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ABSTRACT The fusion glycoprotein (F) is essential for respiratory syncytial virus (RSV)
entry and has become an attractive target for anti-RSV drug development. Despite the
promising prospect of RSV F inhibitors, issues of drug resistance remain challenging. In
this study, we established a dual-luciferase protocol for RSV fusion inhibitor discovery. A
small-molecule inhibitor, salvianolic acid R (LF-6), was identified to inhibit virus-cell and
cell-cell fusion mediated by the RSV F protein. Sequence analysis of the resultant resist-
ant viruses identified a K394R mutation in the viral F protein. The K394R mutant virus
also conferred cross-resistance to multiple RSV fusion inhibitors, including several inhibi-
tors undergoing clinical trials. Our study further showed that K394R mutation not only
increased the triggering rate of F protein in prefusion conformation but also enhanced
the fusion activity of F protein, both of which were positively correlated with resistance
to fusion inhibitors. Moreover, the K394R mutation also showed cooperative effects with
other escape mutations to increase the fusion activity of F protein. By substitution of
K394 into different amino acids, we found that K394R or K394H substitution resulted in
hyperfusiogenic F proteins, whereas F variants with other substitutions exhibited less
fusion activity. Both K394R and K394H in F protein exhibited cross-resistance to RSV
fusion inhibitors. Collectively, these findings reveal a positive correlation between the
membrane fusion activity of F protein and the resistance of corresponding inhibitors. All
of the results demonstrate that K394R in F protein confers cross-resistance to fusion
inhibitors through destabilizing F protein and increasing its membrane fusion activity.

IMPORTANCE Respiratory syncytial virus (RSV) causes serious respiratory tract disease
in children and the elderly. Therapeutics against RSV infection are urgently needed.
This study reports the discovery of a small-molecule inhibitor of RSV fusion glycopro-
tein by using a dual-luciferase protocol. The escape mutation (K394R) of this com-
pound also confers cross-resistance to multiple RSV fusion inhibitors that have been
reported previously, including two candidates currently in clinical development. The
combination of K394R with other escape mutations can increase the resistance of F
protein to these inhibitors through destabilizing F protein and enhancing the mem-
brane fusion activity of F protein. By amino acid deletion or substitution, we found
that a positively charged residue at the 394th site is crucial for the fusion ability of F
protein, as well as for the cross-resistance against RSV fusion inhibitors. These results
reveal the mechanism of cross-resistance conferred by the K394R mutation and the
possible cross-resistance risk of RSV fusion inhibitors.
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espiratory syncytial virus (RSV) is a major pathogen of acute lower respiratory infec-

tion that leads to bronchiolitis and pneumonia diseases in children, as well as in
the elderly population (1, 2). Worldwide, RSV is estimated to cause more than 3 million
hospitalizations and nearly 66,000 deaths annually in children under 5 years of age (3,
4). In the United States, RSV leads to 177,000 hospitalizations and 14,000 deaths annu-
ally among adults over the age of 65 (2). Despite great efforts that have been advanced
in past decades, a safe and effective vaccine for preventing RSV infection remains
unavailable. Therapeutic drugs currently approved against RSV infection are limited to
ribavirin and palivizumab. Ribavirin is a nucleoside analogue with broad-spectrum anti-
viral activities and is associated with limitations, such as severe adverse effects and
insufficient efficacy in vivo (5). Passive immunoprophylaxis with palivizumab (Synagis),
a humanized monoclonal antibody against RSV fusion (F) protein, is the only approved
intervention for the prevention of RSV infection, but its use is restricted due to the
high cost of treatment and inevitable monthly repeat injections (6). Therefore, the de-
velopment of alternative anti-RSV drugs is urgently needed.

The attachment glycoprotein (G) and fusion glycoprotein (F) are two major surface
glycoproteins of RSV that play important roles during virus entry (7, 8). The RSV F gene
is more conserved than the RSV G gene (9). Moreover, recombinant RSV lacking the G
protein can still infect host cells and produce progeny virions (10, 11); in contrast, dele-
tion of the F protein leads to the loss of virus entry ability (12), suggesting that the F
protein is indispensable for RSV infection. The F protein is initially expressed as an inac-
tive precursor, FO (13). In the Golgi apparatus, FO is cleaved at the N and C termini of
pep27 by a furin-like protease, generating two disulfide-linked subunits, N-terminal
polypeptide (F2) and C-terminal transmembrane polypeptide (F1) (14), which form a
trimer of F2-F1 heterodimers in the metastable prefusion state (15). Following the viral
attachment, prefusion F undergoes a dramatic conformational change and inserts its
fusion peptide into the host cell membrane (16). The rearrangement of metastable pre-
fusion F into extremely stable postfusion F leads to virus-cell fusion and cell-cell fusion.

The search for fusion inhibitors has become an attractive strategy for anti-RSV drug
development. Most of the RSV fusion inhibitors that have been reported recently act
as antagonists of RSV F rearrangement (17-21). These inhibitors can bind to a 3-fold-
symmetric pocket adjacent to fusion peptide in the central cavity of prefusion F trimer,
thereby blocking the conformational change of prefusion F into postfusion F (22).
Some of these inhibitors exhibit potent in vitro and in vivo anti-RSV activity, such as
BMS-433771, TMC-353121, JNJ-2408068, JNJ-53718678, GS-5806, and AK-0529 (17-19,
23, 24). In particular, JNJ-53718678, GS-5806, and AK-0529 have entered clinical trials
(ClinicalTrials registration no. NCT04056611, NCT02135614, and NCT04231968). All of
these inhibitors can elicit resistant mutants in vitro or in vivo. As previously reported,
resistance mutations for RSV fusion inhibitors cluster around a central cavity adjacent
to fusion peptide in prefusion F trimer (22). They mediate viral resistance through
direct or indirect mechanisms (22, 25). The direct mechanisms include mutations at the
residues that directly contact the inhibitors (e.g., F488L) or mutations at the residues
that hinder the rearrangement of prefusion F required to accommodate inhibitor bind-
ing (e.g., D489Y) (22). The indirect mechanisms involve altering the stability and trig-
gering rate of F protein (e.g., D401E and D489E), which results in a narrower window of
opportunity for inhibitors to bind (25). Previous studies have shown that K394R is an
escape mutation for several RSV fusion inhibitors, such as TMC-353121 and BMS-433771
(18, 26). The RSV variant harboring a K394R/S398L double mutation in the F protein con-
fers more than 30,000-fold resistance to TMC-353121 compared to that of the wild-type vi-
rus, whereas a S398L or D486N single mutation in the viral F protein only results in 194-
fold or 2,474-fold resistance to this inhibitor, respectively (18). The K394R single mutation
in F protein causes 1,250-fold resistance to BMS-433771 (26). These studies reveal that
K394R mutation is crucial for viral resistance; however, whether it confers cross-resistance
to other structural types of RSV fusion inhibitors, especially to the inhibitors in clinical de-
velopment, and its cross-resistance mechanism remain unclear.
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Here, we established a dual-luciferase protocol for viral fusion inhibitor discov-
ery and identified salvianolic acid R (LF-6) as a new RSV fusion inhibitor. Salvianolic
acid R is a natural compound isolated from Mesona chinensis Benth., an herbaceous
plant that is widely distributed in tropical and subtropical regions. This compound
suppressed RSV infection by blocking virus-cell and cell-cell fusion. The escape var-
iants for LF-6 contain a K394R mutation in the viral F protein. The viral variant har-
boring the K394R mutation also conferred cross-resistance to RSV fusion inhibitors
with a diversity of structures. Furthermore, the K394R mutation or its combination
with other escape mutations increased the triggering rate and the membrane
fusion activity of F protein, both of which were positively correlated with the cross-
resistance of F protein against these inhibitors. The in vitro fitness of K394R mutant
virus was also evaluated in this study. Our findings demonstrate the potential resist-
ance risk in RSV F-targeted drug development and provide new insight into K394R-
mediated cross-resistance.

RESULTS

Identification of LF-6 as an inhibitor of cell-cell fusion mediated by RSV F protein.
As a major part of our work over the past decade, we have constructed an in-house
compound library composed of more than 2,000 natural small molecules that were iso-
lated from about 100 species of medicinal plants. Some of the compounds from this
library exhibit considerable antiviral activities (27-30). In this study, an optimized dual-
luciferase reporter assay was conducted to investigate the capacity of the compounds
with anti-RSV activities to inhibit cell-cell fusion mediated by the RSV F protein (Fig.
1A). The target cells in the assay were transiently cotransfected with pcDNA3.1(+)
expressing the full length of the RSV F gene and pT7-Luc plasmids encoding firefly lu-
ciferase under the control of the T7 promoter. The effector cells were transiently
cotransfected with pRL-TK plasmids containing Renilla luciferase gene and pCAG-T7
Pol plasmids expressing T7 RNA polymerase. Following cell-cell fusion between target
cells and effector cells, T7 RNA polymerase in effector cells was spread to the larger
fused cell and initiated the expression of firefly luciferase, which correlated with the
cell-cell fusion activity.

We found that several salvianolic acid derivatives isolated from M. chinensis were
capable of suppressing the cell-cell fusion mediated by RSV F protein. In particular, sal-
vianolic acid R (LF-6) significantly inhibited the cell-cell fusion in a concentration-
dependent manner (Fig. 1B and C), whereas ribavirin, as expected, did not affect this
process. Next, three sets of experiments were carried out to determine the inhibitory effect
of LF-6 on RSV infection. First, viral growth kinetics in RSV-infected cells were assessed at
indicated intervals postinfection. At 50 h postinfection, a reduction of about 400-fold in vi-
ral growth was observed in cells that were treated with LF-6 (Fig. 1D). Second, virus titers
in cells that were treated with increasing concentrations of LF-6 were measured by virus
yield assay. LF-6 suppressed the production of progeny virions at these concentrations
without exhibiting substantial cytotoxicity (Fig. 1E). Third, immunofluorescent staining
results indicated that the viral protein levels in RSV-infected cells were substantially
reduced in the presence of LF-6 at concentrations higher than 5 uM (Fig. 1F). In contrast,
the viral protein levels in cells that were treated with 20 M ribavirin were still maintained
at a high level. Collectively, these results suggest that the reduction of virus replication is
correlated with the suppression of cell-cell fusion by LF-6.

LF-6 inhibits the virus-cell fusion without disturbing the viral attachment. A
time-of-addition assay was employed to determine which stage in the viral life cycle
was inhibited by LF-6. In this assay, LF-6 was added to cells at different time points af-
ter exposure of the cells to RSV. Viral titers in cells were measured at 40 h postinfection.
Our results indicated that virus yield was potently suppressed by treatment with LF-6
at 0 h or 2 h after the viral infection, whereas the anti-RSV activity of LF-6 was dramati-
cally attenuated when the compound was added to cells later than 4 h after infection
(Fig. 2A). These results suggest that LF-6 inhibits RSV infection, presumably by blocking
the virus entry into cells.
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FIG 1 Identification of LF-6 as a cell-cell fusion inhibitor against respiratory syncytial virus (RSV). (A) Schematic representation of a dual-luciferase reporter
model for screening of inhibitors capable of blocking cell-cell fusion mediated by RSV fusion glycoprotein (F). (B) Chemical structure of LF-6. (C)
Quantitative cell-cell fusion activity determined by dual-luciferase reporter assay. The activities of firefly luciferase and Renilla luciferase were measured
after transfection of RSV F plasmids in the presence or absence of LF-6. Values are normalized to Renilla luciferase activity and shown as mean * standard
deviation (SD); n = 3 biological replicates. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (D) Growth of RSV in HEp-2 cells that were treated with LF-6 (20 wM).
Data represent the mean =+ SD; n = 3 biological replicates. **, P < 0.01; ***, P < 0.001. (E) Effects of LF-6 on cell viability and virus yields as determined by
plague assay. Values were normalized to dimethyl sulfoxide (DMSO)-treated cells and shown as mean *+ SD; n = 3 biological replicates. (F) Expression level

of F protein in RSV-infected cells in the presence of ribavirin or LF-6 at different concentrations. Bar, 100 xm.

During entry of RSV into cells, the virions are first adsorbed on the cell surface and
then initiate virus-cell fusion. To assess which step during virus entry was blocked by
LF-6, viral attachment and viral fusion assays, respectively, were performed. In the viral
attachment assay, cells were treated with LF-6 and then infected with RSV at 4°C to
allow the virus to associate with the cell membrane but prevent membrane fusion. The
adsorbed virions on the cell surface were stained with specific anti-RSV F antibodies
and quantified using flow cytometry. Our results demonstrated that the abundance of
RSV on the cell membrane was not affected by the treatment of LF-6 even at a concen-
tration of 14-fold greater than the the concentration of inhibitor that reduced 50% of
the cytopathic effect (CPE) (ECs,), whereas it was significantly decreased when the cells
were pretreated with heparin, a broad-spectrum viral attachment inhibitor (Fig. 2B).
These results indicate that attachment of RSV with the cell membrane was not inhib-
ited by LF-6.

To determine whether virus-cell fusion was inhibited by LF-6, RSV virions were
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FIG 2 Inhibitory effect of LF-6 on virus-cell fusion. (A) A time-of-addition assay was performed to
investigate which stage in the viral life cycle was inhibited by LF-6. HEp-2 cells were infected with
RSV and treated with LF-6 (10 wM) or ribavirin (10 M) at indicated time points after exposure of
cells to the virus. Virus yields in the cells were assessed by plaque assay. Data are mean = SD; n = 3
biological replicates. (B) No significant inhibition of viral attachment was observed in LF-6-treated
cells. HEp-2 cells were infected with RSV in the presence or absence of LF-6 or heparin (4 uwM). After
infection for 1 h at 4°C, cells were incubated with anti-RSV monoclonal antibody and Alexa Fluor 488-
conjugated secondary antibody. Mean fluorescence intensity (MFI) correlated with the amount of RSV
on the cell surface was quantified by flow cytometry. Data are mean = SD; n = 3 biological
replicates. (C, D) Inhibitory effects of LF-6 on the fusion process of octadecyl rhodamine B (R18)-
labeled RSV with the cell membrane. HEp-2 cells were infected with RSV-R18 in the presence of LF-6
(10 M or 20 uM), ribavirin (20 uM), or heparin (4 uM). After infection for 2 h at 37°C, R18-associated
MFI was determined by flow cytometry and analyzed using FlowJo v.10.0. Data are mean = SD; n = 3
biological replicates. ***, P < 0.001.

labeled with a lipophilic probe, octadecyl rhodamine B (R18), which is self-quenched
when presented on the surface of virions at a high concentration. Following the virus-
cell fusion at 37°C, the R18 probes are diffused into the cell membrane, which elimi-
nates self-quenching between the probes. As a result, the fluorescence intensity emit-
ted by R18 was increased remarkably and can be detected by flow cytometry. Our
results demonstrated that R18-associated fluorescence in cells was maintained at an
extremely low level when infection was performed at 4°C, whereas it was dramatically
increased after infection for 2 h at 37°C (Fig. 2C and D). When infected at 37°C, the fluo-
rescence intensity in the cells that were treated with LF-6 was significantly decreased
compared to that in untreated cells, suggesting that diffusion of R18 on virions to the
cell membrane was blocked by LF-6. As expected, the negative control, ribavirin, did
not disrupt the diffusion of R18. Taken together, these results suggest that virus-cell
fusion was inhibited by LF-6.

LF-6 inhibits the early stage of viral fusion with the cell membrane. To investi-
gate which step in the virus-cell fusion was blocked by LF-6, the virions were labeled

October 2021 Volume 95 Issue 20 e01205-21

Journal of Virology

jviasm.org 5


https://jvi.asm.org

Tang etal.

A rTr—
DiOC18 DAPI  Merge : e
B7
RSV-DIOC18 6
i
Ls
o 4
=
[0]
€2
1
) 0
RSV-R18/DiOC18 Y &
O &
KPR £ NN
QY & 0 _—
& S 5° RSV-DIOC18/R18 + LF-6
0 min <'o
**:**

~14
[ee)
20 min O 1.2
LF-6 % 1.0
+ ]
RSV-R18/DIOC18 =08
40 min g 0.6
T 04
[0)
® o2
60 min 0.0°
IR &
Ql‘ O @1\6& & Q&‘ &
Q- 0\ N QP W

A
Q. 0\ RSV-DIOC18/R18 + LF-6
&

FIG 3 LF-6 inhibits the early stage of virus-cell fusion. (A) Diffusion of R18 and 3,3'-dioctadecyloxacarbocyanine
perchlorate (DiOC,;) probes from RSV surface to cell membrane in the presence of LF-6. HEp-2 cells were
infected with R18-, DIOC,4-, or R18/DiOC,4-labeled virus and treated with LF-6 (20 wM) at different time points
after viral infection. Two hours after the viral infection at 37°C, cells were stained with 4',6-diamidino-2-
phenylindole (DAPI) and subjected to a confocal laser for detecting R18 and DiOC,g-associated fluorescence.
Bar, 10 um. (B, C) The R18-associated (B) or DiOC,,-associated (C) fluorescence intensities were quantified and
analyzed using ZEN imaging software. Data are mean * SD; n = 3 biological replicates. **, P < 0.01; ***,
P < 0.001.

with two lipophilic probes, octadecyl rhodamine B (R18) and 3,3’-dioctadecyloxacarbo-
cyanine perchlorate (DiOC,g). When presented on the viral membrane, DiOC,g-associ-
ated fluorescence (Fig. 3A, as shown in green) was self-quenched and undergo fluores-
cence resonance energy transfer (FRET) to R18 probes (Fig. 3A, shown in red), thereby
increasing the R18-associated fluorescence intensity. Following the virus-cell fusion at
37°C, both R18 and DiOC, 4 probes on the surface of RSV virions were diffused into the
target cell membrane, resulting in the release of self-quenching and elimination of
FRET. As a result, DiOC,g-associated green fluorescence was dramatically enhanced fol-
lowing the virus-cell fusion. In this assay, cells were treated with LF-6 at 0, 20, 40, and
60 min postinfection. DiOC,5- and R18-associated fluorescence was observed at a high
level after the virus-cell fusion, which was potently suppressed in LF-6-treated cells
(Fig. 3A to Q). In particular, the fluorescence emitted by DiOC,;; was maintained at an
extremely low level when LF-6 was added to the cells at 0 or 20 min postinfection com-
pared to that in untreated cells, suggesting that virus-cell fusion was blocked by LF-6.
However, the inhibitory effect was markedly attenuated when LF-6 was added to RSV-
infected cells at 60 min postinfection, suggesting that LF-6 inhibits the early stage of
virus-cell fusion.

Escape mutations conferring resistance to LF-6 are located at the RSV F protein.
To identify the potential target of LF-6 against RSV, RSV strain A2 was grown in HEp-2
cells in the presence or absence (parallel control) of LF-6. The viral variants conferring
resistance to LF-6 were generated after continuous culturing for 9 passages with treat-
ment by increasing concentrations of LF-6. The EC,, of LF-6 against the resistant virus
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FIG 4 Investigation of the specific target and underlying mechanism of LF-6 against RSV. (A) Inhibitory
effect of LF-6 on cell-cell fusion mediated by wild-type F or F variants. A dual-luciferase reporter assay
was conducted to detect the membrane fusion activity in HEK293T cells that were transfected with
plasmids expressing F. Fyaomw Fraoar @aNd Fuoormisesns respectively. Data are mean = SD; n = 3 biological
replicates. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (B) Inhibitory effect of LF-6 on the association
between F(ecto), F(ecto)ysour OF Flecto),,, and the cell membrane. HEp-2 cells were incubated with the F
variants for 1 h at 37°C in the presence of LF-6 (20 wM) or DMSO, followed by staining with anti-RSV
monoclonal antibody and Alexa Fluor 488-conjugated secondary antibody, respectively. MFI associated
with the amount of F protein on the cell membrane was measured by flow cytometry. Data are mean *
SD; n = 3 biological replicates. *, P < 0.05; ***, P < 0.001. (C) Supernatants of HEK293T cells transiently
expressing F or F variants were separated by nonreducing or reducing SDS-PAGE, followed by Western
blotting with motavizumab staining.

was increased more than 71-fold compared to that of the parallel control virus. Full-
length viral genomes were divided into various segments and amplified by PCR.
Sequence analysis of these segments indicated that 4 of the 6 isolates of the resistant
viruses had a K394R mutation in the viral F gene, whereas 2 isolates had an additional
V207M mutation.

Next, the dual-luciferase reporter assay was conducted to evaluate the inhibitory
effect of LF-6 on cell-cell fusion mediated by wild-type F (F,,) or F variants (e.g., Fy2o7ms
Frsoar @Nd Fyagrmksear)- We observed that LF-6 significantly reduced cell-cell fusion ac-
tivity of F-transfected cells, whereas it has only a minor effect on Fy;g4r- OF Fyo07m/k30ar-
transfected cells (Fig. 4A). Moreover, there was no significant difference in cell-cell
fusion activity between Fy;o,5- and Fy,07m/k3sar-transfected cells in the presence of LF-6,
suggesting that K394R mutation was primarily responsible for the increased resistance
of the mutant viruses (RSV Fysg4z and RSV Fy507m/k304r) @gainst LF-6.

Subsequently, the effect of LF-6 on the association of soluble F proteins with the
cell membrane was assessed by neutralization assay. In this assay, the ectodomain of F
protein [i.e., F(ecto), F(ecto)xsssr, and F(ecto),rp] Were expressed with a polyhistidine
tag at the C terminus and purified in a high-ionic-strength buffer (29). As previously
reported, soluble F(ecto) in a high-molarity buffer could maintain a pretriggered state
and associate with the cell membrane by inserting fusion peptide into lipid bilayers of
the host cell (16, 29, 31). In our study, we observed that both soluble F(ecto) and F
(eCt0)xs04r adopt trimeric or monomeric conformation in a nonreducing buffer (Fig. 4B
and Q). In contrast, only F1 fragments of F(ecto) or F(ecto)ysesr in reducing conditions
were detected by immunoblotting. As expected, both F(ecto) and F(ecto)ysqss bound
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FIG 5 Deletion of K394 in RSV F protein results in its loss of fusion activity for syncytium formation.
(A) HEK293T cells were transfected with plasmids expressing F,, or F variants with AFP, AV207,
AK394, V207M, K394R, or V207M/K394R mutations. At 48 h posttransfection, the F,, or F variants on
the cell surface were stained by anti-RSV F monoclonal antibody and Alexa Fluor 488-conjugated
secondary antibody and then photographed under a fluorescence microscope. Bar, 100 um. (B) Cell-
cell fusion activity in transfected cells was determined by dual-luciferase reporter assay. Data are
mean * SD; n = 3 biological replicates. *, P < 0.05.

to the cell membrane, but F(ecto) s lacking fusion peptide failed to associate with the
cell membrane (Fig. 4B). In the presence of LF-6, the amount of F(ecto) on the cell
membrane was substantially decreased, whereas the amount of F(ecto)yse4r ON the cell
membrane was only slightly decreased.

Finally, HEK293T cells were transfected with wild-type F or F variants. At 48 h post-
transfection, the syncytia in transfected cells were stained with the anti-RSV monoclo-
nal antibody, and the fusion activity in these cells was determined by dual-luciferase
reporter assay. We found that fusion activity and syncytia numbers in K394R-trans-
fected cells were increased compared to those in F-transfected cells (Fig. 5A and B),
indicating that the K394R mutation enhanced the membrane fusion activity of F pro-
tein, whereas the V207M mutation in F protein did not contribute to membrane fusion
in addition to syncytium formation. We next observed that deletion of fusion peptide
(AFP) or residue K394 resulted in the loss of membrane fusion ability of the F protein,
evidenced by low fusion activity and hardly any syncytia in the cells transfected with
AFP or AK394 variants, suggesting that both fusion peptide and the K394 residue are
indispensable for F protein to mediate membrane fusion. In contrast, the F variant with
a deletion of V207 still produced large numbers of syncytia in cells, suggesting that
V207 is not required for membrane fusion.

Taken together, the results described above suggest that (i) LF-6 inhibits RSV entry
and infection by blocking the virus-cell and cell-cell fusion mediated by the viral F pro-
tein, (ii) the K394R mutation in RSV F protein is primarily responsible for viral resistance
to LF-6, and (iii) the K394 residue is essential for RSV F protein to mediate membrane
fusion.

Substitutions at 394th residue alter the cross-resistance of RSV F protein against
fusion inhibitors, as well as its membrane fusion activity. To determine whether
K394R in F protein confers cross-resistance to structurally distinct RSV fusion inhibitors,
cells were infected with K394R mutant virus or wild-type virus in the presence of inhib-
itors. As shown in Table 1, the viral variant with K394R mutation in F protein showed
cross-resistance to all the tested inhibitors except for ribavirin, a nucleoside analogue
that inhibits viral RNA or DNA replication. In particular, the K394R variant conferred
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TABLE 1 Antiviral activities of RSV F inhibitors against wild-type RSV or RSV variants
harboring K394R mutation

EC,, (nM) L
Fold Reported escape mutations in

Inhibitor RSV-F,,, RSV-Fy304r resistance® F protein
JNJ-53718678 0.83 5,000 6,024 L141W, D489Y
BMS-433771 10.51 20,000 1,902 F1401, V144A, D392G, K394R, D489Y
AK-0529 4.22 1,500 355 D486N, D489V, D489Y
TMC-353121 242 2,500 1,033 K394R, S398L, D486N
GS-5806 0.36 1.6 4 L138F, F140L, F488L, F488S, N517I
LF-6 2,780 >200,000 >71 V207M, K394R
Ribavirin 12,000 12,500 1 NAc©

9EC,, is the concentration of inhibitor that reduced 50% of the cytopathic effect (CPE).
bFold resistance is the fold change of EC,,.
°NA, not applicable.

6,024-fold resistance to JNJ-53718678, a potent RSV fusion inhibitor currently in phase
2 clinical trial (ClinicalTrials registration no. NCT04056611), compared to that of the
wild-type virus. This inhibitor was synthesized by structure optimization from BMS-
433771. Despite K394R not being included in the escape mutations for JNJ-53718678
that were recently reported, the K394R mutant virus exhibited more resistance to JNJ-
53718678 than to BMS-433771, which elicited K394R mutation in its escape variants
(32). AK-0529, a small-molecule fusion inhibitor of RSV also undergoing clinical trials,
exhibited lower efficacy against K394R mutant virus than against wild-type virus. These
results suggest that K394R represents a broad-spectrum resistance mutation for RSV
fusion inhibitors.

To investigate whether amino acid substitutions at the 394th residue could alter
the resistance of F protein against RSV fusion inhibitors, the K394 residue was substi-
tuted by 19 common amino acids. We observed that most of the substitutions in RSV F
resulted in its loss of membrane fusion ability (Fig. 6A). Substantial syncytia were only
generated in the cells that were transfected with F variants with K394 (wt), K394H, or
K394R mutation. Although cell-cell fusion was activated in the cells that were transfected
with K394L, no distinguishable syncytium was observed in these cells. Furthermore, the lu-
ciferase activities in K394H- or K394R-transfected cells were significantly higher than that
in K394-transfected cells, as well as higher than those in cells transfected with other 17
substitution variants (Fig. 6B). Remarkably, the lysine (K), histidine (H), and arginine (R) are
the only 3 positively charged (polar basic) amino acids among 20 common amino acids,
suggesting that a positive charge at the 394th site is important for RSV F protein to medi-
ate membrane fusion. Presumably, the microdomain around the 394th residue represents
an active pocket for F protein inhibitors. Both K394R and K394H mutations in F protein
exhibited considerable resistance to JNJ-53718678, BMS-433771, AK-0529, TMC-353121,
and LF-6, and show only slight resistance to GS-5806 (Fig. 6C to F). The increased resist-
ance caused by K394R was approximately equivalent to that caused by K394H. These
results were consistent with the fact that K394R induced substantial viral resistance against
BMS-433771 and TMC-353121 but only conferred 4.4-fold resistance to GS-5806 (Table 1),
whose escape variants did not include the K394R mutation in previous reports.

Mechanism of cross-resistance to fusion inhibitors conferred by the K394R
mutation. The K394R is an escape mutation for RSV fusion inhibitors. However, the
molecular mechanism for K394R to mediate cross-resistance against these inhibitors is
currently unknown. In the next series of experiments, the effects of K394R mutation on
the conformation stability and the membrane fusion activity of RSV F protein were
determined using D25 and motavizumab, which are prefusion F- and prefusion F/post-
fusion F-specific antibodies, respectively. We found that deletion of K394 (AK394) or
fusion peptide (AFP) significantly reduced the proportion of prefusion F to total F pro-
tein in the cells (Fig. 7A to C). Moreover, no syncytia were observed in these cells,
whereas substantial syncytia existed in the cells transfected with AD486 or AD489 var-
iants. These results suggest that K394 is crucial for F protein to mediate membrane
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FIG 6 Substitutions at 394th residue of the RSV F protein alter its cell-cell fusion activity and resistance against fusion inhibitors.
(A) HEK293T cells were transfected with plasmids encoding F,, or F variants containing various amino acid substitutions at the
394th site in the F protein. At 48 h after transfection, the cells were incubated with anti-RSV monoclonal antibody and Alexa
Fluor 488-conjugated secondary antibody, respectively. The cell-cell syncytia were observed under a fluorescence microscope. Bar,
100 um. (B) Quantitative cell-cell fusion activity in the cells transfected with F, or F variants, determined by dual-luciferase
reporter assay. The activities of firefly luciferase and Renilla luciferase were measured after transfection of plasmids expressing F,
or F variants. Data are mean * SD; n = 3 biological replicates. **, P < 0.01; ***, P < 0.001. (C to H) HEK293T cells were
transfected with plasmids expressing Fy;ous OF Fysouy in the presence of RSV fusion inhibitors. The cell-cell fusion activity was
determined at 72 h after transfection. Data are mean = SD; n = 3 biological replicates.

fusion, as well as for conformational stability of prefusion F. In contrast, D486 and
D489 residues are not required for F protein to mediate membrane fusion (Fig. 7D).
The proportion of prefusion F in the cells transfected with D486N/K394R and D489Y/
K394R variants was lower than that in cells transfected with D486N and D489Y variants,
respectively (Fig. 7C), suggesting that the K394R mutation reduced the stability of pre-
fusion F. Furthermore, we also observed that an additional K394R mutation in D486N
and D489Y variants could enhance the membrane fusion activity of F protein (Fig. 7D).
When heat-shocked at 55°C, K394R increased the shift of prefusion F into postfusion F
(Fig. 7E). These results suggest that K394R mutation reduced the stability of F protein
and increased the triggering rate of F protein, resulting in enhanced membrane fusion
activity.

To investigate whether K394R mutation in F protein increases the sensitivity of RSV
to thermal inactivation, we incubated the mutant virus or wild-type virus at different
temperatures for 24 h in the absence of cells. Both the K394R mutant virus and the
wild-type virus showed no obvious changes in viral titers after incubation at 4°C.
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FIG 7 Effects of K394R mutation on the membrane fusion activity and stability of F protein. (A, B) Escape mutations altered the
proportion of prefusion F to total F protein (prefusion F and postfusion F) on the cell surface. HEK293T cells were transfected
with plasmids carrying F,, or F variants. At 48 h posttransfection, the cells were stained with D25 or motavizumab monoclonal
antibody, followed by incubation with Alexa Fluor 488-conjugated secondary antibody. Bar, 100 um. (C) MFI of the transfected
cells was analyzed using ImageJ software. Data are mean = SD; n = 3 biological replicates. **, P < 0.01; ***, P < 0.001. (D)
Membrane fusion activity of transfected cells was determined by dual-luciferase reporter assay. Data are mean *= SD; n = 3
biological replicates. *, P < 0.05; ***, P < 0.001. (E) Proportion of prefusion F to total F protein on the cell surface at 37°C or 55°C.
HEK293T cells were transiently transfected with plasmids encoding F or F variants. At 48 h later, the cells were heat-shocked at
55°C for 10 min, followed by staining with D25 or motavizumab, and then incubated with Alexa Fluor 488-conjugated secondary
antibody. MFI of the transfected cells was calculated. Data are mean = SD; n = 3 biological replicates. *, P < 0.05; **, P < 0.01.
(F) Thermal stability of the wild-type virus and the K394R mutant. RSV virions were incubated at different temperatures for 24 h
in the absence of cells. The remaining viral titers were determined by plaque assay. Data are mean = SD; n = 3 or 4 biological
replicates. *, P < 0.05; **, P < 0.01. (G) Growth curves of wild-type RSV or the RSV variant with a K394R mutation. HEp-2 cells
were infected with RSV or RSV-F,.s. At indicated hours after the viral infection, virus suspensions were harvested and subjected
to viral titer determination by plaque assay. Data are mean * SD; n = 3 or 4 biological replicates. *, P < 0.05; **, P < 0.01.

However, the titer of the K394R mutant virus was rapidly reduced when the viral vari-
ant was incubated at a temperature over 25°C, and decreased more quickly than the ti-
ter of the wild-type virus (Fig. 7F). After incubation at 40°C for 24 h, the titer of the
K394R mutant virus was decreased over 14,000-fold compared to the titer of the mu-
tant virus that was incubated at —20°C. In contrast, only an 1,800-fold reduction of viral
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FIG 8 Cooperative effects of escape mutations for RSV F inhibitors on resistance. HEK293T cells were transfected with plasmids harboring escape mutations
for RSV F inhibitors. At 24 h posttransfection, the cells were treated with JNJ-53718678 (A), BMS-433771 (B), AK-0529 (C, D), TMC-353121 (E), and GS-5806
(F), respectively. Cell-cell fusion activity was determined at 72 h posttransfection. Data are mean = SD; n = 3 biological replicates.

titer was observed for wild-type virus after incubation at 40°C. These results suggest
that K394R in the F protein decreased the thermal stability of the mutant virions.

To determine the effect of the K394R mutation on viral fitness, viral titers in RSV-
infected cells were assessed at indicated intervals after infection. The viral variants har-
boring the K394R mutation did not grow as well as the wild-type virus in vitro and was
nearly 10-fold less infectious than wild-type virus after infection for 98 h (Fig. 7G).
These results indicate that the K394R mutation leads to a reduction in viral fitness.

Additionally, the K394R mutation showed cooperative effects with other escape
mutations, including D486N or D489Y, in increasing the resistance of F protein against
RSV fusion inhibitors (Fig. 8A to E). The D486N or D489Y single mutation in the F pro-
tein resulted in moderate resistance against these inhibitors. Notably, an additional
K394R mutation in the D486N or D489Y variants dramatically increased resistance of
the F variants, which exhibited stronger resistance than the AD486 and AD489 variants
against the tested inhibitors.

DISCUSSION

The F protein is essential for RSV infectivity and can serve as a valuable target for
anti-RSV therapy. Some small molecules targeting the RSV F protein, such as BMS-
433771, TMC-353121, JNJ-2408068, JNJ-53718678, GS-5806, and AK-0529, have shown
promising prospects in anti-RSV drug development (17-24). These inhibitors exhibit
potent in vitro and in vivo anti-RSV activity. Several of them (e.g., JNJ-53718678, GS-
5806, and AK-0529) are undergoing clinical development. However, almost all of the
small-molecule RSV F inhibitors that have been reported are associated with the risk of
inducing viral resistance, which may lead to loss of their therapeutic benefits in the
clinic. Therefore, understanding their resistance mutations and resistance mechanism
will facilitate recognizing possible resistance risks before their clinical application.

This study demonstrated a dual-luciferase protocol for viral fusion inhibitor
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discovery and identified LF-6 as a new small-molecule RSV fusion inhibitor using this
protocol. LF-6 suppressed RSV infection by blocking virus-cell and cell-cell fusion, and
its target has been proved to be the viral F protein through a series of experiments in
vitro. Sequence analysis of its escape variants indicated that K394R mutation, an escape
mutation for several reported RSV inhibitors (e.g., BMS-433771 and TMC-353121), also
occurred in the viral variants conferring resistance to LF-6. Despite the fact that K394R
emerged as a common mutation for small-molecule inhibitors with different structures
(18, 26), its effects of inducing viral resistance have been largely neglected mainly due
to its location at domain I/Il, a subunit with unclear effects for viral fusion. Moreover,
whether K394R mediates broad-spectrum resistance against RSV fusion inhibitors,
especially against the inhibitors that are currently in clinical trials, has not yet been
reported. Our results demonstrated that viral variants harboring a single K394R muta-
tion in the F protein showed cross-resistance to several promising candidates (BMS-
433771, TMC-353121, JNJ-53718678, and AK-0529), as well as against the inhibitor
identified in this study, LF-6. Notably, the K394R mutant virus conferred 6,024-fold and
355-fold resistance to JNJ-53718678 and AK-0529, respectively, both of which are cur-
rently in phase 2 clinical trials. Thus far, the resistant isolates of these two inhibitors did
not generate a K394R mutation in previous reports, but we should raise concerns for
the possible risk in clinical therapy of emerging resistant virus harboring K394R
mutation.

Escape variants for each inhibitor generally harbor several mutations in the viral F
protein. The viral resistance caused by these mutations is different. It is important to
understand which mutations are primarily responsible for viral resistance or whether
these mutations have cooperative effects. Previous studies demonstrated that D486N
and D489Y are major escape mutations for RSV F inhibitors (e.g., TMC-353121, BMS-
433771, and AK-0529) through a direct escape mechanism (22). Remarkably, our results
indicated that deletion of D486 and D489 did not reduce the fusion activity of the F
protein. The F variants lacking D486 or D489 only exhibited slight resistance to these
inhibitors. In contrast, deletion of K394 in the F protein resulted in its loss of fusion ac-
tivity. Additional K394R mutation in D486N- or D489Y-mutated F variants dramatically
reduced the inhibitory effects of these inhibitors on the membrane fusion process
mediated by the F variants. Furthermore, the viral variant carrying a K394R mutation
exhibited low susceptibility to these inhibitors. These findings suggest that the K394R
mutation is presumably a major determinant for viral cross-resistance. The combina-
tion of K394R with other escape mutations leads to cooperative effects on resistance.

In addition to the K394R mutation, substitutions of K394 (lysine) into H (histidine) in
F protein were also associated with cross-resistance to RSV fusion inhibitors (e.g., BMS-
433771, TMC-353121, JNJ-53718678, and AK-0529). However, other residue substitu-
tions, except for 3 positively charged residues (K, H, and R) at the 394th site, substan-
tially attenuated the fusion activity of F protein and did not show resistance to these
inhibitors, suggesting that a positively charged residue at the 394th site is important
for the F protein to mediate membrane fusion as well as for viral cross-resistance.
Neutralizing the positive charge at residue 394 in the F protein may represent a poten-
tial strategy to design more potent inhibitors with lower resistance risk. Further investi-
gations are needed to clarify the molecular mechanism for 394th-position positively
charged residues in altering membrane fusion activity of F protein.

We noted that deletion of fusion peptide or K394 in the F protein resulted in sub-
stantial postfusion F on the cell surface, whereas hardly any prefusion F protein and no
syncytia occurred in these cells. However, deletion of D486 or D489 showed little effect
on the fusion activity of the F protein, and only slightly decreased the proportion of
prefusion F on the cell surface compared to wild-type F. Clearly, K394 residue and fusion
peptide are indispensable for the F protein to mediate membrane fusion. Both of them
are important for the formation of prefusion F in cells. In contrast, D486 or D489 residues
are not required for membrane fusion. Future design of RSV F inhibitors to target the resi-
dues that are essential for the fusion ability of F protein is suggested.
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Our results demonstrated that a single K394R mutation or an additional K394R
mutation in D486N- or D489Y-mutated F variants increased the triggering rate of F pro-
tein, thus enhancing the membrane fusion activity of the F protein, as well as decreased
the proportion of prefusion F on the cell surface. The instability of the F protein resulted in
a shorter time window for inhibitors to bind and increased viral resistance against these
inhibitors. It is reasonable to conclude that the K394R mutation mediates cross-resistance
by an indirect mechanism of kinetic escape. Further studies are needed to investigate
whether K394R mutation confers broad-spectrum resistance to RSV F inhibitors in vivo, as
well as to develop effective strategies or alternative inhibitors to overcome the resistance
problems.

MATERIALS AND METHODS

Cells, viruses, and compounds. HEp-2 and HEK293T cells were purchased from the American Type
Culture Collection (ATCC) and maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and 2 mM c-glutamine. RSV A2 was obtained from Wuhan
University, China. RSV A2-F,.,,, was isolated and identified in our previous study (29). All the viruses
were grown in HEp-2 cells and stored at —70°C. Viral titers were determined by plaque assay. Salvianolic
acid R (LF-6) was isolated from the aerial part of Mesona chinensis Benth. (Lamiaceae) by the authors, fol-
lowing our previously reported procedure (30). The purity of LF-6 (>98%) was validated through high-
performance liquid chromatography (HPLC) analysis. Ribavirin, heparin, and BMS-433771 were pur-
chased from Sigma-Aldrich, Inc. TMC-353121, JNJ-53718678, GS-5806, and AK-0529 were purchased
from MedChem Express, Inc.

Plasmids. Human codon-optimized full-length viral wild-type F (F,.), Fyoorm Frsoarr Foasens Foasovs
Frsoarpasens Frssar/pasey, Favaor (deletion of V207 in F,), Fyyse4 (deletion of K394 in F,), Fyp.gs (deletion of
D486 in F,,), F.p.eo (deletion of D489 in F,), . (deletion of residues FLGFLLGVGS in fusion peptide),
and residue-substituted F (various residues substituted at the 394th residue of F,,) were each respec-
tively cloned into pcDNA3.1(+) vector. The pT7-Luc plasmid carries a firefly luciferase gene under the
control of the T7 promoter. The pCAG-T7 Pol plasmid can express T7 RNA polymerase, which specifically
binds to the T7 promoter of pT7-Luc and initiates expression of firefly luciferase. pRL-TK carries a Renilla
luciferase gene.

Cell-cell fusion assay. HEK293T cells were dissociated from cell culture flasks and divided into two
groups. One group of cells were transiently cotransfected with pT7-Luc plasmids and pcDNA3.1(+)
encoding RSV F or RSV F variants. Another group of cells was cotransfected with pRL-TK and pCAG-T7
Pol plasmids. All of the plasmids were transiently transfected into HEK293T cells using Lipofectamine
2000 reagent (Thermo Fisher Scientific, CA, USA) in Opti-MEM. At 5 h after transfection, the Opti-MEM on
the cells was discarded and supplemented with fresh cell culture medium. After incubation for 24 h, the
two groups of cells were mixed in equal proportion and seeded into 96-well plates in the presence of
inhibitors at various concentrations. At 72 h posttransfection, the activities of firefly luciferase and
Renilla luciferase were measured using the dual-luciferase reporter assay system (Promega, WI, USA).

Cell viability assay. HEp-2 cells were grown in 96-well plates and incubated overnight at 37°C. The
cell supernatants were discarded and supplemented with culture medium containing different concen-
trations of compounds. After 72 h, cell supernatants in each well were removed and supplemented with
100 ul DMEM containing 10 ul of Cell Counting Kit-8 (Sigma-Aldrich). After 2 h at 37°C, cell viability was
calculated according to the absorbance at 450 nm using a Multiskan Spectrum instrument.

Plaque assay. HEp-2 cells were infected with 100 50% tissue culture infective dose (TCID,,) of RSV
A2 in the presence of various concentrations of compounds. At 48 h postinfection, cell supernatants
were harvested and diluted to a range of concentrations from 107" to 107, The virus dilutions were
added to a new 24-well plate of HEp-2 cells for viral titer determination. At 2 h after infection, cells were
washed twice with phosphate-buffered saline (PBS) to remove unbound virions on the cell surface, fol-
lowed by coverage of 500 ul 1.5% agarose in maintenance medium (2% FBS). After agarose solidifica-
tion, 500 ul of maintenance medium was added to each well. On day 4 or 5 postinfection, cells were
fixed with 4% formaldehyde in PBS and then stained with 1% crystal violet for 1 h at room temperature
(RT). After washing with PBS, the virus-induced plaques were counted.

Immunofluorescence assay. HEp-2 cells or HEK293T cells were seeded into 24-well plates and incu-
bated overnight. For viral infection assay, HEp-2 cells were infected with RSV A2 at a multiplicity of infec-
tion (MOI) of 0.5 in the presence of LF-6 or ribavirin. At 48 h postinfection, cells were fixed with 4% para-
formaldehyde in PBS and permeabilized with 0.1% Triton X-100 for 10 min at RT. Cells were then
incubated with RSV F-specific antibody (catalog no. ab94968; Abcam, USA) in PBS containing 4% bovine
serum albumin (BSA) at RT, followed by staining with DyLight 594-conjugated secondary antibody
(Thermo Fisher Scientific) for 2 h. After washing twice with PBS, cells were stained with 4’,6-diamidino-2-
phenylindole (DAPI) for 10 min at RT. Cells were washed three times with PBS and then photographed
using a fluorescence microscope. For transfection assay, HEK293T cells were transfected with plasmids
encoding various F variants by Lipofectamine 2000 reagent at 24 h after transfection. At 48 h posttrans-
fection, the cells were incubated with RSV F-specific antibody (catalog no. ab94968; Abcam), D25 (cata-
log no. PABL-322; Creative Biolabs), or Motavizumab (catalog no. TAB-709; Creative Biolabs) for 2 h at RT,
and then stained with Alexa 488-conjugated secondary antibody (catalog no. A11013; Thermo Fisher
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Scientific) for 1 h at RT. After washing three times with PBS, cells were photographed under a fluores-
cence microscope.

Time-of-addition assay. HEp-2 cells were grown in 96-well plates and incubated overnight. The
cells were infected with RSV and treated with LF-6 (10 wM) or ribavirin (10 ©M) at the indicated time
points after exposure of cells to the virus. At 40 h postinfection, viral stocks were prepared from cells
and subjected to viral titer determination by plaque assay.

Attachment assay. HEp-2 cells grown in flasks were dissociated and then centrifuged for 5 min at
4°C and 1,500 x g. The pelleted cells were resuspended in 4°C precooled medium containing the mix-
tures of virus suspension with LF-6 or heparin at different concentrations. Afterward, the cells were
gently rocked for 1 h at 4°C to allow viral attachment to the cell membrane. Following the incubation,
the unbound virus on the cell surface was removed by centrifugation at 2,000 x g at 4°C for 3 min and
then washed twice with PBS. Afterward, cells were fixed with 4% paraformaldehyde for 20 min at 4°C.
Following the washing twice with PBS, cells were incubated with mouse anti-RSV F monoclonal antibody
(catalog no. ab94968; Abcam) for 2 h at RT and followed by staining with Alexa Fluor 488-conjugated
anti-mouse antibody (Thermo Fisher Scientific) at RT for 1 h. Finally, cells were washed twice with PBS
and subjected to flow cytometry (BD Biosciences, CA, USA). Data were analyzed using FlowJo v.7.6.

Virus-cell fusion assay. HEp-2 cells in cell culture flasks were infected with RSV A2. When 80% to
90% of cells reached apoptosis, the cells were collected, freeze-thawed, and centrifuged at 4°C and
2,000 x g for 20 min. The virus suspension was collected in a 50-ml conical tube containing 10 ml glyc-
erol mixtures (30% glycerol and 50 mM HEPES [pH 7.4]), then centrifuged at 4°C and 24,000 x g for 3 h
with an SW28 rotor. The pelleted virus was resuspended in 600 ul of Opti-MEM. For the confocal assay,
octadecylrhodamine B chloride (R18; Thermo Fisher Scientific) and 3,3’-dioctadecyloxacarbocyanine per-
chlorate (DiOC,,, Thermo Fisher Scientific) were diluted to 500 M and then mixed at a proportion of
1:1. The purified virus in 2.5 ml Opti-MEM (100 xg/ml) was incubated with 15 ul of the probe mixtures.
After incubation at 4°C for 1 h, the labeled virus was passed through a 0.25-um filter syringe filter
(Millipore, MA, USA). HEp-2 cells were infected with the labeled virus (MOI = 3) and treated with LF-6
(10 M or 20 uM), heparin (4 M), or ribavirin (20 ©M) at 0, 20, 40, and 60 min postinfection. Two hours
later, cells were fixed with 4% paraformaldehyde for 25 min and washed twice with PBS, followed by
staining with DAPI for 5 min. After washing twice with PBS, the fluorescence emitted by the probes was
observed using a confocal microscope. For the flow cytometry assay, the virus was incubated with R18
probes at 2 uM for 30 min at RT and passed through a 0.25-um filter syringe filter. HEp-2 cells were dis-
sociated from flasks and pretreated with LF-6, ribavirin, or heparin before R18-RSV infection. At 2 h after
viral infection, cells were fixed with 4% paraformaldehyde for 20 min at RT. The fluorescence intensity
emitted by R18 probes was detected by flow cytometry.

Western blot assay. The ectodomains of RSV A2 F [i.e., F(ecto)] and F variants [i.e., F(ecto), and F
(ecto)ysq0qr] Were codon-optimized for expression in mammalian cells and cloned into pcDNA3.1(+) vec-
tor. F(ecto) contains amino acid (aa) residues 1 to 526 with a 6xHis tag at the C terminus, whereas F
(ecto) upp and F(ecto)y;q,; Were derived from F(ecto) with the deletion of residues 137 to 146 or the sub-
stitution of K394 to R394, respectively. All of the plasmids were transfected into HEK293T cells. On day 5
posttransfection, the soluble F proteins in cell culture supernatant were harvested and separated by
nonreducing or reducing SDS-PAGE, then transferred to polyvinylidene fluoride (PVDF) membranes. The
blotted proteins were stained with motavizumab, a monoclonal antibody that binds to both prefusion
and postfusion forms of RSV F proteins, and then detected with a chemiluminescent agent using a
chemiluminescence imager (Amersham Imager 600; GE Healthcare).

Neutralizing assay. This assay was performed similarly to one previously described (29). Briefly, LF-6
(20 M) was premixed with soluble F(ecto), F(ecto),;q4r, OF F(ecto),p at 4°C for 20 min. HEp-2 cells were
incubated with the mixtures of LF-6 and soluble F proteins for 1 h at 37°C. Afterward, the cells were incu-
bated with anti-RSV monoclonal antibody (catalog no. ab94968; Abcam) in PBS for 1 h, followed by
staining with Alexa Fluor 488-conjugated anti-mouse antibody (Thermo Fisher Scientific) at 37°C for 1 h.
Mean fluorescence intensity (MFI) correlated with the amount of F protein on the cell surface was meas-
ured by flow cytometry (BD Biosciences). All of the soluble proteins were used at a final concentration of
2 ng/ml. Data were analyzed using FlowJo v.10.

Cell-surface triggering assay. HEK293T cells were seeded in 6-well plates and incubated overnight
at 37°C and 5% CO,. The cells were transiently transfected with plasmids encoding RSV F or RSV F var-
iants using Lipofectamine 2000 reagent. At 48 h after transfection, cells were dissociated and heat-
shocked at 55°C for 10 min and then incubated with anti-RSV F antibody (D25 or motavizumab) at 4°C
overnight, followed by staining with Alexa Fluor 488-conjugated secondary antibody (Thermo Fisher
Scientific) at RT for 2 h. Finally, cells were washed twice with PBS and subjected to flow cytometry (BD
Biosciences). Mean fluorescence intensity (MFI) was calculated using FlowJo v.7.6.

Viral temperature sensitivity and growth kinetics. For the thermal stability assay, the K394R mu-
tant virus and the wild-type virus were prepared into equal aliquots, which were frozen at —20°C or
incubated at different temperatures for 24 h followed by a single freeze-thaw. The remaining infectivity
was determined by plaque assay. For viral growth curves, HEp-2 cells were infected with the wild-type
virus or the K394R variant. At indicated hours after infection, the virus suspensions in cells were har-
vested and subjected to viral titer determination by plaque assay.

Statistical analysis. Data in this study were presented as mean * standard deviation (SD). Statistical
analyses of the data were conducted with GraphPad Prism v.8.0. The two-tailed Student’s t test was
used to measure the statistical difference between groups (GraphPad Software, Inc., San Diego, CA). P
values of =0.05 were considered to represent a statistically significant difference between compared
groups.
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