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ABSTRACT Influenza A virus (IAV) consists of eight viral RNA (VRNA) segments that
are replicated in the host cell nucleus and transported to the plasma membrane for
packaging into progeny virions. We have previously proposed a model where sub-
complexes of VRNA are exported from the nucleus and assembled en route to the
plasma membrane. However, the role of host cytoskeletal proteins in the cytoplas-
mic assembly of IAV VRNA segments remains unknown. Previous studies have sug-
gested that IAV VRNA segments are transported via Rab11A-containing recycling en-
dosomes (RE) and use both microtubules (MT) and actin. Rab11A RE transport
primarily along MT; therefore, investigation of the role of MT in VRNA assembly is
warranted. We explored the role of MT in VRNA assembly and replication by using
multiple IAV strains in various cell types, including primary human airway epithelial
cells. We observed that Rab11A localization was altered in the presence of MT-
depolymerizing drugs, but growth of IAV in all of the cell types tested was un-
changed. Fluorescent in situ hybridization was performed to determine the role of
MT in the assembly of multiple VRNA segments. Unexpectedly, we found that vVRNA-
vRNA association in cytoplasmic foci was independent of MT. Given the disparity of
localization between Rab11A and vRNA segments in the absence of intact MT fila-
ments, we analyzed the three-dimensional spatial relationship between Rab11A and
VRNA in the cytoplasm of infected cells. We found that Rab11A and vRNA colocaliza-
tion is dependent upon dynamic MT filaments. Taken together, our data suggest
that cytoplasmic transport of influenza VRNA may include a Rab11A RE-independent
mechanism.

IMPORTANCE IAV infections cause a large public health burden through seasonal
epidemics and sporadic pandemics. Pandemic IAVs emerge through reassortment of
vRNA in animal or human hosts. Elucidation of the mechanism of intracellular dy-
namics of AV assembly is necessary to understand reassortment. Our results describ-
ing the role of MT in VRNA transport and assembly expand upon previous studies
characterizing VRNA assembly. This study is the first to assess the role of MT in influ-
enza virus replication in human bronchial airway epithelial cells. In addition, we
present novel data on the role of MT in facilitating the association between distinct
VRNA segments. Interestingly, our results suggest that progressive assembly of vVRNA
segments may be cell type dependent and that vRNA may be transported through
the cytoplasm without Rab11A RE in the absence of intact MT. These results en-
hance our understanding of VRNA assembly and the role of cytoskeletal proteins in
that process.
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he influenza A virus (IAV) genome comprises eight negative-sense, single-stranded

RNA segments. Each viral RNA (vVRNA) segment is associated with viral nucleopro-
teins (NP) and bound to the virus-encoded heterotrimeric polymerase complex, PB1,
PB2, and PA. Synthesis of the IAV VRNA and assembly into viral ribonucleoprotein
(VRNP) complexes occur in the nucleus (1). Newly synthesized VRNP segments are
transported from the nucleus to the plasma membrane for packaging and budding. All
eight VRNP segments are selectively packaged into budding virions (2-5). Evidence
suggests that selective VRNP assembly is mediated through direct RNA-RNA interac-
tions between segments (6-8). We and others have previously proposed a mechanism
of influenza VRNA assembly where segments are exported from the nucleus as sub-
complexes and selective assembly of all eight segments occurs through dynamic fusion
and “kissing” events in the cytoplasm en route to the plasma membrane (9, 10).

The host factors mediating VRNP transport from the nucleus to the plasma mem-
brane have been an active area of study, and Rab11A-containing recycling endosomes
(RE) have been implicated in VRNP transport (11-14). Rab11 proteins are small GTPases
that regulate exocytic processes of the trans-Golgi network and apical transport
pathways of RE toward the cell surface (10, 15). Rab11A directs endosomal movement
primarily on microtubules (MT) but can also transport along actin filaments via various
Rab11A effector proteins (FIPs) associating with MT or actin motor proteins (16, 17).
Rab11A interacts with Kif3b, a component of the kinesin Il motor protein, through the
effector FIP5 protein for the anterograde transport of RE on MT (18). In addition, Rab11A
can interact with the effector myosin Vb via FIP2 for transport along actin microfila-
ments (19). The promiscuous nature of Rab11A RE may be a benefit during vVRNP
transport. Recent studies have demonstrated a direct interaction between PB2 and
Rab11A during a productive viral infection, solidifying the role of Rab11A RE during
VRNP cytoplasmic transport (20).

Previously published work examining the role of cytoskeletal proteins during the
transport of influenza VRNPs used drugs to alter the structure of MT and actin filaments.
Unfortunately, those studies failed to provide a clear picture of the importance of these
cytoskeletal filaments during influenza virus assembly. Treatment of infected cells with
actin polymerization inhibitors such as cytochalasin D had a modest effect on viral
replication (21-24). Similarly, treatment with an MT-depolymerizing agent, nocodazole,
a few hours after infection at a high multiplicity of infection (MOI) resulted in only a
modest reduction in viral titers during a single-cycle growth curve, suggesting that
cytoplasmic VRNP transport does not proceed exclusively along MT (11, 25). A previous
study disrupted both MT and actin for a short period of time and found reduced
trafficking of VRNP in the cytoplasm when using a virus that produces PB2-split-green
fluorescent protein (GFP) (26). However, cells lacking both MT and actin are not viable
for long periods of time, which prevents analysis of viral replication in these cells.
Importantly, transport of VRNPs from the nucleus is thought to initiate at the MT
organizing center (MTOC) with the cellular factor YB-1 and then proceed to the
endocytic recycling compartment and Rab11A-containing RE (25, 27, 28). Therefore, the
lack of a robust reduction of viral titers in cells treated with MT-depolymerizing agents
is surprising, given the clear importance of Rab11A and YB-1 during VRNP transport (13,
29). These studies support the notion that vRNP transport is a complex process that
requires further study.

Our previously proposed model of influenza vVRNP assembly suggests that Rab11A
RE-containing VRNPs undergo dynamic fusion or “kissing” events to facilitate the
exchange of vVRNPs and produce a complex of all eight vVRNP segments (10). To expand
upon this model, we hypothesize that transport of Rab11A RE on MT would enable
these “kissing” interactions, enhancing the assembly of all eight VRNP segments.
Therefore, in this study, we utilized fluorescent in situ hybridization (FISH) to investigate
the intracellular cytoplasmic VRNP subcomplexes in the presence or absence of MT-
depolymerizing drugs in multiple cell types. We provide evidence that multicycle IAV
replication is not dependent upon MT in multiple cell culture models. Surprisingly, we
observed no dramatic difference in the composition of cytoplasmic foci containing
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FIG 1 Relocalization of Rab11A and influenza VRNP cytoplasmic distribution with nocodazole treatment. (A) Rab11A

were treated with DMSO or nocodazole (5 ug/ml) for 4 h prior to fixation. A549 (B) and MDCK (C) cells were infected with WT WSN (MOI of 3) and treated with
DMSO or nocodazole (5 ng/ml) at 4 hpi. Cells were stained with anti-alpha-tubulin and anti-NP antibodies at 8 hpi to determine the localization of VRNP in
influenza virus-infected cells. Images obtained with a 60X objective are displayed to provide a global perspective of the samples. Zoomed-in areas of the cells
(white-outlined boxes) are shown (rows 2 and 4) to display a single representative cell to highlight the MT structure and Rab11A or NP localization. All images
are deconvolved, single confocal slices. DAPI (blue) marks the cell nuclei, and the scale bars are 5 um in all images.

VRNP segments in the presence or absence of intact MT filaments. However, impor-
tantly, we found that vRNP and Rab11A association was dependent upon the presence
of intact MT filaments, suggesting a potential Rab11A RE-independent mechanism of
VRNP cytoplasmic transport in the absence of intact MT filaments.

RESULTS

Intracellular distribution of Rab11A and vRNP is disrupted in the absence of
MT filaments. Rab11A RE have been implicated in the cytoplasmic transport of

influenza VRNA segments to the plasma membrane for packaging and budding (12-14).
To assess the importance of MT and Rab11A RE in the transport of vVRNA, we generated
A549 cells stably expressing Rab11A tagged with full-length GFP (Rab11A-GFP). These
cells were treated with the MT-depolymerizing drug nocodazole to assess whether MT
contributes to Rab11A RE localization (Fig. 1A). In line with a previous study (30), we
observed that exogenously expressed Rab11A-GFP is concentrated near the nucleus at
the MTOC and dispersed throughout the cytoplasm in discrete foci in mock (i.e.,
dimethyl sulfoxide [DMSO])-treated cells. Treatment of A549 Rab11A-GFP cells with
nocodazole resulted in relocalization of the Rab11A-GFP signal from the perinuclear
region toward the plasma membrane (Fig. 1A), indicating that the intracellular distri-
bution of Rab11A is dependent upon MT in cells stably expressing tagged Rab11A,
similar to a previously published report on endogenous Rab11A (31).

Given the redistribution of Rab11A upon nocodazole treatment, we explored the
localization of influenza VRNP in cells treated with nocodazole. A549 and Madin-Darby
canine kidney (MDCK) cells were infected with a recombinant WSN influenza virus and
treated with nocodazole 4 h later to focus on postentry events. Localization of NP and
MT was assessed at 8 h postinfection (hpi) (Fig. 1B and C). We found that localization
of VRNPs was altered in the presence of nocodazole, an observation consistent with a
previously published report (11). However, the relocalization of NP did not appear to be
as extensive as that of Rab11A-GFP in nocodazole-treated cells, since an NP signal was
still observed in the cytoplasm while Rab11A-GFP was found predominantly on the
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plasma membrane and not in the cytoplasmic space (Fig. 1A). These data suggest that
the localization of Rab11A and, to a lesser extent, VRNP is dependent upon MT
filaments.

Replication of H1 and H3 influenza viruses in MDCK, A549, and human bron-
chial epithelial (HBE) cells is independent of MT filaments. Given the redistribution
of Rab11A and NP localization in cells treated with nocodazole, we proceeded to
investigate if viral replication in different biologically relevant cell types is dependent
upon MT. Previous studies have shown a negligible decrease in virus production in
nocodazole-treated MDCK cells compared to that in untreated cells by using a high MOI
and a single-cycle growth curve (25). We expanded upon these observations by
investigating the replication of H1 and H3 IAV in multiple cell types by using a low MOI
and a multicycle growth curve to enhance any impact of nocodazole treatment on
influenza virus replication (Fig. 2). First, we measured the replication kinetics of human
seasonal HIN1 and H3N2 strains in common cell culture cells, MDCK and A549 cells.
Cells were infected with a low MOI of strain A/WSN/1933 (H1N1), A/California/07/2009
(HTN1), or A/Perth/16/2009 (H3N2) and then treated with either DMSO or nocodazole
at 4 hpi. The replication titers of all of these influenza virus strains were higher in MDCK
cells than in A549 cells at all of the time points tested. Consistent with previously
published results (25), we found that all of the virus strains tested replicated to similar
titers in DMSO- and nocodazole-treated MDCK and A549 cells, except for A/California/
07/2009 (H1N1) in MDCK cells at 24 hpi, where the viral titers in DMSO- and
nocodazole-treated cells were significantly different (Fig. 2B). To determine if this
difference was due to altered VRNP transport or a consequence of the subsequent
infections, we determined a series of single-cycle growth curves for A/California/07/
2009 (HT1N1) in MDCK cells at various MOls (Fig. 2C). A modest, yet significant, decrease
was observed at 24 hpi for an MOI of 0.01, as expected, but not earlier, suggesting that
nocodazole does not have an impact on egress events but only affects entry events.
Interestingly, no defect was seen at an MOI of 0.1 at any of the time points tested but
a difference was observed at 8 hpi in cells infected at an MOI of 1 (Fig. 2C). However,
this defect is similar to that observed previously at 8 hpi when using a high MOI (11).
Our data suggest that nocodazole has a more pronounced effect on A/California/07/
2009 (H1NT1) entry into MDCK cells than on its entry into A549 cells and on the WSN and
H3N2 virus strains. On the basis of Fig. 2, the impact of nocodazole on virus infection
is strain dependent, cell type dependent, and MOI dependent, demonstrating the need
to study these factors with a variety of viruses and cell culture systems.

Previously published studies on the role of MT filaments on influenza virus replica-
tion have all used transformed cell lines, which may not always mimic airway epithelial
cells of the respiratory tract naturally infected with influenza viruses. Therefore, we
assessed whether MT are critical for the replication of human seasonal viruses A/Perth/
16/2009 (H3N2) and A/California/07/2009 (H1N1) in primary HBE cells grown at an
air-liquid interface (Fig. 3). HBE cells grown at an air-liquid interface differentiate into a
three-dimensional (3D) culture representative of the airway anatomy (32) and therefore
represent the most biologically relevant cell types available for in vitro studies. Repli-
cation kinetics of IAV in HBE cells treated with nocodazole required that medium
containing nocodazole be maintained at the apical surface of the HBE cells for 24 h.
Treatment of HBE cells with nocodazole for 24 h resulted in a severe disruption of MT,
as observed by staining of cells for a-tubulin and observing a distinct change in the
morphology of the cilia (Fig. 3A). Interestingly, the replication of HINT and H3N2
influenza viruses was not significantly different in nocodazole- and DMSO-treated HBE
cells (Fig. 3B and C). These data confirm that MT are not essential for efficient replication
of influenza viruses in airway epithelial cells.

Acetylation of MT is lost during nocodazole treatment. Posttranslational modi-
fications of MT, such as acetylation, have been suggested to alter sensitivity to
depolymerizing drugs such as nocodazole (33, 34). Therefore, it is possible that Rab11A
RE-containing VRNP segments are transported along acetylated MT. The role of acety-
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FIG 2 Replication of H1 and H3 viruses in nocodazole-treated cells. MDCK (A) and A549 (B) cells were infected with A/WSN/1933 (H1N1),
A/CA/O7/2009 (H1N1), and A/Perth/16/2009 (H3N2) viruses at an MOI of 0.01. Cells were treated with DMSO or nocodazole (5 pg/ml) at
4 hpi, and supernatants were harvested at 6, 24, 48, and 72 hpi for titration on MDCK cells. (C) Single-cycle growth curves of A/CA/07/2009
(HIN1) in MDCK cells determined at different MOIs as indicated. Cells were treated with DMSO or nocodazole (5 wg/ml) at 4 hpi, and
supernatants were harvested at 6, 8, 12, and 24 hpi for titration on MDCK cells. Virus titers were determined by the endpoint method.
Values presented are means from three independent experiments, and standard deviations are represented by error bars. A two-way
analysis of variance with multiple comparisons was used to define statistically significant differences (marked by asterisks). The dashed
line denotes the limit of detection for the titration assay.

lated MT in influenza virus infection has been previously studied, and IAV infection was
shown to increase the levels of acetylated MT (Fig. 4C) (35). To further investigate the
role of acetylated MT in VRNP transport, we measured the levels of acetylated MT in all
of the cell types we have studied so far. We observed that different cell types have
differing amounts of MT acetylation (Fig. 4A). MT in A549 and MDCK cells are heavily
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FIG 3 Growth of influenza viruses in HBE cells treated with nocodazole. (A) Uninfected primary HBE cells
grown at an air-liquid interface were treated with DMSO or nocodazole (10 ug/ml) on the apical and
basal surfaces for 24 h. Fixed transwells were stained with anti-a-tubulin antibody. Intracellular MT and
formation of cilia were determined by z-stack acquisition on a confocal microscope. The front view of
the cells is displayed by using a clipping plane in the Imaris software. Scale bars are 5 um. Single
representative cells chosen from the entire coverslip are displayed for clarity. HBE cells were infected with
A/CA/07/2009 (H1N1) (B) and A/Perth/16/2009 (H3N2) (C) viruses at 102 TCID, per well. At 24 hpi, cells
were treated with DMSO(—) or nocodazole (10 ug/ml) on the apical and basal surfaces. Medium
containing DMSO and nocodazole was maintained on the apical and basal surfaces for the duration of
the experiment. The apical supernatant was collected at 48 hpi for viral titration. This experiment was
conducted in triplicate, displayed as each data point, with three different patient cell lines as shown.

acetylated, with about 70% of a-tubulin residues containing the posttranslational
modification, as determined by Western blotting. Acetylated MT are present in HBE cells
but are much less abundant, with an acetylated MT to total MT ratio of 0.15 compared
to 0.70 and 0.77 in MDCK and A549 cells, respectively (Fig. 4A). Unexpectedly, we
observed that nocodazole treatment resulted in a loss of acetylated MT that was
independent of virus infection in all of the cell types tested (Fig. 4B and C). Given this
observation, we can exclude the possibility that vRNPs travel on acetylated MT in the
cytoplasm. Other posttranslational modifications of MT have been reported, including
phosphorylation, detyrosination, ubiquitination, and others (36). Detyrosination and
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FIG 4 Nocodazole treatment diminishes intracellular acetylation of MT. (A) Western blot analysis of total
cell lysates prepared from HBE, MDCK, and A549 cells. Relative levels of acetylated MT were determined
with ImageJ and compared to endogenous a-tubulin levels. (B) A549 and MDCK cells were treated with
DMSO(—) or nocodazole (5 ng/ml) for 4 h. Acetylated a-tubulin and a-tubulin were detected via Western
blotting, which showed that nocodazole treatment decreased the presence of acetylated MT. (C) MDCK
cells infected with WSN/1933 (H1N1) were treated with nocodazole (5 ng/ml) and fixed at 24 hpi. HBE
cells infected with A/CA/07/2009 (H1N1) were treated with nocodazole (10 wg/ml) and fixed at 48 hpi.
Total cell lysates were prepared from the cells, and acetylated a-tubulin and a-tubulin were detected by
Western blotting. Nocodazole treatment resulted in a decrease in acetylated tubulin regardless of the cell
type and the presence of virus.

glutamylation have been linked to MT stabilization and may alter sensitivity to nocoda-
zole (36). The role of these modifications in influenza virus replication may require
further study. Taking these results together with our previous observations on the
mislocalization of Rab11A and unperturbed influenza virus replication, we speculate
that influenza VRNA segments are packaged into infectious virions independently of
acetylated MT filaments.

VRNA composition of cytoplasmic subcomplexes is maintained in the absence
of MT filaments. We and others have previously demonstrated that vVRNA segments
are exported from the nucleus as subcomplexes that undergo further assembly en
route to the plasma membrane (9, 10). We speculate that dynamic fusion and fission of
Rab11A RE facilitate the cytoplasmic assembly of the VRNA subcomplexes. To deter-
mine whether MT contribute to the assembly of vVRNA subcomplexes, we assessed the
composition of cytoplasmic foci by visualizing the localization of three vRNA segments,
M, NS, and PA, by FISH. Pairwise analysis of vVRNA segments from published multiple
four-color FISH experiments (10) revealed that M and PA vRNA segments are not highly
associated in the cytoplasm, while NS associates with similar frequencies with both M
and PA (S. S. Lakdawala, unpublished data). Therefore, to determine the role of MT in
the ordered assembly of VRNA segments, we focused on these three segments by
looking at VRNA pairs with low affinity (M and PA) and those with moderate affinity (NS
with PA or M). We performed FISH with nocodazole- and DMSO-treated MDCK (Fig. 5)
and A549 (Fig. 6) cells. These cells were imaged on a confocal microscope with fine
z-stack sampling (0.17-um step size) to produce 3D images of stained cells. A similar
total number of spots was generated in each cell type by treatment with DMSO or
nocodazole (Table 1). In general, we found similar vRNA compositions in cytoplasmic
foci in DMSO- and nocodazole-treated cells (Fig. 5B to D). We analyzed the proportion
of cytoplasmic foci containing one, two, or three of the labeled VRNA segments and
observed no significant difference in nocodazole- and DMSO-treated cells (Fig. 5B and
6B). Additionally, analysis of the composition of foci containing a single labeled VRNA
revealed that more foci contained only labeled NS vRNA and fewer contained only
labeled M VRNA in nocodazole-treated cells than in DMSO-treated cells (Fig. 5C). This
result does not imply that the NS segment is transported individually since there are
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FIG 5 Visualization of multiple vVRNA segments in MDCK cells treated with nocodazole. (A) MDCK cells were infected with A/WSN/1933 (H1N1) and treated with
DMSO or nocodazole (5 ng/ml) at 4 hpi and fixed at 8 hpi for FISH staining. FISH probes targeting the M vVRNA segment (Alexa 488, green), NS VRNA (Quasar
570, red), and PA vRNA (Quasar 670, teal) were used. DAPI (blue) marks the cell nuclei, and the scale bars are 5 um. Single representative cells chosen from
the entire coverslip are displayed for clarity. (B to D) Finely spaced confocal stacks were acquired to reconstruct a 3D cell volume. Deconvolved stacks were
analyzed via Imaris software to generate spots corresponding to the individual vRNA segments and to analyze the colocalization of spots. The proportions of
foci containing one, two, or all three of the labeled VRNA segments are depicted in panel B. We further present a breakdown of the composition of each focus
containing only one (C) or two (D) labeled VRNA segments. Each data point represents an individual cell that was analyzed by this method. A nonparametric
Mann-Whitney test was performed to compare foci from DMSO (n = 5, black circles)- and nocodazole (n = 7, red circles)-treated cells.

five additional vRNA segments not labeled within the cells. Similarly, investigation of
the composition of foci composed of two colocated VRNAs presented a small increase
in the association of M and PA in MDCK cells treated with nocodazole (Fig. 5D). These
data suggest that some cytoplasmic VRNA-VRNA associations are altered during no-
codazole treatment within MDCK cells.

To assess the robustness of this result, we carried out similar experiments with A549
cells (Fig. 6). As expected, the overall compositions of vVRNA-containing foci were similar
in nocodazole- and DMSO-treated cells (Fig. 6B). Surprisingly, we observed similar
compositions of foci containing one or two labeled vVRNA segments in DMSO- and
nocodazole-treated A549 cells (Fig. 6B to D). These observations suggest that in A549
cells, MT do not exclusively mediate the assembly of multiple vVRNA segments in the
cytoplasm. In addition, the data from A549 and MDCK cells imply that the vVRNA
composition of cytoplasmic foci may differ with the cell type. To highlight this, we
compared cytoplasmic VRNA subcomplexes in A549 and MDCK cells treated with DMSO
(Fig. 7). The proportion of foci containing only one of the three labeled VRNAs was
significantly higher in A549 cells, while that of foci containing two of three VRNAs was
significantly higher in MDCK cells. Further breakdown of the foci containing only single
labeled VRNA segments showed an increase in foci containing the M vRNA in MDCK
cells, while the percentage of foci containing NS vRNA was increased in A549 cells. On
the basis of our previously published data on MDCK cells (10), M and PA vRNA
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FIG 6 Visualization of multiple vVRNA segments in A549 cells treated with nocodazole. (A) A549 cells were infected with A/WSN/1933 (H1N1), treated with DMSO
or nocodazole (5 ug/ml) at 4 hpi, and fixed at 8 hpi for FISH staining. FISH probes targeting the M (Alexa 488, green), NS (Quasar 570, red), and PA (Quasar
670, teal) vVRNA segments were used. DAPI (blue) marks the cell nucleus, and scale bars are 5 um. Single representative cells chosen from the entire coverslip
are displayed for clarity. (B to D) Fine confocal stacks were acquired to reconstruct a 3D cell volume. Deconvolved stacks were analyzed via Imaris software to
generate spots corresponding to the individual vRNA segments and analyze the colocalization of spots. The proportion of foci containing one, two, or all three
of the labeled VRNA segments is depicted in panel B. We further present a breakdown of the composition of each focus containing only one (C) or two (D)
labeled VRNA segments. Each data point represents an individual cell that was analyzed by this method. A nonparametric Mann-Whitney test was performed

to compare foci from DMSO (n = 5, black circles)- and nocodazole (n = 5, red circles)-treated cells.

segments have a low cytoplasmic association, which is consistent with results from this
study that found a significantly lower M and PA association in MDCK cells than in A549
cells. Taken together, these observations suggest that the cytoplasmic association
between VRNA segments may be dependent on the host cell type and further study in
physiologically relevant cell culture models is needed to determine the precise order of
VvRNA assembly. In addition, the cellular morphology may impact our assessment of
VRNP colocalization within the cytoplasm.

Association of Rab11A and VRNP segments is MT dependent. We have demon-
strated that Rab11A and vRNP segments are redistributed in the absence of MT
filaments; however, the degree of relocalization between Rab11A and vRNP is not
equivalent (Fig. 1). Therefore, we examined whether the proportion of VRNP segments
associated with Rab11A GFP is dependent upon the presence of intact MT filaments.
We calculated the proportion of cytoplasmic foci containing both vRNA (specifically, PA
VRNA) and Rab11A in A549 Rab11A-GFP cells infected with WSN and treated with
DMSO or nocodazole (Fig. 8A). A significant reduction in colocated spots (those
containing both Rab11A-GFP and the PA vVRNA segment) in nocodazole-treated cells
was observed (Fig. 8B). This reduction in colocated spots correlated with a significant
increase in foci containing only PA vRNA. To confirm that this phenomenon was not
unique to PA vVRNA, we performed similar experiments using immunofluorescence for
NP rather than FISH staining of a single vVRNA segment. Convincingly, we observed that
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TABLE 1 Summary of the total numbers of spots from all of the samples analyzed in this study®

Total no. of spots

Expt and condition Total no. of foci Rab11A VRNP
A549 + WSN at 8 hpi, 3-color FISH

DMSO 1,186; 1,756; 1,106; 1,447; 1,253

Nocodazole 1,579; 1,822; 1,457; 1,377; 1,053

MDCK + WSN at 8 hpi, 3-color FISH

DMSO 1,311; 1,461; 1,428; 1,243; 1,005
Nocodazole 1,349; 1,103; 1,516; 819; 1,310;
1,116; 1,616

A549 Rab11A GFP + WSN 8 at hpi, PA
VRNA Rab11A colocalization

DMSO 548; 555; 509; 459; 1,009; 762 321; 308; 361; 342; 755; 603 385; 357; 312; 334; 563; 442
Nocodazole 1,373; 810; 994; 2,197; 678; 397; 450; 1,036; 388; 481 866; 592; 634; 1,416; 688; 642
985; 1,044

A549 Rab11A GFP + WSN at 8 hpi, NP
Rab11A colocalization

DMSO 596; 867; 701; 543; 607; 373; 490; 509; 510; 441; 435; 282; 295; 580; 477; 426; 399; 262;
350; 320; 444 235; 248; 350 248; 220; 288

Nocodazole 608; 582; 659; 916; 650; 855; 424; 431; 404; 487; 484; 540; 283; 324; 365; 513; 331; 626;
707; 678; 994; 820 400; 501; 634; 528 407; 457; 725; 571

A549 Rab11A GFP + WSN at 8 hpi, NP
Rab11A colocalization

DMSO 771; 1,010; 963; 593; 510 569; 808; 597; 468; 359 562; 798; 674; 344; 311
Paclitaxel 1,569; 409; 710; 613; 1,293; 929; 256; 528; 370; 761; 331; 423 740; 157; 372; 254; 556; 213; 371
522; 630

aNumbers of foci are presented for each cell, and cells are separated by semicolons. The total number of spots includes Rab11A-alone, vVRNP-alone. and colocated
spots, while the total number of Rab11A spots includes Rab11A-alone and colocated spots. The same is true of the total number of VRNP spots. Therefore, the sum
of spots presented in the total number of Rab11A spots and the total number of VRNP spots for a given cell is greater than the total number of foci for that cell, as
it includes colocated spots counted twice.

colocalization of NP and Rab11A was also dependent upon the presence of intact MT
filaments (Fig. 8C). These observations suggest that association of Rab11A and vRNP
segments is dependent on intact MT. This particular analysis method is dependent
upon the total number of foci per cell. Table 1 lists the total number of foci, as well as
the total number of Rab11A and VRNP spots, per cell to compare whether nocodazole
treatment impacts the number of vRNP and Rab11A spots observed within a cell. The
total numbers of foci and Rab11A and VRNP spots were consistent in DMSO- and
nocodazole-treated cells, demonstrating that the decrease in colocated spots was not
based on differences in the number of foci within a cell. We also tested whether

@ A549cells @ MDCK cells
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Total Foci Composition Single VRNA Foci - wo v oci
1%}
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FIG 7 Comparison of vVRNA-containing cytoplasmic foci in MDCK and A549 cells. An analysis of the composition of each cytoplasmic focus from MDCK and A549
cells treated with DMSO conducted as shown in Fig. 5 and 6 is presented for direct comparison. The proportion of foci containing one, two, or all three of the
labeled VRNA segments is depicted in panel A. We further present a breakdown of the composition for each focus containing only one (B) or two (C) labeled
VRNA segments. Each data point represents an individual cell that was analyzed by this method. A nonparametric Mann-Whitney test was performed to
compare foci from A549 (n = 5, black circles) and MDCK (n = 5, red circles) cells.
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FIG 8 MT promote the cytoplasmic colocalization of Rab11A and IAV vRNA. (A) A549 cells stably expressing GFP-tagged Rab11A (A549-GFP) were infected with
A/WSN/1933 (H1N1) at an MOI of 3 and treated with DMSO or nocodazole (5 ug/ml) at 4 hpi. Cells were stained at 8 hpi by FISH against the PA vRNA segment
(Quasar 670, red). Additionally, cells were stained by immunofluorescence for E-cadherin (teal) to outline the location of the plasma membrane. Images
represent a single confocal slice from samples where finely spaced z stacks were acquired to determine the 3D localization of each protein. DAPI (blue) marks
the cellular nucleus, and scale bars are 5 um. Single representative cells chosen from the entire coverslip are displayed for clarity. (B) Deconvolved stacks were
analyzed with Imaris software to generate spots corresponding to Rab11A and VRNA segments. Quantification of the cytoplasmic foci that contain both Rab11A
and PA vRNA (colocated) and noncolocated spots (Rab11A alone, PA vRNA alone) was done with Imaris. The proportions of the total spots in each cell that
were colocated, Rab11A-alone, or vVRNP-alone spots are presented for DMSO-treated (n = 6) and nocodazole-treated cells (n = 6) as a box-and-whisker plot.
A nonparametric Mann-Whitney test was performed to compare foci from DMSO- and nocodazole-treated cells. (C) A549 Rab11A-GFP cells were infected and
treated with nocodazole as described for panel A and then stained with antibodies against E-cadherin and viral NP. The proportions of colocated and
noncolocated foci are displayed for DMSO (n = 9)- and nocodazole (n = 10)-treated cells as a box-and-whisker plot. (D, E) A549 Rab11A-GFP cells were treated
with paclitaxel at 4 hpi with WT WSN virus. Colocalization of Rab11A and PA vRNA was determined as described above, and a comparison of colocated and
noncolocated spots in DMSO (n = 5)- and paclitaxel (n = 5)-treated cells is presented.

Taxol
Percent of Total Spots
3

treatment with an MT-stabilizing drug (paclitaxel [originally named taxol]) would
abrogate the association of Rab11A and NP. A549 cells stably expressing Rab11A-GFP
were treated with paclitaxel (5 uM) from 4 to 8 hpi, at which point the cells were fixed
and stained (Fig. 8D). We analyzed the colocalization of PA vRNA and Rab11A-GFP
within the paclitaxel-treated cells and compared it to that in DMSO-treated cells. We
found that treatment of cells with paclitaxel reduced the colocalization of Rab11A and
PA vRNA similar to that in cells treated with nocodazole (Fig. 8E). These data suggest
that dynamic MT filaments are necessary for the association of Rab11A and vRNP
segments.

To expand upon this observation, we performed an immunoprecipitation (IP) ex-
periment with infected A549 Rab11A-GFP cells to assess whether we could observe a
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FIG 9 Pulldown of Rab11A-GFP in nocodazole-treated cells shows no difference in bound PB2 levels.
A549 Rab11A-GFP cells were infected with WT WSN (MOI of 3) and treated with DMSO or nocodazole,
and the association between Rab11A-GFP and PB2 was determined at 8 hpi. (A) The 2% input displays
equal levels of Rab11A-GFP in infected and uninfected cells, as well as equal levels of PB2 in DMSO- and
nocodazole-treated cells. (B) IP with anti-GFP antibody-conjugated beads demonstrates equal levels of
immunoprecipitated (IP) GFP and Rab11A, as well as similar levels of bound PB2 within an entire
population of cells. Dark arrowheads mark the correct band for PB2 and Rab11A-GFP in the anti-PB2- and
anti-GFP-specific blots. The values to the right are molecular sizes in kilodaltons.

decrease in the global association of PB2 and Rab11A upon nocodazole treatment (Fig.
9). A549 Rab11A-GFP cells were infected with WSN, and at 4 hpi, the cells were treated
with DMSO or nocodazole, similar to the studies presented in Fig. 8. At 8 hpi, the cells
were washed and harvested for IP with anti-GFP-specific beads. As evident in the input,
the levels of PB2 were similar in DMSO- and nocodazole-treated cells (Fig. 9A). Addi-
tionally, the levels of exogenous Rab11A-GFP (~55 kDa) were similar to the levels of
endogenous Rab11A (~24 kDa) (Fig. 9A). IP with GFP pulled down equivalent amounts
of PB2 in infected samples treated with DMSO or nocodazole (Fig. 9B). The levels of
GFP-tagged Rab11A pulled down in all of the samples were equal, confirming the
efficiency of pulldown (Fig. 9B). These data suggest that there is a substantial propor-
tion of Rab11A and PB2 associated within a cell during nocodazole treatment, such that
when all cells are aggregated in an IP assay, subtle differences are obscured. However,
further analysis of the specific localization of Rab11A and VRNP colocalization within
individual cells may help to tease apart observations made at the cellular level.
Defining the intracellular location of Rab11A and influenza vVRNP association.
To define where Rab11A-GFP and PA vRNA are colocated inside the cell, we determined
the number of cytoplasmic foci found within 100-nm-wide bins for the first 500 nm
from both the plasma membrane and the nucleus that contained Rab11A alone,
colocated Rab11A and vRNP, or vRNP alone (Fig. 10). The vRNPs were visualized by
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FIG 10 Cellular distribution of Rab11A and vRNP colocated and noncolocated spots is disrupted in the absence of MT. (A to D) Data from A549 Rab11A-GFP
cells presented in Fig. 8 were further analyzed for the distribution of foci at various distances from the nucleus and plasma membrane. DAPI staining was used
to define the nuclear volume, while E-cadherin was used to mark the cellular membrane of all of the 3D cell volumes. Using Imaris, we were able to determine
the distances between the spots generated and the cell membrane (A and C) and the nucleus (B and D). Shown here is the proportion of each type of foci,
i.e., colocated (red), PA vVRNA or NP alone (blue), and Rab11A alone (green), in the total number of spots at that specific distance. DMSO-treated cells are shown
as solid circles, and nocodazole-treated cells are shown as open circles. Cell schematics are included to highlight how the distance measurements were

generated, the dashed blue line represents the E-cadherin signal, and the nucleus (peach) was generated from the DAPI signal.

either PA vRNA FISH (Fig. 10A and B) or anti-NP immunostaining (Fig. 10C and D). The
nuclear boundary was defined by a 4',6-diamidino-2-phenylindole (DAPI) signal, and
E-cadherin staining was used to define the plasma membrane. In DMSO-treated cells,
we found that within 100 nm of the plasma membrane, only 20% of the foci contain
both Rab11A and PA vRNA (shown as colocated foci), but that this proportion increased
to 40% between 300 and 400 nm from the plasma membrane before reducing slightly
further away (Fig. 10A, red solid circles). Similarly, we observed that at 500 nm from the
plasma membrane, 40% of the Rab11A-GFP and NP spots were colocated (Fig. 10C).
Interestingly, in nocodazole-treated cells, the proportion of colocated spots remained
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around 20% of the total foci at all distances from the plasma membrane in cells
costained with NP and less than 10% in cells costained with PA vRNP (Fig. 10A and C,
red open circles). In contrast, the proportion of foci containing only PA-vRNA increased
with distance from the plasma membrane in cells treated with nocodazole (Fig. 10A,
open blue circles). On the basis of the redistribution of Rab11A-GFP to the plasma
membrane in nocodazole-treated cells (Fig. 1A), we had expected that Rab11A-
containing foci would be observed only at the plasma membrane. Interestingly, in
nocodazole-treated cells, between 40 and 60% of the total foci at each distance
contained Rab11A-GFP alone, although the proportion of Rab11A was not as consistent
between PA and NP vRNA-stained cells, the trend is consistent with the redistribution
observed by immunofluorescence (Fig. 10A and C, open green circles). Taken together,
our data suggest that Rab11A can be found inside the cell in the absence of MT but is
no longer associated with vRNA. It is unclear whether the Rab11A-only cytoplasmic foci
represent free Rab11A proteins or if they remain associated with endosomes.

Analysis of the composition of foci at various radial distances from the nucleus was
also performed (Fig. 10B and D). In DMSO-treated cells, we observed that Rab11A and
PA vRNA were colocated in about 10% of the foci within 400 nm of the DAPI signal, but
this increased to 30% between 400 and 500 nm from the nucleus (solid red circles). This
percentage continued to increase at greater distances from the nucleus, suggesting
that 400 to 500 nm might be where the VRNA segments associate with Rab11A RE. In
contrast, colocalization of NP and Rab11A was found to be around 40% at the nuclear
periphery and was a similar percentage until 500 nm from the nuclear boundary (Fig.
10D). The discrepancy between Rab11A colocalization with PA vVRNA compared to NP
is expected because some Rab11A vesicles would be associated with other vRNP
segments, just not with PA vRNA.

In the presence of nocodazole treatment, the proportion of colocated Rab11A and
VRNP (either PA or NP) at any distance from the nucleus was lower than that in
DMSO-treated cells (Fig. 10B and D, open and solid red circles). In addition, we observed
that most of the foci at all radial distances from the nucleus in nocodazole-treated cells
contained either PA vRNA or NP alone (open blue circles, Fig. 10B and D). These data
demonstrate that colocated Rab11A and vRNP foci are reduced throughout the cyto-
plasm in nocodazole-treated cells, which is consistent with our analysis of the overall
composition of the cytoplasmic foci (Fig. 8B and C).

Cells are not spherical; thus, it is difficult to assess where, within a cell, Rab11A and
VRNA associate by looking at only the distances to the plasma membrane and nucleus
individually. Therefore, to determine the intracellular locations of Rab11A and vRNP
where association and disassociation occur, we analyzed colocated foci as a function of
their distance from the plasma membrane, as well as the nucleus, in DMSO- and
nocodazole-treated cells (Fig. 11). In DMSO-treated cells (n = 6), we observed that most
colocated foci (green- to yellow-shaded boxes) were located at ~500 nm from the cell
membrane and within 200 to 600 nm of the cell nucleus (Fig. 11A and C). In cells treated
with nocodazole (n = 6), we observed that most colocated foci (green- to yellow-
shaded boxes) were located within 300 nm of the cell membrane and between 700 and
1,600 nm from the nucleus (Fig. 11B and D). Data from DMSO-treated cells suggest that
Rab11A and viral NP associate within 200 to 500 nm of the nuclear surface and
disassociate at around 600 nm from the plasma membrane. However, in nocodazole-
treated cells, Rab11A and VRNP remain associated at or within 200 nm of the plasma
membrane. These observations support a model where VRNP segments associate with
Rab11A at ~300 nm from the nucleus and disassociate ~500 nm from the plasma
membrane.

DISCUSSION

Assembly of influenza vVRNA is a highly coordinated process where many of the
players and mechanisms are unknown. Our work explores the importance of MT in
VRNA assembly and expands upon previously published data implicating MT and
Rab11A in VRNP cytoplasmic transport. In this study, we demonstrate that Rab11A and
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FIG 11 Intracellular distribution of Rab11A GFP and PA vRNA colocated spots is dependent upon MT. Detailed analysis of colocated foci in A549
Rab11A-GFP cells was done to determine where, within the cell, the association and disassociation of Rab11A and vRNA occur. (A, B) 2D heat maps
depicting the frequency of Rab11A and NP colocated spots classified by their distances from the nucleus and the plasma membrane within DMSO
(n = 9)- and nocodazole (n = 10)-treated cells. (C, D) Heat maps depicting the frequency of Rab11A-GFP and PA vRNA colocated spots classified
by their distances from the nucleus and the plasma membrane within DMSO (n = 6)- and nocodazole (n = 6)-treated cells. Yellow indicates a
large proportion of the foci, while blue is a lack of colocated foci at that position. Each box represents 200 nm on the x and y axes. Cell schematics
are included to highlight the difference in Rab11A and VRNP colocated spots (red) in DMSO- and nocodazole-treated cells. The dashed blue line
represents the E-cadherin signal, and the nucleus (peach) was generated from the DAPI signal.

VRNP colocalization requires the presence of intact MT filaments (Fig. 8), yet the
absence of MT filaments does not adversely impact viral replication (Fig. 2) (25). We
further provide a comprehensive analysis of VRNA and Rab11A intracellular colocaliza-
tion, detailing where their association occurs within a cell (Fig. 10 and 11). In addition,
we observed that the composition of cytoplasmic VRNA subcomplexes varies between
cell types (Fig. 5 to 7), suggesting that host factors may impact the vVRNA segment
assembly process. Taken together, our observations highlight the complex nature of
VRNP assembly and support the presence of cell type-dependent and Rab11A-
independent mechanisms of VRNA transport and assembly. These data contribute to
our understanding of the VRNA transport process from the nucleus to the plasma
membrane.

We have previously proposed a model where the dynamic fusion and fission of
endosomes promote the assembly of all eight vRNP segments (10). In this study, we
used multicolor FISH to explore the cytoplasmic relationship of three VRNA segments
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in cells with or without intact MT filaments (Fig. 5 and 6) to assess whether MT promote
the assembly of all eight VRNP segments. Our investigation of the composition of
cytoplasmic foci containing labeled VRNA revealed that nocodazole treatment altered
the composition of cytoplasmic foci in MDCK cells but not in A549 cells. The alteration
of VRNA association in the cytoplasm of MDCK implies that MT may be required for the
dynamic movement of Rab11A endosomes in this cell type. Importantly, we observed
differences in the vVRNA composition of cytoplasmic foci between MDCK and A549 cells,
suggesting that the composition and order of vVRNA assembly may be cell type specific.
These differences may be related to delays in replication kinetics observed in these two
cell types (Fig. 2); therefore, additional studies exploring the intracellular vRNA associ-
ation at different time points and using multiple cell culture models, including differ-
entiated HBE cells, are needed.

Our ability to generate 3D renderings of infected cells allows for refined spatial
analysis of the intracellular colocalization of Rab11A and VRNP. These data increase our
understanding of how VRNPs disassociate from Rab11A prior to packaging. Given that
Rab11A has not been observed in purified virions (37, 38), there are two potential
mechanisms to explain the release of VRNP from Rab11A RE; i.e, (i) Rab11A RE-
containing VRNP segments fuse to the plasma membrane and the vRNPs are transferred
to budding sites at the plasma membrane, or (ii) vVRNP segments are pulled off Rab11A
RE at a certain distance from the plasma membrane at influenza virus budding sites. We
observed that a large proportion of Rab11A and vRNP spots were colocated 500 nm
from the plasma membrane (Fig. 10). This result supports a model where VRNA
segments disassociate from Rab11A RE away from the plasma membrane and move to
viral budding sites.

Our analysis of cells treated with nocodazole revealed that MT are important for
cytoplasmic association of Rab11A and vRNP (Fig. 8 and 10) but are not essential for
virus replication in a variety of cell culture models (Fig. 2 and 3). These data suggest a
potential Rab11A-independent vVRNP transport process. However, studies using small
interfering RNA or dominant negative Rab11A constructs have observed a robust and
significant reduction in viral titers (13, 29), suggesting that the limited association of
Rab11A and vRNP in the cytoplasm of nocodazole-treated cells may be sufficient to
efficiently produce progeny virions. Additionally, it is possible that the cell morphology
is altered upon nocodazole treatment, which could impact where the colocalization of
Rab11A and vRNP is observed in our studies. However, we did not observe any
significant variations in cell thickness during our experiments. Interestingly, recent live
imaging analysis of the cellular organelle interactome using a lattice light-sheet micro-
scope revealed that nocodazole treatment did not greatly affect the interplay of
intracellular lipid droplets, such as endosomes, with other cellular features such as the
endoplasmic reticulum and Golgi apparatus (39). Therefore, nocodazole treatment does
not shut down all intracellular dynamics and further work studying the relationship of
VRNP and cellular organelles could help to elucidate alternative vVRNP transport path-
ways.

The results presented here enhance our understanding of how MT impact influenza
VRNA cytoplasmic transport and assembly. Further investigation of the transport of
Rab11A and VRNP in live cells during a productive infection is needed and will help
provide further information on the dynamics of VRNA assembly and the presence of a
possible Rab11A-independent transport mechanism.

MATERIALS AND METHODS

Cells and viruses. MDCK epithelial cells obtained from ATCC and type Il MDCK cells provided by Ora
Weisz (University of Pittsburgh School of Medicine) were maintained in modified Eagle’s medium (MEM)
with 10% fetal bovine serum (FBS) and L-glutamine. A549 cells (ATCC) were maintained in Dulbecco’s
MEM supplemented with 10% FBS. Fully differentiated HBE cells were obtained from the University of
Pittsburgh airway epithelial cell core facility through an Institutional Review Board-approved protocol.
HBE cells were grown on transwells at an air-liquid interface and prepared and cultured as previously
described (40).

Recombinant A/WSN/1933 (WSN) virus was rescued as previously described (10). Recombinant
pandemic HIN1 (A/California/07/2009) virus was generated as previously described (41, 42), while the
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A/Perth/16/2009 H3N2 virus was a generous gift from Zhiping Ye (Center for Biologics Evaluation and
Research, FDA).

A549 cells stably expressing Rab11A-GFP were generated by transfection of a Rab11A-GFP expression
plasmid, a generous gift from Ora Weisz (University of Pittsburgh), by using TransIT-LT1 transfection
reagent (Mirus Bio LLC) in accordance with the manufacturer’s protocol. Clonal populations of cells were
isolated by plating an average of a single cell per well into 96-well plates and expanding clones that
tested positive for Rab11A-GFP expression under selection with 1,000 ug/ml G418 sulfate.

IAV infection and replication kinetics. A549 and MDCK cells were inoculated with the virus
indicated at an MOI of 0.01 (calculated on the basis of the 50% tissue culture infective dose [TCID,,] or
as otherwise specified in the figure legends) in MEM containing 2% L-glutamine and supplemented with
L-(tosylamido-2-phenyl) ethyl chloromethyl ketone (TPCK)-treated trypsin (Worthington Biochemical).
After 1 h of incubation, the virus inoculum was removed and the cells were washed, overlaid with fresh
medium, and incubated at 37°C. At 4 hpi, the medium was replaced with fresh medium containing DMSO
(1:1,000) or 5 pg/ml (or 16 wM) nocodazole for the duration of the infection. This concentration of
nocodazole is within the range of concentrations used to depolymerize MT in MDCK cells to study
influenza virus or intracellular transport of cargo; the concentrations used have ranged from 2 to 33 uM
(11, 20, 25, 34, 43-49). In A549 cells, studies have used nocodazole concentrations of 0.1 to 20 uM
(50-54). Supernatants from infected cells were harvested at various times ranging from 6 to 72 hpi for
viral titration. Virus titers of the collected supernatants were measured by TCID,, determination by the
endpoint method of Reed and Muench (55) and expressed as log,, TCID;,s per milliliter. The experiments
were done in triplicate with at least two biological replicates. The viability of cells treated with
nocodazole was determined with a fluorescence assay where treated cells were stained with Hoechst, a
live nuclear stain, and propidium iodide (PI) at 6, 8, and 24 h posttreatment and compared with that of
DMSO-treated cells. More than 5,000 cells were assayed per condition per time point by taking a
large-field-of-view (X 10 magnification) image. Imaris was used to quantify the numbers of Hoechst-
positive and Pl-negative cells, which were live cells, and Hoechst and Pl double-positive cells, which were
dead cells. The percentage of cell survival was calculated as the ratio of live cells (Hoechst positive, Pl
negative) to the total number of cells counted (all Hoechst-positive cells). Minimal loss of cell viability was
observed at 24 h posttreatment, and no loss of cell survival was observed at earlier time points.

Replication of influenza viruses in HBE cells in transwells was analyzed as follows. The apical surface
of cells was washed in phosphate-buffered saline (PBS), and then 103 TCID,,s of virus was added per 100
wul of HBE growth medium. After incubation for 1 h at room temperature with gentle rocking, the apical
surface of cells was washed three times with PBS. The final wash was collected as the 1-h time point. At
24 hpi, 200 ul of HBE medium supplemented with 0.05% bovine serum albumin (BSA) was added to the
apical surface for 15 min to capture released virus particles. After virus collection at 24 hpi, HBE medium
containing DMSO (1:500) or 10 pg/ml nocodazole was placed on the apical (100 ul) and basal surfaces
(500 wl). The medium was maintained for 24 h. The transepithelial electrical resistance of the cells was
determined with an Epithelial Volt Ohm Meter (World Precision Instruments) before and after treatment,
and no change was observed over the 24 h, indicating that polarity was maintained at ~1,000 (). At 24
h posttreatment (and 48 hpi), the medium was collected from the apical side for virus titration. The
experiment was done in triplicate, and at least three different patient cell lines were tested.

Western blotting. MDCK and A549 cells grown on six-well plates, and HBE cells on transwells were
lysed in lysis buffer (1% Triton X-100, 10% glycerol, 25 mM HEPES) on ice. A 50-ug sample of protein
lysate, as determined by Bradford assay (Thermo-Fisher Scientific), was separated by SDS-4 to 12%
morpholineethanesulfonic acid PAGE (Invitrogen). The proteins were transferred to polyvinylidene
difluoride membranes (Bio-Rad) and blocked in 5% milk in PBS with 0.1% Tween 20. The membranes
were incubated with the primary antibodies (mouse anti-acetylated a-tubulin monoclonal antibody
[purchased from Sigma] at 1:1,000, rabbit anti-a-tubulin monoclonal antibody [from Cell Signaling] at
1:1,000) in 3% BSA and 0.04% sodium azide in PBS overnight at 4°C. The membranes were subsequently
probed with horseradish peroxidase (HRP)-conjugated anti-mouse or anti-rabbit IgG antibodies (Bio-Rad)
in 5% milk and visualized with enhanced chemiluminescence reagents (Bio-Rad).

IP. Ten-centimeter dishes of A549 Rab11A-GFP cells were infected with wild-type (WT) WSN (MOI of
3) and then treated with DMSO or nocodazole (5 ng/ml) at 4 hpi. Cells were washed, harvested at 8 hpi,
and centrifuged at a low speed. Lysates were generated by resuspending the cell pellet from a single
10-cm dish into 1 ml of PXL buffer (1X PBS, 1% NP-40, 0.5% deoxycholate, 0.1% SDS). Anti-GFP
Dynabeads from MBL International Corporation were used in accordance with the manufacturer’s
recommendation. IP of 250 ul of lysate per condition was performed with 50 ul of anti-GFP beads at 4°C
for 5 h. Beads were washed three times with PXL buffer and subjected to one high-salt wash (200 nM
NaCl, 300 nM sodium acetate). Samples were then boiled and subjected to SDS-PAGE. Western blotting
with anti-PB2 (BEI number NR-50356), anti-Rab11A (Abcam ab65200), and anti-GFP (rabbit; Thermo Fisher
Scientific) antibodies was performed. HRP-conjugated secondary antibodies (Jackson Laboratories) with
minimal cross-reactivity to rat serum were used for detection.

Immunofluorescence. A549 and MDCK cells seeded onto glass coverslips were infected with WSN
at an MOI of 3 for the times indicated in the respective figure legends. Cells were fixed in 4%
paraformaldehyde for visualization of most viral and host proteins, except MT, which were visualized in
cells fixed with 100% methanol at —20°C for 3 min. Briefly, cells were permeabilized in 0.5% Triton X-100
and blocked with 3% BSA. The cells were subsequently incubated with the antibodies. Finally, the cells
were treated with the DNA stain DAPI to visualize the nuclear volume.

Primary antibodies were purchased commercially and used at the following dilutions: anti-acetylated
alpha-tubulin antibody (Sigma), 1:1,000; anti-alpha-tubulin antibody (Sigma), 1:2,000; anti-E-cadherin
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antibody (Cell Signaling), 1:100. The anti-NP primary antibody used (HB-65 at 1:1,000) was a kind gift from
Jon Yewdell (NIAID). Alexa Fluor 488-, Alexa Fluor 594-, and Alexa Fluor 647-conjugated anti-mouse and
anti-rabbit F(ab’), fragments (Invitrogen) were used for visualization.

FISH. Infected cells were analyzed by FISH as described previously (10). For these studies, we utilized

FISH probes against WSN gene segments M, NS, and PA conjugated to Alexa Fluor 488, Quasar 570, and
Quasar 670, respectively. The oligonucleotides used were obtained from Biosearch Technologies. The
fluorophores were visualized with an Olympus FluoView FV1000 confocal microscope with a 60X oil
immersion objective. Stacks of each cell were taken at z intervals of 0.17 wm, and FISH staining was used
to determine the vertical extent of the cell. These imaging parameters ensured a voxel spacing of
approximately 50 by 50 by 170 nm. Spectral separation was confirmed with single-color controls, i.e.,
staining of infected and fixed cells with a single FISH probe. Probe specificity was determined previously
(10).

Image analysis. All imaging experiments were repeated at least twice, and a minimum of five cells

were analyzed per replicate. Representative cells were selected from a random field of view on the
coverslip. Whenever possible, different personnel were responsible for image capturing versus image
analysis to avoid any inherent bias. In addition, we have automated as much as possible of our image
analysis pipeline to ensure uniformity among all imaging processes.

3D confocal stacks of FISH and immunofluorescence were background subtracted and deconvolved

with Huygens Professional (version 16.05; Scientific Volume Imaging B.V.). Deconvolution was done
automatically at 40 iterations per deconvolution assuming a signal-to-noise ratio of 20. All images were
deconvolved in a similar manner to ensure that no bias in image analysis was introduced.

The resulting images were analyzed with Imaris software (version 8.4.1; Bitplane AG). Imaris was used

to generate spots for the GFP-tagged Rab11A foci, viral NP, and FISH probes with the program’s “Spots”
feature. A threshold of 2X the mean fluorescence intensity standard deviation provided by Imaris for

each channel was used for all spot generations to provide an unbiased approach.
To create and quantify the spots, we first defined the cellular and nuclear spaces for a cell of interest.

We used the DAPI channel to automatically define the cell nuclear voxel space with a smoothing value
of 0.09. A combination of the FISH probes or E-cadherin was used to define the cellular membrane, which
was drawn manually on each slice. To determine the proportion of cytoplasmic foci within a cell and their
respective distances from the nucleus and plasma membrane, we used a feature of Imaris known as
“Cell.” In this feature, the cell contour is defined as the surface on the basis of E-cadherin staining and
the nucleus is based on the surface from DAPI staining. To determine the composition of the cytoplasmic
foci, we modified the Imaris MatLab extension program called “Colocalization of Spots” to accommodate
the comparison of up to four different spots. The revised code is called “XTSpotsColocalizeFISH4.m"” and
can be found at https://github.com/Lakdawala-Lab/MatLab-Extensions. Using this MatLab extension, we
identified colocalized spots by using a distance threshold of 300 nm (the size of our diffraction limit pixel
size) from each other. The two-vRNA- and three-vRNA-colocated and noncolocated (single-vRNA-
containing) spots were imported into the Cell feature as vesicles, and the number and intracellular
location of each spot were exported by using the “statistics” feature of Imaris. The frequency and location
data generated by Imaris were graphed and compared by using Prism (version 6.0; GraphPad). Mann-
Whitney analysis was used to determine the significance of differences between the data sets from
DMSO- and nocodazole-treated samples. Heat maps indicating spot frequency from the nucleus and

plasma membrane were plotted by using MatLab from the Imaris-generated data.
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