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SUMMARY

Extracellular vesicles (EVs) are increasingly appreciated as a mechanism of communication
among cells that contribute to many physiological processes. Although EVs can promote either
antiviral or proviral effects during viral infections, the role of EVs in virus-associated
polymicrobial infections remains poorly defined. We report that EVs secreted from airway
epithelial cells during respiratory viral infection promote secondary bacterial growth, including
biofilm biogenesis, by Pseudomonas aeruginosa. Respiratory syncytial virus (RSV) increases the
release of the host iron-binding protein transferrin on the extravesicular face of EVs, which
interact with P aeruginosa biofilms to transfer the nutrient iron and promote bacterial biofilm
growth. Vesicular delivery of iron by transferrin more efficiently promotes P, aeruginosa biofilm
growth than soluble holo-transferrin delivered alone. Our findings indicate that EVs are a nutrient
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source for secondary bacterial infections in the airways during viral infection and offer evidence of
transkingdom communication in the setting of polymicrobial infections.

In Brief

Using cystic fibrosis as a model to study mechanisms governing viral-bacterial interactions in the
lung, Hendricks et al. report that extracellular vesicles released from the respiratory epithelium
during acute viral infections are a nutrient source for bacterial co-infections and offer evidence of
transkingdom communication in the setting of polymicrobial infections.
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INTRODUCTION

Extracellular communication is a critical component of many host processes. Extracellular
vesicles (EVs) are small, membrane-enclosed vesicles produced by most cell types and
secreted into the extracellular environment. Biologically active proteins, RNAs, and lipids
can be packaged into EVs and delivered to target cells, where they affect many biological
processes (Lo Cicero et al., 2015). EVs derived from cells are divided into three categories:
exosomes, microvesicles, and apoptotic bodies. Exosomes have been isolated from lung
epithelial cells, as well as from the bronchoalveolar lavage fluid (BALF) and sputum
collected from patients with chronic lung diseases, such as asthma and cystic fibrosis (CF)
(Admyre et al., 2003; Kesimer et al., 2009; Moon et al., 2014; Szul et al., 2016; Torregrosa
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Paredes et al., 2012). Although EVs participate in both normal tissue homeostasis and the
progression of inflammation in the airways, little is known about how EVs contribute to
bacterial, fungal, or viral infections in the respiratory tract (Fujita et al., 2015).

Previous work on the function of EVs during microbial infections has largely focused on
functions of exosomes in the context of virus infections, where they have been reported to
both promote and suppress viral infections (Raab-Traub and Dittmer, 2017). For example,
replication-competent viral RNA has been observed in exosomes released by hepatitis C
(HCV)-infected cells (Bukong et al., 2014; Ramakrishnaiah et al., 2013). During enterovirus
71 (EVT1) infection, exosomes have also been shown to promote viral replication by
suppressing antiviral immunity (Fu et al., 2017). The converse has also been reported;
exosomes isolated from interferon alpha (IFN-a.)-treated cells are capable of transferring
IFN-a-induced antiviral immunity between cells (Li et al., 2013) and can contain
microRNAs (miRNASs) that inhibit viral infection (Delorme-Axford et al., 2013). However,
viral infections do not often occur in isolation, and there is an increasing appreciation for the
prevalence and severity of polymicrobial infections involving viruses, yet the role EVs have
in virus-associated polymicrobial infections remains unexplored.

Studies of viral-bacterial co-infections in the respiratory tract have revealed many
interactions by which a preceding virus infection renders the host environment more
susceptible to secondary bacterial infection. One such mechanism is by respiratory virus
infections that increase bacterial adherence to host airway epithelial cells (AECs)
(Avadhanula et al., 2007; Hament et al., 2005; Li et al., 2015; Novotny and Bakaletz, 2016;
Smith et al., 2014; van Ewijk et al., 2008). Previous studies have also focused on how
preceding respiratory viral infection subverts antibacterial immune defenses in the airways
(Rynda-Apple et al., 2015). Emerging work suggests that nutritional immunity is another
important process disrupted during viral-bacterial co-infections in the respiratory tract. For
example, preceding influenza virus infection increases the availability of host-sialylated
mucins leading to increased Streptococcus pneumoniae growth (Siegel et al., 2014), and we
have shown that preceding respiratory syncytial virus (RSV) disrupts nutritional immunity in
AECs and increases iron release from cells, which enhances Pseudomonas aeruginosa
biofilm growth (Hendricks et al., 2016). Despite these advances, the mechanism by which
nutrients are transferred between the host and pathogen during viral-bacterial co-infection is
poorly understood.

To test the hypothesis that EVs mediate transkingdom communication and nutrient transfer
during co-infection, we used a model of RSV-£ aeruginosa co-infection. P aeruginosais a
commonly isolated bacterial pathogen in the lungs of patients with chronic lung disease,
where it forms chronic, highly antibiotic-resistant, biofilm-associated infections (Bjarnsholt
et al., 2009; Singh et al., 2000). Despite clinical studies linking respiratory viral infection
with the development of bacterial infections in patients with CF (Collinson et al., 1996;
Johansen and Hgiby, 1992) and other chronic lung diseases, such as chronic obstructive
pulmonary disease (George et al., 2014) and asthma (Kloepfer et al., 2014), very little is
known about transkingdom interactions between viruses and bacteria in chronic lung
diseases. Using CF lung disease as a model in the current study, we show that EVs released
during virus co-infection mediate nutrient transfer between the host and P, aeruginosa by
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interacting and promoting £ aeruginosa growth and transition to a biofilm lifestyle. Our
results demonstrate that the release of EVSs in the respiratory tract during viral infections is
an important nutritional factor that dictates the outcome of polymicrobial infections.

RESULTS

EVs secreted from AECs during virus infection stimulate P. aeruginosa biofilm biogenesis

To examine whether EVs contribute to transkingdom interactions between bacteria and the
host during viral-bacterial co-infection, we first determined whether EVs produced by
uninfected and virus-infected AECs had similar molecular and physical characteristics as
EVs previously isolated from the airways. Western blot analysis for standard protein markers
of EVs (Figure 1A), nanoparticle tracking analysis (Figures 1B and 1C), and electron
microscopy (Figure S1A) were used to confirm that the isolated EVs were of similar
composition, size, and morphology as previously reported in the literature for AEC-derived
EVs (Chahar et al., 2018; Kesimer et al., 2009; Moon et al., 2014; Szul et al., 2016). We next
compared the growth of £ aeruginosa in the presence of EVs released from uninfected and
virus-infected AECs. Performing growth curves in minimal media with EVs as the nutrient
source, we determined that EVs from RSV-infected AECs significantly enhanced A2
aeruginosa growth, as compared with EVs from uninfected cells (Figure 1D). To determine
whether this was specific to planktonic growth or whether RSVs were also capable of
enhancing £ aeruginosabiofilm growth, we measured P, aeruginosa biofilm growth in an
abiotic biofilm assay. EVs from RSV-infected cells significantly increased biofilm growth, in
comparison with EVs from uninfected AECs, as measured by fluorescent microscopy and
96-well microtiter biofilm assays (Figures 1E and 1F). Moreover, we observed that RSV
infection increased the release of EVs from AECs, as assessed by western blot (Figure 1A)
and nanoparticle tracking analysis (NTA; Figure 1C). The biofilm-stimulatory activity of
EVs isolated from RSV-infected cells was dose dependent and could be diluted to levels
observed with EVs isolated from uninfected AECs (Figure S1B), suggesting that increased
EV release during RSV infection promotes £ aeruginosa biofilm growth.

The physical and chemical characteristics of EVs bear a resemblance to those of enveloped
viruses, and during virus infection, diverse subpopulations of EVs are released by cells,
ranging from infectious virus particles to virally induced EVs that contain viral components
to EVs consisting entirely of host molecules (Nolte-"t Hoen et al., 2016). Although EVs in
our study contained some RSV proteins (Figure S1D), the EV population we isolated did not
contain infectious viral particles (Figure S1E). These data suggest that infectious RSV
particles are not responsible for the biofilm stimulatory activity of EVs isolated from RSV-
infected AECs and are consistent with our previous observations that purified RSV does not
stimulate P, geruginosa biofilm formation (Hendricks et al., 2016). To examine whether EV-
mediated £ aeruginosa biofilm growth was specific to RSV infection, we isolated EVs from
AECs infected with another respiratory virus commonly found in patients with CF, human
rhinovirus (hRV). Interestingly, we observed that EVs isolated from hRV-infected cells also
increased £ aeruginosa biofilm growth, although rhinovirus did not increase EV release
from AECs (Figures S1IF-S1H). Because EVs isolated from AECs infected with disparate
viruses stimulated £ aeruginosa biofilm growth, we next assessed whether IFN signaling
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also increases the biofilm stimulatory activity of EVs. We treated AECs with poly(l:C),
which stimulates IFN production and signaling and then measured biofilm growth in the
presence of EVs isolated from poly(l:C)-stimulated AECs. We found that poly(I:C)
stimulates type | (IFN-B) and 111 (IFN-A) production by AECs (Figure S1I), and EVs
isolated from poly(l:C)-treated AECs increase P, aeruginosa biofilm growth (Figure S1J).
Taken together, these data suggest that the innate immune response to virus infection, at least
in part, mediates EV-stimulated biofilm growth.

We previously observed that the apical secretions collected from RSV-infected AECs
(hereafter called “conditioned media” [CM]), contained an increased concentration of iron
and were capable of enhancing £ aeruginosa biofilm growth (Hendricks et al., 2016). To
determine whether EVs were required for CM-mediated bacterial biofilm formation, we
used differential centrifugation to deplete EVs from RSV CM and measured biofilm
formation. CM from RSV-infected cells that had been depleted of EVs by ultracentrifugation
was unable to stimulate £ aeruginosa biofilm growth (Figure 1G), suggesting that EVs are
required for virus-induced P, aeruginosa biofilm growth. Additionally, we filtered CM
through 100-kDa filters, which would trap any large protein complexes or EVs but allow
smaller, soluble proteins and ions to flow through. We observed that the >100-kDa fraction
from RSV-infected cells maintained the ability to increase biofilm growth, similar to CM
from RSV-infected cells that had not been filtered (Figure S1K). However, the <100-kDa
filtrate fraction did not retain biofilm stimulatory activity (Figure S1K). These results
demonstrate that EV's from RSV-infected AECs are necessary for the observed virus-
stimulated bacterial growth, signifying that host-derived EVs mediate transkingdom
interactions between bacteria and viruses in the airways.

EVs localize with P. aeruginosa biofilms

A common function of EVs is to deliver biological molecules to modify the phenotype of
recipient cells. We next examined whether EVs interact with £ aeruginosa in biofilms. To
track EV interactions with biofilms, we labeled host AECs with CellTracker Deep Red, a
fluorescent dye that labels the cytoplasm of cells, as well as the lumen of released EVs
(Figure S2A). Using the fluorescently labeled EVs, we examined whether EVs associated
with £ aeruginosa biofilms in the presence or absence of virus infection. We observed
association of fluorescently labeled EVs from RSV-infected cells with 2 aeruginosa biofilms
in a time-dependent manner (Figures 2A and S2C). Non-specific aggregation of labeled EVs
is not observed in the absence of bacteria (Figure S2B). To further assess the interaction of
host-derived EVs with P, aeruginosa biofilms, we examined whether host proteins can be
detected in biofilms. We performed static abiotic biofilm assays with EVs, vigorously
washed the bacterial biofilms, and measured EV association with £ aeruginosa biofilms by
western blot analysis. Interestingly, we observed the presence of host vesicular proteins on
biofilms (Figure 2B). These results are consistent with the conclusion that EVs from RSV-
infected cells associate with A2 aeruginosa biofilms.

To examine the mechanism by which RSV EVs stimulate £, aeruginosa biofilm growth, we
next investigated whether EVs from RSV-infected AECs increase bacterial surface
attachment. We found that there was no difference in bacterial attachment in the presence of
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EVs isolated from uninfected or RSV-infected cells on either abiotic or biotic surfaces
(Figures S2C and S2D). Because EVs from RSV-infected cells did not increase bacterial
attachment, we hypothesized that an increased growth of surface-associated bacteria
accounted for the observed, enhanced biofilm growth. To measure the effect of EVs on
surface-associated growth, we allowed P, aeruginosato attach to glass-bottom dishes in
minimal media, washed away unattached bacteria, and then added EVs to surface-attached
bacteria. We observed that surface associated bacterial growth was increased in the presence
of RSV EVs, as measured by fluorescent microscopy (Figure 2C). Together, these results
indicate that EVs isolated from RSV-infected AECs associate with biofilms, delivering
factors, potentially, nutrients, used by A2 aeruginosato promote biofilm biogenesis.

RSV infection increases iron bioavailability on EVs to promote biofilm growth

Iron is required for many biological processes, including £ aeruginosa biofilm growth
(Banin et al., 2005; Moreau-Marquis et al., 2008; Patriquin et al., 2008; Singh et al., 2002).
We have previously observed that RSV infection increases extracellular iron in CM collected
from AECs (Hendricks et al., 2016). However, it is not known whether iron and other metals
are loaded onto EVs released by the respiratory epithelium. We observed that iron levels
could be significantly reduced in CM by depleting CM of EVs by ultracentrifugation (Figure
3A), suggesting that iron is released on EVs during RSV infection. In agreement with this
observation, we observed an increase in total iron on EVs isolated from RSV-infected AECs
compared with control EVs (Figure 3B). This effect was specific for iron, as RSV infection
did not increase other divalent metal cations, including zinc and copper (Figure 3B). RSV
infection increased EV biofilm stimulatory activity and release of iron in EVs in a time-
dependent manner, concurrently peaking at 72 h after RSV infection (Figure 3C).
Interestingly, hRV infection and poly(l:C) treatment do not increase total iron in EVs (Figure
S3A), suggesting that additional mechanisms may also govern EV-stimulated biofilm growth
by P aeruginosa. Importantly, in the setting of RSV co-infection, the presence of iron is
necessary for EV-mediated £ aeruginosa biofilm growth because chelation of iron, using the
chelating agent Chelex-100, significantly reduced biofilm formation in the presence of EVs
from RSV-infected cells (Figure 3D). NTA was performed after Chelex-100 treatment to
verify that EV abundance or morphology was not changed by iron chelation (Figure S3B).

Because RSV infection increases iron abundance in EVs and we have previously observed
that RSV infection increases transferrin (Tfn) release from AECs (Hendricks et al., 2016),
we next examined whether RSV infection alters the host iron-binding protein composition of
EVs released by AECs. We found that RSV infection increased transferrin abundance in
EVs, as assessed by western blot analysis (Figure 3E). To test the specificity of this response
for transferrin, we evaluated two other iron-binding proteins, lactoferrin or ferritin, and
observed that EVs from control or RSV-infected AECs did not contain these iron-binding
proteins (Figure 3E). Because we observed a higher abundance of EV-associated markers in
addition to transferrin (Figure 3E) during RSV infection, which is consistent with increased
EV release during virus infection (Figure 1C), our results suggest that RSV infection
increases production of transferrin-containing EVs during virus RSV infection. Collectively,
these data suggest that RSV infection increases iron bioavailability in host-derived EVs and
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EV-associated transferrin is a source of iron that promotes the formation of £ aeruginosa
biofilms during RSV co-infection.

RSV infection increases association of transcytosed transferrin with EVs

Our data suggest a model in which virus infection releases an increased abundance of EVs
loaded with transferrin into the apical compartment of cells where it is accessible to bacterial
pathogens. However, transferrin is primarily a serum glycoprotein, delivered to cells by the
circulatory system, which is taken up and recycled at the basolateral membrane of cells.
Thus, we hypothesized that transferrin in the basolateral compartment of cells is
transcytosed to the apical compartment during virus infection. We determined whether
basolateral transferrin is transcytosed to the apical compartment of cells during virus
infection by adding biotinylated transferrin to the basolateral media of RSV-infected cells
and then used biotin affinity-purification to isolate transcytosed transferrin in apical
compartment EVs (Figure 4A). We observed that significantly more biotinylated transferrin
was released in association with EVs during RSV infection compared with uninfected
conditions (Figure 4B). This implies that transferrin loaded onto EVs originates in the
basolateral compartment. We confirmed this observation by adding fluorescein
isothiocyanate (FITC)-conjugated transferrin to the basolateral compartment of AECs during
RSV infection and probing EVs for FITC fluorescence (Figure S4A). Additionally, we
observed that there was no transferrin associated with the biotin-negative fraction,
suggesting that all transferrin localized to the EVs originated from the basolateral
compartment (Figure 4B). This result is consistent with Chelex-100 treatment reducing A2
aeruginosa biofilm growth in the presence of EVs (Figure 3D) because iron-bound
transferrin loaded on the extravesicular face of EVs would be accessible to Chelex-100. In
this orientation, we anticipated that biotin affinity-purification would isolate entire EVs. To
test this hypothesis, we probed biotin-negative and biotin-positive fractions for EV protein
markers. We demonstrated that ALIX, Tsg101, Hsp90, and MHC-I were affinity purified
with biotinylated transferrin (Figure 4B), which is consistent with transferrin being receptor-
bound on the outer surface of EVs. Interestingly, we observed that CD81 and flotillin-1, as
well as small amounts of ALIX, Tsg101, Hsp90, and MHC-I, were present in the biotin-
negative fraction (Figure 4B), indicating these proteins were not affinity purified with
biotinylated transferrin. Thus, our data suggest at least two EV populations exist; one of
which is transferrin positive. To investigate whether transferrin-positive EV's were necessary
for biofilm biogenesis in the presence of EVs from RSV-infected AECs, we grew A2
aeruginosa with EVs that had been depleted of transferrin-positive EVs. We found a
significant decrease in £ aeruginosa biofilm growth in the presence of EVs when transferrin-
positive EVs were removed (Figure 4C). Although we have shown that transferrin is
necessary for P. aeruginosa biofilm growth during RSV co-infection (Hendricks et al., 2016),
we observed that growing £ aeruginosa in levels of free transferrin, either apo- (iron-free) or
holo-transferrin (iron replete), which corresponds to the levels of iron we observe in EVs
(~10 pM iron, ~5 UM transferrin) in abiotic biofilm assays does not significantly increase 2
aeruginosa biofilm growth (Figures 4D and S4C). This is consistent with the conclusion that
the association of transferrin with EVs is important for transferrin to promote £ aeruginosa
biofilm growth during RSV co-infection. Taken together, these data demonstrate that at least
two EV populations are released by AECs and the vesicle population containing
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transcytosed transferrin on the outside of EVs is necessary for P, aeruginosa biofilm
biogenesis by RSV-stimulated EVs.

DISCUSSION

EVs are membrane-encapsulated vesicles released by most cell types into the extracellular
environment where they facilitate physiological changes in neighboring cells. Although EVs
have been reported in the context of viral pathogenesis to modify the local environment and
regulate virus-host interactions (Raab-Traub and Dittmer, 2017), very little is understood
about the role of EVs in mediating transkingdom interactions. Herein, we demonstrated that
EVs released from the respiratory epithelium during respiratory viral infection enhance 2
aeruginosa biofilm growth through a mechanism dependent upon increased release of
transferrin-containing EVs. The transferrin is oriented on the extravesicular face of EVs,
which makes it an accessible iron source for 2 aeruginosa biofilm biogenesis. Moreover, we
show the EVs associate with £ aeruginosa biofilms and that EVs loaded with iron-bound
transferrin are more efficient at stimulating £, aeruginosa biofilm growth than iron-loaded
transferrin alone. Our findings propose a role for EVs during viral-bacterial co-infections as
a virally induced host nutrient source that promotes £, aeruginosa biofilm growth. Finally,
our studies enrich our understanding of molecular mechanisms that govern the clinical
observation that respiratory viral infection promotes bacterial infections in patients with
chronic lung disease (Collinson et al., 1996; George et al., 2014; Johansen and Hoéiby, 1992;
Kloepfer et al., 2014).

Although EVs are known to be secreted into the airway lumen (Admyre et al., 2003; Fujita
et al., 2015), very little is known about the biological function of EVs during respiratory
infections. During virus infection in other organ systems, EVs are known to contain both
antiviral and proviral mediators (Bukong et al., 2014; Delorme-Axford et al., 2013; Fu et al.,
2017; Li et al., 2013; Ramakrishnaiah et al., 2013). Whether EVs affect the outcome of
viral-bacterial infections or how EVs influence bacterial behavior in the airways remains
unanswered questions. In our study, EVs isolated from AECs infected with disparate
respiratory viruses (i.e., RSV and hRV) promote P, aeruginosa growth. Interestingly, RSV
infection increases the apical release of EVs from AECs to promote £ aeruginosa biofilm
growth, which is consistent with our observation that the biofilm-stimulatory activity of EVs
released by RSV-infected AECs was dose dependent. The increased release of EVs from the
respiratory epithelium is in line with other studies that have observed increased EV release
in response to stress (i.e., infection) in other epithelial tissues (Fu et al., 2017; Hu et al.,
2013; Hurwitz et al., 2017; Ramachandra et al., 2010). Our results demonstrate that EVs
mediate transkingdom interactions in the respiratory tract and propose that these
observations are likely to be applicable to co-infections at other mucosal sites throughout the
body.

EVs commonly exert their biological effects on the local environment by delivering
biological molecules to recipient cells. Although the interaction between host-derived EVs
and bacteria has not been reported before, we observed that EVs derived from AECs
associate with 2. aeruginosa biofilms. The mechanism mediating EV association with P,
aeruginosa biofilms is not understood. However, it has previously been shown that the RSV
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G protein promotes association of Haemophilus influenzae and S. pneumoniae with AECs
(Avadhanula et al., 2007; Smith et al., 2014). We observed that EVs isolated from RSV-
infected AECs contained RSV G protein, among other host membrane proteins. Thus, it is
tempting to speculate that an interaction between £ aeruginosaand EV membrane proteins,
either host or viral, accounts for the association of EVs with biofilms. Our observations that
EVs do not increase bacterial adherence to surfaces but do increase bacterial growth suggest
at least one consequence of EV-bacterial interactions is that EVs provide nutrient-rich
microenvironments to promote £, aeruginosa growth.

Studies have begun investigating how respiratory viruses alter the nutritional environment
and increase nutrient availability in the airways to the benefit of bacteria (Hendricks et al.,
2016; Siegel et al., 2014). It has been demonstrated that decreasing free iron levels by
addition of exogenous lipocalin 2, a host iron-sequestration protein, reduces bacterial
burdens in the respiratory tract during viral-bacterial co-infection (Robinson et al., 2014).
Iron is required for many biological processes and is tightly regulated to limit the levels of
accessible iron in the host to prevent iron intoxication and limit infections by a process
termed nutritional immunity (Cassat and Skaar, 2013; Hood and Skaar, 2012). Previous
studies have demonstrated the requirement of iron for £ aeruginosa biofilm growth (Banin et
al., 2005; Moreau-Marquis et al., 2008; Patriquin et al., 2008; Singh et al., 2002), but the
effect of respiratory viral infections on the nutritional environment in the airways is not well
understood. We have previously shown that RSV infection dysregulates this process to
promote the apical release of iron and the host iron-binding protein transferrin to stimulate £~
aeruginosa biofilm growth (Hendricks et al., 2016), but the mechanism by which iron was
released by AECs was unidentified. Here, we have extended these studies and shown that
increased EV production by AECs during RSV infection is associated with increased release
of transferrin-bound iron during respiratory viral co-infection. Although we cannot entirely
eliminate the possibility that transferrin-bound iron is part of a macromolecular protein
complex with EV marker proteins associated, we interpret our data to collectively support a
model in which the transferrin-bound iron is localized on the extravesicular face of EVs,
making it accessible to bacterial pathogens as well as extravesicular molecules, such as iron
chelators, which can compete with bacteria for iron to prevent growth and infection.

EVs isolated from hRV-infected AECs also promoted £, aeruginosa biofilm growth but did
not have increased iron, leading us to conclude that virus-induced EV simulation of biofilm
growth is broadly observed, but different viruses change the cargo composition of EVs
distinctively to facilitate transkingdom interactions during polymicrobial infections. During
virus infection, EVs are also reported to influence immune cell function (Zhang et al., 2018).
It is reasonable to postulate that RSV EVs may induce an altered response in immune cells
that encounter EV-bound £ aeruginosa. Immune cells also produce EVs that have a critical
role in immunomodulation (Schorey et al., 2015), although they have not been investigated
regarding EV-bacterial interactions. Based on the findings detailed in this report that show
host-derived AEC EVs associate with 2 aeruginosa, it is likely that EVs from other host
cells are also capable of associating with and influencing the function of bacteria. How these
host-derived EV-bacterial interactions shape immune cell function during respiratory co-
infection is a topic of ongoing research in the laboratory.
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EVs share many physical and chemical characteristics with enveloped viruses, making
separation of EVs from viruses difficult (Nolte-’t Hoen et al., 2016). Because EVs may
contain viral components, this further complicates the separation of EVs that carry host
proteins, viral proteins, and viral genomic elements from enveloped viruses. Thus, it is likely
that diverse subpopulations of EVs are released from cells during virus infection, ranging
from infectious virus particles to non-infectious, virus-induced EVs, and host EVs (Nolte-’t
Hoen et al., 2016; Raab-Traub and Dittmer, 2017). Moreover, recent studies have
demonstrated that defective viral genomes (DVGs) are naturally generated during virus
(including influenza virus and RSV) replication and released in immunostimulatory
undefined vesicle populations that fall within this spectrum (Sun et al., 2015; Tapia et al.,
2013). In our study, we have shown that the EVs isolated during virus infection are not
infectious, suggesting that EVs that enhance P, geruginosa biofilm growth cannot be
attributed to infectious virus particles. Additionally, we observed that at least two distinct
subpopulations of EVs were released from AECs during RSV infection; one of which was
transferrin positive. Although we cannot rule out the presence and contribution of
subpopulations of non-infectious virus particles, including DVGs to £, aeruginosa growth,
depletion of transferrin-positive EVs significantly reduced £ aeruginosa biofilm growth in
the presence of EVs from RSV-infected cells. Thus, we conclude that this subpopulation of
EVs was responsible for the biofilm stimulatory effect during RSV co-infection. Our
findings collectively suggest that non-infectious, transferrin-positive EVs are responsible for
enhancing £ aeruginosa biofilm growth and mediating transkingdom nutrient transfer during
viral-bacterial co-infection.

In summary, viral-bacterial interactions result in poor bacterial clearance in patients with
chronic lung disease, as well as in acute-infection settings, but the molecular mechanisms
underlying these interactions and the role of EVs in these settings remain poorly understood.
In this report, we demonstrate that EVs released during respiratory viral infection are used as
a nutrient source for secondary bacterial infection. Our data suggest a role of EVs during
respiratory viral infections that facilitate transkingdom interactions during polymicrobial
infections and provide mechanistic insight into how the host contributes to the development
of bacterial biofilm-associated infections during respiratory viral co-infection. Because
many infectious diseases are polymicrobial and EVs are released by most cell types
throughout the body, our studies likely have implications for host-pathogen interactions in
many disease settings.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Jennifer Bomberger (joomb@pitt.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—This study did not generate any unique code. Additional
supplemental data have been deposited on Mendeley: https://doi.org/10.17632/
bw7c53gg8g.1.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture—Human cells lines, bacterial strains and virus strains used in this study are
listed in Key resources table. The immortalized human CF bronchial epithelial cell line
CFBE410- was cultured in minimal essential media (MEM) supplemented with 10% fetal
bovine serum (FBS), 2 mM L-glutamine, 5 U/mL penicillin-5 pg/mL streptomycin (P/S) and
0.5 pg/mL Plasmocin prophylactic at 37°C in 5% CO,. CFBE41o- were split and seeded on
transwell inserts and grown at air-liquid interface in minimal essential media (MEM)
supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 5 U/mL penicillin-5
pg/mL streptomycin (P/S) and 0.5 pg/mL Plasmocin prophylactic for 7-10 days before use
in all experiments. Cells were infected with purified human A2 strain of RSV (MOI = 1), or
hRV14 (MOI = 0.1) in the apical compartment. During infections cells were cultured with
MEM supplemented with 10% Exosome-depleted FBS (System Biosciences) and 2 mM L-
glutamine for 72 hr in the basolateral compartment and MEM supplemented with 2 mM L-
glutamine (MEM-G) in the apical compartment, unless otherwise noted.

METHOD DETAILS

Extracellular vesicle isolation—EVs were isolated from CM using differential
ultracentrifugation, as described previously (Kowal et al., 2016; Théry et al., 2006). Briefly,
conditioned media collected from cells was successively centrifuged at 1,400 x g for 3 min,
and 10,000 x g for 30 min. Supernatants were filtered through a syringe filter unite, 0.22 pm
pore size (Millipore), and then centrifuged for 90 min at 100,000 x g to pellet EVs. Pelleted
EVs were resuspended in 1 mL MEM-G (10x concentration compared to conditioned
media). All centrifugation steps were performed at 4°C. EV isolation was quantified using
nanoparticle tracking analysis [Nanosight LM-10 (Malvern), see below for details].

Static abiotic biofilm imaging—EVs supplemented with 0.4% L-arginine were
inoculated with PAO1-GFP (ODggg normalized to 0.5) in glass-bottomed dishes (MatTek
Corporation). Briefly, biofilms were grown for 6 hr at 37°C, 5% CO», and Z stack images of
at least 10 random images were taken using a Nikon Ti-inversted microscope to measure the
growth of P aeruginosa biofilms (GFP, green). Nikon Elements Software version 4.60 was
used to measure biofilm volume and substratum area. Biofilm biomass was calculated as the
ratio of biofilm volume to substratum area.

96-Well microtiter biofilm assay—Biofilm growth on plastic microtiter dishes in the
presence of CM or EVs was performed as previously described (Hendricks et al., 2016).

EV fluorescent labeling—AECs were infected with RSV for 48 hr and then stained with
CellTracker Deep Red Dye (Thermo Fisher) for 45 min at 37°C. Excess dye was washed
away, and EVs were isolated 24 hr later. EV fluorescence was confirmed by measuring
fluorescence (Exgsg, Emggp) in @ SpectraMax M2 plate reader. Media alone was used to
subtract background fluorescence.

Bacterial growth curves—EVs were inoculated with overnight culture of £ aeruginosa
strain PAO1 washed twice in MEM-G. Cultures were added to 96-well plates in
quadruplicate and covered with breathable optically clear sealing membrane (Sigma). Plates
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were placed in SpectraMax M2 plate reader (Molecular Devices) maintained at 37°C, and
ODggg was measured every 20 min. Media alone was used to subtract background
absorbance.

Growth of pre-attached bacteria—Glass-bottomed dishes (MatTek Corporation) were
inoculated with PAO1-GFP diluted in MEM (ODggp normalized to 0.5). Unattached bacteria
were gently washed away after 1 h, and biofilms were grown in the presence of EVs for 5 hr
at 37°C. Z stack images of at least 10 random images were taken using a Nikon Ti inverted
microscope and analyzed by Nikon Elements Software version 4.60. Biofilm biomass was
calculated as the ratio of biofilm volume to substratum area.

Divalent metal measurements—Total metals were measured in EVs using
QuantiChrom Iron, Copper, and Zinc Assay Kits (BioAssay Systems), respectively.

Transcytosed transferrin measurement on EVs—Transcytosed transferrin
abundance on EVs was assessed as described previously with minor modifications (Tan et
al., 2011). Briefly, differentiated cells were infected with RSV for 48 hr, as described above,
and then the basolateral media was replaced with MEM containing phenol red supplemented
with 10% EV-free FBS, 2 mM L-glutamine and 25 pg/mL transferrin biotin-XX-conjugate
(Thermo Fisher). MEM-G was added to the apical compartment of cells. EVs were isolated
from CM media 24 hr later, and added to Streptavidin Agarose Resin (Thermo Fisher) for 2
hr at 4°C with continuous rotation. Resin was washed twice in MEM, once in high salt
solution (200 mM NaCl, 400 mM NaOAc, pH 7.4) and once more in MEM. Affinity-
purified protein were eluted from resin with Laemmli Sample Buffer supplemented with
dithiothreitol (DTT) and analyzed by western blot for transferrin or EV markers.
Supernatants were analyzed by western blot for transferrin or EVs markers.

Depletion of transferrin containing EVs for static abiotic biofilm assays—
Differentiated AECs were infected, as described above, and then the basolateral media was
replaced with MEM containing phenol red supplemented with 10% EV-free FBS, 2 mM L-
glutamine and 25 pg/mL transferrin biotin-XX-conjugate (Thermo Fisher) 48 hr post-
infection. MEM-G was added to the apical compartment of AECs. EVs were isolated from
CM media 24 hr later. EV's were added to Streptavidin Agarose Resin (Thermo Fisher) for 2
hr at 4°C with continuous rotation. Following rotation, Streptavidin Agarose Resin
(including transferrin biotin-XX-conjugate containing EVs bound to resin) was pelleted
from EVs at 10,000 x g for 2 min. Supernatant containing EVs (not containing transferrin
biotin-XX-conjugate) was collected and used in static abiotic biofilm assays, as described
above.

Western blot—Proteins were separated by SDS-PAGE on Tris gels (Bio-Rad) and were
transferred onto PVDF membranes (Bio-Rad), as previously described (Bomberger et al.,
2011). The following antibodies were used for protein detection: anti-ALIX (EMD
Milllipore), anti-calnexin (Santa Cruz Biotechnology), anti-CD81 (Thermo Fisher), anti-
Flotillin-1 (BD Biosciences), anti-ferritin (Abcam), anti-GM130 (BD Biosciences), anti-
Hsp90 (Enzo Life Sciences), anti-lactoferrin (Santa Cruz Biotechnology), anti-MHC-I
(LifeSpan Biosciences), anti-RSV (Meridian Life Science, Inc.), anti-transferrin (Santa Cruz
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Biotechnology), anti-Tsg101 (GeneTex). Secondary antibodies were goat anti-mouse, goat
anti-rabbit, and rat anti-goat conjugated to HRP (Bio-Rad).

Nanoparticle tracking analysis (NTA)—EV size distribution and concentration were
quantified by Nanosight LM-10 (Malvern) using a blue 405nm laser, as described previously
(Ouyang et al., 2016). Briefly, EVs were diluted to an appropriate level (100- to 5,000-fold
dilution) with 0.1 uM filtered PBS (Sigma). The diluted particles were continuously injected
by syringe pump into the Nanosight LM-10 view field. Particles were individually recorded
and tracked for 1 min, and all frames captured were analyzed by NTA particle analysis
software.

Poly(l:C) treatment—High molecular weight polyinosinic-polycitidylic acid (poly (1:C))
was floated on AECs and incubated for 72 hr, as previously described with minor
modifications (Dauletbaev et al., 2015; loannidis et al., 2013). Differentiated AECs were
treated apically with 100ug/mL poly (I:C) (Invivogen) and basolateral media was replaced
with MEM supplemented with 10% exosome-free FBS. After a 2-hour incubation, apical
media was removed. MEM-G was added to the apical compartment of cells for the final 24
hr to collect EVs.

QUANTIFICATION AND STATISTICAL ANALYSIS

Experiments were performed at least three times as indicated in the figure legends. Data are
presented as mean + SD. GraphPad Prism version 7.0 (GraphPad) was used for statistical
analysis. Means were compared using Student’s t test when two datasets were compared,
and for multiple comparisons, two-way ANOVA with Bonferroni’s correction for multiple
comparisons. p < 0.5 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Extracellular vesicles (EVs) associate with Pseudomonas aeruginosa biofilms

EVs secreted from virus-infected respiratory epithelia promote £ aeruginosa
biofilm

RSV infection increases transcytosed transferrin and iron on EVs to promote
biofilm

EVs are a nutrient source that mediate host-pathogen interactions in the lung
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Figure 1. EVs from RSV-infected cells increase P. aeruginosa planktonic and biofilm growth
AECs were infected with RSV or mock infected (MEM control) for 72 h, and EVs were

isolated from the apical secretions of cells.

(A and B) RSV infection increases EV secretion from AECs.
(A) EVs were characterized by western blot analysis for standard protein markers of EVs.
(B) RSV infection does not alter the size distribution of EVs released by AECs as analyzed

by nanoparticle tracking analysis (NTA). Histogram displaying the size distribution of

purified EVs.

(C) RSV infection increases EV release from AECs. EV concentration was analyzed by

NTA.

(D) Bacterial growth curves were performed to measure planktonic growth of P aeruginosa
in the presence of EVs collected from AECs.
(E) P, aeruginosa (GFP, green) was grown in the presence of EVs in static abiotic biofilm

assays (grid unit = 8 uM).
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(F) P aeruginosa biofilms were grown in the presence of EVs in 96-well microtiter biofilm
assays.

(G) AECs were infected with RSV or mock infected (MEM control) for 72 h and apical CM
was collected. CM was depleted of EVs by ultracentrifugation, and £ aeruginosa biofilms
were grown in static abiotic biofilm assays.

Control, EVs from mock-infected AECs; RSV, EVs from RSV-infected AECs. For all
experiments, n = 3. Data are presented as means + SD. *p < 0.05 versus control.
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Figure 2. RSV EVs localize with P. aeruginosa biofilms and increase growth of surface-associated
P. aeruginosa
(A) EVs isolated from RSV-infected AECs associate with P geruginosa biofilms. AECs

were infected with RSV or were mock infected (MEM control) for 48 h. Cells were labeled
with CellTracker Deep Red Dye for 45 min, and EVs were collected from dye-labeled cells
24 h later. P, aeruginosa (GFP, green) was grown in the presence of EVs (CellTracker Deep
Red, red) for 6 h in static abiotic biofilm assays (grid unit =5 uM).

(B and C) EVs were isolated from AECs infected with RSV or mock infected (MEM
control) for 72 h.

(B) EVs associate with surface associated biofilms in static abiotic biofilm assays, as
measured by western blot analysis. EV protein abundance was assessed in (1) EVs before
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(input) static abiotic biofilm assays, (2) EVs collected after (output) static abiotic biofilm
assays, (3) planktonic bacteria collected off the top of static abiotic biofilm assays and
washed 2x (planktonic), and (4) in surface-associated bacteria washed 2x (biofilm). The
schematic outlines experimental design and the fractions analyzed by western blot analysis.
(C) EVs from RSV-infected AECs increase the growth of surface associated P, aeruginosa.
Schematic outlines experimental design. Briefly, P aeruginosa was given 1 h to attach to
glass-bottom dishes. Surface-associated bacteria were grown in the presence of EVs for 5 h
in static abiotic biofilm assays.

Control, EVs from mock-infected AECs; RSV, EVs from RSV-infected AECs. For all
experiments, n = 3. Data are presented as means + SD. *p < 0.05 versus control.
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Figure 3. RSV infection increases iron associated with EVs to stimulate biofilm growth
(A and B) RSV infection increases iron association with EVs. Cells were infected with RSV

or mock-infected (MEM control) for 72 h. The abundance of divalent metals was measured
in (A) CM and CM depleted of EVs by ultracentrifugation or (B) EVs.

(C) R aeruginosa (GFP) was grown in static abiotic biofilm assays in the presence of EVs
isolated from AECs infected with RSV for the indicated number of hours. Protein and total
iron were analyzed in EVs isolated at the indicated hours post RSV infection (hpi).

(D) Iron in EVs is required for the growth of £ aeruginosa biofilms. EVs were isolated from
AECs infected with RSV or mock infected (MEM control) for 72 h, and static abiotic
biofilm assays were performed to measure P, geruginosa (GFP) biofilms (grid unit = 8 uM).
Divalent metal cations were chelated with Chelex-100 resin (labeled “Chelex”) for 1 h.
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Chelex-100 was removed from EVs by centrifugation at 11,000 x g for 3 min prior to
biofilm assays.

(E) RSV infection increases transferrin abundance in EVs, as measured by western blot
analysis.

Tfn, transferrin; LTF, lactoferrin; FTH1, ferritin. Control, EVs from mock-infected AECs;
RSV, EVs from RSV-infected AECs. For all experiments, n > 3. Data are presented as means
+ SD. *p < 0.05 versus control.
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Figure 4. Transcytosed transferrin is loaded on the outside of EVs to enhance P. aeruginosa
biofilm growth during RSV infection

AECs were infected with RSV or mock infected (MEM control) for 48 h. Biotinylated-
transferrin was added to the basolateral chamber of RSV or mock-infected AECs at a final
concentration of 25 pg/mL. EVs were collected from the apical CM of AECs 24 h later, and
biotinylated-transferrin was affinity purified from EV preparations with streptavidin-coated
beads. Bead-bound proteins were eluted from the resin (transferrin IP), and supernatant from
the streptavidin resin (IP Sup) were separated by SDS-PAGE.

(A) Schematic of experimental design.

(B) Transcytosed transferrin and protein markers of EVs were measured by western blot
analysis in transferrin IP (biotin-positive) and IP Sup (biotin-negative) fractions.

(C) R aeruginosa (GFP) was grown in the presence of EVs in static abiotic biofilm assays
after biotin affinity purification to remove transferrin-positive EVs (grid unit = 7.5 pm).
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(D) Free, EV-unbound transferrin sources (apo- and holo-transferrin; iron-free and iron-
replete, respectively) dissolved in MEM do not promote £ aeruginosa (GFP, green) biofilm
growth. Biofilm growth was measured by static abiotic biofilm assays (grid unit = 7.5 pm).
Control, EVs from mock-infected AECs; RSV, EVs from RSV-infected AECs. For all
experiments n = 3. Data are presented as means + SD. *p < 0.05 versus control.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

ALIX EMD Millipore Cat. # ABC40; RRID: AB_10806218
Calnexin Santa Cruz Biotechnology = Cat. # sc-70481; RRID: AB_1119917
CD81 Thermo Fisher Cat. # PA5-13582; RRID: AB_2076269
Ferritin Abcam Cat. # ab75972; RRID: AB_1310223
Flotillin-1 BD Biosciences Cat. # 610820; RRID: AB_398139
GM130 BD Biosciences Cat. # 610822; RRID: AB_398141

Hsp90 Enzo Life Sciences Cat. # ADI-SPA-830; RRID: AB_10616102
Lactoferrin Santa Cruz Biotechnology  Cat. # sc-25622; RRID: AB_2139339
MHC-I LifeSpan Biosciences Cat. # LS-C107394; RRID: AB_10627058
RSV Meridian Life Sciences, Cat. # B65840G; RRID: AB_152744

Transferrin

Tsg101

Goat Anti-Mouse 1gG (HRP-Conjugated)
Goat Anti-Rabbit 1gG (HRP-Conjugated)
Rat Anti-Goat 1gG (HRP-Conjugated)

Inc.

Santa Cruz Biotechnology
GeneTex

Bio-Rad

Bio-Rad

Santa Cruz Biotechnology

Cat. # sc-52256; RRID: AB_630356
Cat. # GTX70255; RRID: AB_373239
Cat. # 172-1011; RRID: AB_11125936
Cat. # 172-1019; RRID: AB_11125143
Cat. # sc-2020; RRID: AB_631728

Bacterial and virus strains

Pseudomonas aeruginosa PAO1-GFP
[constitutively expresses gfo (pSMC21)]

Respiratory Syncytial Virus A2

Human Rhinovirus 14

Lab Stock

Lab Stock
Lab Stock

N/A

N/A
N/A

Chemicals, peptides, and recombinant proteins

CellTracker Deep Red Dye
Poly(l:C)

Streptavidin Agarose Resin
Transferrin Biotin-XX-Conjugate

Transferrin Fluorescein Conjugate

Thermo Fisher
InvivoGen

Thermo Fisher
Thermo Fisher

Thermo Fisher

Cat. # C34565
Cat. #tlrl-pic
Cat. # 20349
Cat. # T23363
Cat. # T2871

Critical commercial assays

Human IFN-beta DuoSet ELISA

Human IL-29/IL-28B (IFN-lambda 1/3)
DuoSet ELISA

QuantiChrom Copper Assay Kit
QuantiChrom Iron Assay Kit
QuantiChrom Zinc Assay Kit

R&D Systems
R&D Systems

BioAssay Systems
BioAssay Systems
BioAssay Systems

Cat. # DY814-05
Cat. # DY1598B

Cat. # DICU-250
Cat. # DIFE-250
Cat. # DIZN-250

Deposited data

Mendeley data — additional supplemental data
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: cell lines
Human: CFBE41o- Laboratory of John P. N/A
Clancy
Recombinant DNA
pSMC21 Kuchma et al., 2005 N/A

Software and algorithms

GraphPad Prism 7

NanoSight NTA 3.2

Nikon Elements version v4.60

GraphPad

Malvern Panalytical

Nikon Instruments

RRID: SCR_002798; https://www.graphpad.com/scientific-
software/prism/

RRID: SCR_014239; https://www.malvernpanalytical.com/en/
products/technology/light-scattering/nanoparticle-tracking-
analysis

RRID: SCR_014329; https://
www.microscope.healthcare.nikon.com/products/software/nis-
elements

Other

35 mm Glass-Bottom Dish
4x Laemmli Sample Buffer
96-well Microtiter Dishes
96-well Microtiter Dish Lids

MatTek Corporation
Bio-Rad
Fisher Scientific

Fisher Scientific

Cat. # P35G-1.0-14-C
Cat. # 1610747

Cat. # 07-200-99

Cat. # 14-245-63A

1duosnuey Joyiny

1duosnuep Joyiny

96-well Plates — Bacterial Growth Curves Fisher Scientific Cat. # 08-772-53
Breathe-Easy® Sealing Membrane Sigma Aldrich Cat. # 2380059
Corning Costar 75 mm Transwell Inserts Fisher Scientific Cat. # 07-200-172
Exosome-Depleted FBS Fisher Scientific Cat. # NC0464480
L-arginine Fisher Scientific Cat. # BP370-100
L-glutamine Fisher Scientific Cat. # MT25005CI
Minimal Essential Media Thermo Fisher Cat. # 11095098
Mini-PROTEAN TGX Gels Bio-Rad Cat. # 4561084
Penicillin-Streptomycin Sigma Aldrich Cat. # P0781
Plasmocin™Prophylactic InvivoGen Cat. # ant-mpp
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