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Interactions between respiratory viruses during infection affect

transmission dynamics and clinical outcomes. To identify and characterize
virus-virus interactions at the cellular level, we coinfected human lung
cellswithinfluenza A virus (IAV) and respiratory syncytial virus (RSV).
Super-resolution microscopy, live-cellimaging, scanning electron
microscopy and cryo-electron tomography revealed extracellular and
membrane-associated filamentous structures consistent with hybrid viral
particles (HVPs). We found that HVPs harbour surface glycoproteins and
ribonucleoproteins of IAV and RSV. HVPs use the RSV fusion glycoprotein
to evade anti-IAV neutralizing antibodies and infect and spread among
cellslacking IAV receptors. Finally, we show that IAV and RSV coinfection
in primary cells of the bronchial epithelium results in viral proteins from
both viruses co-localizing at the apical cell surface. Our observations
define a previously unknown interaction between respiratory viruses that
might affect virus pathogenesis by expanding virus tropism and enabling

immune evasion.

Viruses areintracellular pathogens whosereplication relies on theinfec-
tion of arestricted subset of cell types, a property known as tropism.
Asmultiple viruses exhibit the same tropism, cells and tissues are sus-
ceptible toinfection by acommunity of taxonomically diverse viruses.
From this perspective, a tissue or body compartment constitutes an
ecological niche in which members of a virus community co-exist.
Coinfections by more than one virus represent between ~10-30% of
allrespiratory viral infections and are common among children* The
clinicalimpact of viral coinfectionsis unclear: while some studies indi-
cate that coinfections do not alter the outcome of disease®”, others
reportincreased incidence of viral pneumonia®’.

Atthe cellularlevel, theinteractions that determine the outcome
of coinfections are unclear. Direct interactions between viruses within

coinfected cells can result in changes to viral progeny, including, but
not limited to, pseudotyping (incorporation of surface proteins from
adifferentvirus)®'° or genomic rearrangements, which may generate
novel strains with pandemic potential such as SARS-CoV-2 and pan-
demicinfluenza A viruses™".

Here we examined interactions between two commonly
co-circulating viruses of clinical importance: IAV and RSV. IAV
causes over five million hospitalizations each year and RSV is the
leading cause of acute lower respiratory tract infection in children
under five years of age'*". To study virus-virus interactions dur-
ing coinfection, we infected a cell line derived from human lung
(A549)', with a mixed inoculum of IAV and RSV, or individual viruses
as controls.
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Fig.1|Replication kinetics and cellular infection during IAV and RSV
coinfections. a, Left, IAV replication kinetics in single infection (magentabars)
and mixed infection with RSV (teal bars). Right, RSV replication kinetics in single
infection (green bars) and mixed infection with 1AV (blue bars). Infections were
carried out at equivalent MOI (4:4, top), and with IAV input tenfold less than RSV
input (0.4:4, bottom). Data were collected from n = 3 biologically independent
experiments, each containing n = 3 technical replicates, bars represent the mean
and data points represent individual replicates. Significance determined by
two-tailed Mann-Whitney test, *P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001,
non-significance not indicated. Exact P-values as follows: IAV replication, MOI
ratio 4:4 (top left) 48 hpi P= 0.514, 72 hpi P= 0.0026; IAV replication, MOl ratio
0.4:4 (bottom left) 24 hpi P=0.0031, 48 hpi P=0.0277; RSV replication, MOI
ratio 4:4 (top right) 24 hpi P=0.0060, 48 hpi P> 0.0001, 72 hpi P=0.0002; RSV
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replication, MOl ratio 4:4 (bottom right) 24 hpi P=0.0002,48 hpi P< 0.0001, 72
hpi P<0.0001.b, Single or coinfected A549 cells were fixed at 24 hpi and stained
by immunofluorescence for IAV nucleoprotein (magenta) and RSV nucleoprotein
(green) (left column) and IAV HA (magenta) and RSV fusion glycoprotein (green)
(right column). Nuclei are stained with DAPI (blue). White boxes indicate regions
inlabelled boxed area, scale barsindicate 20 pm. Images in panel representative
of n=2independent experiments. ¢, Proportion of cells infected with IAV-only
(magenta), RSV-only (green), coinfected (teal) or uninfected (grey) in single-virus
infection or mixed at 24 hpi. Panel below plot represents the infection conditions
used: - for no virus, ++ for MOI 4 and + for MOI 0.4. Data were collected fromn =3
biologically independent experiments, bars represent the mean and data points
represent biological replicates.

Results

Viral replication during coinfection of lung cells

Infections were performed at high MOI to facilitate coinfection and
recapitulate high MOIs, which are produced in advanced stages of
infection (whenIAV and RSV foci may come into contact). We compared
viralreplicationinsingleinfections and coinfections. Single IAV infec-
tions resulted in robust replication, peaking between 24-48 hours
post-infection (hpi). In coinfections, IAV replication was similar to that
observed in coinfection or at some timepoints marginally increased
(Fig. 1a, top left). As RSV titres peaked in single infections at a later
timepoint than IAV (72 hpi, Fig. 1a, top right), further infections were
performed to determine optimal conditions for coinfections by using
areduced IAV MOI (tenfold reduction relative to RSV). The reduced
IAVinput did not affect IAV replication, whichstill replicated to higher

titresin coinfections (Fig. 1a, bottomleft). By contrast, RSV titres were
significantly reduced, by over 400-fold at 72 hpi, in the presence of
IAV both at equivalent MOI (Fig. 1a, top right) and when IAV MOl was
reducedrelative to RSV (Fig. 1a, bottom right). These results are consist-
ent with published studies that show that RSV is adversely impacted
by coinfection, while IAV replication is not'’%,

Localization of viral proteins during coinfection

To assessiif coinfection affected localization of key viral proteins or the
proportion of infected cells, single and coinfections were performed
asdescribed above and cells were fixed at 24 hpi. Immunofluorescence
microscopy revealed that cellsinfected with either RSV or IAV displayed
features typical of the replicative cycle of each virus, such as cytoplas-
micinclusionbodies containing RSV nucleoprotein (N), or diffuse IAV
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Fig. 2| Filaments containing both IAV and RSV proteins extend from
coinfected cells. a,b, Cell-associated viral filaments positive for IAV HA (magenta
onmerged image) and RSVF (green on merged image) that are cell associated (a)
or released (b) from coinfected cells, imaged by super-resolution microscopy.
Magnified images of white boxed regions indicate examples of IAV filaments
(yellow arrows), RSV filaments (blue arrows) and dual-positive filaments (red
arrows). Scale bars indicate 500 nm. ¢,d, Coinfected cell exhibiting extensive
dual-positive filament formation. Cell imaged by confocal microscopy at two

: _ R s

Z-positions: basal side adhered to coverslip (c) and through the centre of

the cell (d). Scale barsindicate 10 um. e, 2D z-plane image reconstructed from
aZ-stack of alive cell stained for IAVHA and RSV F, imaged by super-resolution
confocal microscopy at 100 nm intervals through the entire cell (16.3 pm).

f, Scanning electron micrograph of coinfected cell surface. IAV and RSV particles
areindicated by yellow and blue arrows, respectively. Red arrow and magnified
region highlight particles that contain structural features of both IAV and RSV.
Scalebarsindicate1 pum.

nucleoprotein (NP) staining within the cytoplasm (Fig. 1b, left column).
Similar features were observedin coinfected cells (Fig. 1b, boxed area)
suggesting that coinfection did not affect theintracellular localization
of viral proteins. We counted the number of infected cells in single infec-
tions alongside the number of single-infected and coinfected cells in
the coinfection condition. We observed a high proportion of coinfected
cellsat24 hpiwhen cells were infected with equivalentamounts of virus
aswellaswhenlIAVinput MOl wasreduced tenfold relative to RSV (Fig.
1c), suggesting that superinfection exclusion does not prevent coinfec-
tion. Paradoxically, a higher number of RSV-positive cells were detected
in coinfections than in RSV single-infected samples, contrasting with
the observed reduction in RSV titre in coinfections.

IAV and RSV are enveloped viruses that target lipid rafts for
assembly and budding'**°. We therefore stained cells for the major
glycoproteins of IAVand RSV: haemagglutinin (HA) and RSV fusion (F),
respectively (Fig. 1b, right column) and examined their localization at
plasmamembranes. IAV HA diffusely coated the plasma membrane of
infected cellsin both single virusinfections and coinfections, while RSV
F was localized to regions containing filamentous structures extend-
ing from the cell surface, corresponding to budding RSV virions. In
coinfected cells, HA was not excluded from RSV budding sites (Fig. 1b,
right column, boxed area).

Filaments containing both IAV and RSV proteins are produced
during coinfection

We hypothesized that mixing of glycoproteins within cell surface
regions may result inincorporation of both IAV and RSV components
to budding viral particles. To test this, we applied super-resolution
confocal microscopy to image virions immunolabelled for HA and F
at high resolution. We observed dual-positive fluorescence suggest-
ing the presence of budding viral filaments possessing both IAV and

RSV glycoproteins during coinfection (Fig. 2a,b). Strikingly, minimal
colocalization between the two glycoproteins was observed. Instead,
glycoproteins were incorporated in distinct regions along the fila-
ment, with most dual-positive filaments positive for IAV HA at the distal
end (Extended Data Fig. 1). Of coinfected cells, 56 + 9.1% (mean + SD)
displayed cell-associated, dual-positive filaments. Many of these cells
showed extensive production of dual-positive filaments, with no obvi-
ousindicationof celldamage (Fig. 2c,d). We also observed dual-positive
filaments distant from coinfected cells, suggesting they remainedintact
upon budding (Fig. 2b). Nested among dual-positive filaments (both
cell-associated and released), we identified filaments corresponding
to IAV and RSV virions (identified by HA or F only staining) (Fig. 2a,b,
Extended DataFig.1). Thisindicates that regions in which dual-positive
filaments form may contain both IAV and RSV budding sites.

We performed microscopy onlive cells to visualize the native organi-
zation of the filaments budding from coinfected cells. Consistent with
our previous observations, we detected bundles of filaments protrud-
ing from the cell surface that incorporated F along the length of the
filament with HA localized at the distal end (Fig. 2e). To obtain better
resolution of these budding viruses, we used scanning electron micros-
copy (SEM). 1AV single infection revealed a pleomorphic population of
membrane-associated structures consistent with spherical, bacilliform
andfilamentous particles, whereas RSV single infection resulted in dense
clusters of budding RSV filaments (Extended Data Fig. 2). In coinfected
cells we identified RSV-like filaments with structures branching from
the distal ends resembling smaller bacilliform IAV-like virions (Fig. 2f).

Ultra-structure of hybrid viral particles determined by cryo-ET
To determine the structural details of IAV or RSV filamentous structures
budding from coinfected cells, we performed cryo-electron tomog-
raphy (cryo-ET) and observed structures consistent with hybrid viral
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Fig.3|Hybrid viral particles contain IAV- and RSV-like structural regions.
Viral particles produced from coinfected A549 cells were frozen at 24 hpi and
imaged by cryo-ET. a, Cryo-tomogram showing an example of a hybrid viral
particle. Particles consisted of an RSV-like region, extending to multiple IAV-like
protrusions from the distal end of the filament. Scale bar indicates 200 nm.
b, Manual segmentation of the cryo-tomogram shown in a highlighting examples
of key structural features (not all features have been segmented). Coloured labels
on figure match coloured segmented volumes and letters denote figure panels in
which detailed images of features are shown. ¢, The surface of IAV region shows
the ordering of IAV glycoproteins (yellow arrow). Magnified insert shows density
associated with HA trimersin a characteristic triangular arrangement, scale bar
represents 25 nm. d, Cross-section through the RSV region shows RNPs, indicated
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IAV genome
IAV glycoproteins (c,f)

RSV membrane and
matrix (d,f)
RSV genome (d)

SRRT
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by gold arrows. The inset image shows magnified region highlighted by white
dashed box, showing the RSV viral envelope associated with the matrix layer
(orange arrow). Scale bar in inset image represents 25 nm. e, The surface of the
RSV region shows the characteristic helical arrangement of glycoproteins into
rows (blue arrows). The magnified insert shows circular density corresponding to
RSV glycoproteins, scale bar represents 25 nm. f, IAV- and RSV-like regions were
joined by a continuous membrane bilayer. Coloured arrows indicate presence or
absence of matrix layer. Membrane in IAV and RSV region was clearly associated
with a matrix layer, indicated by orange and magenta arrows for RSV and IAV
respectively, while matrix appeared absent in the adjoining regions (blue arrow).
Scale barsindicate 50 nm (c-e) or 100 nm (f).

particles containing elements of both IAV and RSV. We repeatedly
observed two classes of hybrid particle with some virions exhibiting
features of both classes:in 11 cryo-tomograms we observed true hybrid
virus particles (HVPs, Fig. 3), and in 16 cryo-tomograms we observed
pseudotyped viruses (PVs, Extended Data Fig. 3). Pleomorphic IAV
particles and RSV filaments were also identified (Supplementary Infor-
mation, Supplementary Videos1and 2).

HVPs exhibited distinct IAV-like and RSV-like structural regions:
the wider part of the filament resembled RSV and extended continu-
ously towards the distal end to one or more narrow, IAV-like regions
(Fig.3a,b, Extended DataFig. 4, Supplementary Videos1and 2). Density
consistent with both IAV and RSV ribonucleoproteins (RNPs) could
be visualized and seemed confined within their respective structural
regions of the filaments**? (Fig. 3a,b,d). Glycoproteins consistent in
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Fig. 4 |Hybrid viruses enable IAV infectionin sialic acid-depleted cells.
NA-treated or control A549 cells were infected with virus harvested from
coinfection or IAV single infection, fixed and immunostained at 12 hpi and the
number of IAV-infected cells was quantified using an automated image-based
cellcounter. a, Ratio of IAV entry into NA-treated cells versus control cells when
harvested from single infection (magentabars) or mixed infection (teal bars).
1AV entry to NA-treated cells was calculated as a percentage of the IAV-positive
cell countin the matched untreated control. Released P = 0.0286; cell associated
P=0.0286.b, IAV-positive cell count in NA-treated cells infected with virus that
was harvested from coinfection and incubated with palivizumab (orange bars) or
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aserum free control (cyan bars). Released P = 0.0286; cell associated P= 0.0286.
¢, Fold changein AV positive cell counts (as shown in b) for released (yellow bar)
and cell-associated (navy bar) virus. d, IAV-positive cell count in untreated
control cellsinfected with virus that was harvested from coinfection and
incubated with palivizumab (orange bars) or a serum-free control (cyan bars).
a-c, Datawere collected from n =4 biologically independent experiments.

d, Datawere collected from n = 3 biologically independent experiments. Bars
represent the mean and data points represent biological replicates. Statistical
significance was determined by a two-tailed Mann-Whitney test. *P < 0.05; ns,
P>0.05.

size, shape and density with IAV or RSV glycoproteins decorated the
respective IAV- or RSV-like regions of the particles (Fig. 3c,e). Insome
virions, the junction between IAV and RSV regions had a clear lumen
(Extended DataFig. 4c, Supplementary Video 2), while other particles
exhibited amuchnarrower join, with pinching off membranes between
IAV and RSV areas (Fig. 3f, Supplementary Video 1, Extended Data
Fig. 4a). Matrix layers were observed in AV and RSV regions but were
absent from the membrane bridging the two regions (Fig. 3f).

We alsoidentified virions consistent with RSV filaments contain-
ing RSVRNPs that had adifferent glycoprotein ordering than expected
(Extended DataFig.3). The glycoproteins differed in shape when com-
paredto those present on RSV virions and had a triangular arrangement
whichresembled AV glycoproteins (Extended Data Fig. 3¢c), rather than
ring shaped density more consistent with RSV glycoproteins (Extended
DataFig. 3e). They also lacked the long-range helical ordering typical
of RSV glycoproteins (Extended Data Fig. 3c,e)”. We designated
these structures ‘pseudotyped viruses’ (Extended Data Fig. 3a,c,d,
Supplementary Video 3). Some HVPs with distinct IAV- and RSV-like
structural regions also exhibited pseudotyping within the RSV region
(Extended Data Fig. 4a,b). Notably, we did not observe IAV virions or
IAV-like regions in hybrid particles that were pseudotyped with RSV
glycoproteins.

To quantify differences in glycoprotein arrangement, we deter-
mined the inter-spike distance on IAV, RSV and PVs. RSV exhibited
amean (+SD) inter-spike spacing of 12.9 (+2.32) nm, while IAV had a
spacing of 8.71 (+1.18) nm. PVs had an average spike distance rang-
ing from 8.31-9.56 nm, similar to IAV but significantly different to

RSV (P<0.0001, unpaired t-test; Extended Data Fig. 5). These results
confirmthat coinfections can resultin the formation of two classes of
hybrid viral particles structurally distinct from either parental virus.

Antigenicity of hybrid virus particles

Assurface glycoproteins determine antigenicity and tropism,and HVPs
incorporate glycoproteins of both IAV and RSV, we hypothesized that
HVPswould display altered antigenicity. To test this, we first compared
the neutralization efficiency of anti-IAV HA antibodies against viruses
collected from cells infected with IAV alone, or coinfected with IAV and
RSV. AsRSVis predominantly cell-associated, we performed neutraliza-
tion assays using supernatant and cell-associated fractions (Methods).
Viruses were also back-titrated to determine infectious titre of the
inoculum (Extended DataFig. 6a,b). Viruses collected from coinfected
cellsdisplayed reduced IAV neutralization compared to those collected
fromsingle IAVinfections (Extended Data Fig. 6¢). While the observed
differences were not statistically significant, the decrease in neutrali-
zation efficiency was more marked in the cell-associated fraction of
the coinfected cells (Extended Data Fig. 6¢) where only 33% (+27%;
mean [£SD]) of IAV was neutralized, suggesting that two-thirds of IAV
within this fraction was able to evade antibody-mediated neutraliza-
tion (Extended Data Fig. 6¢).

Inananalogous experiment, we compared the neutralization effi-
ciency of anti-RSV F antibodies (palivizumab) against viruses collected
from cells infected with RSV alone or coinfected. RSV harvested from
both single and mixed infections was efficiently neutralized (Extended
DataFig. 6d). This suggests that, in contrast withIAV, RSV cannot utilize
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Fig. 5| Hybrid viral particles enable spread of IAV in arefractory cell
population. a, A549 cells were infected with cell-associated virus from a
coinfection and incubated for 12 hpi, before staining for IAV HA (magenta)

and RSV F (green) and imaging by standard confocal microscopy. b, Super-
resolution confocal imaging of coinfected cells shows formation of dual-positive
filamentous structures, indicating hybrid particle formation is maintained upon
passage. ¢, Virus harvested from IAV single infection (top and middle rows) or
coinfection (bottom row) was incubated on untreated control wells (top row)
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- ‘AVHA
+NA .
+NA]J +NA

or NA-treated wells (middle and bottom rows) with an overlay for 48 hours.

Foci of infection were immunostained for IAV HA (magenta) and RSV N (green)
and imaged by confocal microscopy. Infection was observed by IAV from single
infectionin untreated control cells, but not NA-treated cells. Virus harvested
from coinfection formed large foci and IAV foci colocalized with RSV foci. Images
shownina-care representative of n = 2 biologically independent experiments.
Scalebars:100 pm (a), 1 um (b) and 200 pm (c).

IAVglycoproteinsto facilitate viral entry. Further, in the context of PVs,
RSV infectivity may be determined by the ratio of incorporated IAV
and RSV glycoproteins, where fully pseudotyped RSV filaments may
be non-infectious, as they are unable to utilize IAV HA.

Receptor tropism of hybrid virus particles
To determine if the incorporation of RSV glycoproteins could result
in an expansion of IAV receptor tropism, we treated cells with neu-
raminidase (NA) to remove sialic acids (the cellular receptor for IAV;
Extended Data Fig. 7a). Sialic acid removal was confirmed by lectin
staining (Extended Data Fig. 7b). Virus was harvested from IAV or RSV
singleinfections or coinfections as described for neutralization assays
and subsequently used toinoculate IAV-receptor-deficient (NA-treated)
or control cells (Fig. 4a), as well as being back-titrated to determine
the IAV titre in the inoculum (Extended Data Fig. 7c). Cells were fixed
at12 hpi,immunostained for IAVNP or RSV N and infected cells quan-
tified. IAV entry was blocked in NA-treated cells when inoculated
with the released virus of single IAV-infected cells, whereas entry of
cell-associated IAV collected from single IAV infections was reduced
by 90% (Fig.4a). When NA-treated cells wereinoculated with released
or cell-associated virus harvested from mixed infections, IAV entry was
significantly increased compared to IAV-only infection (Fig. 4a). The
increase in IAV entry was higher in the cell-associated fraction, and
IAV entryinreceptor-deficient cells was restored to 63% (+10%) (mean
[+SD]) of the level of control cells (Fig. 4a). As RSV does not use sialic
acids asreceptors, no differencesin RSV entry between NA-treated or
control cells were detected (Extended Data Fig. 7d).

To determine if extracellular association between free IAV and
RSV virions was contributing to IAV entry into NA-treated cells, IAV
and RSV were mixed and incubated prior to infecting NA-treated or
control cells. No significant differences were observed in IAV or RSV

entry into receptor-deficient cells compared with control cells when
the viruses had been pre-mixed (Extended DataFig. 7e), compared with
each virus alone, suggesting that IAV and RSV do not associate upon
extracellular mixing or that association does not impact viral entry.
Overall, our findings suggest that the increase in IAV entry to sialic
acid-deficient cells was a result of hybrid particle formation and indi-
catesthat HVPsrepresent asubpopulation of infectious virus particles
withexpanded receptor tropism. To determine whether the expansion
of IAV tropism was mediated by the RSV F glycoprotein, virus harvested
from mixed infections was incubated with palivizumab. We observed
a significant reduction in entry of both released and cell-associated
IAV into NA-treated cells in the presence of palivizumab (Fig. 4b,c),
suggesting that RSV F facilitates IAV infection via hybrid particles that
enable AV to enter cells that would otherwise be refractory to infec-
tion. We measured IAV entry into untreated control cells (that is cells
with normal expression of sialic acids) in the presence or absence of
palivizumab. We observed that in the presence of palivizumab, entry
of IAV harvested from the cell-associated fraction of coinfections was
reduced by approximately half, compared with the palivizumab-free
control (Fig. 4d). This suggests that there is a population of IAV that is
dependent on RSV F to gain entry to cells, which in turn suggests that
RSVFis the functional glycoprotein of IAV/RSV HVPs.

Infectivity of hybrid viruses

Our cryo-ET data showed that HVPs contain IAV and RSV genomes.
To determine if they possess infectivity for both viruses, we infected
NA-treated cells with virus harvested from single or mixed infections.
At12 hpi, cells were fixed and stained for IAVHA and RSV F and imaged
by confocal microscopy. The presence of coinfected cells suggested
thatboth genomes were delivered into the cells simultaneously, likely
by HVPs (Fig. 5a,b). This conclusionis based on the factsthat12 hoursis
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Fig. 6 | Coinfection occursin primary cells. a, IAV replication kinetics in

hBEC cultures in single infection (magenta bars) and mixed infection with RSV
(teal bars). Infections were carried outin n = 6 individual transwells over n =3
biologically independent experiments. Bars represent the mean and data points
represent individual replicates. Statistical significance was determined by two-
tailed Mann-Whitney test. ns represents P> 0.05. b, RSV replication kinetics

in hBEC cultures insingle infection (green bars) and mixed infection with RSV
(dark blue bars). Infections were carried out in n = 6 individual transwells over
n=3biologicallyindependent experiments. Bars represent the mean and data
points represent individual replicates. Statistical significance was determined
by two-tailed Mann-Whitney test, 24 hpi P = 0.0022, 48 hpi P = 0.0433.
**P<0.01,*P<0.05,ns P>0.05. ¢, Paraffinembedded sections collected at

24 hpi, stained with haemotoxylin and eosin. Scale bar represents 50 pm.

d, Immunofluorescence showing IAV HA (magenta) and RSV antigen (green)

localization in paraffin embedded sections at 24 hpi. Scale bar represents 50 pm.
e, Coinfected section imaged by super-resolution confocal microscopy shows
localization of IAV HA (magenta) and RSV antigen (green) to the apical surface
of epithelial cells. Scale bar represents 20 um. The magnified area (i) shows
theregionindicated by the white dashed box, highlighting a coinfected cell
with AV HA and RSV antigen localized at apical surface (blue arrow), scale bar
represents 5 um. f, Localization of IAV NP (magenta) and RSV antigen (green)
within coinfected cells. Scale bar represents 20 um. The magnified area (ii)
shows the region indicated by the white dashed box highlighting IAV NP and
RSV antigen within the cytoplasm, where RSV inclusion bodies can be observed
(yellow arrow), and at the apical surface of coinfected cells (white arrow).

Scale bar indicates 10 pum. Images in (c-f) representative on n = 3 biologically
independent experiments.

notasufficiently long time to allow extensive cell-to-cell spread by IAV
and RSV that may resultin coinfection, and because the probability of
coinfection by chance was low as the MOI for each virus was approxi-
mately 0.01 (based on back-titrations of harvested virus). Examination
of coinfected cells using super-resolution microscopy revealed viral IAV
HA and RSV F double-positive filaments (Fig. 5b), suggesting that the
HVPs canbe maintained over virus passage. To establish if HVPs could
spread IAV from cell to cell withina population of cells refractory to IAV
infection, we infected NA-treated or control cells with virus harvested
fromIAVsingle infections or fromthe cell-associated fraction of mixed

infections (the fraction with enriched HVPs). We then applied an over-
lay to prevent virion diffusion and incubated the cells for 48 hours. As
expected, in single IAV infections, abundant IAV-positive cells were
observedinnon-treated cells (Fig. 5S¢, top row). Inthe NA-treated cells,
no infection by IAV from single infections was observed (Fig. 5c, mid-
dlerow), whereas IAV foci consisting of multiple distinctinfected cells
were observed in NA-treated cellsinfected with virus from mixed infec-
tions (Fig. 5c, bottom row). Notably, IAV-positive foci colocalized with
RSV-positive foci (Fig. 5¢, bottom row). These results suggests that
HVPs can mediate the spread of IAV within arefractory cell population.
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Cellular coinfection occurs in primary differentiated airway
cells

To determine the potential for HVP formation in a more biologically
relevant system, we coinfected differentiated primary humanbronchial
epithelial cells (hBECs). We observed no difference in IAV replication
kinetics between single-infected and coinfected cultures (Fig. 6a). In
coinfections, RSV titres were variable, but the average titres over experi-
mental replicates were lower thaninsingleinfections (Fig. 6b). Trendsin
replication kinetics between single and mixed infections matched the
trends observed in A549 cells, providing confidence that viral interac-
tions are conserved between the two systems. To examine the spread
of IAV and RSV in hBECs, we fixed and paraffin-embedded infected or
mock-infected cultures (culture morphologies shownin Fig. 6¢), and per-
formedimmunostaining using antibodies targeting IAVHA, IAVNP and
apolyclonal antibody raised against the whole RSV virion. We observed
diffuse staining for IAVHA and RSV across the apical layer of cellsinsingle
infections, whereas in coinfected cultures there was a high degree of
individual cells infected by each virus as well as evidence of coinfected
cells (Fig. 6d). Analysis of individual coinfected cells revealed dual stain-
ingforbothIAVand RSV antigens both at the apical surface of coinfected
cellsand within the cytoplasm (Fig. 6e,f), providing an opportunity for
interactions between 1AV and RSV and the formation of HVPs.

Discussion

Respiratory viruses share acommon tropism for the human respiratory
tractand causesignificant disease burden. Although there isincreasing
evidence thatinteractions among viruses play animportant rolein virus
dynamics and transmission, most of what isknown about virus biology
and pathogenesis is based on a tractable but reductionist research
approach, whereby each virus is studied in isolation. Recent work
provided evidence thatinteractions amongrespiratory viruses occur
and have measurable outcomes at multiple levels, from populations,
toindividuals and tissues®* %, However, studies characterizing direct
virus-virus interactions within cells are scarce. Here we report previ-
ously unknowninteractions between IAV and RSV, two clinicallyimpor-
tantrespiratory viruses that belong to different taxonomical families.

We show thatin coinfections, IAV replicates to equivalent or mar-
ginally higher titres compared to single IAV infections, whereas RSV
replication is reduced. The consistency in IAV replication kinetics in
the presence or absence of RSV contrasts with the inhibition of IAV
replication in coinfections with rhinovirus®. This indicates that the
consequences of coinfections are highly dependent on the viruses
involved as they trigger virus-specific cellular responses.

We also show compelling evidence that coinfections can gener-
ate infectious HVPs composed of structural, genomic and functional
components of both parental viruses. As HVPs can evade IAV-targeted
neutralizationand infect cells lacking IAV receptors suggests that coin-
fections can generate viruses with altered antigenicity and expanded
tropism. Using palivizumab, we showed that RSV F mediates HVP entry,
indicating that in the context of a hybrid particle, IAV can use the gly-
coprotein of an unrelated virus as its functional envelope protein.
This property may facilitate within-host dissemination to areas of the
respiratory tract thatarerefractory toinfection by one of the parental
viruses, which is likely to impact pathogenesis and disease outcome.
Forexample, IAV predominantly infects the upper and middle respira-
tory tract causing uncomplicated influenza, while RSV spreads more
readily to the middle and lower respiratory tract (LRT)**°. HVPs could
enable IAV to escape mucosal antibodies while spreading to the LRT,
withsubsequent potential complications, including viral pneumonia®.
Inaddition, as IAVs exhibit high mutation rates, LRT infections by HVPs
might favour the selection of IAVs with increased tropism for the LRT
and, therefore, result in selection of more pathogenic viruses.

Inrecentyears, aconceptual framework thatincorporates social
evolutiontheory hasbeen developed to explain how virus-virus inter-
actions can have a substantial effect on virus function and fitness®.

We show that HVP formation is maintained over multiple rounds of
infection, and that HVPs facilitate the spread of IAV within a population
of refractory cells. This observation aligns with the concept that, like
other pathogens and organisms, viruses can engage in social-like traits
that are beneficial to virus fitness and function.

Using alung-derived human cellline, we show that the generation
of HVPs by coinfectionis biologically feasible. The fact that IAVand RSV
cocirculate in winter in the same populations’, have a shared tropism
for ciliated epithelial cells*>**, bud from the apical cellular surface?***
and coinfect cells within the respiratory epithelium (this work) suggest
that HVPs have the potential to be generated in vivo. The likelihood of
acellbecoming coinfected during natural infection remains unknown
butwill vary depending on the timing of infection and the localization
of infectious foci within the respiratory tract. Estimates of viral bursts
show thatasviralload increases, the effective MOI to susceptible cells
surrounding aninfectious focus increases®, enhancing the probability
of cellular coinfection and therefore the potential generation of HVPs.

The formation of HVPs raises questions about fundamental rules
that govern viral assembly and budding. These processes, which are
thought to be highly regulated, involve selective recruitment, traf-
ficking®**” and multimerization of viral proteins™**~*° within specific
compartments of the cell. While we described the formation of HVPs
as a consequence of coinfection by IAV and RSV, we hypothesize that
coinfections involving other pleomorphic enveloped viruses are also
likely to generate HVPs. However, we posit that formation of infectious
HVPsrequires more thanstructural compatibility, and includes similar
tropism, absence of superinfection exclusion or interference, as well
as seasonal and geographical co-circulation. RSV is a pleomorphic
enveloped virus with a broad tropism for different regions of the res-
piratory tractand is frequently observed in co-infections in winter**,
therefore RSVisagood candidate to form HVPs with other respiratory
viruses. This might explain some of the mechanisms that lead to viral
pneumonia**,

Onelimitation of this study is that experiments were carried outin
cell culture systems. While primary differentiated human airway cells
provide the closest human-derived model of the upper respiratory
tractavailable, they cannot fully capture the spatial and physiological
complexity of the whole respiratory tract. Therefore, further in vivo
studies arerequired to determine the frequency of coinfection within
respiratory tissues and the potential for HVP formation. Additionally,
further studies will be required to address which virus combinations
can generate infectious HVPs; which viral properties favour their for-
mation; and how they impact on pathogenesis and virus transmission.

Methods

Cells

Human lung adenocarcinoma cells (A549; American Type Culture
Collection (ATCC), CCL-185), Madin-Darby canine kidney (MDCK)
cells (ATCC, CCL-34) and HEp-2 (ATCC, CCL-23) cells were cultured in
Dulbecco’s Minimum Essential Media (DMEM), high glucose, GlutaMAX
supplemented with 10% fetal bovine serum (FBS). HEp-2 cells were not
authenticated before use in this study as these were used only for the
propagation and titration of RSV, not coinfection experiments.

The hBECs were cultured and differentiated at the air-liquid inter-
faceas described previously*. Briefly, hBECs (Epithelix) were cultured
in Epithelix humanairway epithelial cell medium (Epithelix; EPO9AM)
37°C, 5% CO, in a humidified incubator. Cells were cultured in tissue
culture flasks until 80% confluent. After this point, cells were trypsi-
nized and seeded at 2 x 10* cells per transwell onto transwell inserts
for 24-well plate with 0.4 um pore size with a pore density of 1.6 x 10°
pores per cm? (Falcon, 734-0036). When cells were fully confluent on
transwell membranes, apical mediawas removed toinitiated air-liquid
interface (ALI). Basal media was replaced with Pneumacult-ALI media
(STEMCELL Technologies, 05001). Basal media was replenished every
2-3 days. When cultures began producing mucus (approximately
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20 days post ALl initiation), the apical surface of cultures was washed
twice weekly with serum free DMEM.

Viruses

HINI influenza A/Puerto Rico/8/34 was rescued as previously
described® and virus stocks were grown in MDCK cells. RSV strain A2
(ATCC, VR-1540) was grown in HEp-2 cells.

Antibodies

The following primary antibodies were used at optimized concentra-
tions: RSV fusion glycoprotein (Abcam, UK, AB24011, 1/1,000), RSV
nucleoprotein (Abcam, UK, AB22501, 1/1,500), antisera to influenza
A H1 (A/Puerto Rico/8/34, 1/1,000; NIBSC, UK, 03/242), influenza A
virus nucleoprotein (European Veterinary Society, EVS238,1/1,000),
mouse monoclonal anti-IAV (A/Puerto Rico/8/34) HA (Sinobiologi-
cal, 11684-MMO03, 1/500), polyclonal anti-IAV (A/Puerto Rico/8/34)
nucleoprotein kindly provided by P. Digard, goat polyclonal anti-RSV
(Abcam, AB20745,1/500). Secondary antibodies: rabbit anti-mouse IgG
alexafluor 488 conjugate (Sigma-Aldrich, USA, SAB4600056,1/1,000),
donkey anti-mouse 594 conjugate (Abcam, UK, ab150108,1/1,000) don-
key anti-sheep alexafluor 594 conjugate (Thermo Fisher Scientific, USA,
A-11016,1/1,000), goat anti-rabbit alexafluor 488 (Invitrogen, A11034).

Virus growth curves

A549 cells were infected with IAV, RSV or synchronously infected with
amixed inoculum of IAV and RSV, diluted in DMEM, with 2% FBS and
1pg ml™ trypsin TPCK. Infections were carried out with RSV at a mul-
tiplicity of infection (MOI) of 4 and IAV at an MOI of 4 or 0.4. A549
cells were inoculated in 48-well plates and incubated at 37 °C, 5% CO,
for 90 minutes, before the inoculum was removed and replaced with
DMEM, with 2% FBS and 1 pg ml™ trypsin TPCK. Cells were incubated
at 37 °C, 5% CO, and supernatant from each infection was collected at
24,48 and 72 hours post-infection and stored at -80 °C prior to titra-
tion by plaque assay.

The hBEC cultures were infected no earlier than 35 days after
ALl initiation. The apical surface of cultures was washed with DMEM
24 hours prior toinfection by applying pre-warmed DMEM to the api-
cal surface of cultures and incubating at 37 °C, 5% CO, in a humidified
incubator for 20 minutes, followed by removal. This washing step was
repeated immediately before infection. Inoculum containing 10° pfu
of AV, RSV or amixed inoculum of both viruses (10° pfu of each virus)
was prepared in DMEM. Cultures were incubated with inoculum for
2 hours at 37 °C 5% CO,, after which the inoculum was removed and
cultures were washed once with DMEM as described. Inoculum was
back titrated by plaque assay to confirmvirus input and served as the
zero hours timepoint for growth curves. Two cultures were infected
per infection condition and experimental timepoint. Samples were
collected from the apical surface of cultures at 24, 48 and 72 hpi, by
incubating with DMEM for 30 minutes. Samples were then removed
and stored at —80 °C, prior to titration by IAV or RSV plaque assay.
Transwells were fixed with 4% formaldehyde for 1 hour. After fixation,
HBEC cultures were embedded in paraffin blocks, cut to sections of
2-3 umthickness and mounted on glass slides. Sections were stained
with haematoxylin and eosin to determine morphology.

Infectious titre was determined by plaque assay in MDCK cells
or HEp-2 cells for IAV and RSV, respectively. Validation was carried
out prior to these experiments to ensure specific detection of IAV or
RSV plaquesintherespective cell type. While IAV and RSV are capable
of infecting both cell lines, each cell line is only permissive to plaque
formation by one virus, that is, IAV forms plaques in MDCK but not
HEp-2cells, while RSV forms plaques in HEp-2 but not MDCK cells.
Viruses were titrated in tenfold serial dilutions in duplicate and incu-
bated on confluent cell monolayers for 90 minutes. For IAV plaque
assays, overlay containing DMEM, 1 ug ml™ trypsin TPCK and 0.6%
Avicelwasused and plates were incubated at 37 °C, 5% CO, for 48 hours.

For RSV plaque assays, overlay containing DMEM, 5% FBS and 0.6%
Avicel was applied and plates were incubated at 37 °C, 5% CO, for 4-5
days. Plates were then fixed with 4% formaldehyde in phosphate buff-
ered solution (PBS) and stained with 0.1% Coomassie Brilliant Blue.
Plaques were counted and titre determined as plaque forming units
per ml (pfu ml™). Experiments were carried outin technical (n = 3) and
biological triplicate (n = 3 independent experiments).

Immunofluorescence and confocal microscopy

Cells were seeded at 2 x 10° cells mI™ on 13 mm glass coverslips or
35 mm glass bottom dishes (MATTEK Corporation Inc, USA) prior to
infection. Infections were incubated for 24 hours prior to fixation with
4% fomaldehydein PBS. Fixed cells were permeabilized with 0.1% triton
X100 for10 minutes at room temperature. Samples were blocked with
1% bovine serum albumin (BSA) in PBS for 30 minutes. Primary and
secondary antibodies were diluted in1% BSA in PBS and incubated for
60 minutes at room temperature, followed by four washes with PBS.
Coverslips were mounted with Prolong Gold mounting media with
DAPI (4’,6-diamidino-2-phenylindole; Invitrogen, USA, P36392), and
samples in dishes were stained with 2 pg ml™ Hoescht 33342 solution
for10 minutes. For combining mouse primary antibodies, samples were
blocked in rabbit serum (Gentex, USA, GTX73221), then stained with
primary antibody and rabbit anti-mouse secondary antibody, followed
by secondary blocking in donkey serum (Gentex, USA, GTX73205),
then stained with primary antibody and donkey anti-mouse second-
aryantibody. For live-cell imaging, cells were incubated with 2 ug mi™*
Hoescht 33342 solution in cell culture media, for 30 minutes at 37 °C.
Cells were then washed with cold PBS, followed by incubation with
primary antibody diluted in 2% BSA in PBS for 5 minutes on ice. Cells
were washed three times with cold PBS and incubated with secondary
antibody diluted in 2% BSAin PBS for 5 minutes onice. Cells were stored
in PBS and imaged immediately following staining.

For immunofluorescence staining of culture sections, sections
were dewaxed by heatinginan ovenat 60 °Cfor1hour. Next, slides were
washed four times with xylene, each for 10 minutes. Following this,
sections were rehydrated viawashes with 1:1 (v/v) xylene:isopropanol
mixture, then100%, 90%,70% and 50% isopropyl alcohol solution each
for five minutes. Sections were washed thoroughly with distilled H,0
and PBS. For antigen retrieval, sections were treated with proteinase
K solution (Dako, $3020) for 15 minutes.

Sections were mounted into humid chambers for immunostain-
ing. Sections were permeablized with 1% triton X100 for 10 minutes,
followed by three washes with PBS. Sections were blocked with 2% BSA
in PBS for 30 minutes at room temperature. Primary antibodies were
dilutedin 2% BSA solution and applied to sections for two hours at room
temperature, followed by washing with PBS. Secondary antibodies were
dilutedin 2% BSA solution and applied to sections for1 hourinthe dark
at room temperature, followed washing with PBS and distilled H,O.
Slides were mounted with Prolong Gold mounting media containing
DAPI (Invitrogen, P36392).

Confocal microscopy was carried out using Zeiss LSM880 AxioOb-
server microscope (ZEISS, Germany). Standard images were collected
using GaAsP detector with 405 nm, 488 nm and 598 nm excitation
lasers, using 40x%/1.4 or 63x/1.4 plan-apochromat oil DIC M27 objec-
tives. Super-resolution imaging was collected using the Airyscan
detector with 405 nm, 488 nm and 594 nm excitation lasers, using
plan-apochromat 63x/1.4 0il DICM27 objective. Z-stacks were collected
using az-interval of 100 nm. For determining proportions of infection
and focus assay on NA-treated cells, fields of view were imaged using
3 x 3tilescans at40x%/1.4 oil DIC M27 objective. Image processing and
analysis was carried out in ImageJ software (v2.0.0-rc-56/1.52g; NIH,
USA) and Zeiss Zen lite (Blue edition) version 2.6. Single or coinfected
cells were counted manually, using cell counter plugin on Image).
Experiments were carried out in technical (n = 3) and biological tripli-
cate (n =3 independent experiments).
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Scanning electron microscopy

Cells were seeded at 2 x 10° cells mI™ on 13 mm glass coverslips prior
toinfection at MOl of 4 with IAV, RSV or coinfection for 24 hours. Cells
were fixed with 1.5% glutaraldehyde in 0.1 M sodium cacodylate (SC)
buffer for1hourand washed three times for 5 minutes each with0.1M
SCbufferbefore incubation with 1% osmium tetroxide for 1 hour. Sam-
ples were then stained with aqueous 0.5% uranyl acetate for 1h and
further dehydrated through an ethanol series and subjected to critical
point drying using an Autosamdri-815 Critical Point Dryer (Tousimis,
USA) before mounting and coating in 20 nm gold/palladium using a
Quorum Q150T ES high vacuum coating system (Quorum Technolo-
gies, UK). Images were collected using JEOL IT1I00 SEM at 20 kV, with
InTouch Scope software, version 1.05 (JEOL USA Inc, USA). Infections
and imaging were carried out in two independent experiments, with
duplicate samples per experiment.

Cryo-electron tomography and computational analysis
Cellswereseededat 2 x 10* cells ml™ onlaminin-coated (Roche) 200-mesh
gold R2/2 London finder Quantifoil grids (Electron Microscopy Sciences)
in35 mmglassbottomdishes (MATTEK Corporationinc, USA). Cells were
infected withIAVMOI1and RSVMOI 4 andincubated for 24 hoursat37 °C.
Cryo-ETimagingexperiments of coinfected cells were carried outin three
independent experiments, with duplicate gridsimaged per experiment.
Immediately before plunge-freezing 3 pl colloidal solution of 20 nmgold
fiducials (Sigma-Aldrich) pretreated withBSAwas added toeach grid. The
gold served as fiducial markers for cryo-tomogram reconstruction. Grids
wereblotted fromthe backside of the grid and plunge-frozeninto liquid
ethane using the FEI Vitrobot Mark IV (Thermo Fisher Scientific, USA)
or Leica EM GP 2 (Leica Microsystems, Germany). Plunge-frozen grids
were subsequently loaded into aJEOL CRYO ARM 300 (JEOL Ltd, Japan)
equipped withanenergy-filterand DE64 detector (Direct Electron, USA).
To identify the presence of virus budding sites near electron transpar-
ent cellular edges low-magnification grid maps were generated using
serialEM*®. Next, polygon maps at 3,000x magnification were collected
atareas of interest and virus budding sites were identified. Tilt-series of
virus buddingsites were thenrecorded using SerialEM at either 30,000x
(1.921 A per pixel) or 50,000x (1.499 A per pixel) magnification. Each
tilt-series was collected from —60° to +60° at an increment of 2° or 3° at
5-to 8-umunderfocus (30,000%) and 2- to 5-um underfocus (50,000x).
The cumulative dose of one tilt-series was between 80 and 120 e” A2,
Tilt-series were collected using a dose-symmetric scheme starting at
0° implemented in SerialEM*” and were collected in ‘movie mode’. For
the 30,000x magnification tilt-series movie frames were aligned using
alignframes module inIMOD*. For the 50,000x magnification tilt-series
movie frames were aligned using MotionCor2 with 6 by 6 patches*. Once
tilt-series sub-frames were aligned and binned eightfold, they were recon-
structed into 3D tomograms using weighted back projection with IMOD.
To aid interpretation and visualization, noise reduction was applied
using Topaz®. Figures and supplementary videos were prepared using
IMOD, ImageJ and Quicktime. Segmentation and isosurface rendering
were performed manually using the thresholding toolin Amira (Thermo
Fisher Scientific, USA).

Glycoprotein-distance was measured and calculated using the
imodinfo module in IMOD. Denoised tomograms were averaged
between 5-10slices toimprove contrast and glycoproteins were viewed
fromtop down. Distances were measured between the centres of pairs
of adjacent glycoproteins. For IAV and RSV controls, spike measure-
ments were collected from 11 individual tomograms for each virus
(n=326 for 1AV, n=236 for RSV). For pseudotyped virus, spike meas-
urements were collected from each particle, from four individual
tomograms (n =50 measurements per tomogram).

Neutralization assays
A549 cellswere seeded at 1 x 10° cells per well in 24-well plates prior to
infection with IAV MOI 1, RSV MOI 4 or mixed infection. Infected cells

wereincubated for 24 hours before released virus was harvested from
supernatant and cell associated virus was collected by scraping and vor-
texing infected cells. Virus stocks were back titrated in MDCK or HEp-2
cells to determine pfu per well in the neutralization assays. For IAV
neutralization assay, IAV from single infection or mixed infection was
incubated with polyclonal anti-serum targeting A/Puerto Rico/8/34 H1
(NIBSC, UK, 03/242) at1/200 dilution in DMEM or a serum-free control.
For the RSV neutralization assay, RSV from single infection or mixed
infection was incubated with Palivizumab (Evidentic, Germany) at 10 pg
perwellconcentration diluted in DMEM, or a serum-free control. Virus
(neatoratal/10dilutionin DMEM) was incubated with serum for 1 hour
at 37 °Cbefore transfer to A549 cells thathad been seeded at 1 x 10* cells
per well in 96-well plates 48 hours prior to infection. Infections were
incubated for 12 hours at 37 °C and following this, cells were fixed in
4% fomaldehyde. Plates were immunofluorescence stained for IAV or
RSV nucleoprotein and infected cells were quantified using the Celigo
automated cytometer (Nexcelom Bioscience, USA), using two target
expression analysis. Neutralization was calculated from the positive
cell count in each technical replicate of the serum containing wells
as a percentage of the average positive cell count in the serum-free
control. Experiments were carried out in biological triplicate (n =3
independent experiments).

Neuraminidase assay

To prepare fresh virus stocks for the NA assay, A549 cells were seeded
at1x10°cells per wellin 24-well plates prior to infection with IAVMOI 1,
RSVMOI4 or mixed infection. Infected cells were incubated for 24 hours
beforereleased virus was harvested from supernatant and cell-associated
viruswas collected by scraping and vortexing infected cells. Virus stocks
were back titrated in MDCK or HEp-2 cells to determine pfu per well in
the neutralization assays. For the NA assay, cells were seeded at 1 x 10*
cells perwellin96-well plates, prior to treatment with ImU pl ' NA from
clostridium perfringens (Sigma-Aldrich, USA,N2876) for 2 hours. To con-
firmremoval of sialicacids, NA treated and control cells were stained with
biotinylated Maackia Amurensis Lectin Il (MAL II; Vector Laboratories,
UK, B-1265-1), followed by fluorescein conjugated streptavidin (Vector
Laboratories, UK, SA-5001-1) or Erythrina Cristagalli Lectin conjugated
tofluorescein (Vector Laboratories, UK, FL-1141-5). Neat virus stocks were
transferred directly onto NA treated or untreated cells in 96-well plates
oronl3 mmglass coverslipsandincubated for 12 hours. Virus harvested
from coinfection was alsoincubated with 10 pg per well palivizumab for
1hourat37°C, before transfer to NA-treated or untreated control wells
and incubated for 12 hours. Cells were fixed and 96-well plates stained
forIAV or RSV nucleoprotein, followed by rabbit anti-mouse 488 (Sigma
Aldrich, USA, SABA4600056) secondary antibody. Infected cells were
counted using Celigo automated cytometer (Nexcelom Bioscience, USA),
using two target expression analysis. Viral entry ratio was calculated
fromthe positive cell count in each technical replicate of the NA-treated
wells as a percentage of the average positive cell countin the untreated
controlwells. Fixed coverslips wereimmunostained for IAVHA or RSVF
andimaged by confocal microscopy using Zeiss LSM880 with or without
Airyscandetector. Experiments were carried outin biological triplicate
(n=3independent experiments).

For the focus assay, cells were seeded onto 13 mmglass coverslips
at1x10°cells per well. Cells were treated with1 mU pl™ NA for 2 hours,
beforeinfection with fresh virus stocks harvested fromIAV single infec-
tion or coinfection or infection of untreated control cells. Infections
were overlaid with DMEM containing 0.6% Avicel, 2% FBS and 1 ug ml™*
trypsin TPCK and incubated at 37 °C for 48 hours. Following this, cov-
erslips were fixed and immunostained for RSV N and IAV HA. Samples
were imaged by confocal microscopy using Zeiss LSM880.

Statistical analysis and data visualization
Statistical tests were carried out using Graphpad Prism, version 9.1.0.
No assumptions about data normality were made and a two-tailed
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Mann-Whitney test was used to determine statistical significance in
growth kinetic experiments, neutralization assays and NA assays. For
inter-spike measurements on tomograms, normal distribution was
tested using the Shapiro-Wilk test and statistical difference between
groups was determined by a two-tailed unpaired ¢-test. Data were
visualized with RStudio version 1.3.1056° using GGPlot2 package’'.
Statistical significance is indicated in figures as ns P> 0.05, *P < 0.05,
**P<0.01,***P<0.001,***P<0.0001.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Representative tomograms of the chimeric virus particles described
in this paper have been deposited in the Electron Microscopy Data
Bank (www.ebi.ac.uk/emdb) under accession codes EMD-13228 and
EMD-13229. Source data are provided with this paper.

References

1. Nickbakhsh, S. et al. Extensive multiplex PCR diagnostics reveal
new insights into the epidemiology of viral respiratory infections.
Epidemiol. Infect. 144, 2064-2076 (2016).

2. Frangz, A. etal. Correlation of viral load of respiratory pathogens
and co-infections with disease severity in children hospitalized for
lower respiratory tract infection. J. Clin. Virol. 48, 239-245 (2010).

3. Goka, E. A, Vallely, P. J., Mutton, K. J. & Klapper, P. E. Single
and multiple respiratory virus infections and severity of
respiratory disease: a systematic review. Paediatr. Respir. Rev. 15,
363-370 (2014).

4. Scotta, M. C. et al. Respiratory viral coinfection and disease
severity in children: A systematic review and meta-analysis. J.
Clin. Virol. 80, 45-56 (2016).

5. Asner, S. A. et al. Clinical disease severity of respiratory viral
co-infection versus single viral infection: a systematic review and
meta-analysis. PLoS ONE 9, e99392 (2014).

6. Asner, S. A., Rose, W., Petrich, A., Richardson, S. & Tran, D. J. Is
virus coinfection a predictor of severity in children with viral
respiratory infections? Clin. Microbiol Infect. 21, 264 (2015).

7. Echenique, I. A. et al. Clinical characteristics and outcomes
in hospitalized patients with respiratory viral co-infection
during the 2009 H1N1 influenza pandemic. PLoS ONE 8,
e60845 (2013).

8. Zavada, J. The pseudotypic paradox. J. Gen. Virol. 63,

15-24 (1982).

9. Duverge, A. & Negroni, M. Pseudotyping lentiviral vectors: When
the clothes make the virus. Viruses 12, 1311 (2020).

10. Akkina, R. K. et al. High-efficiency gene transfer into CD34+ cells
with a human immunodeficiency virus type 1-based retroviral
vector pseudotyped with vesicular stomatitis virus envelope
glycoprotein G. J. Virol. 70, 2581-2585 (1996).

11.  Boni, M. F. et al. Evolutionary origins of the SARS-CoV-2
sarbecovirus lineage responsible for the COVID-19 pandemic.
Nat. Microbiol. 5,1408-1417 (2020).

12.  Smith, G. J. et al. Origins and evolutionary genomics of the
2009 swine-origin HIN1 influenza A epidemic. Nature 459,
1122-1125 (2009).

13. Lafond, K. E. et al. Global burden of influenza-associated
lower respiratory tract infections and hospitalizations among
adults: A systematic review and meta-analysis. PLoS Med. 18,
1003550 (2021).

14. Nair, H. et al. Global burden of acute lower respiratory infections
due to respiratory syncytial virus in young children: a systematic
review and meta-analysis. Lancet 375, 1545-1555 (2010).

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Shi, T. et al. Global, regional, and national disease burden
estimates of acute lower respiratory infections due to respiratory
syncytial virus in young children in 2015: a systematic review and
modelling study. Lancet 390, 946-958 (2017).

Gaajetaan, G. R. et al. Interferon-beta induces a long-lasting
antiviral state in human respiratory epithelial cells. J. Infect. 66,
163-169 (2013).

Drori, Y. et al. Influenza A virus inhibits RSV infection via a
two-wave expression of IFIT proteins. Viruses 12, 1171 (2020).
George, J. A., AlShamsi, S. H., Alhammadi, M. H. & Alsuwaidi, A. R.
Exacerbation of Influenza A Virus Disease Severity by Respiratory
Syncytial Virus Co-Infection in a Mouse Model. Viruses 13,

1630 (2021).

Rossman, J. S. & Lamb, R. A. Influenza virus assembly and
budding. Virology 411, 229-236 (2011).

McCurdy, L. H. & Graham, B. S. Role of plasma membrane lipid
microdomains in respiratory syncytial virus filament formation.

J. Virol. 77,1747-1756 (2003).

Vijayakrishnan, S. et al. Cryotomography of budding influenza

A virus reveals filaments with diverse morphologies that mostly
do not bear a genome at their distal end. PLoS Pathog. 9,
1003413 (2013).

Ke, Z. et al. The morphology and assembly of respiratory
syncytial virus revealed by cryo-electron tomography. Viruses 10,
446 (2018).

Conley, M. J. et al. Helical ordering of envelope-associated
proteins and glycoproteins in respiratory syncytial virus. EMBO J.
M4, 109728 (2022).

Dee, K. et al. Human rhinovirus infection blocks SARS-CoV-2
replication within the respiratory epithelium: implications for
COQOVID-19 epidemiology. J. Infect. Dis. 224, 31-38 (2021).
Nickbakhsh, S. et al. Virus-virus interactions impact the
population dynamics of influenza and the common cold. Proc.
Natl Acad. Sci. USA 116, 27142-27150 (2019).

Wu, A., Mihaylova, V. T., Landry, M. L. & Foxman, E. F. Interference
between rhinovirus and influenza A virus: a clinical data

analysis and experimental infection study. Lancet Microbe 1,
e254-e262 (2020).

Cheemarla, N. R. et al. Dynamic innate immune response
determines susceptibility to SARS-CoV-2 infection and early
replication kinetics. J. Exp. Med. 218, €20210583 (2021).

Meskill, S. D., Revell, P. A., Chandramohan, L. & Cruz, A. T.
Prevalence of co-infection between respiratory syncytial

virus and influenza in children. Am. J. Emerg. Med. 35,

495-498 (2017).

Johnson, J. E., Gonzales, R. A., Olson, S. J., Wright, P. F. & Graham,
B. S. The histopathology of fatal untreated human respiratory
syncytial virus infection. Mod. Pathol. 20, 108-119 (2007).

Kuiken, T. & Taubenberger, J. K. Pathology of human influenza
revisited. Vaccine 26, D59-D66 (2008).

Diaz-Munoz, S. L., Sanjuan, R. & West, S. Sociovirology: Conflict,
cooperation, and communication among viruses. Cell Host
Microbe 22, 437-441 (2017).

Hui, K. P. et al. Tropism, replication competence, and innate
immune responses of influenza virus: an analysis of human airway
organoids and ex-vivo bronchus cultures. Lancet Respir. Med. 6,
846-854 (2018).

Zhang, L., Peeples, M. E., Boucher, R. C., Collins, P. L. & Pickles, R.
J. Respiratory syncytial virus infection of human airway epithelial
cells is polarized, specific to ciliated cells, and without obvious
cytopathology. J. Virol. 76, 5654-5666 (2002).

Kolesnikova, L. et al. Influenza virus budding from the tips of
cellular microvilli in differentiated human airway epithelial cells.
J. Gen. Virol. 94, 971-976 (2013).

Nature Microbiology


http://www.ebi.ac.uk/emdb
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-13228
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-13229

Article

https://doi.org/10.1038/s41564-022-01242-5

35. Mohler, L., Flockerzi, D., Sann, H. & Reichl, U. Mathematical model
of influenza A virus production in large-scale microcarrier culture.
Biotechnol. Bioeng. 90, 46-58 (2005).

36. Bruce, E. A., Digard, P. & Stuart, A. D. The Rab11 pathway is
required for influenza A virus budding and filament formation.
J. Virol. 84, 5848-5859 (2010).

37. Utley, T. J. et al. Respiratory syncytial virus uses a
Vps4-independent budding mechanism controlled by Rab11-FIP2.
Proc. Natl Acad. Sci. USA 105, 10209-10214 (2008).

38. Lyles, D. S. Assembly and budding of negative-strand RNA
viruses. Adv. Virus Res 85, 57-90 (2013).

39. Chlanda, P. et al. Structural analysis of the roles of influenza
A virus membrane-associated proteins in assembly and
morphology. J. Virol. 89, 8957-8966 (2015).

40. Kiss, G. et al. Structural analysis of respiratory syncytial virus
reveals the position of M2-1 between the matrix protein and the
ribonucleoprotein complex. J. Virol. 88, 7602-7617 (2014).

41. Li, Y., Pillai, P., Miyake, F. & Nair, H. The role of viral co-infections
in the severity of acute respiratory infections among children
infected with respiratory syncytial virus (RSV): A systematic
review and meta-analysis. J. Glob. Health 10, 010426 (2020).

42. Calvo, C. et al. Respiratory syncytial virus coinfections with
rhinovirus and human bocavirus in hospitalized children.
Medicine 94, 1788 (2015).

43. Yoshida, L. M. et al. Respiratory syncytial virus: co-infection and
paediatric lower respiratory tract infections. Eur. Respir. J. 42,
461-469 (2013).

44. Ruuskanen, O., Lahti, E., Jennings, L. C. & Murdoch, D. R. Viral
pneumonia. Lancet 377, 1264-1275 (2011).

45. Benfield, C. T, Lyall, J. W., Kochs, G. &Tiley, L. S. Asparagine 631
variants of the chicken Mx protein do not inhibit influenza virus
replication in primary chicken embryo fibroblasts or in vitro
surrogate assays. J. Virol. 82, 7533-7539 (2008).

46. Kremer, J. R., Mastronarde, D. N. & MclIntosh, J. R. Computer
visualization of three-dimensional image data using IMOD.

J. Struct. Biol. 116, 71-76 (1996).

47. Mastronarde, D. N. Automated electron microscope tomography
using robust prediction of specimen movements. J. Struct. Biol.
152, 36-51(2005).

48. Zheng, S. Q. et al. MotionCor2: anisotropic correction of
beam-induced motion for improved cryo-electron microscopy.
Nat. Methods 14, 331-332 (2017).

49. Bepler, T., Kelley, K., Noble, A. J. & Berger, B. Topaz-Denoise:
general deep denoising models for cryoEM and cryoET. Nat.
Commun. 1, 5208 (2020).

50. R Core Team. R: A Language and Environment for Statistical
Computing (2013).

51. Wickham, H. Elegant graphics for data analysis. Media 35,

1007 (2009).

Acknowledgements
This work was supported by grants from the Medical Research Council
of the United Kingdom (MC_UU_12014/9 to P.R.M., MR/NO13166/1

to J.H., MR/R502327/1to D.M.G., MC_UU_12014/7 to S.V., and MC_
UU_12014/7 to D.B.). The Scottish Centre for Macromolecular Imaging
is funded by the Medical Research Council of the United Kingdom
(MC_PC_17135) and the Scottish Funding Council (H17007).

Author contributions

Author contributions are based on the CRediT taxonomy (https://
casrai.org/credit/). J.H.: investigation, methodology, formal analysis,
visualization, writing—original draft. SV.: investigation, data curation,
formal analysis, resources, methodology, validation, visualization,
supervision, writing—original draft. J.S.: investigation, writing—
review and editing. K.D.: investigation, writing—review and editing.
D.M.G.: investigation, writing—review and editing. M.C.: investigation,
writing—review and editing. M.M.: investigation, methodology,
writing—review and editing. S.D.C.: formal analysis, writing—review
and editing. D.B.: resources, funding acquisition, writing—review
and editing. P.R.M.: conceptualization, methodology, validation, data
curation, supervision, funding acquisition, project administration,
writing—original draft.

Competinginterests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/
s41564-022-01242-5.

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41564-022-01242-5.

Correspondence and requests for materials should be addressed to
Pablo R. Murcia.

Peer review information Nature Microbiology thanks Ultan Power and
the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor holds exclusive rights to this
article under a publishing agreement with the author(s) or other
rightsholder(s); author self-archiving of the accepted manuscript
version of this article is solely governed by the terms of such
publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited
2022

Nature Microbiology


https://casrai.org/credit/
https://casrai.org/credit/
https://doi.org/10.1038/s41564-022-01242-5
https://doi.org/10.1038/s41564-022-01242-5
https://doi.org/10.1038/s41564-022-01242-5
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41564-022-01242-5

Fluorescence Intensity (AU)

10

N W
S &
S &
<

1000+

o

11

12

13

14

15

3000+
2000+
1000+

2000+

4000+

6000+

0+

2000+

4000+

o
o
o
©

o

2000+

4000+

6000+

0+

2000+

4000+

6000+

0+

2000+

4000+

6000+

Distance (nm)
Extended Data Fig.1|HA and F are expressed in discrete patches along the
length of filaments, with HA predominantly at the distal end. (a) Magnified
view of cell associated filaments (fullimage shown in Fig. 2A) show filaments with
distinct patches of IAV HA (magenta) and RSV F (green) glycoproteins along the
length of the filaments. (b) White arrows and filament numbering correspond

to fluorescence intensity profiles displayed in (c). Minimal colocalisation was
observed inthe fluorescence intensity profiles (c) for IAV HA (magentaline) and
RSVF (greenline) signal along filaments numbered 1-15. 1AV (filament 3, magenta

star) and RSV (filament 7, green star) filaments were also identified among dual
positive filaments.
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Extended Data Fig. 2| Scanning electron microscopy shows clear differences by the white box. Scale bars represent 10 um at 1000x and 1 pm at 10,000x
between IAV and RSV virion structure. Scanning electron micrographs of and 20,000x magnification. Micrographs representative of n = 2 biologically
1AV, RSV, coinfected or mock infected cells imaged at 1000x (top row), 10,000x independent experiments.

(middle row) and 20,000x (bottom row), region of magnification is denoted
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Extended Data Fig. 3| Coinfection generates RSV filaments that are
pseudotyped with IAV envelope proteins. (a) Tomogram shows a pseudotyped
RSV filament, indicated by red ‘PV’ label, near to RSV filaments, one example
indicated by blue ‘RSV’ label. Scale bar indicates 200 nm. (b) Magnified cross-
section of end of pseudotyped filament, showing RSV RNP contained within
virion. (c) Surface of psuedotyped filament shows irregular arrangement of
glycoproteins, with many displaying characteristic triangular shape of HA

WA » » 3 - N 25
ok "'3\) ‘x{\:\“;'ﬂ; }_3" o TN s ML) W

3 g :
trimers, shown in magnified inset image. (d) Magnified cross-section of end
of RSV filament, showing RSV RNP contained within virion and ultra-structure
consistent with the pseudotyped virion. (e) Surface of the RSV filament shows
helical arrangement of glycoproteins, with ring-shaped density of glycoproteins
highlighted in magnified insert. Scale bars in panels (c-e) indicate 50 nm.
Micrographs shown in (a-e) representative of n = 3 biologically independent
experiments.
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Extended Data Fig. 4 | Further examples of hybrid particles. (aand b)

show two z-positions through the same hybrid particle, which also displays
pseudotyping in RSV-like region. (a) IAV-like regions extend from the top of the
filament and ring-shaped densities corresponding to RSV genome, indicated by
greenarrows and highlighted in magnified insetimage, are present within the
virion. (b) The surface of the virion is covered in glycoproteins that are consistent
inshape and arrangement with IAV glycoproteins, highlighted in magnified
inset. Scale barsindicate 200 nm. (c) Tomogram shows a further example of a

hybrid particle with two IAV-like regions which are joined to the RSV-like region
by acontinuous membrane. Black and green arrows indicate IAV and RSV RNP
respectively, contained within their associated structural regions. Scale bar
indicates 200 nm. There is a clear shared lumen which continues between RSV
and IAV regions, highlighted within magnified inset which corresponds to region
marked by white dashed box. Scale bar indicates 50 nm. Micrographs shownin
(a-c) representative of n = 3 biologically independent experiments.
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Extended DataFig. 5| Inter-spike distance measurements reveal that
pseudotyped viruses are decorated with IAV glycoproteins. To determine
the glycoprotein arrangement on pseudotyped viruses, inter-spike distances
were measured between glycoprotein pairs. Representative examples are
shown for IAV (a), RSV (b) and pseudotyped virions (c) with red lines indicating
example distances measured. Pink, green and blue dashed lines indicate the
edges of IAV, RSV and psuedotyped filaments respectively. Scale bars indicate
200 nm. (d) Tomography data was collected from n = 2 biologically independent
experiments. Control measurements were collected from 11tomograms for IAV
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(measurements n =326) and 11 tomograms for RSV (measurements n = 236).
Measurements of pseudotyped virions were collected from 4 individual
tomograms (n = 50 measurements per tomogram). Average inter-spike
distances were 8.71 nm for IAV, 12.9 nm for RSV and a range of 8.31-9.56 nm for
pseudotypes. Statistical significance was determined by two tailed unpaired
t-test analysis, ****p < 0.0001. Box plot shows interquartile range (25" percentile,

median, 75™ percentile), whiskers represent minimum and maximum values and
black points represent outliers.

Nature Microbiology



Article

https://doi.org/10.1038/s41564-022-01242-5

a B 1AV single infection [8] Coinfection

108 i
€
“\E 106 |
o
e 4
i: 107 -
>
<
102 |
100 |
Released Cell associated
c B IAV single infection [B Coinfection
100+ ns ns

~
[(&)]
|

IAV Neutralisation (%)
o 3

O,

I 1

Released Cell associated
Extended Data Fig. 6 | Hybrid viral particles evade neutralizing antibodies
againstIAV, but not RSV. Virus harvested from coinfection or single infections
was pre-incubated with serum targeting IAV HA, RSV F or a serum-free control,
and then used to infect A549 cells. Infections were fixed and immunostained at
12 hpiand the number of IAV infected cells was quantified using an automated
image-based cell counter. The same virus stocks were back titrated to determine
infectious viralinput. (a) Back titration of IAV in single infection (magenta bars)
or coinfection (teal bars) by IAV plaque assay. (b) Back titration of RSV in single
infection (green bars) or coinfection (dark blue bars) by RSV plaque assay. (c)
Neutralisation of IAV by polyclonal antisera targeting IAV HA when virus was
harvested from the supernatant or cell pellet fractions of a single IAV infection

b B Single RSV infection [Jl] Coinfection

108 °
E . v
3 10°%
o
CILJ D
= 10*1
>
n
[h'd
10
10
Released Cell associated
d B RSV single infection [l Coinfection
100- e ns ns
9
C
O 75
©
K2
©
5 90
o}
pd
5) 25
[h'd
O,

I I

Released Cell associated
(magentabars) or a coinfection (teal bars). Neutralisation was calculated as
apercentage of IAVinfected cells in the wells containing serum compared to
matched serum-free controls. (d) Neutralisation of RSV by Palivizumab (targeting
RSV F) when virus was harvested from the supernatant or cell pellet fractions of a
single RSV infection (green bars) or a coinfection (dark blue bars). Neutralisation
calculated as a percentage of RSV infected cells in the wells containing serum
compared to matched serum-free controls. Data shown in (a-d) was collected
fromn =3 independent experiments and statistical significance calculated by
two tailed Mann Whitney test, nsindicates p > 0.05. Bars represent mean and data
points represent biological replicates.
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Extended Data Fig. 7 | Supporting data for neuraminidase experiment. (a)
Schematic demonstrating experimental design. (b) NA-treated and untreated
cells stained with Maackia Amurensis Lectin Il (MALII) in yellow (top row) and
Erythrina Cristagalli Lectin (ECL) in cyan (bottom row). Scale bar represents

20 pm. Images representative of n = 2 biologically independent experiments.
(c) Viral input in pfu/ml of IAV as determined by back-titration of inoculum for
NA-experiment by IAV plaque assay. (d) Ratio of RSV entry into NA-treated cells
versus control cells when harvested from single infection (green bars) or mixed

infection (blue bars). RSV entry to NA-treated cells was calculated as a percentage
of the RSV-positive cell count in the matched untreated control. (e) Ratio of

virus entry of IAV only or RSV only (red bars) into NA-treated over control cells,
compared to entry of IAV pre-mixed with RSV or RSV pre-mixed with IAV into NA-
treated over control cells (blue bars). Data shown in (c-e) was collected fromn =2
(c) or 3 (d-e) independent experiments and statistical significance calculated by
two tailed Mann Whitney test, nsindicates p > 0.05. Bars represent mean and data
points represent biological replicates.
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