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Respiratory syncytial virus (RSV) is a leading cause of lower respiratory infections in infants and the immuno-
compromised, yet no efficient therapeutic exists. We have identified the AVG class of allosteric inhibitors of RSV
RNA synthesis. Here, we demonstrate through biolayer interferometry and in vitro RNA-dependent RNA poly-
merase (RARP) assays that AVG compounds bind to the viral polymerase, stalling the polymerase in initiation
conformation. Resistance profiling revealed a unique escape pattern, suggesting a discrete docking pose. Affinity
mapping using photoreactive AVG analogs identified the interface of polymerase core, capping, and connector
domains as a molecular target site. A first-generation lead showed nanomolar potency against RSV in human
airway epithelium organoids but lacked in vivo efficacy. Docking pose-informed synthetic optimization generated
orally efficacious AVG-388, which showed potent efficacy in the RSV mouse model when administered therapeu-
tically. This study maps a druggable target in the RSV RARP and establishes clinical potential of the AVG chemotype

against RSV disease.

INTRODUCTION

Respiratory syncytial virus (RSV) caused an estimated 33.1 million
cases worldwide in 2015 that required 3.2 million hospitalizations
and resulted in 59,800 deaths (I). To address this health threat, a
number of vaccine and drug candidates were tested clinically. How-
ever, inducing lasting vaccine protection turned out to be challenging
(2) and the entry inhibitor presatovir that has completed several
phase 2b trials has disappointed in subsequent trials (3, 4). Rapid
RSV escape from all advanced entry inhibitor candidate classes
through mutations mediating pan-resistance (5) further questions
clinical potential of RSV entry inhibition. Biopharmaceuticals for
immunoprophylaxis have shown promise (6) and the monoclonal
anti-RSV antibody palivizumab is approved for human use, but the
high cost of antibody therapy has prohibited broad application.
Accordingly, palivizumab is predominantly reserved for high-risk
patients such as the immunocompromised and infants born pre-
maturely or with congenital heart or lung disease (7).

To overcome the limitations of RSV entry inhibitors (8), drug
development efforts targeting the viral RNA-dependent RNA
polymerase (RARP) complex have intensified, motivated by the
prospect of a broader window of opportunity through interference
with both viral genome replication and transcription. Composed of
the viral large (L) and phospho- (P) proteins, all enzymatic centers
of the RARP complex that are necessary for RNA synthesis,
polyadenylation, capping, and cap-methylation of viral transcripts
are located in the L protein (9). The template for replicase and tran-
scriptase is a nonsegmented, single-stranded 15-kilobase RNA of
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negative polarity that is encapsidated by the viral nucleoprotein (N)
(10). Accordingly, RARP bioactivity depends on multiple intra- and
intermolecular protein-protein interfaces to enable interactions
between P and L (11), the P-L complex and the N encapsidating
genomic viral RNA (12), P-L and the viral anti-termination cofactor
M2-1 (13), and P-L and host cell cofactors (14-16).

In the past decade, structural insight was gained in the spatial
organization of the RSV L protein (17, 18), which was in all cases
complexed with a fragment of P. Although some experimental RSV
polymerase inhibitors are considered to interact with the N (19) or
M2-1 proteins (20), most developmental candidates are thought to
target the L protein directly (21, 22). The two RSV L structural
models offer a clear view of the core RARP and capping domains.
However, these L structures are thought to represent the conforma-
tional state of active transcription, based on the position of a “priming”
loop away from the polymerase catalytic center. Conformational
insight into L in initiation configuration has remained elusive, since
flexibility of connector and methyltransferase (MTase) domains
located downstream of the capping domain prevented structural
characterization. These limitations have impaired the mechanistic
understanding of allosteric polymerase inhibitors that are associated
with resistance mutations located in the C-terminal regions of L
(Fig. 1A), such as AstraZeneca’s inhibitor AZ-27 (23).

We have recently identified a unique chemotype that potently
blocks RSV RARP bioactivity (24). A first-generation lead compound
of this class, AVG-233, has nanomolar activity against a panel of
clinical RSV isolates and has a promising selectivity index [SI = 50%
cytotoxic concentration (CCsg)/half-maximal effective concentra-
tion (ECsp)] > 1660. In preparation of formal development, this
study has subjected the AVG chemotype to target site identifica-
tion, characterization of the molecular mechanism of action, and
efficacy profiling in primary human airway epithelium (HAE)
organoids and in vivo, resulting in the identification of an orally
efficacious developmental lead.

10f13


mailto:rplemper@gsu.edu

SCIENCE ADVANCES | RESEARCH ARTICLE

A SO B D AVG-233
O, N~ =
o 0}3 %_ OWT EC,,: 0.48 (0.40-0.58) A Y1631H ECy: 1.39 (1.11-1.77) %
/© % Q o o 2100 __ OL15020 EC}: >1000 2 @ H1632Q EC,: 5.2 (-) ¥
s N~ yOn? =N N Oy £ 53 o0 EC,, - fold changes
>N ) N TN ® o 8 o * g
Qs N«V @N o £ <100 ¢ (normalized to WT)
< 3
. S 20 B
S 5% Lo SHg ~ (] >2000
AVG-158 AVG233  Az2r O © 010 20 30 55 50 y A 29
c ) - ) Days postinfection 5,: L 4 10.8
X o
1 200 2165 S e NS SSS
d ==~ 0 N QO
{ RdRP H_ca- K Cory 2 -1 0 1 2-2-10 1 2-2-10 1 2 N
N-ter. L1502Q H1632Q C-ter. Log,,(concentration) (uM)
(AVG-233)  (AVG-158) E AZ-27
F  invitro RSV RdRP Y1631H @WT  EC,; 0.47 () A Y1631H EC,: >50 #
uy G (AZ-27) DL1502Q EC,,: 13.9 (8.35-27.06)7 & H1632Q EC,.: 0.3 (-)
L TS
G AAAAAACAA A G no AR EC,, - fold changes
+ G + A L %51 T v (normalized to WT)
+U+C ‘ ' N812A % ; 18
0 = [} *
(RSVp ) i » &5 1 A {5000
De novo (RSV promoter] 122 2 [ ®y 18
3’ UGCUCUUUUUUUCACAGUUUUUGAU i 37|9 %
R e T . S x| \gasB | e N \Q\QQQQQQQQ
® ACGAGAAAAAAAGUGUCAAAAACUA ' ' 1 L == 4 N
primer extension ' i ‘ 33 tg [2 -1 0 1 2 '\;2 -4 0 1 2
3’ UGGUCUUUUUUGUUUC ; i 100 J 0g,,(concentration) (uM)
57 ACCA------=-=-- 2 AVG-233 e vehicle ® 12uyM 4 37uyM Y 11.1uM & 333uM * 100.0 uM
ACCAGAAAAAACAAAG +1 42 +3 +4 +5+6 +7+8 +9+10+11+12 position vehicle PIJ_ 0.001 H H H H
(&) 250+ ,—|_ -
H | 0 De novo o Primer extension lg200 P= o 010* P <0.001
P=0.001 €] P=0.023 P <0.001
P=0002 ns P =0.006 P<0.001 ¢
S 150 s 000 “To1a X150 oo .P ooozp 0.005P=0.010——
b5 o o p=0001 1 P=0D014 & —
c ] ® .: e — — = v .
=3 g) 1001@e 8 8 Bo Bg |=° Be Dg =e fo g B 100"'*‘0". !‘ JA‘O'. ‘ ".‘vo L4 ‘VO .."0 ..A' .
] o ° 8 ] o] .
g5 © 50 0 8 s g
[} < 5 4
&< o g L 88 |L1s020 Y1631H H1632Q g % I [[
e ——r 1 ——— : — £
= 01 10 100 ® & & & & & & ¢ & S N 0
Concentration (uM S oo & VoV & ¥ oY & ¥ ¥ +1 +2 +12
(M) N ONE W NO N N W NS Nucleotlde posmon

Fig. 1. Resistance and mechanistic profiling of AVG-233. (A) Chemical structure of AVG-158, AVG-233, and AZ-27. (B) Schematic of the escalating-dose viral adaptation
of recRSV-mKate with AVG-158 or AVG-233. (C) Schematics of RSV L with candidate resistance sites for AVG-233 and AVG-158 and a reported resistance site to polymerase
inhibitor AZ-27. (D and E) Dose-response inhibition of AVG-233 (D) and AZ-27 (E) against recRSV-mKate harboring L1502Q, Y1631H, or H1632Q substitution. Insets show

ECq fold changes relative to L wild type (WT

). Highest AZ-27 concentration tested, 6 uM; dotted area and star based on reported values (23). (F to J) In vitro RSV RdRP assays

using synthetic primer/template pairs (G to J) or promoter sequence (1). Representative autoradiogram (G) with densitometric analysis (H). (I) Relative in vitro RNA elongation
in the presence of indicated doses of AVG-233 compared to vehicle treated, in the presence of L1502Q, Y1631H, or H1632Q substitution. (J) Densitometric quantitation
of in vitro RNA elongation at each incorporated position in the presence of indicated concentration of AVG-233. In all panels, symbols represent independent biological
repeats (n = 3), bars represent means, and lines represent four-parameter variable slope regression modeling. Two-way ANOVA with Dunnett’s post hoc tests (I and J).

RESULTS

We have demonstrated that compounds of the AVG series potently
inhibit RSV RNA synthesis (24). To identify the molecular target of
this class, we resistance-profiled the chemotype through serial
passaging of a recombinant RSV expressing a red fluorescent pro-
tein (recRSV-mKate) in three independent lines each in the pres-
ence of increasing concentrations of either AVG-233 or an earlier
developmental intermediate of the series, AVG-158 (Fig. 1A).
Virus populations were considered adapted when inhibitor con-
centrations exceeding the original ECs, value by 100-fold were
tolerated (Fig. 1B).

Unique resistance profile of the AVG series chemotype

Sanger sequencing revealed a unique substitution in the L open
reading frame for each lineage that affected either residue 1502
(LL1502q) or 1632 (Lies2q) (Fig. 1C). Resistance site Ligazq is located
in immediate proximity to a known Ly;¢3111 hotspot that is reportedly
involved in escape from several chemically unrelated allosteric RSV
polymerase inhibitor classes such as the benzothienoazepines
YM-53503 (25), AZ-27 (23), and PC786 (26) and the AstraZeneca
inhibitor cpdl (27). We therefore reengineered Li1502q, Lui6320
and Lyie3in independently in RSV L expression plasmids and
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recRSV, and determined susceptibility to both AVG-233 and AZ-27 in
minigenome and/or virus dose-response inhibition assays (fig. S1).

In the minigenome assays, the Ly502q and Lyje32q mutations
caused a >100-fold increase in ECsp, whereas Lyj¢3111 had only a
minor (approximately fivefold increase) effect (fig. S1). Rebuilding
of the mutations in recRSV did not adversely affect viral growth
rates and maximal progeny titers reached in multistep growth
curves (fig. S2). Consistent with the minireplicon data, L1 1502q caused
a >2000-fold increase in ECyg against AVG-233, whereas Lyje311
barely conferred resistance to the compound (Fig. 1D). However,
the Lie32q mutation had only a moderated effect in the context of
recRSV infection, increasing in ECyy values only by approximately
10-fold. Resistance profiles of AZ-27 drew a mirror image of those
of AVG-233; the Lyj6311 substitution resulted in robust resistance
(>2000-fold increase in ECq) consistent with previous reports (23),
whereas L1632 did not mediate viral escape and Ly 150,q had only a
moderate effect (Fig. 1E).

To better understand the molecular basis for L inhibition and
resistance, we purified RSV P-L polymerase complexes harboring
the different substitutions (fig. S3) and subjected the preparations
to in vitro RARP assays using synthetic RNA templates and a
32p_GTP (guanosine triphosphate) tracer (Fig. 1F). Consistent with
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previous observations (24), AVG-233 dose-dependently impaired
RNA elongation of synthetic primer/template RNA pairs (Fig. 1G),
exhibiting a ~39 uM median inhibitory concentration (ICs;
Fig. 1H). RNA incorporation in vitro was reduced to 36% (+14.6) in
the presence of 100 uM AVG-233, but the L1502Q escape mutation
restored activity to 98.7% (+12.9), indicating robust resistance
(Fig. 11 and fig. S4). By comparison, Y1631H and H1632Q mediated
only moderate escape from AVG-233, represented by restoring
polymerase activity to 69% (£5.1) and 60% (+4.0) of untreated,
respectively. Similar resistance profiles were observed when using a
single-stranded RSV promoter as a template to initiate de novo
RNA synthesis at the promoter. RNA incorporation after initiation
was reduced to 21.7% (+£11.8), 96.6% (+4.0), 66.0 (+20.8), and 79.7%
(+14.5) when AVG-233 was added to complexes containing L,
L115020> Ly16310, Or Luies2q, respectively (Fig. 11 and fig. S5). The
arrest of polymerization occurred predominantly after incorporation
of four nucleotides and thus after an initial delay (Fig. 1]). However,
we noted some variation in the extent of the delay depending on
primer/template sequence (fig. S6).

To test for competition of AVG-233 with endogenous RSV
polymerase substrates, we added increasing amounts of exogenous
nucleosides to the culture medium of RSV-infected cells grown in
the presence of a sterilizing concentration of AVG-233 (20 uM). In
contrast to the known competitive inhibitor 4’-FIU (22), AVG-233
inhibition of RSV replication was unaffected by exogenous nucleo-
sides, indicating that AVG class compounds block the viral RARP
by a noncompetitive mechanism (fig. S7). These results define a

noncompetitive blockage of RNA synthesis after the initiation step
as the primary mechanism of L inhibition by AVG-233. Whereas
mechanistically similar to AZ-27, the nonoverlapping resistance
profiles indicate distinct docking poses.

Positive AVG-233 target identification

A biologically active RSV polymerase can reconstitute from two
independently expressed fragments that are split between the
connecting and MTase domains (28) (Fig. 2A), indicating that each
of these individual fragments retains folding competence. Using
baculovirus/insect cell protein expression, we prepared full-length
L and the larger N-terminal fragment of the split L (residues L;_1749)
that harbors all of the RARP domain and all AVG-233 resistance
sites (Fig. 2B). Direct binding of AVG-233 to these L preparations
was tested through biolayer interferometry (BLI). Both standard
L and the L;_1749 fragment bound AVG-233 with similar affinities
[dissociation constants (Kp’s) were 38.3 uM (16.9 to 138.8) and
53.1 uM (33.5 to 97.5), respectively] (Fig. 2, C and D), providing
positive confirmation of L as the molecular target of the compound
and demonstrating that the inhibitor binding site is fully present in
the L;_;749 fragment.

Since this fragment contains the catalytic site for phosphodiester
bond formation (17, 18, 29), we explored its ability to synthesize
RNA in vitro, using the biochemical RARP assay setup. Consistent
with proper folding into a native conformation, the L;_1749 subunit
was RNA synthesis competent in the biochemical assay (Fig. 2E),
although with a noticeable drop in processivity after the ninth
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Fig. 2. Label-free positive target identification of AVG-233. (A) Schematic of two RSV L targets examined, representing the full-length polypeptide (top) and a folding-
competent (28) truncated Ly_1749 polypeptide lacking the MTase and C-terminal (CTD) domains. (B) Purification of polymerase complexes specified in (A) after expression
ininsect cells. Coomassie blue stain after SDS-PAGE fractionation. (C and D) Dose-dependent BLI-based association (120 s) and dissociation (200 s) curves (left) of AVG-233
with full-length RSV L (C) and L;_1749 (D), with nonlinear fit with one-site specific binding (right). (E) In vitro RdRP assay using a synthetic promoter RNA template for
de novo RNA synthesis; representative autoradiogram. (F to H) Primer/template-based in vitro RNA elongation assay, assessing bioactivity and AVG-233 inhibition of L1_1749,
with representative autoradiogram (F), densitometric quantitation of elongation products (G), and relative quantitation of each RNA product (H). Symbols represent
independent biological repeats (n = 3), and bars represent means. Two-way ANOVA with Dunnett’s post hoc tests.
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incorporated nucleotide compared to full-length L. This L fragment
was equally susceptible to inhibition by AVG-233 in de novo RNA
synthesis (Fig. 2E), confirming productive inhibitor binding.

When testing primer/template-based RNA elongation by the
Li_1749 fragment, we observed dose-dependent inhibition by AVG-233
with an ICsg of 13.7 pM (Fig. 2, F and G), which did not substantially
differ from the value (ICsq of 39.2 uM) calculated for full-length
L (Fig. 1, G and H). AVG-233 suppression of RNA synthesis by the
L;_1749 fragment was again delayed, since a significant inhibitory
effect was first detectable after incorporation of four nucleotides
(Fig. 2H).

Photoaffinity-based AVG-233 target site mapping

To map the molecular target site of AVG-233, we developed three
chemical analogs of the compound capable of carrying diazirine or
aryl azide moieties that become covalently reactive when photo-
activated through exposure to high-energy ultraviolet light (Fig. 3A).
The design of these analogs was guided by the three-dimensional
(3D) quantitative structure-activity relationship (3D-QSAR) model
that we have developed for the AVG-233 chemotype (24). Consistent
with QSAR predictions, all three analogs retained bioactivity in cell-
based assays without photoactivation with only minor (approximately
2- to 10-fold) potency penalties (Fig. 3B). Mass spectrometry (MS)

analysis after photocrosslinking of these analogs to purified RSV
polymerase and trypsin digestion of the covalent complexes identi-
fied for each compound a narrow set of peptides (one to four) with
covalently bound ligand, consistent with high target site specificity
of the cross-links (Fig. 3C). Specifically, analog A labeled a cluster
of four peptides that was located in L region 1693-1749, which is
thought to be part of a flexible linker between the connecting and
MTase domains (Fig. 3D) (30). Analog B also highlighted four pep-
tides, in this case spanning a larger area composed of the L capping
(1376-1409), connecting (1554-1576 and 1675-1678), and MTase
(1880-1892) domains. Analog C identified a single peptide located
in the L connecting domain (1548-1576).

When projected on the structural model of the RSV L core
polymerase domain (17, 18), only peptide 1376-1409 could be
directly observed due to poor structural resolution of the L C-terminal
domain. We therefore generated a homology model of the C-terminal
residues of RSV L based on the coordinates reported for the related
vesicular stomatitis virus (VSV) and rabies L proteins (31-33). This
model posited the AVG-233 resistance mutations and nearly all
proximity residues identified through photoaffinity labeling at an
interface formed by the L capping, connecting, and MTase domains
(Fig. 3E). Data-guided in silico docking of AVG-233 into this site
suggested that the compound may broadly restrict structural flexibility
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Fig. 3. AVG-233 target site mapping through photoaffinity labeling. (A) Chemical structures of the AVG-233 analogs synthesized. Photoactivatable groups are highlighted
in colored boxes. (B) Dose-response curves of the AVG-233 photoreactive analogs and standard AVG-233 against recRSV-fireSSMASh. Symbols represent independent
repeats (n = 3). Four-parameter variable slope regression modeling. (C) RSV L-P peptides in close proximity of bound AVG-233, identified through photoaffinity labeling
and LC-MS/MS analysis. Specific residue(s) engaged (cross-link localization) and confidence [peptide-spectrum matches (PSM) score] are shown. (D) Schematic representation
of the three sets of peptides identified through each photoactivatable AVG-233 analog. (E) Cartoon representation of a structural model of the RSV P-L complex in the
putative pre-initiation state, based on RSV P-L reconstruction (PDB 6PZK) with residues (1461-2165) modeled after VSV P-L (PDB 6U1X). Color coding as in Fig. 1.
Photocrosslinking target peptides from (C) and resistance mutations from Fig. 1 are highlighted. (F) Molecular docking of AVG-233 into proximity of photocrosslinking
targets and resistance sites L1502 and H1632. Residues involved in RNA synthesis (H1338 and R1339) and the putative priming loop are highlighted. (G) Predicted
priming loop positions in postulated polymerase initiation and elongation conformations. Labeled are residues identified through photocrosslinking and the adjacent,
predicted priming loop pivot residue G1264.
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of this interface or specifically interfere with conformational re-
arrangement of the L priming-capping loop (Fig. 3, F and G) that
facilitates polymerase switch from RNA synthesis initiation to elonga-
tion mode (33) through large spatial movement.

Efficacy of AVG-233 in air-liquid interface cultures of
primary epithelium

Well-differentiated HAE organoids grown at air-liquid interface
(Fig. 4A) represent a premier model to test potency of antivirals
directed, for instance, against RSV (34) or influenza viruses (35)
in disease-relevant primary human tissues. These cultures develop
tight junctions and feature, among others, into mucus-producing
goblet and ciliated cells (Fig. 4B and figs. S8 to 12). Following apical
infection with recRSV-mKate, we noted sustained, robust virus
replication resulting in peak shedding of approximately 1 x 10
infectious particles into the apical space per day over a 10-day
experimental window (Fig. 4C). Consistent with previous reports
(36), virus replicated predominantly in ciliated cells (fig. S13),
forming characteristic (37) cytoplasmic inclusions (Fig. 4D). Our
previous studies have also demonstrated that AVG-233 is well
tolerated without any signs of cytotoxicity at concentrations of
100 uM. Continued multiday exposure of the airway epithelium
cultures to 200 uM compound had no negative effect on tissue orga-
nization and tight junction integrity, based on confocal microscopy
after ZO-I immunostaining (fig. S14) and stable trans-epithelial
electrical resistance (TEER) between the basolateral and apical
chambers (Fig. 4E). Basolateral AVG-233 at 5 uM strongly reduced
RSV protein expression (Fig. 4F) without detectable negative effect
on epithelium integrity (Fig. 4G). Dose escalation resulted in gradual
inhibition of apical RSV shedding, reaching sterilizing conditions at
approximately 3 M (Fig. 4H). Regression modeling revealed an ECs
of 0.07 uM, which closely resembled that of N*-hydroxycytidine
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(NHC) (ECs0, 0.05 uM), the parent molecule of the recently autho-
rized broad-spectrum inhibitor molnupiravir (38, 39). These per-
formance parameters correspond to a robust SI > 2850 of AVG-233 in
the human airway organoids.

Development of orally efficacious developmental
candidates of the AVG series

When examining in vivo efficacy of AVG-233 in the mouse model
of RSV infection, we noted that neither prophylactic nor therapeutic
administration of the compound at a twice-daily dose of up to
200 mg/kg significantly reduced lung virus load (Fig. 5, A and B).
We previously reported that AVG series compounds are rapidly
metabolized in mice lung microsomes (24). To minimize potential
metabolic liabilities, we designed a series of eight analogs with
fluorine atoms introduced to block potential sites of oxidative
hydroxylation on the (a) and (b) rings, and/or substitution of the
chemically labile ortho-chloropyridine (c) ring (40-42) with a more
inert ortho-trifluoromethyl pyridine (Fig. 5C). This series retained
potent antiviral activity in cell culture (Fig. 5D and table S1) and
primary HAE cells (fig. S15 and table S1). Mechanism of action was
unchanged from that of AVG-233 (Fig. 5E and fig. S16), and even
the substantially modified analog, AVG-388, shared resistance
profile (fig. S17 and table S2) and very low cytotoxicity (fig. S18)
with AVG-233.

To assess the effect of these substitutions on in vivo efficacy, we
tested the six most potent analogs in the RSV mouse model. Com-
pounds were administered orally at 50 mg/kg body weight in a
twice-daily regimen, starting 12 hours after infection (Fig. 5F).
Replacing the ortho-chloropyridine in ring (c) of AVG-233 with a
trifluoromethyl group (AVG-436) caused a statistically significant
reduction in lung viral load of 0.89 (£ 0.14) log;p TCIDsy (median
tissue culture infectious dose)/ml (Fig. 5F and table S3). A slightly
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Fig. 4. Efficacy of AVG-233 in well-differentiated HAE (3D-HAE) cells grown at air-liquid interface. (A) Schematics of 3D-HAE. (B) Confocal imaging of 3D-HAE. Tight
junctions immunodetected with anti-ZO-I (white). Mucus-producing goblet cells immunodetected with anti-Muc5AC (green). Ciliated cells immunodetected with
anti-B-tubulin (pink). Nuclei stained with Hoechst 35443 (blue). Scale bars, 10 um. (C) Multistep growth curve of recRSV-mKate in 3D-HAEs. Viral titers were assayed from
the apical chambers. Symbols show biological repeats (n = 3); curve connects means + SD. (D) Immunolabeling of recRSV-fireSMASh-induced inclusion bodies with
specific anti-RSV N antibody. Scale bar, 2 um. (E) Transepithelial electrical resistance of 3D-HAEs exposed basolaterally to 200 uM AVG-233 or vehicle (DMSO) for up to 3 days.
Symbols represent means + SD (n = 3). Two-way ANOVA with Sidak post hoc test. (F) Immunostaining of RSV N in RSV-infected cells with or without AVG-233 5 uM at
3 days postinfection (d.p.i.). Scale as in (B). (G) Immunostaining of tight junctions in RSV-infected cells with AVG-233 5 uM at 3 d.p.i. Scale as in (B). (H) AVG-233 and NHC
virus yield reduction against recRSV-mKate in 3D-HAEs. Progeny virus titers were determined 6 days after infection; symbols show biological repeats (n=3); curve
connects mean values. ECsq calculation through four-parameter variable slope regression modeling.
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Fig. 5. Identification of orally efficacious developmental analogs of AVG-233. (A and B) Effect of AVG-233 given orally twice daily at 12 hours postinfection (A) to
RSV-infected Balb/c mice on lung titers at 4.5 d.p.i. (B). (C) Chemical structures of AVG-233 analogs with fluoro- or ortho-chloropyridine groups. (D and E) Comparison of
AVG fluorine and ortho-chloropyridine analogs on antiviral potency in cell culture against recRSV-mKate (D) and in in vitro primer extension RdRP assays (E). (F and G) Effect of
AVG-233 analogs given orally twice daily at 12 hours postinfection and 50 mg/kg (F) or 50 and150 mg/kg (G; AVG-388 only) to recRSV-mKate-infected Balb/cJ mice on
lung titers at 4.5 d.p.i. (H and 1) Lung histopathology. Representative photomicrographs of lung sections after H&E staining of two animals per treatment group (H) and
histopathology scoring (I; n =3 each for AVG-388- and vehicle-treated groups, n = 2 for mock-infected group). Bl, blood vessel; Br, bronchiole; arrow, interstitial pneumonia;
asterisks, alveolitis. Scale bars, 50 um. The histopathology scoring scale applied is defined in Materials and Methods. Symbols in (B), (F), (G), and (I) show individual biological
repeats (independent experiments or individual animals); columns represent sample means. Unpaired t test (B) or one-way ANOVA (F, G, and I) with Dunnett’s (F and G)

or Tukey'’s (I) multiple comparisons post hoc test; P values are shown.

lower antiviral effect resulted from fluorine substitutions on both
the a and b moieties (AVG-390). Combining these strategies,
fluorines on the (a), (b), and (c) rings (AVG-388) yielded strong
antiviral efficacy with a lung virus load reduction of 1.3 (£ 0.25)
log;o TCIDso/ml compared to vehicle-treated animals. We did not
observe as much benefit from combining fluorines on b and ¢
(AVG-435), but replacing the anisole moiety of AVG-233 with a
1,3 dichlorobenzene (AVG-445) resulted in a lung titer reduction
of 1.1 (£ 0.16) log;o TCIDso/ml, nearly as potent as that seen with
AVG-388.

Antiviral efficacy of AVG-388 was dose dependent, resulting
in a strong reduction of 1.9 (+ 0.23) log;o TCIDs¢/ml when dosed
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orally at 150 mg/kg twice daily (Fig. 5G and table S3) without any
signs of adverse effects (fig. S19). Histopathology analysis of lung
tissue extracted 4 days after infection from vehicle-treated animals
revealed prominent interstitial pneumonia with multifocal pleuritis
and moderate perivascular lymphohistiocytic cuffing (Fig. 5, Hand I,
and fig. S20). Treatment with AVG-388 at 50 mg/kg initiated 12 hours
after infection prevented disease progression to viral pneumonia.
Only one animal of the AVG-388 group showed mild vasculitis and
perivascular cuffing. These results demonstrating oral efficacy of
AVG-388 against RSV confirm successful synthetic optimization
of the AVG-233 scaffold and identification of a developmental
candidate for the treatment of RSV disease.
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DISCUSSION

Our initial characterization of the AVG-233 class revealed that the
inhibitor does not block phosphodiester bond formation per se but
disturbs initiation of viral RNA synthesis at the promoter (24). This
inhibition pattern may reflect pharmacological interference with a
predicted conformational rearrangement of the polymerase com-
plex during initiation (43, 44). Three lines of experimental evidence
support this view: the AVG class resistance profile, the mechanism of
action (MOA) characterization in biochemical RARP assays, and the
photoaffinity labeling-based mapping of the target site.

The primary resistance hotspot of the AVG class, L residue 1502,
is positioned at the interface between the large RARP domains
mediating RNA synthesis and the MTase domain required for
capping of nascent viral mRNAs. A secondary escape residue, L 1632,
likewise locates to this junction, as does residue 1631, which is
the primary resistance site for the experimental RSV inhibitors
YM-53503 (25), AZ-27 (23), PC786 (26), and cpdl (27). Cross-
resistance among chemically distinct antivirals with comparable
MOA is not uncommon. However, distinct resistance profiles of
mechanistically related chemotypes predicted to engage the same
target domain such as AVG-233 and AZ-27 are rare but open interest-
ing future possibilities for combination therapies. Divergent resistance
profiles from mechanistically similar RSV L inhibitors indicate a
unique docking pose of the AVG class.

Biochemical RARP assays using different types of synthetic RNA
templates demonstrated that compounds of the AVG class block de
novo initiation of RNA synthesis and extension of a paired primer
in a synthetic primer/template after the first few nucleotides. This
initial delay does not represent an artifact of the RARP assay, since
we found previously that ERDRP-0519, a small-molecule inhibitor
of measles virus polymerase that we have developed, completely
blocks all phosphodiesterbond formation in the equivalent measles
virus RARP assay (45). Both AVG-233 inhibitory activities were
sensitive to the L residue 1502 resistance mutation, indicating that
suppressed de novo initiation and impaired RNA elongation are a
consequence of a uniform AVG-233 docking pose to the L target.
The apparent difference in AVG-233 ECs values between cell-based
and in vitro RARP assays likely reflects a high representation of
bioinactive L complexes in the P-L preparations, which is typical for
purified mononegavirus polymerase complexes (46). However, other
mechanisms are also conceivable. While absent in cellula, this un-
productive material may absorb compound in the biochemical assay
without appreciable inhibitory effect. Although less likely, the AVG-
233 could alternatively affect transcription, since photocrosslinking
proposed a docking pose in which the compound could also inter-
fere with L activities such as cap binding and/or cap methylation.
We furthermore cannot fully exclude that AVG-233 may be meta-
bolically modified by cellular enzymes, increasing its target affinity.

Beyond resistance profiling, no physical target site has been
mapped for any of the experimental RSV RdRP inhibitors. We
closed this knowledge gap for the AVG class, identifying L residues
in direct proximity to the docked ligand that spanned an interface
between the L capping, connecting, and MTase domains. Confidence
in specificity and physiological relevance of the photoaffinity labels
comes from three sources: three chemically distinct analogs were
generated that differentially interrogate the target site; each of these
analogs maintained potent anti-RSV activity; and residues covalently
identified by these analogs lined a continuous physical site in the
native polymerase complex.
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Structural reconstructions of RSV (17, 18), closely related human
metapneumovirus (47), and more distantly related paramyxovirus
(48) L-P complexes have highlighted a dynamic organization of the
C-terminal L domains relative to the polymerase core composed of
RdRP and capping domains. On the basis of the mechanistic inhibi-
tion profile in the in vitro RARP assays, the resistance data, and the
photoaffinity maps, we considered two mechanistic alternatives as
possible molecular basis for AVG-233 inhibition of L: structural
lockdown of the MTase domain or positional fixation of the puta-
tive priming-capping loop.

Specifically, AVG-233 docking may trap L capping, connecting,
and MTase domains in a fixed position relative to each other, resulting
in a polymerase complex that is permanently locked in initiation
conformation. Preventing relative repositioning of these three
domains should impair proper mRNA synthesis, since the MTase
must swing away from the product exit channel after cap methylation
to allow nascent mRNA elongation. However, our studies revealed
that AVG-233 is also active against truncated L;_j7490 RARP com-
plexes lacking the MTase domain, arguing against this model of
MTase blockage of the exit channel.

We therefore favor the alternative explanation that AVG-233
prevents reorganization of the L priming-capping loop (49) after
incorporation of the first few nucleotides. In RSV L structural models,
the loop is retracted downstream of a pivotal residue G1264, which
clears a path for the newly synthesized RNA strand to exit the
polymerase complex in post-initiation configuration (17, 18). Residue
G1264 is located in immediate spatial proximity to V1384, which
photoaffinity mapping identified as a direct anchor point for AVG
inhibitors, thus positing the docked ligand at the hinge region of the
priming-capping loop. Although an actual role of the loop in priming
of pneumovirus polymerases has not yet been formally proven (47),
we note that a purified mutant RSV RdRP complex bearing a
G1264A substitution was unable to elongate RNA beyond the addi-
tion of two to three nucleotides (50), thus mimicking the inhibition
phenotype of AVG-233.

Despite predicted oral bioavailability in mice (24), in vivo efficacy
of AVG-233 was disappointing. Our targeted synthetic program
identified a trifluoromethyl substitution in the ¢ ring as instru-
mental for establishing robust oral efficacy. Since antiviral activity
of AVG-233 in cell-based anti-RSV and the in vitro RARP assays
closely resembled that of the efficacious analogs, we hypothesize
that the chloro-substituent in ring (c) of AVG-233 presented a
metabolic liability in vivo that was overcome with the trifluoromethyl
replacement.

Substantiated by a robust SI profile, potent antiviral perform-
ance in human tissue organoids, and favorable pharmacokinetic
properties, the orally efficacious AVG class leads have strong
developmental potential. In addition to its immediate impact as a
clinical candidate, the AVG chemotype has identified the inter-
face between the RSV L capping, connecting, and MTase domains
as a major druggable site that is likely mechanistically conserved
in all mononegavirus polymerase proteins. Considering the
available resistance information, we propose that all allosteric RSV
RdRP inhibitors interfering with polymerase initiation at the pro-
moter that have been developed to date physically engage this
interface. Our results lay the foundation for formal develop-
ment of the AVG class and the structure-guided identification of
companion drugs with overlapping target sites but distinct resist-
ance profiles.
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MATERIALS AND METHODS

Experimental design

In this study, we explored the preclinical efficacy of a series of
allosteric inhibitors of RSV RdRP using both the mice model and the
disease-relevant differentiated primary cells from human bronchial/
tracheal epithelium, and we determined the mechanism of action of
this class in vitro. The efficacy models were chosen because they
jointly provide the closest model available to RSV replication in
human lungs and constitute the premier system to evaluate efficacy
of drug candidates. We determined the effect of treatment on viral
replication at different oral doses in a prophylactic or therapeutic
setting. Efficacy was considered as a statistically significant
reduction in viral titers in mice lungs and in apical shedding
from differentiated human epithelium. Efficacy and cytotoxicity in
cell culture were determined in a dose-dependent manner using
four-parameter variable slope regression modeling and calculation
of 50% maximal efficacious concentrations. The end points were
predefined for each experiment. Animals were randomly assigned to
each group. Numbers of independent biological repeats for all
experiments are specified in the figure legends. No blinding was
performed. Complete raw and analyzed numerical data are openly
provided in data file S1.

Cell lines, plasmids, and viruses

HEp-2 cells [American Type Culture Collection (ATCC), CCL-23],
human embryonic kidney (HEK)-293T (ATCC, CRL-3216), and
baby hamster kidney cells (BHK-21; ATCC, CCL-10) stably ex-
pressing either T7 polymerase (BSR-T7/5) were grown at 37°C and
5% CO, in Dulbecco's modified Eagle's medium supplemented
with 7.5% heat-inactivated fetal bovine serum. Insect cells from
Spodoptera frugiperda (SF9; ATCC, CRL-1711) were propagated in
suspension using Sf-900 II serum-free medium (Thermo Fisher
Scientific) at 28°C without CO,. Experiments with primary HAE
cells involved tissues from the following donors: Primary human
bronchial tracheal epithelial cells from a 30-year-old female (“F1”
donor, LifeLine Cell Technology, catalog no. LM-0050, lot no. 3123,
passage 2) and primary human normal bronchial/tracheal epithelial
cells (“M4” donor, Lonza Bioscience, catalog no. CC-2540S, lot no.
0000646466, passage 2) from a 38-year-old male were cultured in
BronchiaLife complete cell culture medium (LifeLine Cell Technology,
catalog no. LL-0023). Differentiated HAE from F1 donor (3D-HAE) was
obtained as described previously (35). Briefly, 33,000 low-passage
(<4) cells were seeded in polyester, tissue culture-treated, 0.33-cm”
growth area, 0.4-pm membrane pore size Transwell (Corning,
catalog no. 3470). Basal medium was replaced with Pneumacult-ALI
(Stemcell Technologies, catalog no. 05001) when confluency was
reached, and apical medium was removed. TEER was monitored to
validate differentiation with EVOM volt/ohm meter and STX2
electrode (World Precision Instruments). All cell lines used in this
study were authenticated and checked for mycoplasma and micro-
bial contamination. Note that the International Cell Line Authenti-
cation Committee lists HEp-2 cells as a commonly misidentified
cell line; however, their unique ability to efficiently propagate RSV
justifies their use to generate and titrate viral stocks. Recombinant
RSV strain A2 with line19F and mKatushka or fireSMASh reporter
gene, recRSV-mKate or recRSV-fireSMASh, respectively, was rescued
and amplified as described previously (51, 52). L1502Q, H1632Q,
and Y1631H substitutions were introduced following a protocol
described previously (5).
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Dose-response antiviral assays

Compound stocks were prepared in dimethyl sulfoxide (DMSO)
and, upon dilution in cell culture medium, reached in all wells a
final DMSO concentration of 0.1%. For luciferase-based dose-
response assays, HEp-2 or primary HAE cells were seeded a day
before to reach 50% confluence in 96-well white plates. Threefold
serial dilutions of compounds were prepared in triplicate using an
automated Nimbus liquid handler (Hamilton) and transferred to
the cells. Immediately after addition of compound, cells were infected
with recRSV-fireSSMASh. Each plate contained four wells each of
positive and negative control (medium containing 100 pM cyclo-
heximide or vehicle, respectively). Luciferase activities were
determined at 48 hours after transfection using One-GLO buffer
(Promega, catalog no. E6130) and a Synergy H1 (BioTek) plate
reader. Normalized luciferase activities were analyzed with the
following formula: % inhibition = (Signalgmple — Signalpin)/
(Signalmayx — Signalmin) x 100, and dose-response curves were further
analyzed by normalized nonlinear regression with variable slope to
determine ECsy and 95% confidence intervals (CIs) with Prism
9.0.1 for MacOS (GraphPad).

Minireplicon assays

A set of helper plasmids expressing codon-optimized RSV P, L, N,
and M2-1 proteins (A2 strain) under the control of cytomegalovirus
promoter and a plasmid expressing the RSV minigenome cassette
containing the firefly luciferase reporter, expressed under control of
RNA polymerase I promoter, were cotransfected with Gene]Juice
reagent (MilliporeSigma) following the manufacturer’s instructions
in 50% confluent HEK-293T cells or BSR-T7/5 cells as described
previously (5). To assay RARP complex inhibition in dose-response
experiments, cells were transfected in 96-well white plates. At 4 hours
after transfection, compounds were added to the cells and analyzed
as described above.

Cytotoxicity assays

HEp-2 or primary HAE cells were seeded at 50% confluence in
96-well plates and incubated with threefold serial dilution of com-
pound with positive and negative controls as described above. After
48-hour incubation at 37°C, cells were incubated with PrestoBlue
(Thermo Fisher Scientific, catalog no. A-13262) for 1 hour at 37°C
and fluorescence was measured with an H1 synergy plate reader
(BioTek). CCsp and 95% ClIs after normalized nonlinear regression
and variable slope were determined using Prism 9.0.1 for MacOS
(GraphPad).

Growth curves

HEp-2 cells seeded in 12-well plates were infected with recRSV-
fireSMASh in the absence or presence of L1502Q, H1632Q, or
Y1631H substitution in L, at a multiplicity of infection of 0.1 in
three independent replicates. Cells were scrapped and harvested
every 12 hours for 4 days following infection. After virus release
through freeze-thaw and clarification, viral titers were determined
through TCIDsy titration with firefly luciferase bioluminescence as
the readout, using One-GLO buffer (Promega, catalog no. E6130)
and a Synergy H1 (BioTek) plate reader.

Confocal microscopy
3D-HAEs were fixed for 30 min at room temperature with a solu-
tion of 4% paraformaldehyde diluted in phosphate-buffered saline
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(PBS). After permeabilization and blocking with PBS + 3% bovine
serum albumin (BSA) + 0.1% Triton X-100 (45 min), cells were
incubated at room temperature for 1 hour with primary antibodies
diluted in PBS + 0.3% BSA+ 0.05% Tween 20 (wash buffer). After
three 5-min washes, cells were incubated with a secondary antibody
in wash buffer for 45 min and incubated with Hoechst 34580 (BD
Biosciences, catalog no. 565877) (1:1000) in wash buffer for 5 min.
Membranes were mounted on glass slides with ProLong Diamond
Antifade Reagent (Thermo Fisher Scientific, catalog no. P36970) and
imaged with a Zeiss Axio Observer Z.1 and Zeiss LSM 800 + AiryScan
module. Image analyses were performed with Zeiss Zen 3.1 Blue
software (Windows 10). Representative pictures were taken with a
63x Plan Apochromat (numerical aperture, 1.40, oil) objective. Digital
pictures are pseudocolored for optimal presentation. Each sample
was reconstructed by stacking 0.22 um thick optical slices for a total
depth of 35 um, unless stated otherwise in the figure legend.

Apical shed viral titer determination

3D-HAEs were washed apically with PBS without calcium and mag-
nesium. Cells were infected apically with recRSV-mKate (500,000
TCIDs) for 2 hours at 37°C. Compound was added in the basal
medium (vehicle, 0.1% final DMSO). Shed virus was harvested by
incubating the apical side with 200 pl of PBS without calcium and
magnesium at 37°C for 30 min. Aliquots were stored at —80°C
until titration by standard TCIDs, using fluorescence to detect
infected cells.

Antibodies

Antibodies used for viral titration (TCIDs) were RSV: goat anti-
RSV polyclonal antibody (1:1000 dilution) (MilliporeSigma, catalog
no. AB1128), followed by donkey anti-goat antibody conjugated with
horseradish peroxidase (1:1000 dilution) (Jackson ImmunoResearch,
catalog no. 705-035-147). Infected cells were detected using Trueblue
peroxidase substrate according to the manufacturer’s instructions
(Fisher Scientific, catalog no. 5067428).

Primary antibodies used for confocal microscopy: Adherens
junctions were visualized with E-cadherin mouse antibody (1:100
dilution) (BD Biosciences; 610181). Goblet cells were visualized with
mouse anti-MUC5AC (1:200 dilution) (Thermo Fisher Scientific,
catalog no. MA5-12175). Ciliated cells were visualized with rabbit
anti-p IV tubulin recombinant antibody conjugated with Alexa
Fluor 647 [EPR16775] (1:100 dilution) (Abcam, catalog no. ab204034).
Tight junctions were visualized with mouse anti-ZO-1 (1:50 dilu-
tion) (BD Biosciences, catalog no. 610966). RSV-infected cells were
visualized either as a whole with goat anti-RSV polyclonal antibody
(1:1000 dilution) (MilliporeSigma, catalog no. AB1128) or with a focus
on RSV-induced cytoplasmic inclusion bodies using mouse anti-RSV
nucleoprotein, clone 130-12H (1:100 dilution) (MilliporeSigma,
catalog no. MAB858-3). The following antibodies were used as
secondary antibodies as appropriate: rabbit anti-mouse IgG (H+L)
cross-adsorbed secondary antibody, Alexa Fluor 488 (1:500 dilution)
(Thermo Fisher Scientific, catalog no. A-11059), or donkey anti-goat
Alexa Fluor 568 (1:500 dilution) (Thermo Fisher Scientific, catalog
no. A-11057).

Protein purification

RSV L + P complexes were prepared as previously described (53, 54).
Briefly, codon-optimized sequences of RSV L and a 6xHIS-tagged
P were coexpressed in SF9 cells in serum-free medium SF900-1I
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(Thermo Fisher Scientific) from a recombinant baculovirus vector
generated with the pFastBac dual system. Cells were harvested at
78 hours after infection and lysed in 50 mM NaH,PO, (pH 8.0), 150 mM
NaCl, 20 mM imidazole, and 0.5% Igepal (MilliporeSigma). After
purification through immobilized metal affinity chromatography
with Ni-NTA Superflow resin (Qiagen), cells were dialyzed into
storage buffer: 20 mM tris-HCI (pH 7.4), 150 mM NacCl, 10%
glycerol, and 1 mM dithiothreitol.

In vitro polymerase assay

De novo RNA synthesis using the purified L + P complex was
performed as previously described (54). Briefly, 100 to 200 ng of
RSV L in complex with P were incubated with 2 uM RNA template
corresponding to the 25 nucleotides of the RSV trailer complement
sequence (3’ UGCUCUUUUUUUCACAGUUUUUGAU) (Horizon
Discovery), 8 mM MgCl,, 1 mM dithiothreitol, 1 mM adenosine
triphosphate (ATP), 1 mM uridine triphosphate (UTP), 1 mM
cytidine triphosphate (CTP), 50 uM GTP, 10 uCi of a-**P-labeled
GTP (Perkin-Elmer), 20 mM tris-HCI (pH 7.4), 15 mM NaCl, and
10% glycerol. Reaction was equilibrated for 10 min at 30°C before
addition of L + P complexes and then incubated for 3 hours at
30°C. RNAs were precipitated for 16 hours at —20°C with 2.5 volumes
of ice-cold ethanol, 0.1 volume of 3 M sodium acetate, and 625 ng of
glycogen (Thermo Fisher Scientific). Pellets were washed with
ice-cold 75% ethanol, dried, and resuspended in 50% deionized
formamide. After a 3-min denaturation at 95°C, RNAs were
separated on 7 M urea/20% polyacrylamide tris borate-EDTA gels
and visualized by autoradiography using either CL-XPosure Film
(Thermo Fisher Scientific) or a storage phosphor screen BAS IP MS
2040 E (GE Healthcare Life Sciences) and imaged with Typhoon
FLA 7000 (GE Healthcare Life Sciences). Densitometry analysis was
performed using Fiji 2.0 (55).

3’ Extension assays were performed on the basis of slight
modifications of established assays (46, 56, 57). Briefly, 1 uM RNA
template (3 UGGUCUUUUUUGUUUC) and 200 uM 5’ phos-
phorylated RNA primer (5' pACCA) (Horizon Discovery) were
incubated with 8 mM MgCl,, 1 mM dithiothreitol, 10 uM ATP, 10 uM
UTP, 10 uM CTP, 10 uM GTP, 10 pCi of a-*?P-labeled GTP
(Perkin-Elmer), 20 mM tris-HCI (pH 7.4), 15 mM NacCl, and 10%
glycerol and, after 10 min at 30°C, with 100 ng of RSV L in complex
with P in a final volume of 5 ul. After 60-min incubation at 30°C,
reaction was stopped with 5 ul of deionized formamide with 25 mM
EDTA. After denaturation at 95°C, RNAs were separated on 7 M
urea/20% polyacrylamide tris borate-EDTA gels and visualized by
autoradiography using a storage phosphor screen BAS IP MS 2040 E
(GE Healthcare Life Sciences) and imaged with Typhoon FLA 7000
(GE Healthcare Life Sciences). Densitometry analysis was performed
using Fiji 2.0 (55).

Biolayer interferometry

Purified RSV L-P complexes were buffer-exchanged for PBS (pH 7.4;
room temperature) on PD-10 desalting columns (GE Healthcare),
mono-biotinylated with the EZ-Link Sulfo-NHS-SS-Biotin reagent
(Thermo Fisher Scientific), and loaded on Super-Streptavidin
sensors (Molecular Devices) for 2 hours at 30°C to reach a shift of
1 nm. Uncoupled streptavidin was quenched for 15 min with a
solution of 2 mM biocytin. In parallel, a solution of thyroglobulin
(1 mg/ml; GE Healthcare) was biotinylated and loaded to 1-nm
shift on control sensors. Kinetic experiments were performed at

90of 13



SCIENCE ADVANCES | RESEARCH ARTICLE

30°C with 1000 rpm shaking in 96-well plates using the Octet Red
96 system (Fortebio). Biosensors loaded with L-P and thyroglobulin
were successively equilibrated for 100 s in assay buffer (PBS, 0.01%
BSA, 0.005% Tween 20, and 1% DMSO) (baseline), incubated in a
dilution of compound (twofold from 40 nM to 40 uM) for 120 s
(association), and then incubated in assay buffer for 200 s (dissoci-
ation). Real-time binding kinetics were analyzed and calculated
using the Octet Red software package. Raw signal was processed using
the double-reference method, by subtracting both the thyroglobulin
signal (unspecific signal) and the signal in the absence of compound
(drift), after baseline alignment and interstep correction at the
dissociation. Kinetic modeling was done by analyzing association
and dissociation signals using global fitting with a 1:1 model.

Photolabeling of the AVG-233 binding site

Two micrograms of RSV L-P complexes in PBS was mixed with 100 uM
of compound a, b, or ¢ for 5 min on ice and then photocrosslinked
for 10 min (compound a) or 45 min (compounds b and c) at 365 nm.
Samples with compounds b and ¢ were further treated with the
auto-crosslink mode of Stratalinker 1800 (Stratagene). Samples
were fractionated on Bolt 4-12% Bis-Tris Plus Gels (Thermo Fisher
Scientific) and MES buffer and analyzed by MS.

LC-MS/MS analyses and data processing

Liquid chromatography-MS/MS (LC-MS/MS) analysis was per-
formed by the Proteomics and Metabolomics Facility at the Wistar
Institute using a Q Exactive Plus mass spectrometer (Thermo Fisher
Scientific) coupled with a Nano-ACQUITY UPLC system (Waters).
Following procedures originally described in (45), gel bands were
excised, digested in-gel with trypsin, and injected onto a UPLC
Symmetry trap column (180 pum inside diameter x 2 cm packed
with 5-um C18 resin; Waters). Tryptic peptides were separated by
reversed-phase high-performance LC on a BEH C18 nanocapillary
analytical column (75 um inside diameter x 25 cm, 1.7-pum particle
size; Waters) using a gradient formed by solvent A (0.1% formic
acid in water) and solvent B (0.1% formic acid in acetonitrile). A
30-min blank gradient was run between sample injections to minimize
carryover. Eluted peptides were analyzed by the mass spectrometer
set to repetitively scan mass/charge ratio (m/z) from 300 to 2000 in
positive ion mode. The full-MS scan was collected at 70,000 resolu-
tion followed by data-dependent MS/MS scans at 17,500 resolution
on the 20 most abundant ions exceeding a minimum threshold of
20,000. Peptide match was set as preferred, exclude isotopes option,
and charge-state screening was enabled to reject unassigned charged
ions. Peptide sequences were identified using pFind 3.1.5 (58). MS/MS
spectra were searched against a custom database containing Sf9,
baculovirus, and hRSV protein sequences. Search parameters include
full tryptic specificity with up to three missed cleavages, peptide
mass tolerance of 10 parts per million (ppm), fragment ion mass
tolerance of 15 ppm, static carboxamidomethylation of Cys, and
variable oxidation of Met. In addition, mass addition of 537.117924
(compound a), 470.125788 (compound b), or 484.165901 (com-
pound c) was also considered for all amino acid residues. Consensus
identification lists were generated with false discovery rates of 1% at
protein and peptide levels.

Molecular modeling and docking
RSV L-P available structure encompasses residue 1-1460 of RSV,
likely in a post-initiation conformation [Protein Data Bank (PDB):
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6PZK] (18). Modeling of full-length RSV L in putative pre-initiation
conformation was performed using I-Tasser server and the RSV L
strain A2 (GenBank: AAC14905.1) using as a template related
vesicular stomatitis virus L (PDB: 5a22), L + P (PDB: 6U1X), rabies
virus L + P (PDB: 6UEB), and human metapneumovirus L C-terminal
domain (PDB: 4UCY).

In vivo efficacy testing

Female Balb/cJ mice (The Jackson Laboratory, catalog no. 000651)
6 to 8 weeks of age were housed in an Animal Biosafety Level 2
(ABSL-2) facility (4- to 5-day rest). Mice were divided randomly
into groups of five and infected intranasally with 500,000 TCIDs
(25 pl per nare) of recRSV-mKate in PBS. Mice were anesthetized with
ketamine/xylazine. Treatments were administrated via oral gavage
in a 200-pl suspension of 1% methylcellulose in water. Temperature
and body weight were determined on a daily and twice-daily basis,
respectively. Efficacy studies were terminated at peak viral replica-
tion at 4.5 days after infection, mice were euthanized, and lungs
were harvested and weighted. Lung viral titers were determined
after tissue homogenization with a bead beater with 300 pl of PBS
(three bursts of 30 s at 4°C, separated by 30-s rest at 4°C). Homoge-
nates were clarified (5 min at 4°C and 20,000g), aliquoted, and
stored at —80°C until titration. Viral titers were determined by
TCIDs, titration, adjusted to weight (grams) of lung tissue.

Histopathology analysis

For histopathology, mice were subjected to cervical dislocation
4.5 days after infection and lungs were perfused with 10% neutral buft-
ered formalin (NBF) before extraction. Lungs were stored in 10%
NBF for 24 hours, followed by incubation in 70% EtOH for 2 days
and embedding into wax blocks, using a 21-hour alcohol-xylene-wax
embedding sequence. Blocks were sectioned at ~4 um thickness,
and sections were mounted onto microscopy slides and stained with
hematoxylin and eosin (H&E). Slides were examined by a board-
certified veterinary pathologist, who was blinded to the treatment
groups. Lesions were scored according to the following scale.
Alveoli, bronchiolar, and pleuritis scores were as follows: 1 = focal,
2 = multifocal, and 3 = multifocal to coalescing; perivascular cuffing:
1 = one layer of leukocytes cuffing vessel, 2 = two to five layers, and
3 = six to nine layers; vasculitis score: 1 = leukocytes infiltrating
vessel wall, 2 = leukocytes and smooth muscle cell separation, and
3 = fibrinoid necrosis; interstitial pneumonia: 1 = alveolar septa infil-
trated by one leukocyte thickness, 2 = two leukocytes thick, and
3 = three leukocytes thick.

Chemical synthesis

All materials were obtained from commercial suppliers and used
without purification, unless otherwise noted. Dry organic solvents,
packaged under nitrogen in septum-sealed bottles, were purchased
from EMD Millipore and Sigma-Aldrich Co. Reactions were moni-
tored using EMD silica gel 60 F,s54 TLC plates or using an Agilent
1200 series LCMS system with a diode array detector and an Agilent
6120 quadrupole MS detector. Compound purification was accom-
plished by liquid chromatography on a Teledyne Isco CombiFlash
RF+ flash chromatography system. Nuclear magnetic resonance
(NMR) spectra were recorded on an Agilent NMR spectrometer
(400 MHz) at room temperature. Chemical shifts are reported in ppm
relative to residual solvent signal. The residual shifts were taken as
internal references and reported in ppm.

100f 13



SCIENCE ADVANCES | RESEARCH ARTICLE

General reaction strategy

An overview of the general synthesis strategy of the AVG chemo-
type is shown in fig. S21. Dimethyl-1,3-acetonedicarboxylate (6.6 ml,
45.81 mmol) was added to a suspension of 2-hydrazinopyridine
(compound 1; fig. S21) (5.0 g, 45.81 mmol) in anhydrous toluene
(50 ml) to synthesize compound 2 (fig. S21). The reaction mixture
was refluxed for 12 hours. After completion, the reaction mixture
was concentrated under reduced pressure. The brown solid product
(9.60 g, 90% yield) obtained was washed with diethyl ether and dried
in vacuum oven at 50°C and used as such for further reactions.

"H NMR 400 MHz, DMSO-dg, 8 12.45 (s, 1H), 8.43 (d, ] = 8 Hz,
1H), 8.02 (pseudo t, ] = 8 Hz, 1H), 7.74 (d, ] = 8 Hz, 1H), 7.35 (pseudo
t,] =8 Hz, 1H), 5.58 (s, 1H), 3.64 (s, 3H), 3.61 (s, 2H). °C NMR
100 MHz, DMSO-dg, 6 170.67, 155.88, 153.23, 147.70, 146.90, 140.83,
121.25, 112.97, 88.68, 52.33, 34.99. MS [electrospray ionization and
atmospheric pressure ionization (ES-API)] [M + 1]*:234.0.

For synthesis of compound 3 (fig. S21), triethyl orthoacetate
(11.8 ml, 64.32 mmol) and acetic acid (0.25 ml, 4.30 mmol) were
added to a solution of compound 2 (5.0 g, 21.43 mmol) in anhydrous
acetonitrile (50 ml). The reaction mixture was stirred at 70°C for
12 hours. After completion, the reaction mixture was concentrated
under reduced pressure and washed with diethyl ether to obtain
compound 3 as brownish yellow solid. "H NMR 400 MHz, DMSO-dj,
8 14.95 (broad s, 1H), 8.43 (d, ] = 8 Hz, 1H), 8.26 to 8.16 (m, 2H),
7.42 to 7.40 (m, 1H), 3.78 (s, 2H), 3.60 (s, 3H), 2.31 (s, 3H); °C
NMR 100 MHz, DMSO-dg, 6 190.38, 169.41, 163.57, 150.71, 148.11,
143.64, 141.81, 119.75, 112.63, 102.78, 51.70, 34.78, 28.11. MS
(ES-API) [M + 1]*: 276.0.

For synthesis of compound 4 (fig. S21), (6-chloropyridin-2-yl)
methanamine dihydrochloride (0.64 g, 3 mmol) and triethylamine
(1.25 ml, 9 mmol) were added to a solution of compound 3 (0.8 g,
3 mmol) in anhydrous acetonitrile (20 ml), and the reaction mixture
was stirred at room temperature. After 2 hours, 1,8-diazabicyclo[5.4.0]
undec-7-ene (DBU) (0.9 ml, 6 mmol) was added and stirred at
room temperature for another 5 hours. After completion, the reac-
tion mixture was concentrated under reduced pressure and the
crude product was purified by flash column chromatography using
dichloromethane and methanol as eluent. Product was obtained as
yellow solid (0.40 g, 36% yield). 'H NMR 400 MHz, DMSO-de, 5
11.48 (s, 1H), 8.48 to 8.46 (m, 1H), 8.37 (d, ] = 8 Hz, 1H), 7.95 to
7.91 (m, 1H), 7.84 (pseudo t, ] = 8 Hz, 1H), 7.42 (d, ] = 8 Hz, 1H),
7.28 to 7.22 (m, 2H), 5.68 (s, 1H), 5.37 (s, 2H), 2.83 (s, 3H); °C
NMR 100 MHz, DMSO-ds, 190.38, 169.41, 163.57, 150.71, 148.11,
143.64, 141.87, 119.77, 112.62, 109.58, 102.79, 51.65, 28.11. MS
(ES-API) [M + 1]*: 368.0.

For synthesis of analogs A and B (fig. S21), N,N-diisopropylethylamine
(0.10 ml, 0.60 mmol) and respective substituted benzyl halide
(0.60 mmol) were added to a solution of compound 4 (0.18 g,
0.5 mmol) in anhydrous N,N-dimethylformamide (5 ml), and the
reaction mixture was stirred at 50°C for 6 hours. After completion,
the reaction mixture was concentrated under reduced pressure and
the crude product was purified by flash column chromatography
using dichloromethane and methanol as eluent. Desired products
were obtained in 25 to 35% isolated yield.

Analog A: 'H NMR 400 MHz, CDCls, & 8.54 (d, ] = 8 Hz, 1H)
7.85t0 7.78 (m, 2H), 7.61 (pseudo t, ] = 8 Hz, 1H), 7.26 to 7.16 (m, 4H),
7.06 t0 6.99 (m, 3H), 6.06 (s, 1H), 5.40 (s, 2H), 4.98 (s, 2H), 2.89 (s, 3H);
"F NMR 376 MHz, CDCl;, § —65.08 (s); *C NMR 100 MHz, CDCl;
(includes multiplets from *C-"F couplings), 5 162.91, 162.16, 156.01,
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155.20, 154.40, 151.01, 148.65, 148.31, 148.21, 139.62, 138.25, 135.33,
129.31, 129.25, 129.16, 129.09, 126.62, 126.53, 126.45, 123.53, 123.38,
123.27, 121.08, 120.93, 120.64, 120.54, 120.49, 117.17, 101.66, 90.88,
90.71, 77.09, 53.82, 48.14, 15.33. MS (ES-API) [M + 1]*: 565.9.

Analog B: "H NMR 400 MHz, CDCls, & 8.54 (d, ] = 8 Hz, 1H),
7.85 (m, 2H), 7.61 (pseudo t, ] = 8 Hz, 1H), 7.26 to 7.16 (m, 3H),
7.06 to 6.99 (m, 4H), 6.06 (s, 1H), 5.40 (s, 2H), 4.98 (s, 2H), 2.89
(s, 3H); 3C NMR 100 MHz, CDCls, 8 162.95, 162.16, 156.09, 155.31,
154.22, 151.01, 148.68, 148.25, 140.28, 139.64, 138.24, 130.44, 130.31,
130.12, 123.38, 120.89, 120.64, 120.49, 119.15,117.19, 101.90, 91.02,
53.91,48.17, 15.31. MS (ES-API) [M + 1]™: 498.9.

An overview of the preparation of analog C is shown in fig. S22.
Sodium azide (0.32 g, 5.0 mmol) and ammonium chloride (0.26 g,
5 mmol) were added to a solution of compound 5 (0.25 g, 0.5 mmol;
tig. S22, prepared as shown in fig. S21 for the synthesis of analogs
A and B) in anhydrous dimethylformamide (DMF) (3 ml) and stirred
at 110°C for 48 hours. After completion, the reaction mixture was
concentrated under reduced pressure. The crude reaction mixture
was dissolved in dichloromethane (50 ml) and extracted with water
(50 ml) and brine (50 ml). The organic layer was dried over anhy-
drous sodium sulfate and concentrated under reduced pressure.
The crude product was purified by flash column chromatography
using dichloromethane and methanol as eluent. Product was isolated
as pale yellow solid (0.093 g, 36% yield). 'H NMR 400 MHz,
CDCls, & 8.56 (ddd, J = 5.2 Hz, 2 Hz, 0.8 Hz, 1H), 8.01 (dd, ] = 8
Hz, 0.8 Hz, 1H), 7.84t0 7.80 (m, 1H), 7.72 t0 7.70 (m, 1H), 7.61 (dd,
J = 12 Hz, 8 Hz, 1H), 7.22 (ddd, ] = 5.2 Hz, 2 Hz, 0.8 Hz, 1H), 6.88
(dd, ] = 8.4 Hz, 6.4 Hz, 1H), 6.76 to 6.74 (m, 1H), 6.50 to 6.41
(m, 2H), 6.18 (s, 1H), 5.95 (s, 2H), 5.04 (s, 2H), 3.50 (s, 3H), 2.84
(s, 3H); "°F NMR 376 MHz, CDCl;, § —109.51 to —109.57 (m);
C NMR 100 MHz, CDCl; (includes multiplets from *C-""F
couplings) 8 164.90, 162.67, 162.44, 162.10, 158.86, 155.12, 152.77,
148.94, 148.76, 148.17, 137.97, 134.09, 131.88, 120.96, 117.73, 117.40,
114.78, 113.43, 106.79, 106.58, 102.59, 99.03, 98.78, 90.84, 55.31,
48.44, 42.44, 14.86; MS (ES-API) [M + 1]": 513.0.

Statistical analysis

GraphPad Prism software (v8.3.0 Mac OSX) was used for all statis-
tical analyses. Multiple comparisons were analyzed with one-way or
two-way analysis of variance (ANOVA) with Dunnett’s or Sidak’s
post hoc tests, as specified in figure legends. Fifty percent and
90% maximal effective concentrations were calculated using four-
parameter nonlinear regression modeling. Individual biological
replicates (n = 3) are represented as symbols or means with SDs.
Significance threshold was set to 0.05. P values are represented as
stars (*P < 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.001).

Ethics statement

All animal work was performed in compliance with the Guide for the
Care and Use of Laboratory Animals of the National Institutes
of Health as well as the Animal Welfare Act Code of Federal
Regulations. Experiments involving mice were approved by the
Georgia State University Institutional Animal Care and Use
Committee under protocols A17019 and A20012.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo2236

View/request a protocol for this paper from Bio-protocol.
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