway
environment. The prospect of using breath analysis to identify
a virus co-infection is intriguing, and in vitro studies require
further investigation and translation into CF patients undergoing
respiratory viral infections to confirm specific volatile signatures
for co-infections.

In summary, the individual roles of bacterial and viral
infections in CF respiratory disease have long been appreciated,
and independently, viral infections, and chronic bacterial
infections are known to influence pulmonary exacerbations
and progression of respiratory function decline. Now, advances
in sequencing technology have facilitated our understanding
of the complexity of the microbial communities in the CF
airways, bringing to light new interactions between bacteria
and viruses in the airways that suggest microbial population
dynamics and interplay between microbes and the host, and
not just the presence of known pathogens, could be the true
drivers of CF respiratory disease. While metabolomics has not
yet been used to evaluate differences in metabolite profiles in
CF patients with respiratory viral infections or viral-bacterial co-
infections, the technology used in the above described studies
provide an exciting window into potential host- and bacterial-
associated changes in metabolism that likely accompany co-
infections. Expanding the use of such new technologies in
clinical and basic CF research will undoubtedly allow us to
better understand these microbe-microbe and microbe-host
interactions, improving our ability to more accurately diagnose
and treat respiratory infections in CF patients and informing us
of underlying mechanisms of microbial pathogenesis in the CF
respiratory tract.
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