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A condensate-hardening drug blocks RSV 
replication in vivo

Jennifer Risso-Ballester1, Marie Galloux2, Jingjing Cao3, Ronan Le Goffic2, 
Fortune Hontonnou2, Aude Jobart-Malfait1, Aurore Desquesnes1, Svenja M. Sake4, 
Sibylle Haid4, Miaomiao Du3, Xiumei Zhang3, Huanyun Zhang3, Zhaoguo Wang5, 
Vincent Rincheval1, Youming Zhang3, Thomas Pietschmann4, Jean-François Eléouët2 ✉, 
Marie-Anne Rameix-Welti1,6,8 ✉ & Ralf Altmeyer3,7,8 ✉

Biomolecular condensates have emerged as an important subcellular organizing 
principle1. Replication of many viruses, including human respiratory syncytial virus 
(RSV), occurs in virus-induced compartments called inclusion bodies (IBs) or 
viroplasm2,3. IBs of negative-strand RNA viruses were recently shown to be 
biomolecular condensates that form through phase separation4,5. Here we report that 
the steroidal alkaloid cyclopamine and its chemical analogue A3E inhibit RSV 
replication by disorganizing and hardening IB condensates. The actions of 
cyclopamine and A3E were blocked by a point mutation in the RSV transcription 
factor M2-1. IB disorganization occurred within minutes, which suggests that these 
molecules directly act on the liquid properties of the IBs. A3E and cyclopamine inhibit 
RSV in the lungs of infected mice and are condensate-targeting drug-like small 
molecules that have in vivo activity. Our data show that condensate-hardening drugs 
may enable the pharmacological modulation of not only many previously 
undruggable targets in viral replication but also transcription factors at 
cancer-driving super-enhancers6.

RSV is a major cause of respiratory illness in young children, the older 
people and individuals who are immunocompromised worldwide7,8. 
Currently, multiple targets are pursued for the development of a safe 
and effective therapy to treat RSV infections9.

In infected cells, RSV induces the formation of cytoplasmic IBs, 
in which nucleoprotein (N), phosphoprotein (P), polymerase L, the 
transcription factor M2-1 and viral genomic RNA are concentrated. 
We recently demonstrated that IBs are ‘viral factories’ in which viral 
RNA synthesis occurs3. The morphology of IBs suggests that they 
are condensates formed by liquid–liquid phase separation (LLPS). A 
recent study showed that N and P were sufficient to drive the forma-
tion of pseudo-IB condensates through LLPS in vitro, both in cells 
and in biochemical assays10. However, these N–P pseudo-IB conden-
sates are not functional, as they do not shelter RNA synthesis and do 
not reflect the complexity of IBs in virus-infected cells, which have 
multiple compartments. Strikingly similar in size and phase organi-
zation to the nucleolus condensate11, RSV IBs are multiphasic and 
contain a sub-compartment called the IB-associated granule (IBAG), 
which is composed of newly synthesized viral mRNA and M2-13,12. 
Condensates have emerged as an important subcellular organizing 
principle1. An important question in anti-viral drug development—
and medicinal chemistry more generally—is whether these conden-
sates are druggable. In principle, a drug that dissolved or hardened 

would prevent viral replication. Neither mechanism has yet been  
reported.

Chemical analogues without hedgehog antagonism
We previously identified the hedgehog (HH) pathway antagonist cyclo-
pamine (CPM) as a potent inhibitor of RSV replication13. Inhibition of 
Sonic hedgehog (SHH) signalling is an unwanted feature of CPM as an 
RSV inhibitor. On the basis of the binding model of the Smoothened 
(SMO) receptor–CPM ligand binary complex14 (Protein Data Bank 
(PDB) 4O9R) and data on chemical analogues with enhanced SMO 
binding and HH signalling antagonism activity15, we designed CPM 
analogues with a modified A-ring (Extended Data Fig. 1) in order to 
engineer-out inhibitory HH signalling activity. The A-ring 3′-hydroxyl 
group was replaced with methoxy (A3M), ethoxy (A3E) and propoxy 
(A3P) groups, all of which show greatly reduced SHH-mediated signal-
ling (Fig. 1a and Extended Data Fig. 2). The 3′ ring modification in A3E 
and A3P resulted in near-complete loss of the HH activity (half-maximal 
inhibitory concentration (IC50) > 20 μM in SHH reporter assays). A3E 
is more potent against RSV in vitro than A3P (A3E, IC50 = 1.0 ± 0.34 μM; 
A3P, IC50 = 3 ± 1 μM) (Extended Data Fig. 2b, d, f) and was selected 
for all further studies. In addition to RSV reference strains, A3E and 
CPM also inhibit minimally laboratory-experienced strains of RSV 
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(Extended Data Fig. 3). Although the selectivity index of A3E was lower  
compared with CPM, it consistently ranged above 10. Future studies 
will need to identify whether chemical modifications can be made 
to the CPM scaffold that eliminate the SMO binding and HH signal-
ling while maintaining or even improving RSV activity. Of note, the 
mechanism of RSV inhibition probably remains unchanged as the 
same of R151K substitution in M2-1 confers resistance to both A3E 
and CPM (Fig. 1a).

Disorganization of IBs by A3E and CPM
Formation of IBAGs inside RSV viral factories depends on the de novo 
synthesis of viral mRNA, which recruits M2-1 and which was proposed 
to result from phase separation3. We used a recombinant RSV express-
ing a functional M2-1–mGFP fusion protein to analyse the effect of A3E 
and CPM on the subcellular localization of M2-1. In untreated cells, M2-1 
homogenously distributed in the cytoplasm and concentrated in IBAGs 
as revealed by FISH (fluorescence in situ hybridization) poly(A)-RNA 
staining (Fig. 1b and Extended Data Fig. 4). By contrast, IBAGs were no 
longer visible in compound-treated cells and M2-1–mGFP together 
with poly(A) RNA was detected throughout the entire IB. Complete 
loss of the organization of IB and IBAGs was observed after a 1-h treat-
ment with compounds at a concentration equivalent to 0.5× the IC90 
(Extended Data Fig. 4). Time-lapse fluorescence imaging revealed that 
the loss of IB and IBAG partitioning occurred within minutes after the 
addition of A3E and CPM (Supplementary Videos 1–3). This suggests 
that both compounds abolished the phase separation between IBs and 
IBAGs that could be mediated by M2-1–mRNA complexes.

Condensate-hardening small molecules
We hypothesized that RSV viral factories are condensates formed by 
LLPS10. The dynamic nature of RSV IBs was shown in cells infected with 
recombinant RSV expressing a fluorescent P protein that had typical 
liquid-like behaviour showing frequent fusion events between IBs fol-
lowed by rapid coalescence to form a larger spherical IB (Fig. 2a and 
Supplementary Video 4). As expected for condensates, IBs disassem-
bled upon osmotic shock and 1,6-hexanediol treatment, which disrupts 
hydrophobic protein–protein interactions (Fig. 2b, c and Extended 
Data Fig. 5a, b). To further confirm the liquid nature of IBs, we ana-
lysed the fluorescence recovery after photobleaching (FRAP) of IBs in 
RSV–P–BFP-infected cells. We observed a full and rapid recovery of the 
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Fig. 1 | A drug-like steroidal alkaloid derivative inhibits RSV replication and 
disrupts IB organization. a, The potency of A3E and CPM was determined 
using RSV–Luc- and RSV–M2-1(R151K)–Luc-infected HEp-2 cells and 
SHH-induced Gli-dependent luciferase-reporter-expressing NIH3T3 cells. The 
results are expressed as mean ± s.d. for a representative of three independent 
experiments performed in triplicate. IC50 concentrations in μM are indicated. 
b, RSV–M2-1–mGFP-infected HEp-2 cells treated with A3E or CPM for 1 h (see 
Extended Data Fig. 4). Representative images from four independent 
experiments are shown. Poly(A) RNA is shown in red and nuclei are shown in 
blue. Scale bar, 10 μm. White arrowheads indicate IBs.
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Fig. 2 | RSV IBs are LLPS condensates that can be hardened by A3E and CPM. 
a–g, HEp-2 cells were infected for 24 h with RSV–P–BFP (a–e), RSV–M2-1–mGFP 
(f) or RSV–M2-1(R151K)–P–BFP (g) and treated with 5 μM CPM, 25 μM A3E or 
DMSO for 1 h. a, Dynamic behaviour of RSV IBs. Arrowheads indicates a fusion 
event. Images are representative of ten videos from two experiments. Scale 
bar, 5 μm. b, c, Hypotonic shock was applied and cells were imaged at the 
indicated times. Measurements labelled R (recovery) were taken after 5 min of 
shock followed by 5 min in culture medium. b, The mean ± s.d. number of IBs per 
image is expressed as the percentage of the pre-shock control. Data are from 
ten acquisitions in two independent experiments. NS, not significant; 

***P < 0.001; Kruskal–Wallis test with two-tailed Dunn’s test for multiple 
comparisons. c, Representative images. Scale bar, 10 μm. d–g, Hardening of 
RSV IBs by A3E and CPM is shown using FRAP. The spontaneous re-distribution 
of fluorescence after photobleaching was recorded, the background and 
bleaching were corrected for during post-bleach imaging and normalized to 
the pre-bleach signal. e, g, Data are from 24 FRAP events in two independent 
experiments. d, f, Representative images of time-lapse microscopy from FRAP 
experiments are shown for P–BFP (d) and M2-1–mGFP (f). Scale bars, 2 μm. 
White arrowheads indicate the bleached area.
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fluorescence, which is consistent with the rapid diffusion of P within 
IBs. By contrast, in compound-treated cells we did not observe any 
re-distribution of P and fluorescence recovery (Fig. 2d, e). Moreover, IBs 
were no longer sensitive to osmotic shock, they lost their ability to fuse 
with each other and exhibited a slight decrease in mobility (Extended 
Data Fig. 5c, d and Supplementary Videos 5–7). The shape of the IBs, 
but not the surface area, was also altered in compound-treated cells, 
which resulted in the partial loss of the characteristic spherical shape 
of liquid condensates (Extended Data Fig. 5e).

We further analysed the mobility of M2-1 by performing FRAP on 
IBAGs in RSV–M2-1–mGFP-infected cells. In untreated cells, pho-
tobleached areas of the IBAG structures were readily replenished with 
M2-1–mGFP within 10 s, revealing rapid diffusion of M2-1 into IBAGs and 
active trafficking of M2-1 between the IB and IBAGs (Fig. 2f). However, in 
RSV–M2-1–mGFP-infected and A3E- or CPM-treated cells, M2-1 proteins 
were no longer able to redistribute into the photobleached area and 
remained in a hardened state (Fig. 2f). Taken together, our data show 
that RSV IBs are condensates formed by LLPS that can be hardened 
by small molecules A3E and CPM. Hardening of IB condensates does 
not result in the formation of solid fibrillar material as they do not 
stain positive with thioflavin S coloration16 (Extended Data Fig. 6a). 
We investigated the permeability of hardened IBs by analysing the 
diffusion of micro-injected fluorescent dextran beads in infected and 
treated cells17. The 10-kDa dextran beads, which have a hydrodynamic 

radius (Rh) of 2–3 nm, fully penetrate the IBs whereas the larger 70-kDa 
beads (Rh > 6 nm) are excluded from IBs in any experimental condition 
tested (Extended Data Fig. 6b, c). Notably, the mid-size 40-kDa beads 
(Rh = 4.5 nm) can enter the hardened IB in treated cells, which suggests 
that there is an increase in the IB mesh size after treatment with the 
compounds. This surprising finding warrants further investigation 
into the biophysical mechanism of IB condensate hardening.

We engineered an RSV–P–BFP recombinant virus that expresses the 
previously described M2-1(R151K) substitution that confers resistance 
to CPM13 and analysed IB dynamics and properties in compound-treated 
cells. In RSV–M2-1(R151K)–P–BFP-infected cells, treatment with CPM or 
A3E no longer resulted in a loss of roundness, resistance to hypotonic 
shock or change in the organization of IBs and IBAGs (Extended Data 
Figs. 7–9). FRAP data show that P mobility in IBs is no longer affected 
by CPM and A3E treatment (Fig. 2g). Taken together, these data demon-
strate that the antiviral effect and the condensate-hardening properties 
of these small molecules are dependent on the M2-1 protein.

Viruses replicate or assemble in foci in which viral macromolecules 
locally concentrate, although many—such as positive-strand RNA 
viruses, including coronaviruses—are not known to form large IB con-
densates. Notably, small condensates formed by the nucleocapsid of 
SARS-CoV-2 were recently reported18. Whether smaller viral replica-
tion foci can be hardened and inhibited in a manner similar to RSV IB 
condensates is an interesting avenue of future research.

Efficacy of A3E in the RSV mouse model
To our knowledge, no condensate-targeted compounds have demon-
strated in vivo efficacy to date. We therefore analysed whether the RSV 
condensate-hardening compounds A3E and CPM were able to block 
RSV replication in a mouse model19. We infected mice with RSV–Luc 
and treated animals twice daily with various doses of CPM and A3E, 
starting on the day of infection. Treatment of mice with A3E resulted 
in significant and dose-dependent inhibition of RSV replication in the 
lungs (Fig. 3a, b). At the peak of viral infection at 4 days after infection 
(d.p.i.), the luminescent signal was barely visible in the lungs of treated 
mice (Fig. 3a, b and Extended Data Fig. 10a). Although typically only 
minor pathological changes can be seen in the lungs of RSV-A2-infected 
mice, A3E and CPM reduce the inflammation and exfoliation of lungs of 
treated animals, which are shown as a combined histopathology score 
in Fig. 3c. Furthermore, we show that RSV–Luc expressing the resistance 
substitution (R151K) in M2-1 could not be inhibited by either compound 
in vivo (P > 0.05) (Fig. 3a, b), which validates M2-1 as the main viral pro-
tein targeted by A3E and CPM. Taken together, these data confirm that 
the hardening of IB condensates in infected cells in vitro translates to 
antiviral efficacy in RSV-infected mice. The efficacy of A3E in suppress-
ing virus replication is similar but appears to be slightly lower than 
CPM, which could be due to the lower potency of A3E observed in vitro 
(Fig. 3a, b). We believe that further investigations using a large-animal 
disease model of RSV infection can clarify this issue20.

Our in vitro data (Supplementary Videos 2, 3) show that A3E and 
CPM act on RSV IBs within minutes. We therefore assessed the antiviral 
efficacy of condensate-hardening compounds in a more realistic setting 
by comparing RSV replication in mice treated with A3E and CPM at 1, 2 
or 3 d.p.i., followed by luminescence measurement at 4 d.p.i. (Extended 
Data Fig. 10b, c). The reduction in virus replication can be seen when 
treated up to 2 d.p.i. for both compounds, although significance was 
not reached for A3E at deferred treatment points.

A fast action is an expected feature of a condensate-hardening drug 
and was observed in cell culture experiments (Supplementary Vid-
eos 1–3). This might be an important advantage of this new class of 
drugs for acute viral infections that have a limited treatment window. 
Indeed, RSV causes an acute respiratory disease that is characterized 
by a peak in viral replication in the lungs21. Patients typically present 
themselves to physicians several days after the onset of symptoms. 
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Normalized bioluminescence results are expressed as mean ± s.e.m. from at 
least two experiments. *P < 0.05, **P < 0.01, ****P < 0.0001; Kruskall–Wallis test 
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three independent pathologists and the mean score was calculated. Data are 
mean ± s.e.m.
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Comparative studies with development stage inhibitors of RSV F, L 
and N proteins should be done to determine the inhibition kinetics of 
current development-stage RSV inhibitors in vitro and in vivo.

Conclusion
Here we show that condensates formed by a liquid–liquid phase tran-
sition can be hardened by small drug-like molecules, resulting in the 
inhibition of virus replication in vivo. Targeting viral condensates could 
prove to be valuable for the development of drugs with broad-spectrum 
activity against future emerging viral pathogens by targeting proteins 
that are critical for condensate formation and conserved across the 
virus family. Condensate-targeting drugs may enable the pharmaco-
logical modulation of many previously undruggable targets. In recent 
years, biomolecular condensates have indeed been demonstrated 
in various physiological processes such as embryonic development, 
cellular response to stress and pathological protein aggregation in 
neurodegenerative diseases and cancer.
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Methods

Design and synthesis of CPM analogues
CPM (Selleck) was used as the starting material based on the crystal 
structure of the CPM–SMO complex (PDB 4JKV and PDB 4O9R)14, 
which shows polar interactions of the A-ring 3′-hydroxyl group with 
the amino acids in the extracellular domain of the SMO receptor. We 
designed analogues as shown in Fig. 1a and Extended Data Fig. 1. The 
synthesis work was performed at WuxiAppTec. To a solution containing 
CPM (600 mg, 1.46 mM, 1.0 eq) in methanol (5 ml), Boc2O (382.37 mg, 
1.75 mM, 402.49 μl, 1.20 eq) was added. The reaction mixture was stirred 
at 20 °C for 16 h. Thin-layer chromatography (TLC) (petroleum ether/
ethyl acetate (PE/EtOAc) = 3/1, Retention factor (Rf) = 0.45, KMnO4) 
showed no starting material. The solvent was removed to obtain the 
residue. The residue was purified by column chromatography on sil-
ica gel (PE/EtOAc = 10/1) to give an intermediate compound (550 mg, 
1.07 mM, 73.62% yield) as a white solid, which was named CPM-IM-1 
(intermediate product 1). Next, to a solution of CPM-IM-1 (250 mg, 
488.54 μM, 1.0 eq) in THF (4 ml), NaH (39.08 mg, 977.08 μM, 60% purity, 
2.0 eq) was added at 20 °C. The reaction mixture was stirred at 60 °C 
for 20 min. MeI (346.72 mg, 2.44 mM, 152.07 μl, 5.0 eq) was added to 
the reaction mixture and stirred at 60 °C for 2 h. TLC (PE/EtOAc = 3/1, 
Rf = 0.70, KMnO4) showed no starting material. The reaction mix-
ture was diluted with water (40 ml), extracted with EtOAc (25 ml ×2), 
washed with brine (30 ml), dried over Na2SO4 and concentrated to 
give the crude product. The crude product was purified by column 
chromatography on silica gel (PE/EtOAc = 10/1) to give intermediate 
product 2 (CPM-IM-2; 250 mg, 475.50 μM, 48.67% yield) as a white 
solid. Next, to a solution of CPM-IM-2 (150 mg, 285.3 μM, 1.0 eq) and 
2,6-lutidine (91.71 mg, 855.90 μM, 99.68 μl, 3.0 eq) in DCM (3.00 ml), 
TMSOTf (95.12 mg, 427.95 μM, 77.33 μl, 1.50 eq) was added at 0 °C. The 
reaction mixture was stirred at 0 °C for 30 min. TLC (PE/EtOAc = 3/1, 
Rf = 0.00, KMnO4) showed no starting material. The reaction mixture 
was diluted with saturated NaHCO3 (30 ml), extracted with EtOAc (30 ml 
×2), washed with brine (30 ml), dried over Na2SO4 and concentrated to 
give the crude product. The crude product was purified by prep-HPLC 
(NH4HCO3) to give A3M (13.0 mg, 30.54 μM, 10.70% yield) as a white 
solid. A3E and A3P were synthesized with the same procedure, shown 
in Extended Data Fig. 1.

Cells
HEp-2 cells (ATCC, CCL-23) were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM). ATCC number CCL-23 is derived from a 
HeLa cell contaminant and is recommended to grow RSV. BSRT7/5 
cells—BHK-21 cells that constitutively express the T7 RNA polymer-
ase22—were maintained in Glasgow’s MEM19. HH-signalling-pathway 
Gli-dependent luciferase-reporter-expressing NIH3T3 cells (BPS Biosci-
ence, 60409) were maintained in DMEM. Cells were grown in medium 
supplemented with 10% heat-inactivated fetal bovine serum (FBS) 
supplemented with penicillin–streptomycin solution. In addition, 
0.5 mg ml−1 of geneticin was added to BSRT7/5 cells and Gli-dependent 
luciferase-reporter-expressing NIH3T3 cells. Cells were grown in an 
incubator at 37 °C in 5% CO2. Cell lines were not authenticated. BSRT7/5 
and HEp-2 cells tested negative for mycoplasma using a MycoAlert PLUS 
Mycoplasma Detection Kit (Lonza).

Virus strains and recombinant virus rescue
RSV Long strain (ATCC, VR-26) was used for infection assays. The 
recombinant viruses, RSV–Luc, which expresses firefly luciferase and 
RSV–M2-1–mGFP, which expresses M2-1 fused to monomeric GFP, were 
prepared as described previously19. Recombinant RSV expressing the 
Luciferase reporter gene and encoding a Arg-to-Lys substitution at 
position 151 in the M2-1 protein (RSV–M2-1(R151K)–Luc) was engineered 
using the pACNR-rHRSV-Luc vector (GenBank accession, KF713491.1) as 
a template to amplify seven fragments covering the whole RSV genome. 

The fragments were assembled along with the p15A-Chl vector fragment 
using Gibson Assembly Master Mix (NEB, E2611). Recombinant RSV–
M2-1(R151K)–Luc (GenBank accession, MW039343), RSV–P–BFP (Gen-
Bank accession, MT994243) and RSV–M2-1(R151K)–P–BFP (GenBank 
accession, MT994242) were rescued by reverse genetics and amplified 
in HEp-2 cells as described previously19.

RSV inhibition assays
HEp-2 cells were seeded at 5 × 104 cells per well in 96-well plates the day 
before and infected with 104 plaque forming units (PFU) of RSV–Luc in 
the presence of various concentrations of compounds. CPM (Selleck, 
S1146), CPM analogues and GDC-0449 (also known as Vismodegib; 
Selleck, S1082) were solubilized in DMSO at 8 mM, 8 mM and 10 mM, 
respectively. Compounds were further diluted serially in DMEM con-
taining 0.25% DMSO to final concentrations ranging from 20 μM to 
0.0005 μM. In cell and virus control wells, 0.25% DMSO was added. 
Compound dilutions were pre-incubated with viral suspensions for 
5 min at 37 °C before addition to the cell monolayers in 96-well plates. 
Plates were incubated at 37 °C for 24 h for RSV–Luc before analysis. 
Luminescent readings were performed with a Bright Glo Luciferase 
System (Promega, E2610) and a Bioteck Synergy H1 plate reader. Rel-
ative light units indicate the luciferase activity relative to the mean 
control value (expressed as a percentage). The IC50 was defined as the 
compound concentration required to achieve a 50% reduction in the 
maximal virus replication. In addition, cytotoxicity assays were done 
with the CellTiter-Glo Luminescent Cell Viability Assay (Promega, 
G7570) after incubation with the compounds to test the cell viability. 
The 50% cytotoxic concentration (CC50) was defined as a 50% reduction 
in luminescence compared to control wells. IC50 and CC50 values were 
calculated by fitting the data to a sigmoidal curve equation in GraphPad 
software (GraphPad Prism 5).

Minimally laboratory-experienced RSV isolates
Primary RSV isolates were obtained at the Hannover Medical School, 
Germany, in 2013 and 2016 from children with respiratory tract infec-
tions and with a multiplex RT–PCR-confirmed diagnosis of RSV infec-
tion23. HEp-2 cells were inoculated with nasal swab, bronchial lavage 
fluid or throat swab material for 4 h at 37 °C. After a change to fresh 
medium, cells were incubated and, if necessary, passaged for several 
days until strong syncytia formation was visible. the supernatant and 
cells were collected, and cell-associated virus was released by three 
freeze–thaw cycles in liquid nitrogen. Cell debris was removed from 
the media by centrifugation at 1,000g and aliquots of the supernatant 
were snap-frozen in liquid nitrogen and stored at −80 °C. Viral RNA was 
isolated, reverse transcribed and RSV subtypes (RSV A GA2, RSV A ON1 
and RSV B) were determined by Sanger sequencing of the G protein 
gene (or next-generation sequencing of the complete viral genome) 
and aligned to known sequences found using Nucleotide BLAST.

Assays to test HH antagonism of CPM analogues
The screening of compounds for HH antagonism was conducted at 
BPS Bioscience using the Gli-luciferase reporter system24. In brief, 
Gli-dependent luciferase-reporter-expressing NIH3T3 cells, stably 
transfected with a Gli-dependent firefly luciferase expression plasmid, 
were seeded into white 96-well microplates and cultured overnight. 
After 24 h, the medium was changed to Opti-MEM containing diluted 
compounds and the cells were incubated for an additional 2 h, followed 
by addition of 1 μg ml−1 recombinant mouse SHH protein. Untreated 
cells were used as control. After treatment for 24 h, cells were lysed 
and luciferase assay was performed using ONE-Step luciferase assay 
system (BPS bioscience, 60690). Luminescence was measured using 
a luminometer (BioTek SynergyTM 2 microplate reader). Reporter 
assays were performed in triplicate for each concentration and the 
luminescence intensity (L) was analysed using Graphpad Prism. The 
luminescence intensity in the absence of a compound was used as a 



positive control (Lp) and scored as 100%. The signal recorded in the 
absence of cells (Lb) was scored as 0%. The percentage luminescence 
in the presence of each compound was calculated according to the 
following equation: Luminescence (%) = (L − Lb)/(Lp − Lb). The values 
of the percentage of luminescence for various concentrations of the 
same compound were then plotted using nonlinear regression analysis 
followed by calculation of the IC50 value.

Quantification of IB and IBAG disorganization following 
compound treatment
HEp-2 cells were grown on glass coverslips and infected with RSV–M2-1–
mGFP or RSV-M2-1(R151K)–P–BFP at a multiplicity of infection (MOI) 
of 1. At 24 h after infection, cells were treated with CPM or A3E at the 
indicated concentrations for 1 h. FISH was performed as previously 
described3. In brief, cells were fixed with 4% formaldehyde in PBS (v/v) 
for 10 min at 4 °C and endogenous biotin was blocked in PBS–1% BSA 
(w/v) supplemented with free streptavidin (4 μg ml−1) for 1 h. Coverslips 
were incubated in hybridization mix (2× SSC, 300 mM NaCl and 30 mM 
sodium citrate), 10% dextran (w/v), 20% formamide (v/v), 1 mg ml−1 her-
ring sperm DNA and 1 μM of poly(dT) probe in a humidified chamber at 
37 °C for 3 h. After serial washes, probes were detected by incubating 
the cells with streptavidin–Alexa Fluor 647 conjugate (8 μg ml−1) in 
PBS–1% BSA (w/v) and then stained with rabbit polyclonal anti-N anti-
body3. z-stack image acquisitions of approximately 50 infected cells 
per condition were performed using a WLL Leica SP8 microscope with 
a 63× oil-immersion objective and a numerical zoom of ×2. The specific 
N antibody labelling was used for automatic detection of IBs in ImageJ 
software using the Analysis Particles function and a size threshold at 
>3 μm2. The presence of IBAG(s) was then assessed manually based on 
M2-1–mGFP (if relevant) and poly(A) RNA signals.

Time-lapse microscopy and photobleaching experiments
Live-cell imaging and FRAP experiments were done using HEp-2 cells 
seeded in Ibidi μ-dishes with a polymer coverslip bottom that were 
infected with recombinant viruses (RSV–P–BFP, RSV–M2-1(R151K)–P–
BFP or RSV–M2-1–mGFP) at high MOI for 20 h to 24 h. Image acquisition 
was performed using an Olympus FV3000 inverted confocal micro-
scope with a 60× oil-immersion objective and a ×2.5 numerical zoom. 
Cells were maintained in a climate-controlled chamber (37 °C, 5% CO2) 
during imaging. To analyse IB dynamics, images were acquired every 
30 s for 15–30 min using cells treated for 1 h with 5 μM CPM or 25 μM 
A3E, or mock-treated (DMSO). Images and videos are representative 
of ten videos from two experiments. Ten 15-min-long videos from two 
independent experiments were analysed to quantify fusion events and 
IB mobility. Image editing was performed using both ImageJ and Icy 
software. IBs were detected using the Spot Detector plugin of the Icy 
software and fusion events were counted manually. Maximum veloci-
ties were obtained using the Spot Detector plugin with a size-filtering 
option and the Track Manager plugin of Icy software.

To visualize IBAG dynamics after CPM and A3E treatment, images 
were acquired every 6 s. After 5 min, the chemical compound (5 μM 
CPM or 25 μM A3E) was added and image acquisition was carried out 
for 20 min. Videos are representative of nine videos from three inde-
pendent experiments.

FRAP acquisition was performed 1 h after addition of 5 μM CPM, 25 μM 
A3E or DMSO (mock, control). All FRAP experiments were realized using 
the same settings: 6 s pre-bleach, 5 ms bleach and 60 s post-bleach 
at a frame rate of 1 image every 126 ms. Bleaching was performed in 
a circular region at 100% and 80% laser intensity for GFP and BFP, 
respectively. Target IBs were close to other IB controls, which were 
used to correct for the loss of fluorescence due to photobleaching. 
The average fluorescence intensity as a function of the time of every 
bleached region was obtained using the Icy software. Background 
intensity was estimated by measuring a region outside the cell as far as 
possible from the target IB. Normalization of the recovery curves was 

performed using the easyFRAP, a MATLAB stand‐alone application25. 
For each experimental condition, two individual experiments were 
performed in which 12 IBs were analysed. To obtain the FRAP images 
displayed in Fig. 2, one image was acquired 5 s before bleaching and 
regions of interest were bleached with full power laser beam for 10 ms. 
Images were then acquired every 30 s (after a first image at 10 s). Image 
editing was performed using both ImageJ and Icy software.

Characterization of RSV IB area and shape
HEp-2 cells grown on glass coverslips were infected with RSV–P–BFP 
at MOI = 1 for 24 h and exposed to the indicated treatments (DMSO, 
CPM or A3E) for 1 h. Then, cells were fixed with PBS–4% formaldehyde 
(v/v) for 10 min at room temperature and permeabilized with PBS con-
taining 1% BSA (w/v) and 0.1% Triton X-100 (v/v) for 10 min. Cells were 
incubated for 1 h with Hoechst 33342 (1 μg ml−1) and after washing in 
PBS, coverslips were mounted in ProLong Diamond antifade reagent 
(Thermofisher). z-stack image acquisitions of 100 cells per condition 
from 2 independent experiments were performed using a WLL Leica 
SP8 microscope with a 63× oil-immersion objective and a numerical 
zoom of ×2. The shape and area measurements of RSV IBs were per-
formed with the ImageJ software using the Analysis Particles function. 
After adjusting the threshold and converting the images to black and 
white, this command enables the automatic detection of IBs, calcula-
tion of the area and the roundness using the formula 4 a

bπ 2  (where a 
corresponds to the area and b to the major axis) of each IB. For multiple 
comparisons between different groups of treatments a Welch’s ANOVA 
was performed followed by a Games–Howell post hoc test using the R 
statistical language (https://www.r-project.org/).

Sensitivity of IBs to osmotic shock and to 1,6-hexanediol 
treatment
HEp-2 cells were seeded on Ibidi μ-Dish polymer coverslips and infected 
with RSV–P–BFP or RSV–M2-1(R151K)–P–BFP at high MOI. At 24 h 
after infection, cells were exposed to 5 μM CPM or 25 μM A3E for 1 h 
at 37 °C. Image acquisition was performed using an Olympus FV3000 
inverted confocal microscope with a 60× oil-immersion objective and a 
numerical zoom of ×2.5. Cells were maintained in a climate-controlled 
chamber (37 °C, 5% CO2) during multi-position imaging. Five individual 
positions were studied per experiment and one image was acquired 
before treatment in two independent experiments. Hypotonic shock 
was performed by incubating the cells in 10% MEM diluted in water 
(v/v) for 5 min. To study a possible recovery of IBs after the shock, 
fresh 100% MEM was added, and the cells were imaged every 1 min for 
5 min. To assess 1,6-hexanediol sensitivity, cells were incubated with 
10% 1,6-hexanediol (w/v) and imaged every 2 min for 20 min after treat-
ment. Image thresholding and IB detection was performed automati-
cally in Icy software using the Otsu threshold clustering algorithm from 
the Best Threshold plugin and the Spot Detector plugin by defining a 
minimum (0,8 μm2) and maximum (50 μm2) ROI size.

Microinjection experiments
HEp-2 cells seeded on Ibidi μ-Dish polymer coverslips were infected with 
RSV–P–BFP for 24 h and exposed to CPM, A3E or DMSO at the indicated 
concentrations for 1 h at 37 °C. Cell microinjections were carried out 
with a FemtoJet microinjector (Eppendorf) mounted on an Olympus 
IX73 inverted microscope using Femtotips II needles (Eppendorf). 
Tetramethylrhodamine–dextran (40 kDa and 70 kDa, Sigma-Aldrich) 
and Texas-Red–dextran (10 kDa, Sigma-Aldrich) were prepared in injec-
tion buffer (48 mM K2HPO4 4.5 mM KH2PO4, 14 mM NaH2PO4, pH 7.2) at 
final concentrations of 6 mg ml−1. The 10-kDa, 40-kDa and 70-kDa dex-
trans have a hydrodynamic radius of approximately 2–3 nm, 4–5 nm and 
>6 nm, respectively17. Cells were imaged 2–5 min after microinjection 
using a 63× oil-immersion objective and average fluorescence intensity 
values of every region (cytoplasm, condensates and background) were 
obtained using the Icy software. Average fluorescence intensity of 
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every region was corrected by subtracting the background (a region 
outside the cell).

Thioflavin S staining
HEp-2 cells were grown on glass coverslips, infected with RSV–P–BFP 
for 24 h and then treated with CPM, A3E or DMSO at the indicated con-
centrations at 37 °C for 1 h. Cells were then fixed with 4% formaldehyde 
in PBS (v/v) and permeabilized with PBS containing 1% BSA (w/v) and 
0.1% Triton X-100 (v/v) for 10 min at room temperature. Thioflavin S 
(Sigma-Aldrich) was dissolved in water at 1% (w/v) and filtered before 
use. Cells were incubated for 1 h at room temperature with 0.01% thiofla-
vin S in 10% FBS and 0.5% Tween-20 in PBS (v/v). After serial washes with 
0.5% Tween-20 in PBS (v/v), cell nuclei were stained with Hoechst 33342 
(1 μg ml−1). Mouse PrP amyloid fibrils were adsorbed on fixed cells and 
treated in parallel as a positive control of amyloid fibrils at a concentra-
tion of 1 μM. Image acquisition was performed using a WLL395 Leica 
SP8 microscope with a 63× oil-immersion objective and a numerical 
zoom of ×4 and image editing was performed using the Icy software.

Flow-cytometry-based assay to quantify minimally 
laboratory-experienced RSV
HEp-2 cells were seeded at 2 × 104 cells per well in 96-well plates the day 
before virus inoculation. Cells were infected at MOI = 1 in the presence 
of the respective compound. After 2 h, the supernatant was removed 
and fresh medium containing the same concentration of the compound 
was added. At 24 h after inoculation, cells were washed once with PBS, 
and detached by trypsin treatment. Cells were washed, centrifuged at 
400g, resuspended in fixation buffer (0.5% PFA and 1% FBS in PBS) and 
incubated at 4 °C for at least 30 min or stored overnight. Subsequently, 
cells were permeabilized with 0.1% saponin and 1% FBS in PBS on ice for 
20 min. Purified mouse anti-RSV phosphoprotein hybridoma superna-
tant was diluted 1:500 in permeabilization buffer and incubated with 
the cells on ice for 45 min26. Cells were then washed with 1% FBS in PBS 
once and afterwards incubated with goat anti-mouse-Alexa 488 second-
ary antibody (ThermoFisher) in permeabilization buffer in the dark on 
ice for 1 h. After two additional washes with 1% FBS in PBS, cells were 
resuspended in fixation buffer and stored at 4 °C overnight. Samples 
were analysed using a 99% attenuation filter in a BD Accuri C6 Flow 
Cytometer. Results were analysed using FlowJo V10. FSC-A versus SSC-A 
was used to gate on living cells. Living cells that had a higher FL1-A signal 
compared to stained but uninfected cells were considered RSV-positive. 
For each virus infection in the presence of a compound, infection was 
normalized to infected, DMSO-treated control cells.

Mouse infection and compound administration
Female BALB/c mice (approximately 8 weeks of age) were purchased 
from the Centre d’Elevage R. Janvier. Mice were housed under standard 
conditions with air filtration in a specific-pathogen-free animal facility 
using unbleached tissue nesting material, and water and food were pro-
vided ad libidum. Mice were acclimatized for 1 week before experiments 
started. For infection experiments, mice were housed in cages inside 
stainless-steel separate isolation cabinets that were ventilated under 
negative pressure with high-efficiency particulate-filtered air. Before 
infection, mice were anaesthetized using a mixture of ketamine and xyla-
zine (1 mg and 0.2 mg per mouse, respectively) and infected with 50 μl of 
PBS containing 6 × 104 PFU of RSV–Luc or RSV–M2-1(R151K)–Luc through 
the intranasal inoculation route. For compound administration to ani-
mals, compounds were dissolved in a sodium phosphate/citrate buffer 
(pH 3) containing 10% 2-hydropropyl-β-cyclodextrin (w/v). Compounds 
were administered by intraperitoneal injection at the indicated doses in 
a volume of 200 μl twice a day. The control group received vehicle only.

In vivo luminescence measurements
For in vivo imaging, mice were anaesthetized with ketamine and xyla-
zine, but for daily imaging experiments, anaesthesia was induced using 

isoflurane in a well-ventilated room and a scavenging system. Calcula-
tions of sample size and randomization were not carried out in these 
experiments. In brief, mice were placed in the chamber (XGI-8, Caliper 
Life Sciences), the anaesthesia unit was turned on with a flow of 100% 
oxygen at a rate of 1.5–2 l min−1 mixed with around 4–5% (v/v) isoflurane 
delivered to the anaesthesia chamber. Then, the deeply anaesthetized 
mice were injected by intranasal injection with 50 μl of PBS containing 
d-luciferin at 0.75 mg kg−1. After 2 min, mice were placed with their back 
on a plate in the IVIS 200 imaging system (Xenogen, Perkin Elmer) with 
a nose cone providing 100% oxygen mixed with around 1.5–2% (v/v) 
isoflurane. Living Image software (v.4.0, Caliper Life Sciences) was 
used to measure luciferase activity. Bioluminescence images were 
acquired for 1 min with f/stop = 1 and binning = 8. A digital false-colour 
photon-emission image of the mouse was generated, and photons 
were counted within a constant region of interest corresponding to 
the surface of the chest encompassing the whole-airway area. Photon 
emission was measured as radiance in p s−1 cm−2 sr−1.

Histopathology of RSV-infected mice
Female BALB/c mice were housed in individually ventilated cages in 
the biosafety level-2 laboratories of WuXi AppTec after quarantine. 
Animal care and use followed the WuXi IACUC-approved animal use 
protocol (IACUC no. ID01-QD029-2020v1.0).

Compounds (CPM or A3E) were administered at a dose of 15 mg kg−1 
intraperitoneally twice daily for 4 days, from 0 d.p.i. Mice were anaes-
thetized using a mixture of zoletil 50 and xylazine (30 mg kg−1 and 
6 mg kg−1, respectively) and inoculated through intranasal injection 
with around 105 PFU in 50 μl of RSV A2 strain. The control group received 
vehicle only. At 4 d.p.i., mice were euthanized, and the lung tissue was 
collected and snap-frozen in Hanks’ balanced salt solution in a volume 
equal to tenfold the tissue weight (w/v) for further assays. Virus titration 
was performed as previously described13. The supernatant of tissue 
homogenates or virus stock was used to infect the HEp-2 cells in 12-well 
plates. After a 4-h incubation, cells were washed and subsequently 
overlaid with 0.625% low-melting agarose in DMEM supplemented 
with antibiotics and 2% FBS, and then incubated for 96 h. Subsequently, 
cells were fixed with 4% PFA for 30 min at room temperature, washed, 
blocked with BSA at room temperature for 1 h, and incubated for around 
2–3 h at room temperature with mouse anti-RSV fusion protein mono-
clonal antibody (Abcam, ab94968) in 1× TBS, followed by a washing step 
with PBS–0.02% Tween-20. Antigen–antibody complexes were revealed 
by incubating the cells for 2–4 h at room temperature with a second-
ary goat anti-mouse HRP-conjugated antibody (Abcam, ab6728) in 1× 
TBS. Cells were then washed with PBS–0.02% Tween-20 and overlaid 
with 4CN (4-chloro-1-naphthol) and H2O2 for 0.5 h. The plates were 
then rinsed with water and dried for counting foci. Final RSV titres are 
expressed as log10-transformed PFU per g lung.

Histopathological analysis of mice was carried out at WuxiAppTec. 
Lobules of lung tissue were taken, fixed in 4% PFA for 24 h before being 
transferred to a 70% ethanol solution. Subsequently, the samples were 
paraffin-embedded and cut into 5-μm thick sections. Sections were 
stained with haematoxylin and eosin, and examined under a wide-field 
microscope by three independent pathologists, who were blinded to 
the treatment group of the animals. Lung inflammation and exfoliation 
was recorded and scored semiquantitatively. The degree of pathologi-
cal changes was graded on a minimal, mild, moderate and marked scale 
corresponding to the numbers 0 to 3.

Ethics statement
The in vivo work of this study was carried out in accordance with INRAE 
guidelines in compliance with European animal welfare regulations. 
The protocols were approved by the Animal Care and Use Committee 
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evant institutional authorization (‘Ministère de l’éducation nationale, 
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were performed in a biosafety level-2 facility.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.
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the GenBank under accession numbers MW039434, MT994243 and 
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Extended Data Fig. 1 | Synthetic route of the CPM analogues. The detailed 
synthesis protocol is described in the Supplementary Methods. The IDs of the 
end products are A3M (A-ring, 3′-methoxy-cyclopamine; compound 4), A3E 
(A-ring, 3′-ethoxy-cyclopamine, compound 6) and A3P (A-ring, 
3′-propoxy-cyclopamine, compound 8). The name of A3E 

(3′-ethoxy-cyclopamine) according to IUPAC nomenclature is 3S,3′R,3a′S,6aS,
6bS,6′S,7a′R,9R,11aS,11bR-3-ethoxy-3′,6′,10,11b-tetramethyl-1,2,3,3a′,4,4′,5′,6,
6a,6b,6′,7,7′,7a′,8,11,11a,11b-octadecahydro-3′H-spiro[benzo[a]fluorene-
9,2′-furo[3,2-b]pyridine].



Extended Data Fig. 2 | Biological activity of CPM chemical analogues 
in vitro. a, c, e, g, Potency of compounds to inhibit SHH signalling was  
tested in Gli-dependent luciferase-reporter-expressing NIH3T3 cells. Data  
are expressed as the percentage ± s.d. of the DMSO control. Data are 
representative of two experiments performed in triplicate. b, d, f, h, Potency of 
compounds to inhibit RSV replication was tested in RSV–Luc-infected HEp-2 

cells. Luciferase activity was measured at 24 h after infection and expressed as 
the percentage ± s.d. of the DMSO control. The cytotoxicity of compounds was 
measured in parallel in either HEp-2 or NIH3T3 reporter cells after treatment 
for 24 h (data not shown) or 72 h. IC50 and CC50 values were calculated with 
GraphPad software. Data shown are representative of two (b, f) or three (d, h) 
experiments performed in triplicate.
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Extended Data Fig. 3 | Ability of A3E and CPM to inhibit minimally 
laboratory-experienced RSV. a, Inhibition of minimally laboratory- 
experienced RSV was tested in HEp-2 cells infected for 24 h with two RSV A or 
one RSV B isolates and analysed by flow cytometry as described in the 
Methods. The results are expressed as mean ± s.d. from three independent 

experiments performed in duplicate. b, c, IC50 values are calculated from three 
independent experiments performed in duplicate. CC50 values are from a 
representative experiment out of three experiments performed in triplicate. 
The selectivity index (SI) is calculated as SI = CC50/IC50.



Extended Data Fig. 4 | Disorganization of IB and IBAG architecture in RSV–
M2-1–mGFP-infected and compound-treated cells. HEp-2 cells were infected 
with RSV–M2-1–mGFP for 24 h and then treated for 1 h with A3E and CPM at the 
indicated concentrations and stained to detect poly(A) RNA and N protein as 
described in the Methods. a, Representative images from two independent 
experiments are shown. Poly(A) RNA (red), N (white), M2-1–mGFP (green) and 

nuclei (blue) were visualized. A merged image of red, green and blue channels is 
shown (merge). Scale bars, 10 μm. b, The presence of IBAGs within IBs was 
quantified and indicated as IBAG (+) when visible and IBAG (−) when absent 
(described in the Methods) for approximately 50 infected cells per condition 
from two independent experiments.
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Extended Data Fig. 5 | RSV IBs lose velocity and the ability to fuse but 
remain sensitive to 1,6-hexanediol. a, b, HEp-2 cells infected with RSV–P–BFP 
for 24 h were treated for 1 h with DMSO, CPM (5 μM) or A3E (25 μM) and then 
exposed to 10% 1,6-hexanediol (Hex), imaged at 10 min and quantified 
(see Methods). Data are from 10 acquisitions captured in two independent 
experiments. Representative images are shown in a. Scale bar, 10 μm. The 
mean ± s.d. number of IBs per image is expressed as the percentage of the 
pre-treatment control. **P < 0.01; two-tailed Wilcoxon signed-rank test.  
c, d, HEp-2 cells were infected with RSV–P–BFP for 24 h and treated for 1 h with 
DMSO, CPM (5 μM) or A3E (25 μM) and then imaged as described in the 
Methods. Fusion events were quantified as described in the Methods. Results 

are expressed as mean ± s.d. from 10 videos (15 min) from two independent 
experiments (c). Maximum velocities were obtained by automatic tracking of 
IBs from 10 videos (15 min) from two independent experiments (see Methods). 
Box plots show the median (centre line) and the first and third quartiles (upper 
and lower hinges). Statistical analysis of maximum velocities was done using 
Kruskal–Wallis tests followed by Dunn’s test for multiple comparisons (d). 
*P < 0.05; ***P < 0.001. e, HEp-2 cells were infected for 24 h with RSV–P–BFP and 
treated with CPM (5 μM), A3E (25 μM) or DMSO as control for 1 h. IBs shape was 
analysed as described in the Methods. Box plots indicate the median (centre 
line) and the first and third quartiles (upper and lower hinges). **P < 0.01; 
Welch’s ANOVA followed by a Games–Howell post hoc test.



Extended Data Fig. 6 | A3E and CPM do not induce the formation of fibrillar 
solids but increase the mesh size of IBs. a, HEp-2 cells infected with RSV–P–
BFP for 24 h and treated with CPM (5 μM) or A3E (25 μM) for 1 h, then fixed and 
stained with ThS. Purified mouse PrP amyloid fibrils adsorbed on fixed cells 
and treated in parallel were used as positive control. IBs are shown by P–BFP 
fluorescence (blue) and ThS is shown in green. Representative images from two 
independent experiments are shown. Scale bar, 10 μm. b, c, Fluorescent 
dextran beads were selected based on their approximate hydrodynamic radius 
(Rh) and micro-injected into HEp-2 cells that were infected with RSV–P–BFP for 

20–24 h and treated for 1 h with A3E (25 μM) or CPM (5 μM). Cells were imaged 
2–5 min after micro-injection under a wide-field microscope. Representative 
images from two independent experiments are shown in c. Scale bar, 2 μm. The 
fluorescent dextran signal inside IBs relative to the cytoplasm was quantified 
as described in the Methods. Data are mean ± s.e.m. of the signal ratio from at 
least 25 IBs from two independent experiments. ****P < 0.0001; ns, not 
significant; Kruskal–Wallis test followed by Dunn’s test for multiple 
comparisons.
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Extended Data Fig. 7 | Variation in the size and shape of IBs in 
compound-treated RSV-infected cells. a, b, HEp-2 cells were infected with 
RSV–P–BFP or RSV–M2-1(R151K)–P–BFP for 24 h and treated for 1 h with A3E 
(25 μM), CPM (5 μM) or DMSO at 24 h after infection. Cells were fixed, stained 
and analysed by confocal microscopy as described in the Methods. The size (a) 

and roundness (b) of IBs were quantified. Results of 50 cells from two 
independent experiments are shown. Box plots indicate the median (centre 
line) and the first and third quartiles (upper and lower hinges). Statistical 
significance analysis of size and roundness data was performed using Welch’s 
ANOVA followed by a Games–Howell test for multiple comparisons. **P < 0.01.



Extended Data Fig. 8 | IBs in RSV–M2-1(R151K)–P–BFP-infected and 
compound-treated cells are still susceptible to hypotonic shock. a, b, HEp-2 
cells were infected for 24 h and treated with A3E (25 μM), CPM (5 μM) or DMSO 
for 1 h. Hypotonic shock was applied for 10 min and cells were imaged at the 
indicated times and the signals were quantified. Measurements labelled ‘Rec’ 
(recovery period) were taken after 5 min of shock followed by 5 min in culture 

medium. a, Representative images from two independent experiments and ten 
acquisitions are shown. Scale bar, 10 μm. b, Data are expressed as the 
mean ± s.d. number of IBs per image and compared to pre-shock values. 
Statistical significance analysis was performed using Kruskal–Wallis tests 
followed by two-sided Dunn’s test for multiple comparisons; **P < 0.01, 
***P < 0.001, ****P < 0.0001.
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Extended Data Fig. 9 | IB and IBAG architecture is unaffected by compound 
treatment in cells infected with the RSV–M2-1(R151K) mutant virus.  
a, b, HEp-2 cells were infected with RSV–M2-1(R151K)–P–BFP for 24 h and then 
treated for 1 h with A3E (25 μM) or CPM (5 μM) followed by staining for poly(A) 
RNA and N protein as described in the Methods. a, Representative images from 
two independent experiments are shown. Poly(A) RNA, N and P–BFP are shown 

in red, white and blue, respectively. Merge of poly(A) RNA, N and P–BFP or 
poly(A) RNA and P–BFP are shown in the fifth and fourth column, respectively. 
Scale bar, 10 μm. b, The presence of IBAGs within IBs was quantified and scored 
as IBAG (+) when visible and IBAG (−) when absent from approximately 50 
infected cells per condition from two independent experiments (see Methods).



Extended Data Fig. 10 | Time course and treatment window for A3E and CPM 
in RSV–Luc-infected mice. a, Time course of RSV–Luc infection in 
compound-treated mice. Mice were infected intranasally with 5 × 104 PFU ml−1 
RSV–Luc and treated with the indicated compounds twice daily from 0 to 
3 d.p.i. and bioluminescence readings were obtained at 3, 4, 5 and 6 d.p.i. One 
representative of two time-course experiments performed is shown. The mean 
± s.e.m. radiance is expressed as the sum of the photons per second from each 
pixel inside the region of interest per the number of pixels (p s−1 cm−2 sr−1). 
Vehicle group, n = 10 mice; all treatment groups, n = 5 mice. b, Experimental 
design to determine the A3E and CPM treatment window for RSV–Luc-infected 
mice. Viral replication in lungs was determined by bioluminescence imaging as 
described in a and the Methods. Mice were infected with 5 × 104 PFU ml−1 RSV–

Luc, treated with compounds at 15 mg kg−1 twice daily for the indicated time 
periods and imaged at 4 d.p.i. c, Results are expressed as the percentage of RSV 
replication compared to vehicle control and are shown as mean ± s.e.m. for a 
specified number of RSV–Luc-infected animals. Vehicle group, n = 27 mice, n = 4 
experiments; CPM 0–3 d.p.i., n = 12 mice, n = 3 experiments; CPM 1–3 d.p.i., n = 4 
mice, n = 1 experiment; CPM 2–3 d.p.i., n = 4 mice, n = 1 experiment; CPM 3 d.p.i., 
n = 4 mice, n = 1 experiment; A3E 0–3 d.p.i., n = 12 mice, n = 2 experiments; A3E 
1–3 d.p.i., n = 4 mice, n = 1 experiment; A3E 2–3 d.p.i., n = 4 mice, n = 1 
experiment; A3E 3 d.p.i., n = 4 mice, n = 1 experiment. Statistical significance 
analysis was performed using Kruskall–Wallis tests followed by two-sided 
Dunn’s test for multiple comparisons. *P < 0.05, **P < 0.01, ****P < 0.0001.
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Sample size In vitro experiments were done at least twice, either in duplicate or triplicate. No calculation of sample size was done for animal experiments. 

Data exclusions One mouse was excluded from the uninfected control group data analysis (Fig. 3c, Histopathology). Mouse#2 in that group showed severe 
histopathology. We infer the mouse might have had some congenital health problems, and therefore excluded it from the data analysis.
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Laboratory animals Female BALB/c mice of approximately 8 weeks of age were purchased from the Centre d’Elevage R. Janvier (Le Genest Saint-Isle, 
France)

Wild animals None

Field-collected samples None

Ethics oversight All animal experiments except Fig. 3c were were carried out at INRAe in accordance with INRAe guidelines and in compliance with 
European animal welfare regulations. The protocols were approved by the Animal Care and Use Committee at “Centre de Recherche 
de Jouy-en-Josas” (COMETHEA) under relevant institutional authorization (“Ministère de l’éducation nationale, de l’enseignement 
supérieur et de la recherche”), authorization number 2015100910396112v1 (APAFIS#1487). All experimental procedures were 
performed in a biosafety level 2 facility. 
Histopathology experiments (Fig. 3c) were carried out at WuxiAppTec. The animal care and use followed the WuXi IACUC approved 
animal use protocol (IACUC #: ID01-QD029-2020v1.0). Female BALB/c mice were housed in the IVC in the BSL-2 labs of WuXi AppTec 
after quarantine. 
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Methodology

Sample preparation HEp-2 cells were seeded at 2×104 cells per well in 96-well plates the day before virus inoculation. Cells were infected at 
MOI=1 in presence of the respective compound. After 2 h the supernatant was removed and fresh medium containing the 
same concentration of the compound was added. At 24 h after inoculation, cells were washed once with PBS, and detached 
by trypsin-treatment. Cells were washed, centrifuged at 400×g, resuspended in fixation buffer (0.5% PFA and 1% FBS in PBS) 
and incubated at 4℃ for at least 30 min or stored overnight. Subsequently, cells were permeabilized with 0.1% Saponin and 
1% FCS in PBS on ice for 20 min. 

Instrument BD Accuri C6 Flow Cytometer

Software FlowJo V10

Cell population abundance The abundance of RSV infected and uninfected cells was quantified based on an RSV-P protein staining and a FACS analysis. 
The gating strategy for quantification of RSV-positive infected and uninfected cells were set as defined below.

Gating strategy First, cells were gated based on forward (FSC) and sideward scatter (SSC) parameters with cells falling within a range of SSC 
between 5x10E5 to 1x10E7 and FSC between 3x10E6 and 3x10E7 selected for onward analysis. Roughly 70 to 80% of 
detected events fell into this range of SSC/FSC. Among these gated cells, RSV-positive cells were identified based on 
intracellular detection of RSV P protein expression, as detected by a P protein specific monoclonal antibody. The gate for RSV 
positive and negative cells was set by using the mock infected cell population stained with the P-protein specific antibody and 
a secondary antibody recognizing mouse IgG and coupled to Alexa 488. The gate was set using a scatter plot display with FSC 
signal of cells given on the X axis and the RSV P Alexa 488 staining on the Y axis. The quadrant directly above the signal of P-
protein stained mock infected cells was used as gate to score RSV positive cells.  
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