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Abstract

Respiratory syncytial virus (RSV) infection does not cause severe disease in most of us despite
suffering from multiple RSV infections in our lives. However, infants, young children, older
adults, and immunocompromised patients are unfortunately vulnerable to RSV-associated severe
diseases. A recent study suggested that RSV infection causes cell expansion, resulting in
bronchial wall thickening in vitro. Whether the virus-induced changes in the lung airway
resemble epithelial-mesenchymal transition (EMT) is still unknown. Here, we report that RSV
does not induce EMT in three different in vitro lung models: the epithelial A549 cell line,
primary normal human bronchial epithelial cells, and pseudostratified airway epithelium. We
found that RSV increases the cell surface area and perimeter in the infected airway epithelium,
which is distinct from the effects of a potent EMT inducer, TGF-B1-driven cell elongation—

indicative of cell motility. A genome-wide transcriptome analysis revealed that both RSV and
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TGF-B1 have distinct modulation patterns of the transcriptome, which suggests that RSV-

induced changes are distinct from EMT.

Keywords: epithelial-mesenchymal transition (EMT), respiratory syncytial virus (RSV),
respiratory epithelium, NHBE cells, A549 cells, ALI culture, TGF-B, vimentin, E-cadherin,

cytoskeleton

Importance

We have previously shown that RSV infects ciliated cells at the apical side of the lung airway.
RSV-induced cytoskeletal inflammation contributes to an uneven increase in the height of the
airway epithelium, resembling noncanonical bronchial wall thickening. RSV infection changes
epithelial cell morphology by modulating actin-protein 2/3 complex-driven actin polymerization.
Therefore, it is prudent to investigate whether RSV-induced cell morphological changes
contribute to EMT. Our data indicate that RSV does not induce EMT in at least three different
epithelial in vitro models: an epithelial cell line, primary epithelial cells, and pseudostratified

bronchial airway epithelium.

Introduction

RSV is a nonsegmented, negative-sense RNA virus belonging to the Pneumoviridae family and
Orthopneumovirus genus that infects the upper respiratory tract and often leads to severe lower
respiratory tract diseases, e.g., bronchiolitis and pneumonia (1-6). Almost every child is infected

by RSV within 2 years of age and often requires hospitalization. Particularly in infants (<1 year),
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the prevalence of RSV infection is 16 times higher than that of influenza (7, 8). RSV is the most
common pediatric pathogen in newborns, infants, and children under 6 years of age. Along with
infants and children, elderly people, who have chronic lung complications (e.g., asthma and
chronic obstructive pulmonary disease, COPD), cardiopulmonary complications or are
immunocompromised, are also known to be most vulnerable to RSV-mediated disease
exacerbation (9-11). Adults have no symptoms or self-resolving flu-like symptoms from RSV
infections, despite having multiple RSV infections. Indeed, Talukder et al. recently showed that
the airway epithelium of healthy adults is resilient to RSV infection (12). These researchers also
showed that RSV infection causes cytoskeletal inflammation that resembles noncanonical
bronchial wall thickening, which may explain how epithelial cells contribute to RSV-induced
bronchiolitis in infants with a lack of a mature immune system. We conclude that RSV-induced
bronchial wall thickening is a common pathophysiology, but infants particularly suffer the most
from severe pathophysiology due to the thinner bronchial airways (13-15). Here, we wanted to

answer the important question of whether RSV-induced cytoskeletal modulation induces EMT.

EMT is a cell remodeling process converting an epithelial cell to a mesenchymal cell and
is essential for embryonic development and organ formation; however, EMT can also be
stimulated in response to epithelial stress or injury (e.g., viral infection), leading to severe organ
degeneration (e.g., fibrosis) as well as cancer progression (16-18). Generally, EMT induces cell
migration, cell invasion, cytoskeletal reorganization, and apoptotic resistance (16). EMT can be
activated by numerous pathways separately or jointly, including the transforming growth factor
(TGF) superfamily (such as BMP and Nodal), fibroblast growth factor (FGF), epidermal growth
factor (EGF), insulin-like growth factor-2 (IGF-II), hedgehog (HH), Wnt/B-catenin, integrin, and

NF-kB pathways (19-23). Multiple studies have demonstrated that respiratory viral infection can
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induce significant TGF-B1 levels in bronchial and alveolar epithelial cells and that TGF-B1 acts
as the central regulator of the pathogenesis of pulmonary fibrosis (24-26). TGF-B1 is a
pleiotropic cytokine and potent growth factor that regulates cell proliferation, organization,
differentiation, and apoptosis (27, 28). TGF-B1 can induce EMT by Smad-dependent or Smad-
independent pathways and plays a critical role in carcinogenesis and fibrogenesis (29, 30).
Miettinen et al. first showed TGF-f1 as the inducer of EMT, which is now considered the

“master switch” of EMT both in vitro and in vivo (31-33).

Multiple animal models, including ferrets, calves, sheep, and rodents (rats, cotton rats,
mice, guinea pigs, and hamsters), have been developed for RSV research; however, to date, no
animal model has been able to recapitulate RSV pathophysiology (34-36). Instead, A549 cells, a
human alveolar epithelial basal cell line derived from lung adenocarcinoma tissue, have been
used as a well-studied model for respiratory research. Primary cells are preferable models
compared to A549 cells because of their cancerous cell origin as well as their lack of proper
epithelial properties (37). Therefore, primary epithelial cells are considered a more relevant

model for understanding any RSV-EMT relationship.

In this study, primary cells (bronchiolar epithelial cells) were grown in both monolayer
and air-liquid interface (ALI) cultures. ALI culture provides the well-differentiated
pseudostratified mucociliary epithelium, which mostly simulates in vivo epithelium; therefore,
ALI culture is considered a more appropriate model than a monolayer culture to study respiratory
epithelial biology (38-40). We investigated whether RSV induces EMT in three different in vitro
models. To determine EMT induction in response to RSV infection, we used TGF-B1 as a
positive control and observed the expression of the epithelial marker E-cadherin and the

mesenchymal markers Vimentin and a-smooth muscle actin (a-SMA) in A549 cells and primary


https://doi.org/10.1101/2023.03.13.532506
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.13.5325086; this version posted March 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

88  bronchial epithelial cells. Vimentin is a type 3 intermediate filament that is considered a
89  canonical EMT marker responsible for cell migration, cell invasion, and tumorigenesis, and its
90 higher expression is observed in several cancers, including lung cancer (41-45). Vimentin is also
91 involved in apoptosis and degraded by caspase-3, 6, and 9, resulting in cytoskeletal disruption,
92  which is considered the basis of epithelial morphological changes (46, 47). a-Smooth muscle
93 actin (a-SMA) is another predominant EMT marker and is an actin isoform responsible for
94  fibrogenesis (48, 49). In contrast, E-cadherin is a transmembrane protein responsible for the
95 formation of epithelial cell-cell adhesion, which becomes less functional as a sign of EMT (50).
96 As EMT modulates epithelial morphology, we determined multiple epithelial cell shape
97  parameters, such as cell surface area, cell perimeter, circularity, aspect ratio and caliper diameter,
98  because of RSV infection and TGF-B1 treatment. In addition, we compared the expression of

99  genes linked with EMT after RSV infection and TGF-B1 treatment using RNA-seq analysis.

100

101  Results

102 RSV infection does not induce EMT in a lung epithelial cell line (A549)

103  To determine whether RSV induces EMT in A549 cells, we detected both mesenchymal markers
104  (e.g., vimentin) and epithelial markers (e.g., E-cadherin) by two independent techniques:
105  Western blotting and confocal microscopy. For the control, we treated A549 cells with TGF-p1
106 (10 ng/ml), which is a potent EMT inducer (51). We found that TGF-B1 treatment significantly
107  increased total vimentin expression at 48 hours post-treatment (HPT), which is in line with a
108  previous report (Fig. 1A and 1B) (52). In contrast, RSV-WT (MOI = 0.1) induced substantially

109  lower vimentin expression than TGF-B1 (Fig. 1A and 1B). An obvious difference in total E-
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110  cadherin expression between RSV-infected and TGF-f1-treated A549 cells was observed. There
111 was substantially low E-cadherin expression at 48 hours post-TGF-B1 treatment (Fig. 1C and
112 1D), and a similar result was observed in a previous report demonstrating TGF-f1-induced EMT
113 in A549 cells (53). In contrast, RSV infection increased E-cadherin expression in A549 cells
114  (Fig. 1C and 1D). Kaltenborn et al. reported similar results (54). Although vimentin and E-
115  cadherin are the most common EMT markers, a-SMA is also known as an EMT marker due to
116  its upregulation during EMT in vitro (55). We then studied the impact of a-SMA (42 kDa) in
117  RSV-WT-infected cells. a-SMA expression was not elevated in the infected cells but increased
118  due to TGF-B1 treatment (Supplementary Fig. S1IA and B). We also validated vimentin and E-
119  cadherin expression in A549 cells using immunofluorescence-based detection under a
120  microscope (Fig. 1E and 1F). We found that vimentin expression clustered in the cytoplasm,
121 closer to the nucleus, and was more likely associated with ER (Fig. 1E top panel). Vimentin was
122  distributed throughout the cytoplasm in the TGF-B1-treated cells at 48 HPT (Fig. 1E, middle
123 panel). The vimentin distribution in the RSV-WT-infected cells was similar to that in the mock-
124 infected A549 cells (Fig. 1E, bottom panel), which confirmed our findings that there was no
125 increase in vimentin expression in infected cells (Fig. 1A and B). Likewise, we found that TGF-
126 Bl treatment substantially reduced E-cadherin expression, contrasting with the lack of obvious
127  changes in expression or distribution in the mock- or RSV-infected A549 cells (Fig. 1F). These

128  results suggest that RSV infection did not induce EMT in A549 cells.

129

130 RSV infection does not induce EMT in primary normal human bronchial epithelial

131  (NHBE) cells
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132 To determine whether RSV infection induces EMT in primary bronchial epithelial cells, we
133  infected NHBE cells from a healthy adult with RSV-WT (MOI = 0.1) for 2 days. For the control,
134  we treated NHBE cells with TGF-f1 (10 ng/ml). We found that TGF-B1 treatment increased
135  vimentin expression in NHBE cells, which suggested that TGF-B1 induced EMT in primary
136 NHBE cells (Fig. 2A and B). Previous studies have also shown that TGF-1 induces EMT in
137  primary NHBE cells (49, 56). Compared to that of the TGF-B1 treatment, total vimentin
138  expression was substantially lower in the RSV-infected primary NHBE cells (Fig. 2A and B),
139  which suggested that RSV infection lowers or does not modulate vimentin expression. Likewise,
140  we found that E-cadherin expression in NHBE cells was not decreased, indicating that there was
141  no EMT in the RSV-infected NHBE cells (Fig. 2C and D). As expected, RSV infection did not
142  increase total a-SMA expression (Fig. S2A and B). Unexpectedly, TGF-1 treatment neither
143  decreased total E-cadherin nor increased total a-SMA expression in the NHBE cells up to 48 hr.
144  Although RSV-WT did not change total vimentin and E-cadherin levels in NHBE cells
145  compared to mock infected cells, we observed a difference in their intracellular spatial
146  distributions. We observed a higher aggregation of both vimentin and E-cadherin compared to
147  the mock-infection and TGF-B1 treatment. While vimentin aggregated close to the nucleus, E-
148  cadherin aggregated close to the cell-to-cell junctions (Fig. 2E and F). Whether these protein
149  aggregations were due to RSV-induced syncytium formation in the infected cells remains to be
150  determined. Overall, these results suggest that RSV infection did not induce EMT but rather

151  modulated the spatial distribution of common EMT markers in the infected NHBE cells.

152

153 RSV infection does not induce EMT in the bronchial airway epithelium.
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154 RSV infection did not induce EMT in either a lung epithelial transformed cell line (A549) or
155  primary NHBE cells. As both primary NHBE cells and epithelial A549 cells were grown in 2D
156  culture, we wanted to investigate whether RSV infection induces EMT in an appropriate in vitro
157  airway epithelium model that mimics the bronchial airway in vivo. Thus, we used a
158  pseudostratified airway epithelium obtained by differentiating healthy adult NHBE cells in air-
159  liquid interface (ALI) culture for 28 days following published protocols (57, 58). The airway
160  epithelium mimics the in vivo lung bronchial airway epithelium and contains different epithelial
161  cells: ciliated cells (stained with acetyl-a-tubulin), goblet cells (stained with MUCSAC),
162  secretory cells (stained with MUC5B) (Fig. S3), and basal cells (not identified) (59-61).
163  Importantly, the presence of tight, adherent and tricellular junctions of the airway epithelium was
164  also confirmed by the detection of barrier-specific markers zonula occludens 1 (ZO-1), E-
165  cadherin and tricellulin (or MARVELD?), respectively (62, 63) (Fig. S3). We also determined
166  the optimal level of different biophysical properties (e.g., membrane permeability and ciliary
167  function) of the airway epithelium by measuring transepithelial electrical resistance (TEER) and

168 cilia beating frequency (CBF) as described previously (57, 58).

169 To determine whether RSV infection induces EMT in the bronchial airway epithelium,
170  we infected airway epithelial cells collected from two independent healthy adult donors with
171 RSV-expressing GFP (RSV-GFP) (MOI = 4) for 6 days. For the control, the epithelium was
172 either mock-treated or treated with TGF-B1 (10 ng/ml) for the same duration with a daily partial
173 change of basal medium containing TGF-B1 (10 ng/ml) where applicable (64). We found that
174  TGF-B1 treatment induced a substantial increase in the potent EMT marker vimentin, which was
175  detected at 6 days post-treatment (Fig. 3A). The TGF-B1-induced vimentin level was higher than

176  that in both mock-treated and RSV-GFP-infected airway epithelia, as vimentin levels were
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177  almost undetectable in 10 pug of total protein from either mock-treated or RSV-GFP-infected
178 airway epithelia (Fig. 3A and B). However, we detected vimentin in all samples by
179  immunofluorescence (65) (Figs. 3C and S4). Interestingly, we found that TGF-B1 treatment
180  modulated intracellular vimentin distribution, which appeared to be localized close to the nucleus
181  (Figs. 3C and S4). However, the characterization of the spatial distribution of vimentin remains
182  to be determined. As expected, we found that TGF-B1 treatment reduced E-cadherin expression
183  in the airway epithelium (Fig. 3D and E). While TGF-B1 treatment induced EMT (high vimentin
184  and low E-cadherin) in the bronchial airway epithelium, RSV infection neither increased
185  vimentin nor reduced E-cadherin; rather, an increase in E-cadherin was observed (Fig. 3A, B, D,
186  E). Although we observed donor-to-donor variation in E-cadherin expression, we could not
187  determine the temporal regulation of E-cadherin expression in those cells. We found that RSV
188 infection substantially increased E-cadherin levels, which contradicts the EMT phenotype (Fig.
189  3F). In addition to the higher level, we found abundant intracellular distribution of E-cadherin,
190  including robust peripheral distribution in both the RSV-infected and neighboring uninfected
191  cells (Figs. 3F and SS5). This robust and abundant E-cadherin distribution appeared to be RSV
192  specific and may suggest a novel and unique epithelial response to RSV infection (Figs. 3F and
193  S5). Our results suggest that RSV infection does not induce classical EMT in the airway

194  epithelium; instead, it changes infected cell morphology.

195 Additionally, we found similar levels of vimentin and E-cadherin in both RSV-WT-
196 infected and RSV-GFP-infected airway epithelia. This result may confirm that RSV-GFP is a
197  surrogate for RSV-WT (Fig. S6A and B). Moreover, we assessed the expression level of another
198 common EMT marker, a-SMA, in the RSV-GFP-infected airway epithelium from the two

199  independent donors. We found that RSV-GFP infection did not increase a-SMA levels compared
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200 to those in the mock-infected airway epithelium (Fig. S7A and B). Overall, our results suggested
201  that RSV infection did not induce classical EMT. However, RSV infection induced a substantial

202 change in the cellular morphology, which is described later.
203
204  RSV-induced cytoskeletal expansion is a different phenotype from EMT.

205  We found that both RSV infection and TGF-B1 treatment altered epithelial morphology, but the
206  changes driven by RSV infection were different from those driven by TGF-f1 treatment (Fig.
207  4A). RSV-infected cells were substantially larger due to their expanded cytoskeleton (Figs. 4A
208 and S8). We characterized this RSV-induced expanded cell morphology by determining several
209  cell shape parameters, including cell area, cell perimeter, circularity, aspect ratio, and caliper or
210  Feret diameter. We quantified these cell morphological parameters in at least 200 random cells.
211 The cells with RSV infection were a mix of GFP-positive (indicates RSV-infected cell) and
212 GFP-negative (indicates presumed uninfected) cells. RSV infection increased the infected-cell
213 surface area (115.49+4.42 pm?®), which was twofold larger than that of the mock-infected
214 controls (52.27+1.22 pm?) (Fig. 4B). Interestingly, TGF-B1 treatment also increased the cell
215  surface area more than twofold (122.50+3.23 umz) over that of the mock-treated (mock-infected)
216  cells (Fig. 4B). However, TGF-B1 treatment induced an elongated cellular morphology in
217  contrast to the RSV-induced circular morphology (Figs. 4A and S8). As expected, RSV infection
218  significantly increased the cell surface perimeter in the infected cells. The cell-surface
219  enlargement was not limited to only infected cells, as the measured cell perimeter of the cells
220  (including infected, GFP-positive and presumed uninfected, GFP-negative) (40.25+0.76 um) was
221  higher than the observed mock-infected cell perimeter (28.39+0.29 pm). However, TGF-f1

222  treatment increased the cell perimeter (48.48+0.72 pm) slightly more than RSV infection

10
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223 (40.25+0.76 um) at the same time point (Fig. 4C). Circularity is also known as the “Cell shape
224  index” or “Shape/Form factor” determined by 4n(area)/(perimeter)2, and its value ranges from 0
225  to 1, where values closer to 0 and 1 correspond to more elongated or more circular, respectively
226 (66). Both RSV-infected cells (0.83+0.004) and uninfected cells (0.80+0.004) were more circular
227  than TGF-B1-treated cells (0.65+0.009) (Fig. 4D). The aspect ratio (AR) was determined by the
228  ratio of the long axis and the short axis of epithelial cells, and a higher AR indicates higher cell
229  shape elongation. RSV-infected cells (1.41£0.01) exhibited slightly lower AR values than
230 uninfected cells (1.51+0.02), but cell shape elongation and AR values were significantly higher
231 after TGF-B1 treatment (2.37+0.06) (Fig. 4E). The caliper diameter, also known as the Feret
232 diameter, was used to determine the longest distance between two points of a specific epithelial
233 cell. The caliper diameter was increased almost twofold after TGF-B1 treatment. RSV-infected
234 cells also displayed a higher caliper diameter (14.824+0.28 um) than uninfected cells (10.71+0.13
235  um) but a lower value than TGF-B1-treated cells (20.47+£0.37 um) (Fig. 4F). Our results suggest
236 that RSV does not induce EMT in the infected bronchial airway epithelium, as the RSV-induced
237  expanded circular cell morphology is distinct from the TGF-Bl-induced elongated cell

238  morphology.
239

240  Unique differences in the whole-genome transcriptome between RSV infection and TGF-p1

241 treatment

242 To observe the comprehensive transcriptome divergence between RSV infection and TGF-1
243 treatment, we purified RNA from mock-infected, RSV-infected, or TGF-p1-treated airway
244 epithelium and performed RNA-seq analysis. Samples were subjected to a time-stamp

245  transcriptional analysis 6 days after RSV infection or TGF-B1 treatment (12). Comparing

11
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246  treatment groups to mock infection, we identified 5,863 differentially expressed genes (DEGs) as
247  aresult of TGF-B1 treatment and 4,869 DEGs influenced by RSV infection using DESeq2 with a
248  Benjamini—Hochberg adjusted p value <0.01 as the significance cutoff. These DEG lists were
249  assessed for overlap, identifying 2,744 (Table S1) genes shared between RSV infection and

250 TGF-B1 treatment as well as 2,125 (Table S2) and 3,120 genes (Table S3) unique to each group,
251 respectively (Fig. 5A). Gene Ontology (GO) analysis was used to determine the enriched

252 functional terms represented by genes unique to RSV infection or TGF-B1 treatment and shared
253  DEGs within both groups. The resulting GO terms were subjected to cluster analysis to reduce
254  redundancy in the top-represented terms; however, the full GO enrichment lists are available in
255  the respective supplementary tables. Fig. 5B shows the top GO cluster terms for each treatment
256  group as well as the shared DEGs. Genes unique to RSV infection represented GO terms often
257  related to viral immune response and cellular organization (Table S4). However, genes shared
258  between TGF-B1 treatment and RSV infection were enriched in terms related to cytoskeleton and
259  cilium organization (Table S5). Genes uniquely induced by TGF-B1 were heavily involved in
260  cellular migration and development (Table S6). Although the gene lists used for GO enrichment
261  analysis were unique, some top cluster terms occurred in more than one group of genes. GO

262  terms such as biological adhesion and intracellular signal transduction were enriched in both

263  shared and either the TGF-B1 unique genes or RSV unique genes, respectively. Interestingly, for
264  the shared genes between treatments that resulted in the biological adhesion enrichment results,
265  only 30 of the 255 genes were directionally discordant between RSV and TGF-1 (Table S7).
266  This finding may suggest that while these functions are influenced by both RSV infection and
267  TGF-BI treatment, some synergistic relationships with unique genes may play a key role in the

268  distinct responses we observed experimentally.

12


https://doi.org/10.1101/2023.03.13.532506
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.13.5325086; this version posted March 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

269

270  Unique differences in EMT-related gene expression between RSV infection and TGF-$1

271 treatment

272 To determine the differences in EMT-related gene expression between RSV infection and TGF-
273 PB1 treatment, we used a comprehensive list of EMT-related genes from a public database named
274  dbEMT 2.0 (67). Out of 1,184 EMT-related human genes from dbEMT 2.0, 207 genes were
275  commonly modulated by RSV infection and TGF-B1 treatment (Tables S8 and S9). The heatmap
276  of the 207 EMT-related DEGs illustrates three distinctive clusters of unique expression patterns
277  between the mock-infected, RSV-infected, and TGF-f1-treated groups (Fig. 6A). Each cluster
278  was analyzed for GO enrichment to determine the functions represented by the varying patterns
279  of gene expression between groups (Fig. 6B). The 34 EMT genes in Cluster 1 were mostly
280  downregulated by both RSV infection and TGF-B1 treatment, and these genes were enriched in
281 GO terms related to cellular development and RNA metabolism (Table S10). Cluster 2,
282  containing 77 EMT genes, was more upregulated by TGF-B1 treatment than RSV infection,
283  although all genes were DEGs within both comparisons to mock infection. The Cluster 2 genes
284  represented GO terms related to morphogenesis, cell motility, and locomotion (Table S10). The
285 96 EMT genes included in Cluster 3 were upregulated by both RSV infection and TGF-1
286  treatment; however, the pattern of gene expression was different between RSV infection and
287  TGF-B1 treatment; specifically, RSV infection upregulated distinct genes in contrast to TGF-1
288 treatment and vice versa. The Cluster 3 genes were related to GO terms involved in
289  development, cellular proliferation/death, and cell communication (Table S10). However, within
290 the top GO cluster terms, regulation of cell migration, other significantly enriched terms, similar

291  to Cluster 2, such as locomotion and positive regulation of cell motility, were also significant.
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292

293  Discussion

294  This study aimed to investigate whether RSV induces EMT in three different in vitro lung
295 models. We evaluated the expression of important EMT markers (e.g., E-cadherin, vimentin, and
296 a-SMA) in a respiratory epithelial cell line as well as primary epithelial cells. First, we
297  determined whether RSV induced EMT in a lung epithelial cell line (e.g., A549 cells) or primary
298  cells (e.g., NHBE cells of healthy adults). Here, we used TGF-B1 as a positive control, as several
299  studies have demonstrated that TGF-B1 induces EMT in A549 cells (68, 69). We used TGFf1
300 (10 ng/ml) as an EMT inducer according to previous reports where a similar concentration was
301 applied in different cell lines and primary cells grown in monolayer and ALI culture (70, 71).
302 RSV infection did not show EMT marker alterations in our study, specifically, in human
303  respiratory epithelial cell lines (A549 cells), but other respiratory viruses, such as rhinovirus,
304  which is also responsible for coughing, wheezing, and shortness of breath, have been shown to
305 induce EMT-like phenotypic and morphological changes in human bronchial epithelial cell lines
306 (BEAS-2B cells) by lowering epithelial marker expression (72). In addition, SARS-CoV-2
307 induces EMT in A549 cells (ACE2 overexpressing), as observed in multiple studies (73-75). Our
308 results also suggest no EMT induction by RSV infection in primary bronchial epithelial
309 monolayer culture, but SARS-CoV-2-mediated EMT was observed to induce lung fibrosis as a
310 post-COVID-19 complication in a similar model (73). Loss of E-cadherin expression and
311  aberrant localization of vimentin expression were observed in TGF-B1-treated cells, which was
312  also observed in a previous study, but RSV-infected cells did not show those phenotypes (76).
313  Unlike several other respiratory viruses that cause viremia, RSV is mostly restricted to the

314  respiratory tract, and the information regarding RSV-induced viremia and disease exacerbation is
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315 inadequate. A few previous studies have shown that RSV load in the blood can cause lung
316  complications in a mouse model, which is a semipermissive model for RSV replication (36, 77-
317  81). In contrast, rhinovirus has been shown to disrupt adherens and tight junctions, leading to
318 increases in membrane permeability, which is considered a potential mechanism of rhinovirus-

319  induced viremia and EMT (82, 83).

320

321 In addition, RSV induces epithelial morphological changes distinct from conventional
322  epithelial structure, but this RSV-induced feature was not observed in the elongated epithelial
323  cells induced by TGF-B1, as commonly observed in EMT (84). We found that both RSV
324  infection and TGF-B1 treatment increased the epithelial cell area. TGF-fl-induced EMT by
325 increasing cell area was also reported by another study (85). Our results demonstrated that TGF-
326 Bl treatment caused a higher cell perimeter, which was also reported previously (86). We found
327  an obvious difference between RSV infection and TGF-B1 treatment, as RSV-infected cells were
328  substantially more circular than TGF-Bl-treated cells. We also found that the expanded
329 cytoskeleton and circularity were RSV specific. As vimentin overexpression induces EMT,
330 Mendez et al. demonstrated that the application of exogenous vimentin by microinjection caused
331  circularity or form factor reduction, which also supports our findings (87). The aspect ratio and
332 caliper diameter are two other parameters used to determine cell shape elongation. TGF-1
333  treatment caused a significantly higher aspect ratio and caliper diameter than those in uninfected
334 and RSV-infected cells. ARHGAP4 is a Rho-GTPase that is important for the maintenance of the
335  epithelial phenotype, and Kang et al. demonstrated that ARHGAP4 knockdown caused cell
336  elongation by increasing ferret or caliper diameter and promoted EMT, which is concordant with

337  our findings (88). Overall, the epithelial morphological analysis in our study suggests that RSV
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338 infection and TGF-B1 treatment both induced epithelial cell perimeter and cell surface area. The
339  RSV-infected cells were more circular than the cobblestone-shaped uninfected epithelial cells,
340  while the TGF-B1-treated cells were more elongated because of EMT induction, as reported in
341  other studies (89-91). When there is a possibility of an RSV infection-induced increase in TGF-
342 PB1 expression (92), we have previously shown that RSV-induced TGF-f1 expression may be
343  protective in the healthy airway epithelium (93). RSV infection in human bronchial epithelial
344  cells induced EMT by inhibiting the type 3 interferon response; however, that study was carried
345 out in immortalized human respiratory epithelial cells expressing hTERT and CDK4 genes
346  without cilia beating or mucus-producing properties (94, 95). Another study demonstrated that
347 RSV infection promotes EMT; however, that study was carried out in a monolayer culture, and
348  the nodal gene, a member of the TGFf family, was expressed in bronchial epithelial cells (96).
349  There are several limitations of this study. First, there is a lack of ability to determine whether
350 immune cells contribute to EMT in the RSV-infected airway epithelium. A lung-chip model
351 would be helpful to determine the immune cell contribution to EMT in vitro, which is yet to be
352  done. Second, there was a lack of pediatric NHBE cells to determine whether RSV induces EMT
353  in the pediatric bronchial airway model. Third, TGF-B1-mediated EMT can be induced by either
354  Smad-dependent or Smad-independent pathways (23). Whether RSV infection modulates Smad

355 is yet to be determined.

356

357 The morphological analysis also supports our transcriptome analysis results in that RNA-
358  seq demonstrated that both RSV and TGF-B1 were involved in the modulation of cell adhesion
359  (Fig. 5B), explaining the changes in the epithelial phenotype. RSV infection did not show any

360  specific involvement with pathways directly linked to EMT, but TGF-B1 treatment displayed its
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361  connection with EMT, as evidenced by the enriched functions related to cell migration and
362  cellular morphogenesis (Fig. 5B). This result suggests that RSV does not induce EMT and that
363  RSV-induced morphological changes are distinct from EMT induced by other viruses (97). Other
364  respiratory viruses, such as influenza A and SARS-CoV-2, alter host cell morphology, but RSV-
365 mediated epithelial changes are unique in that they do not affect membrane integrity or ciliary
366  beating (98, 99). Furthermore, various EMT-implicated genes in the dbEST database showed a
367  significant upregulation in genes involved in cell motility, locomotion, and anatomical structure
368  morphogenesis upon TGF-B1 treatment; however, these genes generally remained almost
369  unchanged after RSV infection (Fig. 6B), indicating the absence of EMT in RSV infection.
370  While RSV-induced modulation of ARP2/3 complex-driven actin polymerization has previously
371  Dbeen established (12, 100-103), actin polymerization modulation has only been described in
372 EMT-induced tumor cell migration and invasion (104). The effect of RSV infection on EMT
373  induction in COPD and pediatric models should be investigated. COPD patients have
374  demonstrated lowered expression of E-cadherin and ZO-1 along with higher expression of
375  vimentin (105). In addition, RSV-induced goblet cell hyperplasia/metaplasia in pediatric samples
376 grown in ALI culture was reported (106). Goblet cell hyperplasia/metaplasia is associated with
377  COPD; therefore, screening for EMT phenomena during RSV infection in infants and children is

378 also important (107-109).

379

380 Overall, EMT was previously considered a simple binary state characterized by a
381 decrease in the epithelial marker E-cadherin and an increase in the mesenchymal marker

382  vimentin (110, 111). Later, numerous studies revealed that multiple intermediate steps are
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383 involved between epithelial and complete mesenchymal features at both morphological and
384 transcriptional levels, which can be considered hybrid or partial EMT (112-114). Our findings,
385 based on traditional EMT marker expression as well as morphological and transcriptome
386  analysis, suggest that RSV infection does not cause typical EMT induction, and further

387 investigation is warranted to determine whether RSV infection leads to partial or hybrid EMT.

388

389  Methods

390 Primary cells, cell line, and virus: Vero cells (African green monkey kidney epithelial cell line)
391  and A549 (human alveolar epithelial basal cell line) (ATCC CCL-185) cells were obtained from
392  Dr. Peter Collins at the National Institute of Allergy and Infectious Diseases (NIAID). Primary
393 normal human bronchial epithelial (NHBE) cells of healthy adults were obtained from Dr.
394  Kristina Bailey at the University of Nebraska Medical Center (UNMC), Omaha, NE, under an
395 approved material transfer agreement (MTA) between the University of North Dakota (UND)
396 and UNMC, Omaha, NE. The protocol for obtaining cells was reviewed by the UNMC IRB and
397  was determined to not constitute human subjects research (#318-09-NH). RSV-WT (A2 strain),
398  and RSV-GFP (GFP gene was inserted between the P and M genes of RSV-WT) viruses were
399  obtained from Dr. Peter Collins at NIAID. Both viruses were grown in Vero cells and sucrose-

400  purified using density gradient ultracentrifugation as previously published (115).

401

402  Cell culture (AS549 cells, Vero cells): A549 cells were grown in 100 mm culture dishes
403  (Corning, Inc.) and maintained in F-12 medium (Life Technologies) with 10% FBS, 2%

404  penicillin/streptomycin (Thermo Fisher Scientific) and 1% amphotericin B (Thermo Fisher
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405  Scientific). Vero cells were grown in 100 mm culture dishes (Corning, Inc.) and maintained in
406 DMEM (Sigma-Aldrich) with 5% FBS, 2% penicillin/streptomycin (Thermo Fisher Scientific)

407  and 1% amphotericin B (Thermo Fisher Scientific).
408

409  Primary cell culture: We used a previously described protocol (12, 58, 116). Briefly, NHBE
410  cell monolayer passaging was also performed in a 100 mm culture dish (Corning, Inc.). The
411  culture dish was coated with PureCol (Advanced Biometrics) before seeding cryopreserved
412  NHBE passage zero (P0) cells, and these cryopreserved cells were thawed in a water bath. The
413  cells were maintained in airway epithelial cell (AEC) growth medium (PromoCell) with AEC
414  supplement (PromoCell), 2% penicillin/streptomycin (Thermo Fisher Scientific) and 1%
415  amphotericin B (Thermo Fisher Scientific) at 37 °C in a 5% CO; incubator. Cells were grown to
416  90% confluency with a medium change every other day. A confluent monolayer of cells was
417  dissociated with TrypLE (Thermo Fisher Scientific), pelleted, and reseeded into a culture dish
418  containing AEC medium with supplements for passaging. A portion of the cells was stored at -

419  176°C in liquid nitrogen. Cells were passaged up to four times (P4).
420

421  Air-liquid interface (ALI) culture: We used a previously described protocol (12, 58, 116).
422  Briefly, 6.5 mm transwells with a 0.4 um pore polyester membrane insert (Corning, Inc.) were
423 coated with PureCol for 20 minutes before cell seeding and then removed. NHBE cells (5x10%)
424  suspended in 200 pul of AEC medium were seeded on the apical part of a transwell. Then, 500 pl
425  of AEC medium was added to the basal part of a transwell. When cells formed a confluent layer

426  on the transwell, the AEC medium was removed from the apical part and replaced with
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427  PneumaCult-ALI basal medium (Stemcell Technologies) with the required supplements
428  (Stemcell Technologies), 2% penicillin/streptomycin and 1% amphotericin B in the basal part.
429  The ALI medium was changed from the basal medium every other day. Apical surfaces were
430  washed with 1x Dulbecco’s phosphate buffer saline (DPBS) (Thermo Fisher Scientific) once per
431  week initially but washed more frequently when higher mucus was observed in later days. All
432  cells were differentiated for up to four weeks (37 °C with 5% CO;) until the cellular and

433  physiological properties of the epithelial layer were obtained.

434

435  Viral infection and TGF-B1 treatment: A549 cells were grown in monolayer culture (24-well
436  plate), and the medium was removed and washed with 1x PBS before viral infection and TGF-1
437  (catalog #240-B-002, R&D Systems) treatment. RSV-WT at a multiplicity of infection of 0.1
438  (MOI=0.1) was mixed with OPT-MEM for one hour (37 °C with 5% CO,) in each well. One
439  hour later, the medium was removed, and 500 pl of F-12 medium (Life Technologies) with 2%
440  FBS, 2% penicillin/streptomycin (Thermo Fisher Scientific) and 1% amphotericin B (Thermo
441  Fisher Scientific) was added. TGF-f1 (10 ng/ml) was applied by mixing with 500 pl of F-12
442  medium (Life Technologies) with 10% FBS, 2% penicillin/streptomycin (Thermo Fisher
443  Scientific), and 1% amphotericin B (Thermo Fisher Scientific). The mock-treated, RSV-infected,
444  and TGF-B1-treated cells were incubated for two days at 37 °C. NHBE cells were also grown in
445  monolayer culture (24-well plate), and the medium was removed and washed with 1x PBS
446  before RSV-WT infection and TGF-B1 treatment. RSV-WT (MOI=0.1) with 150 ul of AEC
447  growth medium (PromoCell) containing supplement (PromoCell), 2% penicillin/streptomycin
448  (Thermo Fisher Scientific) and 1% amphotericin B (Thermo Fisher Scientific) was added to each

449  well for one hour at 37 °C in a 5% CO; incubator. Then, the medium was removed, and 500 pul of
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450 AEC growth medium was replenished. TGF-B1 (10 ng/ml) was mixed with 500 pl of AEC
451  growth medium to be applied in each well. The mock-treated, RSV-infected, and TGF-B1-treated
452  cells in NHBE monolayer culture were incubated for two days at 37 °C. In addition, after four
453  weeks of ALI culture, differentiated pseudostratified airway epithelium was obtained, washed
454  with 200 pl 1x DPBS to remove mucus, and infected with RSV-WT (MOI=4) or RSV-GFP
455  (MOI=4) for two hours (37 °C with 5% CQO,). The virus inoculum was removed and washed 2x
456  with 200 pl 1x DPBS. Fresh ALI medium with supplements (500 pl) was added to the basal part
457  of the transwell, and the apical part was kept empty. A similar concentration of TGF-f1 (10
458  ng/ml) was mixed with ALI medium containing supplements in the basal part of the transwell.
459  The mock-treated, RSV-infected, and TGF-f1-treated transwells were incubated for six days at

460 37 °C.

461

462  Confocal microscopy: For preparation of confocal slides from A549 and NHBE cells grown in
463  monolayer culture, both cell lines were seeded on cover glasses (24-well plate). After RSV-WT
464  (MOI=0.1) infection and TGF-B1 treatment (10 ng/ml), two days later, cells were washed with
465  1x PBS, fixed with 4% paraformaldehyde (PFA) (Polysciences, Inc.) in 1x PBS for 10 minutes
466  at room temperature, permeabilized with 0.5% Triton-X100 (Sigma—Aldrich) for 10 minutes
467  followed by blocking with 3% BSA solution in 1x PBS for 2 hours. After 2 washes with 1x PBS,
468  the cells were then incubated with the following primary antibodies in 0.1% BSA solution (1X
469  PBS) overnight in the dark at 4 °C: mouse monoclonal (1:1000) Respiratory Syncytial Virus (F-
470  protein) (Abcam), rabbit monoclonal (1:1000) E-cadherin (Cell Signaling Technologies), and
471  rabbit monoclonal (1:1000) Vimentin (Cell Signaling Technologies). For preparation of confocal

472  slides from respiratory epithelium, the transwell insert was washed with 1x PBS, and both apical

21


https://doi.org/10.1101/2023.03.13.532506
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.13.5325086; this version posted March 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

473  and basal parts were fixed with 4% PFA in 1x PBS for 30 minutes at room temperature,
474  followed by 2x washes with 1xPBS and then blocking with 10% goat serum in
475  immunofluorescence (IF) washing buffer (130 mM NaCl,, 7 mM Na,HPOy, 3.5 mM NaH,PO,,
476 7.7 mM NaNj3, 0.1% BSA, 0.2% Triton-X 100 and 0.05% Tween-20) for 1 hour. After 2x
477  washes with 1x PBS, the transwell inserts were then incubated with similar primary antibodies:
478  E-cadherin rabbit monoclonal (1:200) (Cell Signaling Technologies) and Vimentin rabbit
479  monoclonal (1:200) (Cell Signaling Technologies) in IF washing buffer overnight in the dark at 4
480  °C. For monolayer sample preparation, the day after washing with buffer, cells were incubated
481  with secondary antibodies: anti-rabbit Alexa Fluor 647 (1:200) (Thermo Fisher Scientific) and
482  anti-mouse Alexa Fluor 488 (1:200) in IF buffer for 3 hours in the dark at 4 °C. Then, the
483  samples were washed 2x with IF buffer and incubated with rhodamine phalloidin (PHDRI)
484  (1:500) (Cytoskeleton, Inc.) for 30 minutes in the dark at 4 °C. After 3x washes with IF buffer,
485  the nuclei were stained with NucBlue Fixed Cell Stain Ready Probes (Thermo Fisher Scientific)
486  for 30 minutes in the dark at 4 °C. Coverslips (for A549 and NHBE cells) were washed with IF
487  buffer before mounting on microscope slides using ProLong Gold anti-fade mounting media
488  (Life Technologies). The transwell membrane was washed with IF buffer, followed by cutting
489  the whole membrane to set on the microscope slides (TechMed services), and similar media were
490 used for mounting the coverslip on the slide. Images were captured using a confocal laser
491  scanning microscope (Olympus FV3000) enabled with a 60x objective. The 405 nm laser was
492  used to find the DAPI signal for nucleus detection, the 488 nm laser was used to activate Alexa
493  Fluor 488 for GFP (or RSV F) detection, the 561 nm laser was used to activate rhodamine
494  phalloidin for F-actin detection, and the 640 nm laser was used to activate Alexa Fluor 647 for E-

495  cadherin and Vimentin detection. Imaris software version 9.5.1 (Oxford Instruments Group) was
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496 used for the conversion of Z-stack images (.oir format) to.tiff format and other image

497  postprocessing.

498

499  Cell shape analysis: Image] software was used to determine cell area, cell perimeter, circularity,
500 aspect ratio, and caliper diameter (12). The images (.tiff format) from mock-treated, RSV-
501 infected, and TGF-B1-treated samples were processed and converted into an 8-bit grayscale
502  image using ImageJ. Two hundred cells were taken from each sample for quantification. Every
503  epithelial cell was selected manually by the polygon option based on F-actin staining. RSV-

504 infected cells were confirmed by GFP signal along with F-actin staining.

505

506  Western blotting: Protein samples from airway epithelium were collected after 6 days of RSV
507 infection and TGF-B1 treatment. The apical part of a transwell was washed 2x with PBS, and
508 then, all the cells were scraped out and transferred into a 1.5 ml tube. After removal of the
509  supernatant, cells were transferred into a QIAshredder tube and mixed with 100 pl of gel loading
510 buffer containing 2.5 ml of 4x LDS loading buffer (Thermo Fisher Scientific), 1 proteinase
511  inhibitor tablet, and 7.5 ml of 1x PBS. The cell mix was centrifuged at 15,000 rpm for 3 minutes.
512  The elusion from the QIAshredder was stored at -80 °C. Protein samples from NHBE and A549
513  monolayers were collected after 2 days of RSV infection and TGF-B1 treatment. Cells were
514  scraped out from 24-well plates by mixing with gel loading buffer and transferred into a
515  QIAshredder tube followed by centrifugation at 15,000 rpm for 3 minutes. The eluate from the
516  QIAshredder tube was stored at -80 °C. Protein concentration was measured using a BCA

517  protein assay kit (Thermo Fisher Scientific). Protein samples were denatured at 90 °C for 10 min
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518  with 10x reducing agent (Thermo Fisher Scientific) before gel electrophoresis. Total protein
519  ranging from 10 to 20 pg was separated on 4-12% Bis-tris SDS polyacrylamide gels, followed
520 by dry blot transfer onto PVDF according to the manufacturer's instructions (Life Technologies).
521  For the loading control, mouse a-tubulin monoclonal Ab (Thermo Fisher Scientific) was used.
522 The PVDF membranes were incubated in LI-COR blocking buffer (1:1 in 1x PBS) (LI-COR
523  Biosciences) for 1 hour, followed by overnight incubation with primary Ab including rabbit
524  monoclonal anti-E-cadherin (1:1000) (31958, Cell Signaling Technology), rabbit monoclonal
525 anti-Vimentin (1:1000) (5741, Cell Signaling Technology), and rabbit monoclonal anti-a-SMA
526  (1:1000) (19245, Cell Signaling Technology) in blocking buffer (LI-COR Biosciences) with 1x
527  PBS (1:1). The membranes were washed 3x for 5 minutes with 1x PBS followed by incubation
528 with secondary antibodies including goat anti-mouse IRDye680 Ab (1:15000) (LI-COR
529  Biosciences) and goat anti-rabbit IRDye800 Ab (1:15000) (LI-COR Biosciences) for 1 hour.
530 After 3 washes for 5 minutes with 1x PBS, fluorescence was analyzed using the Odyssey
531 imaging system (LI-COR Biosciences). Image Studio 5.2 software (LI-COR Biosciences) was

532  used for densitometric analysis.

533

534  RNA extraction: The airway epithelium cultured on 6.5 mm transwell membranes was washed
535 and treated with RLT buffer (Qiagen) with 1% B-mercaptoethanol (Sigma—Aldrich). Cells were
536  scraped using a cell scrapper, collected into a QIAshredder tube and centrifuged at 15,000 rpm
537  for 3 minutes. The eluate was used to extract total RNA using a Total DNA/RNA Extraction Kit
538 (Qiagen) including a DNase I treatment to remove DNA in the sample according to the

539  manufacturer’s instructions.

540
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541 RNA-seq for transcriptome analysis: RNA was extracted (as described above) from ALI
542  cultures at 6 DPI after mock infection or infection with RSV-WT (MOI=4) or treatment with
543  TGF-B1. [RNA quality here in terms of RIN values]. The sequencing library was prepared
544  using the SMART-Seq v4 Ultra Low Input RNA Kit with nonstranded and polyA+ selection
545  (Clontech, Takara Bio USA, Mountain View, CA, USA). Approximately 120 million 125-bp
546  paired-end reads per sample were obtained (HiSeq 2500, Illumina, San Diego, CA, USA). RNA-

547  seq was performed by the Genomic core, UND, in a blinded manner.

548 Quality assessment of the raw sequencing data was performed using FastQC v0.11.8
549  (117). The adapters were trimmed using Trimmomatic v0.39 (118). Cleaned reads were aligned
550 to the human reference genome (hgl9) with STAR v2.7.1a (119). Gene expression was
551  quantified using CuffNorm v2.2.1 (120). Read counts were summarized using featureCounts
552 v1.4.6 (121). Differentially expressed genes (DEGs) were identified in RSV-infected vs. mock-
553 infected and TGF-B1-treated vs. mock-infected comparisons using DESeq2 v1.24.0 with a
554  significance cutoff of <0.01 Benjamini—-Hochberg (BH)-adjusted p value (122). Enrichment
555 analysis for DEGs was performed wusing our in-house R package richR

556  (https://github.com/hurlab/richR) to identify significantly overrepresented biological functions

557 and pathways in terms of Gene Ontology (GO) annotation. GO terms with a BH-adjusted p value
558  of <0.05 were deemed to be significant (123). The full list of enriched GO terms was subjected
559  to a clustering analysis to identify conceptually overlapping terms to reduce term redundancy.

560  The most significant term from each cluster was used as the representative term.

561

562  Statistical analysis: Parameters such as the number of independent experiments, standard error

563  of the mean (SEM), and statistical significance are reported in the figures and figure legends.
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564  GraphPad Prism 8 software was used for statistical analysis, and where appropriate, the
565  statistical analysis methods are noted in the figure legends. A p value less than 0.05 was
566  considered to indicate significance. *, p<0.05; **, p<0.01, *** p<0.001; **** p<0.0001; ns, not

567  significant.

568

569  Data availability: The RNA-seq data are available through GEO under accession number

570 GSEI189537.

571

572 Fig. 1. RSV does not induce EMT in A549 cells. A549 cells were mock-infected or infected
573  with RSV-WT (MOI = 0.1) for 2 days. Separately, A549 cells were treated with TGFB1 (10
574 ng/mL) as a control. (A) Ten micrograms of total protein was run on a reducing 4% bis-tris gel.
575 Vimentin was detected by Western blotting using a vimentin-specific primary antibody and
576  corresponding secondary antibody. Similarly, a-tubulin was also detected as a loading control.
577  (B) Relative quantification of total vimentin (normalized to a-tubulin) in A549 cells. The data
578  were obtained by combining the results from three independent experiments. Error bars represent
579 the standard error of the mean (SEM). One-way ANOVA was performed to determine statistical
580  significance. (C). Similarly, E-cadherin was detected. (D) Relative quantification of total E-
581  cadherin (normalized to o-tubulin) in A549 cells. The data were obtained by combining the
582  results from three independent experiments. Error bars represent SEM. One-way ANOVA was
583  performed to determine statistical significance. (E) The cells were fixed, permeabilized, and
584  immunostained for RSV F (47) and vimentin (cyan) using the respective primary antibodies and

585  corresponding fluorescence-labeled secondary antibodies. F-actin and nuclei were visualized by
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586  rhodamine phalloidin (red) and DAPI (blue) staining, respectively. (F) Similarly, E-cadherin
587  (cyan) was detected. Images were captured with a 60X objective. The scale bar is 20 um. The

588  scale bar for zoomed-in images is 10 um.

589

590 Fig. 2. RSV infection does not induce EMT in primary epithelial cells. NHBE cells were
591  mock-infected or infected with RSV-WT (MOI=0.1) for 2 days. Separately, NHBE cells were
592  treated with TGFB1 (10 ng/mL) as a control. (A) Ten micrograms of total protein was run on a
593  reducing 4% bis-tris gel. Vimentin was detected by Western blotting using a vimentin-specific
594  primary antibody and corresponding secondary antibody. Similarly, a-tubulin was also detected
595 as a loading control. (B) Relative quantification of total vimentin (normalized to a-tubulin) in
596 NHBE cells. The data were obtained by combining results from three independent experiments,
597 and the error bars represent SEM. One-way ANOVA was performed to determine statistical
598 significance. (C) Similarly, E-cadherin was detected. (D) Relative quantification of total E-
599  cadherin (normalized to a-tubulin) in NHBE cells. The data were obtained by combining three
600 independent experiments, and the error bars represent SEM. One-way ANOVA was performed
601  to determine statistical significance. (E) The cells were fixed, permeabilized, and immunostained
602 for RSV F and Vimentin (cyan) using the respective primary antibodies and corresponding
603  fluorescence-labeled secondary antibodies. F-actin and nuclei were visualized by rhodamine
604  phalloidin (red) and DAPI (blue) staining, respectively. (F) Similarly, E-cadherin (cyan) was
605  detected. Images were captured with a 60X objective. The scale bar is 20 um. The scale bar for

606  magnified images is 10 pm.

607
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608  Fig. 3. RSV infection does not induce EMT in the respiratory epithelium. The bronchial
609  epithelium was mock-infected or infected with RSV-GFP (MOI=4) for 6 days. Separately,
610  bronchial epithelium was treated with TGFB1 (10 ng/mL) as a control. (A and B) Ten
611  micrograms of total protein was run on a reducing 4% bis-tris gel. Vimentin was detected by
612  Western blotting using a vimentin-specific primary antibody and corresponding secondary
613  antibody. Similarly, a-tubulin was also detected as a loading control. The data were obtained
614  from one independent experiment. (C) The cells were fixed, permeabilized, and immunostained
615  for vimentin (cyan) using a vimentin-specific primary antibody and corresponding fluorescence-
616  labeled secondary antibody. F-actin and nuclei were visualized by rhodamine phalloidin (red)
617 and DAPI (blue) staining, respectively. (D and E) E-cadherin was also detected by Western
618  blotting using an anti-E-cadherin primary antibody and corresponding secondary antibody. (F)
619  Similarly, E-cadherin (cyan) was detected. All images were captured with a 60X objective. The

620  scale bar is 20 pm. The scale bar for magnified images is 10 pm.

621

622  Fig. 4. The RSV-induced epithelial morphology change is different from the TGF-p1-
623  induced effect. (A) The cells from either mock-infected or mock-treated (top), TGFB1 (10
624  ng/ml)-treated (middle), or RSV-GFP-infected (MOI = 4, 6 dpi) (bottom) cells were fixed,
625  permeabilized, and stained for rhodamine phalloidin (red). Images were captured with a 60X
626  objective. The scale bar is 10 um. (B-F). Approximately 200 cells from each sample were taken
627  for different cell shape quantifications using ImagelJ software: (B) cell area, (C) cell perimeter,
628 (D) circularity, (E) cell aspect ratio, and (F) caliper diameter. The data were obtained from three
629  independent experiments. The error bars represent the standard error of the mean (SEM). One-

630 way ANOVA was performed to determine statistical significance.
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631

632 Fig. 5. Genome-wide transcriptome differences between RSV infection and TGF-$1
633  treatment. (A) A Venn diagram represents the significant differentially expressed genes (DEGs)
634  identified from a direct comparison between TGF-B1 vs. mock (Yellow) and RSV vs. mock
635  (Blue) (BH adjusted p value <0.01). (B) A dot plot derived from Gene Ontology (GO) analysis
636  represents the top 10 biological functions modulated by either RSV infection or TGF-B1
637  treatment or both. The red dots, ranging from lighter to darker shades of red, correspond to the
638  adjusted p value for each term, with darker red indicating higher significance. The size of the dot

639  denotes the number of genes involved in specific pathways from our supplied gene list.

640

641  Fig. 6. Disparities in EMT gene expression between RSV infection and TGF-B1 treatment.
642  (A) A heatmap of differentially expressed EMT genes (EMT database, see methods & materials)
643  demonstrates the comparison of 207 differentially expressed EMT-related genes between RSV
644  infection and TGF-B1 treatment. The columns represent the samples (number indicates
645  replicate): mock-infected or mock-treated, RSV-infected, or TGF-B1-treated. The rows represent
646  EMT-related genes. Gene expression level is presented by pseudocolor (scale from -2 to 2); red
647 and blue indicate the upregulation and downregulation of differentially expressed genes,
648  respectively. Green, pink and blue bars indicate 3 different clusters of genes. (B) A dot plot
649  generated by GO enrichment analysis represents the top biological functional terms modulated
650 by EMT gene expression overlapping between RSV-infected and TGF-B1-treated samples. The
651 GO functions presented are the top terms for each cluster of terms from each gene group. The dot

652  size represents the number of genes, and red shading represents the adjusted p value.
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653

654  Fig. S1. RSV infection does not increase a-SMA expression in A549 cells. A549 cells were
655  mock-infected or infected with RSV-WT (MOI = 0.1) for 2 days. Separately, A549 cells were
656  treated with TGFB1 (10 ng/mL) as a control. (A) The cells were collected and lysed. Ten
657  micrograms of total protein was run on a reducing 4% bis-tris gel. a-SMA was detected by
658  Western blotting using an a-SMA-specific primary antibody and the corresponding secondary
659  antibody. Similarly, a-tubulin was also detected as a loading control. (B) Relative quantification
660  of total a-SMA (normalized to a-tubulin) in A549 cells. The data were obtained by combining
661 results from three independent experiments, and the error bars represent SEM. One-way

662 ANOVA was performed to determine statistical significance.

663

664  Fig. S2. RSV infection does not increase a-SMA expression in primary epithelial cells.
665 NHBE cells were mock-infected or infected with RSV-WT (MOI = 0.1) for 2 days. Separately,
666  NHBE cells were treated with TGFB1 (10 ng/mL) as a control. (A) The cells were collected and
667 lysed. Ten micrograms of total protein was run on a reducing 4% bis-tris gel. a-SMA was
668  detected by Western blotting using an a-SMA-specific primary antibody and the corresponding
669  secondary antibody. Similarly, o-tubulin was also detected as a loading control. (B) Relative
670  quantification of total a-SMA (normalized to a-tubulin) in NHBE cells. Data were obtained by
671  combining results from three independent experiments, and the error bars represent SEM. One-

672  way ANOVA was performed to determine statistical significance.

673
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674  Fig. S3. Morphology and junctional characteristics of the differentiated airway epithelium.
675 We confirmed multicellular epithelium by detecting two important cell types (ciliated and
676  goblet cells) that were identified by cell-specific surface markers: for ciliated cells, we used
677  acetyl-a-tubulin (cyan). For goblet cells, we used both MUCS5AC (cyan) and MUCS5B (cyan).
678  We confirmed tissue-like airway epithelium by detecting adherens, tight, and tricellular junctions
679 by E-cadherin (cyan), ZO-1 (cyan), and MALVELD2 (cyan) staining, respectively. The cell
680  cytoskeleton was visualized by rhodamine phalloidin (red) staining. Images were captured with a

681  60x% objective. The scale bar is 5 um.

682

683  Fig. S4. Vimentin expression determination in mock-infected or mock-treated, TGFp1-
684  treated or RSV-GFP-infected bronchial epithelium. The cells were fixed, permeabilized, and
685 immunostained for vimentin (cyan) by incubating with rabbit monoclonal antibody followed by
686  the secondary antibody anti-rabbit Alexa Fluor 647. The infected cells were identified based on
687  the GFP signal. F-actin and nuclei were visualized by rhodamine phalloidin (red) and DAPI

688  (blue) staining, respectively. Images were captured with a 60x objective. The scale bar is 10 pm.

689

690  Fig. SS. E-cadherin expression determination in mock-infected or mock-treated, TGFp1-
691 treated or RSV-GFP-infected bronchial epithelium. The cells were fixed, permeabilized, and
692  immunostained for E-cadherin (cyan) by incubating with rabbit monoclonal antibody followed
693 by secondary antibody anti-rabbit Alexa Fluor 647. The infected cells were identified based on

694  the GFP signal. F-actin and nuclei were visualized by rhodamine phalloidin (red) and DAPI

695  (blue) staining, respectively. Images were captured with a 60X objective. The scale bar is 10 um.
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696

697 Fig. S6. RSV-WT infection neither increased vimentin nor decreased E-cadherin
698  expression in the respiratory epithelium. The differentiated bronchial epithelium was mock-
699 infected or infected with RSV-WT (MOI = 4) for 6 days. Separately, the bronchial epithelium
700  was treated with TGFB1 (10 ng/mL) as a control. (A) The cells were collected and lysed. Ten
701  micrograms of total protein was run on a reducing 4% bis-tris gel. Vimentin was detected by
702  Western blotting using a vimentin-specific primary antibody and corresponding secondary
703  antibody. Similarly, a-tubulin was also detected as a loading control. (B) E-cadherin was

704  similarly detected. The data represent one independent experiment.

705

706  Fig. S7. RSV infection does not increase a-SMA expression in the respiratory epithelium.
707  The differentiated bronchial airway epithelium (Donor 1, NHBE C16 and Donor 2, NHBE E16)
708  was mock-infected or infected with RSV-GFP (MOI = 4) for 6 days. Separately, the epithelium
709  was treated with TGFB1 (10 ng/mL) as a control. (A) The cells were collected and lysed. Ten
710  micrograms of total protein was run on a reducing 4% bis-tris gel. a-SMA was detected by
711 Western blotting using an a-SMA-specific primary antibody and the corresponding secondary
712 antibody. Similarly, a-tubulin was also detected as a loading control. (B) Relative quantification
713 of total a-SMA (normalized to a-tubulin) in NHBE cells. The data represent one independent

714  experiment.

715

716  Fig. S8. Differences in epithelial morphology between RSV infection and TGF-p1

717  treatment. Mock-infected or mock-treated (left), TGFB1 (10 ng/ml)-treated (middle), or RSV-
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GFP-infected (MOI = 4, 6 dpi) (right) samples. RSV-infected cells were detected by the GFP
signal. F-actin was visualized by rhodamine phalloidin (red). Images were captured with a 60%

objective and then magnified (2.5%). The scale bar is 10 pm.

Fig. S9. Common EMT genes regulated by either RSV infection, TGF-B1 treatment or
both. A Venn diagram demonstrates that both RSV and TGF-f1 commonly modulate 207 EMT

genes derived from the dbEMT database.

Table S1. Differentially expressed genes (DEGs).

Table S2. RSV-specific unique gene modulation in the ranking of DEGs

Table S3. TGF-B1-specific unique gene modulation in the ranking of DEGs

Table S4. Enriched GO terms in RSV-specific DEGs

Table S5. Enriched GO terms shared by both TGF-B1-specific and RSV-specific cells.

Table S6. Enriched GO terms in TGF-B1-specific DEGs

Table S7. Genes shared by both TGF-B1-specific and RSV-specific effects

Table S8. Gene list of the EMT database dbEMT?2.0.

Table S9. EMT-associated genes from dbEMT2.0 overlapping with both TGF-B1-specific and

RSV-specific DEGs.

Table S10. Enriched GO terms linked to Clusters 1-3.
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