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Characterization of a Respiratory Syncytial Virus L Protein Inhibitor
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The respiratory syncytial virus (RSV) L protein is a viral RNA-dependent RNA polymerase that contains multiple enzyme activi-
ties required for RSV replication. The RSV L inhibitors described in literature are limited by their cytotoxicity or the lack of RSV
B subtype coverage. Here, we characterize a new RSV L inhibitor with strong antiviral activity against both RSV A and B sub-
types and no detectable cytotoxicity. This compound, AZ-27, was equally active against RSV live viruses and subgenomic repli-
cons and demonstrated advantages over other classes of RSV inhibitors in time-of-addition and cell line dependency studies.
Resistance studies identified a dominant mutation in the putative capping enzyme domain of L protein, which conferred strong
resistance to the AZ-27 series but not other classes of RSV inhibitors, supporting RSV L protein as the direct target for AZ-27.
This novel and broad-spectrum RSV L polymerase inhibitor may pave the way toward an efficacious RSV therapeutic and pro-

vide a new tool for interrogation of the L protein function.

Respiratory syncytial virus (RSV) is an enveloped, nonseg-
mented negative-sense RNA virus in the Paramyxoviridae
family. RSV infection is ubiquitous in that virtually everyone is
infected by the age of 2 years and reinfection occurs throughout all
ages. It is the leading cause of acute lower respiratory tract infec-
tions in young children, the elderly, and immunosuppressed pa-
tients (1). Progress has been made toward vaccine development,
but many challenges remain, as highlighted by the short-lived nat-
ural immune response against RSV with high reinfection rate, the
difficulty in eliciting a protective immune response in neonates,
and the unexpected enhancement of disease by RSV vaccination
observed in the formalin-inactivated RSV vaccine trial (2). Immu-
noprophylaxis with RSV-neutralizing antibodies has been suc-
cessful in protecting high-risk infants and children. However,
there is no RSV-specific therapy available for postinfection treat-
ment, and RSV continues to be the number one reason for infant
hospitalization (3). The only approved treatment for RSV is riba-
virin, which has limited clinical utility due to its high toxicity and
controversial efficacy (4). Therefore, finding an effective treat-
ment for RSV infection remains an important public health pri-
ority.

The limited understanding of the molecular mechanisms of
RSV replication and pathogenesis has hampered the development
of RSV therapeutics (5). RSV replication requires the viral RNA
genome, mRNAs, 11 viral proteins, and many host factors, all of
which are potential targets for therapeutic intervention. Targeting
host factors holds the promise of broader-spectrum coverage and
a potentially higher barrier to resistance. However, there may also
be on-target toxicity, the adverse pharmacologic effect of interfer-
ing with a cellular target important for host function, which would
be of particular concern in treating young infants, the main pop-
ulation affected by severe RSV diseases. Antivirals directly target-
ing viral proteins with no close human homolog may prove
advantageous in mitigating this safety risk. Most previous devel-
opment of RSV drugs has been focused on RSV fusion inhibitors
and failed to progress beyond phase I-1I clinical trials (4). A small
interfering RNA (siRNA) agent targeting RSV nucleoprotein (N)
mRNA was recently advanced to phase II trials; however, it did not
meet the primary clinical endpoint of reduced bronchiolitis oblit-
erans (4). Development of the RSV inhibitor RSV604, targeting N
protein at postentry steps, was halted after a phase II clinical trial

July 2014 Volume 58 Number 7

Antimicrobial Agents and Chemotherapy p. 3867-3873

for undisclosed reasons. In vitro data demonstrated that RSV604
maintained potency across a wider range of times of addition rel-
ative to infection than did known fusion inhibitors (6), raising the
question of whether targeting viral replication may be more ad-
vantageous for the short treatment window associated with acute
viral respiratory diseases.

A functional RSV RNA replication complex requires four viral
proteins: the large protein (L), phosphoprotein (P), matrix 2-1
(M2-1), and N. The required enzymatic activities are primarily
associated with L, making it an attractive drug target (7). L func-
tions as the RNA-dependent RNA polymerase to replicate the viral
RNA genome and transcribe mRNAs, the capping enzyme to cap
the mRNA 5’ end, and the methylase to methylate the cap. Six
conserved regions in L have been identified across the nonseg-
mented negative-sense RNA virus family and were implicated in
the individual enzymatic activities (7). The predicted structural
and functional domains of RSV L have not been directly demon-
strated due to the challenges of recombinant protein production
and biochemical assay development for this very large protein
(250 kDa) (8). Recent progress has been made with developing an
in vitro RSV L polymerase assay but not yet with the assay for the
L capping enzyme (9), which is particularly complex and under-
studied. It is likely to be a polyribonucleotidyltransferase, similar
to that found in vesicular stomatitis virus, which mediates unusual
capping. Whether it also possesses RNA triphosphatase and gua-
nylyltransferase activities to form a eukaryote-like cap, as reported
for the rinderpest virus, remains to be determined (10). Novel L
inhibitors could serve as useful chemical biology tools to dissect
the domains and functions of L protein.

Viral RNA and DNA polymerases are among the most com-
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mon and successful targets for many antiviral therapies. Three
classes of RSV L inhibitors have been reported to date. Ribavirin is
a nucleoside analog that has been suggested to inhibit the poly-
merases of many DNA/RNA viruses, including RSV (4). The
Boehringer Ingelheim benzimidazole series of L inhibitors, exem-
plified by compound D (BI cpd D), was identified through a novel
RSV poly(A) capture screen and demonstrated potent inhibition
of RSV in vitro and in the RSV mouse model (11). In vitro charac-
terization suggested that it functioned through interfering with
the viral mRNA capping (12). However, the observed cytotoxicity
of this compound may limit its therapeutic index (11). Benzaz-
epine YM-53403 is another RSV L inhibitor that was identified
through a compound library screen (13). Serial passaging of virus
in the presence of BI cpd D and YM-53403 generated resistance
mutations in the RSV L coding region, providing the main evi-
dence linking these two classes of inhibitors to the L protein target.
Here, we describe the characterization of a novel RSV L inhib-
itor designed based on the YM-53403 series (14). This inhibitor
achieved significantly improved potency and RSV subtype cover-
age and demonstrated a desirable antiviral profile and a resistance
pattern linking its mechanism of action (MoA) to the L protein.

MATERIALS AND METHODS

Cells and viruses. HEp-2, BHK-21, A549, and HEK293 cells (ATCC) were
cultured according to ATCC instructions. The RSV replicon cell lines
(Apath) were cultured as previously described (15, 16). Differentiated
human bronchial epithelial cell (HBEC) air-liquid interface cultures
(HBEC-ALI) (MatTek) were cultured and maintained according to the
manufacturer’s instructions.

RSV A2 (ATCC), B-Washington B-9320 (B-WST) (ATCC), and clin-
ical isolates (kindly provided by MedImmune) (17) were propagated, and
their titers were determined by a 50% tissue culture infective dose
(TCIDs,) assay in HEp-2 cells as previously reported (17).

Compounds. RSV inhibitors AZ-27, AZD4316 (patent WO 2010/
103306 A1 [see Fig. S1 in the supplemental material]), YM-53403, and BI
cpd D were synthesized in-house (11, 13, 14). Ribavirin was purchased
from EMD Chemicals. Compounds were solubilized in dimethyl sulfox-
ide (DMSO) to a 10 mM concentration and serially diluted to the desired
compound concentrations with a final DMSO concentration of 0.1%
(vol/vol) in assay medium for testing.

RSV ELISA. An RSV enzyme-linked immunosorbent assay (ELISA)
was adapted from the RSV microneutralization assay (18). HEp-2 cells
were used in all RSV ELISAs except for the cell type dependency analysis,
in which A549, HEK293, and BHK-21 cells were also tested in parallel.
Cells were seeded in 96-well plates (5 X 10° to 10 X 107 cells/well) and
incubated overnight. Cultures were preincubated with compounds for 1 h
at 37°C, followed by RSV infection at a multiplicity of infection (MOI) of
0.1 (or otherwise specified) and cultured for 3 days (A2) or 4 days (B-WST
and clinical isolates). RSV replication level was determined through quan-
titation of expressed RSV F protein by ELISA. Briefly, cells were fixed with
80% acetone for 20 min at 4°C and blocked with casein block—phosphate-
buffered saline (PBS) (Thermo) for 1 h, followed by incubation with
mouse anti-RSV F monoclonal antibody (1:4,000) (Millipore) in washing
buffer (PBS with 0.1% Tween 20) at 37°C for 1 h. The samples were then
washed 3 times and incubated at 37°C for 1 h with peroxidase-conjugated
goat anti-mouse IgG (1:8,000) (Millipore), followed by an additional 3
washes before the addition of SureBlue tetramethylbenzidine (TMB) per-
oxidase substrate. The reaction was stopped with 0.2 M sulfuric acid, and
absorbance was read at 450 nm.

The compound 50% effective concentration (ECs,) for all assays was
calculated as previously described using the percent activity of the maxi-
mal signal (virus-only infection or replicon only) at multiple compound
concentrations by the XLFit model (16).
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FIG 1 Discovery of a novel RSV inhibitor. (A) AZ-27 chemical structure. (B)
Inhibition of RSV A2 replication by AZ-27. Data shown are percentage of RSV
signal (mean = standard deviation of triplicates) following 3-day infection in
HEp-2 cells in the presence of AZ-27 from a representative RSV ELISA.
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Time-of-addition studies were performed using the RSV ELISA de-
scribed above, with the exception that two different MOIs (0.02 and 1) of
RSV A2 virus were used and compounds were added to cells at either 2 h
preinfection or 6, 12, and 24 h postinfection (hpi).

RSV replicon assay. The anti-RSV activity of compounds was assessed
in the BHK-21-based RSV replicon cell line as previously described (16).
Briefly, APC126-E cells were plated 4 h prior to compound addition;
EnduRen substrate was added after 48 h of culture to measure replicon
luciferase reporter signal through luminescence detection.

The effect of compound on the RSV replicon-driven green fluorescent
protein (GFP) expression was also monitored by addition of compounds
to HeLa-based RSV replicon cells seeded overnight, followed by an addi-
tional 48-h culture and examination of GFP expression using a FLoid Cell
Imaging Station (Invitrogen) (15).

RSV reverse transcription-quantitative PCR (qQRT-PCR) assay in
HBEC-ALI. Compounds were added to the basal medium of HBEC-ALI
transwell cultures 1 h prior to RSV A2 infection (MOI, 0.1) through the
apical side of the culture. Virus inoculum was removed after 2 h of incu-
bation at 37°C, followed by apical wash with medium twice and 72 h of
culture. The basal medium was replaced every 24 h with fresh medium
containing compound. HBEC-ALI samples were homogenized in lysis
buffer for RNA extraction using a Maxwell 16 total RNA purification kit
(Promega). RSV RNA was quantified using the TagMan RNA-to-CT
1-Step kit (Invitrogen) with the following primers and probe recognizing
RSV N RNA sequence: RSVNA2_Forward, 5'-AGATCAACTTCTGTCA
TCCAGCAA-3"; RSVNA2_Reverse, 5'-TTCTGCACATCATAATTAGG
AGTATCAAT-3"; RSVNA2_Probe, 5'—6-carboxyfluorescein (FAM)-CA
CCATCCAACGGAGCACAGGAGAT-6-carboxytetramethylrhodamine
(TAMRA)-3". PCR cycles consisted of 48°C for 15 min, 95°C for 10 min,
and 40 cycles of 95°C for 15 s and 60°C for 1 min. In vitro-transcribed RSV
N RNA was used to generate a standard curve for quantitation.

Cytotoxicity assay. The effect of compounds on cell viability was mea-
sured by the standard format previously described (16). Briefly, cells were
seeded and incubated with compound under the assay conditions de-
scribed above, followed by CellTiter-Glo substrate (Promega) addition
and luminescence detection. The 50% cytotoxic concentration (CCs,) of
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TABLE 1 Anti-RSV activity of RSV L inhibitors

Characterization of an RSV Inhibitor

Mean = SD (n = 3 to 16)

RSV E M)*
SV ECso (M) Replicon assay, Cytotoxicity assay, Selective index,
Compound A2 B-WST ECs, (uM)? CCso (LM)© CCso/ECso"
YM-53403 0.75 = 0.31 >20 1.2 = 0.93 >50 NA
Bl cpd D 0.32 = 0.04 0.25 = 0.004 0.77 = 0.21 93*22 29
AZ-27 0.01 = 0.004 1.3 = 0.89 0.05 £ 0.02 >100 >79

“ ECs, measured by RSV ELISA in HEp-2 cells following 3-day (A2) or 4-day (B-WST) RSV infection in the presence of compound.
b ECy, measured by RSV replicon luciferase assay following 2-day compound treatment of BHK-based RSV A2 replicon cells.

€ CCs, measured by cytotoxicity assay in parallel with the EC, assays.

@ Selective index calculated as the ratio between CCs, and ECs,, of the A2 or B-WST ELISA; NA, not applicable.

the compound was calculated as previously described using the percent
activity of the maximal signal (cells without compound) at multiple com-
pound concentrations by the XLFit model (16).

RSV resistance selection. (i) Resistant replicon. RSV replicon cells
(APC126) were continuously cultured for 4 weeks in the presence 0f 0.2%
DMSO (control) or 0.06 uM or 0.3 WM AZ-27 and passaged once when
90% confluence was reached at the end of week 2. Cells with diminished
replicon expression resulting from AZ-27 inhibition were eliminated by
the presence of blasticidin in the medium. The surviving AZ-27-resistant
cells were pooled at the end of week 4 and analyzed for a resistance phe-
notype.

(ii) Resistant viruses. RSV A2 virus was cultured for 7 passages in the
presence of 0.2% DMSO (control) or AZ-27 (0.06 uM or 0.3 uM) to select
for resistant viruses. Briefly, HEp-2 cells were pretreated with AZ-27 for 1
h before RSV infection (MOI of 0.2). After 3 to 4 days of culture, both
intracellular virus and virus released to the culture medium were collected
(by freeze-thawing the cells twice) and passaged to fresh HEp-2 cells in the
presence of AZ-27. The resistance phenotype of these viruses was analyzed
by RSV ELISA.

Sequence analysis. RNA was isolated from RSV replicon and virus-
infected cells using the RNeasy RNA extraction kit (Qiagen) and then in
vitro transcribed to cDNA using the SuperScript III First Strand Synthesis
system (Invitrogen) with primer 5'-GTGTCAAAAACTAATATCTCGT-
3'. RSV ¢cDNA was amplified by PCR with primers F1 (5'-GATAAGTAC

A —.—AZ-27
S:: 104 —a—azD4316
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CACTTAAATTTAACTCCCTTGG-3') and R1 (5'-GCATTACACTCTG
AGAAAGAGATAACACC-3') for the NS1 to M2-2 region and F2 (5'-GT
GTCATAACACTCAATTCTAACACTCACC-3") and R2 (5'-CCTCCAA
GATTAAAATGATAACTTTAGGATTAG-3") for the M2-2 to trailer
region.

Nextera XT libraries were generated from 1.5 ng of PCR product (Il-
lumina) and sequenced on a MiSeq V2 sequencer (Illumina) according to
the manufacturer’s instructions. The resulting reads were assembled and
analyzed using CLCBio Genomics Workbench v6.5 (Qiagen). Quality-
based single-nucleotide polymorphisms (SNPs)/indels were identified by
mapping to a control reference assembly (DMSO treatment samples) at a
minimum frequency of 20% with coverage of >100-fold.

Representative L protein sequences for the paramyxovirus family
members measles virus (MeV), Nipah virus (NiV), human parainfluenza
viruses 2 and 4b (hPiV2 and hPiV4b, respectively), mumps virus (MuV),
and Newcastle disease virus (NDV) and consensus sequences of RSV A
and B subtypes were obtained from GenBank sequence databases for stan-
dard alignment analysis.

RESULTS

Anti-RSV activity of AZ-27. AZ-27 was discovered through scaf-
fold modification of the previously reported RSV L inhibitor YM-
53403 (Fig. 1A) (13, 14). This novel molecule demonstrated nano-
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FIG 2 AZ-27 targeting RSV replication. (A) Comparison of the AZ-27 and fusion inhibitor AZD4316 activities in a time-of-addition study. EC,,s were measured
by RSV ELISA in HEp-2 cells following a 3-day infection by RSV A2 at an MOI of 0.02 with compounds added before (—2 h) or after (+6 to 24 h) the infection.
Data are means = standard deviations from triplicates of a representative experiment with ECs of >50 pM depicted as 50 wM. (B) Inhibition of BHK-21
cell-based RSV replicon following 2-day AZ-27 treatment in a representative replicon luciferase assay. Mean replicon luciferase signals = standard deviations
from triplicates are depicted. (C) Inhibition of HeLa cell-based RSV replicon following 2-day AZ-27 treatment as visualized by microscopy of the replicon GFP

reporter expression.
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TABLE 2 Impact of viral titers and time of compound addition on compound ECy,

ECs, (uM)? EC,, fold shift
Compound RSV A2 MOI —2h +6h +12h +24h —2h +6h +12h +24h
AZ-27 0.02 0.015 = 0.0004" 0.019 = 0.002 0.021 £ 0.005 0.049 = 0.002 1 1 1 3
1 0.052 = 0.005 0.062 = 0.004 0.07 = 0.002 28 =19 3 4 5 1,867
AZD4316 0.02 0.0025 = 0.001° 0.33 = 0.07 1.0 = 0.88 >50 1 132 412 >20,000
1 0.095 £ 0.02 >50 >50 >50 38 >20,000 >20,000 >20,000

“ Compound ECs,s were measured by RSV ELISA following 3-day RSV A2 infection in HEp-2 cells, with compounds added before (—2 h) or after (+6, +12, or +24 h) RSV

infection at 0 h. ECs, data are means * standard deviations from triplicate results.
b Baseline for ECs, fold shift calculation.

molar-concentration activity against RSV A2 in the RSV ELISA
following a 3-day infection (Fig. 1B), with an ~75-fold improve-
ment over the parent compound as measured by ECs, (Table 1).
AZ-27 showed no cytotoxicity when we examined compound in-
terference of cell proliferation at the highest concentration tested
(100 wM), similar to YM-53403 and superior to the RSV L inhib-
itor BI cpd D (Fig. 1B and Table 1) (11, 13).

Mechanism of inhibition. To evaluate the mechanism of inhi-
bition for AZ-27, a time-of-addition study was carried out to com-
pare the activities of inhibitors when added before and after RSV
infection. AZ-27 remained potent when added up to 24 h postin-
fection (hpi), in contrast to the fusion inhibitor AZD4316, which
showed a loss in activity when added after 6 hpi (Fig. 2A). This
result indicated that AZ-27 is targeting a postentry step(s) in the
viral life cycle. The activity of AZ-27 was also more consistent than
that of the fusion inhibitor when the effects of viral titer in the
assay were compared. This was most evident with compound ad-
dition at 6 and 12 hpi, where the MOI increase from 0.02 to 1
resulted in only a severalfold ECs,, shift for AZ-27, in contrast to
the over-100-fold shift observed for the fusion inhibitor (Table 2).

The subgenomic RSV replicon system was used to determine
whether AZ-27 targets RSV RNA replication (15, 16). The expres-
sion of luciferase and GFP reporters in this system is driven by the
viral RNA replication process; the viral entry, assembly, and re-
lease steps of the viral life cycle were omitted as a result of the F, G,
and SH gene deletions from the RSV replicon. AZ-27 demon-
strated similar potencies in both the replicon and live virus assays,
indicating that viral replication is the target of this compound
(Table 1). Studies using BHK or HeLa cell-based RSV replicons
and luciferase or GFP reporter readout gave comparable results
(Fig. 2B and C).

Spectrum and selectivity. AZ-27 was tested against a panel of
nine RSV A and four RSV B laboratory and clinical strains to assess
the spectrum of its antiviral activity. AZ-27 inhibited all the strains
tested, with higher potency observed against the RSV A subtype
(average EC5, = 24 = 9 nM) than against the B subtype (average

TABLE 3 AZ-27 activity against RSV infection in different cell types

ECs, = 1.0 = 0.28 wM). This is a significant improvement com-
pared to YM-53403, which was not active against the B strains
tested (Table 1). AZ-27 was RSV specific, with no activity (ECs,,
>100 wM) against other RNA and DNA viruses tested, including
human metapneumovirus, influenza virus A, human rhinovirus,
and cytomegalovirus (data not shown).

To evaluate possible cell type dependency for AZ-27 activity,
several immortalized cell lines and differentiated HBEC cultures
(HBEC-ALI) were infected with RSV A2 in the presence of com-
pounds; viral inhibition was measured by RSV ELISA or gRT-PCR
assay. AZ-27 was equally potent in all host cell types tested (Table
3). In contrast, the RSV N inhibitor RSV604 showed a cell-type-
dependent activity and was inactive against RSV infection in
BHK-21 cells.

Resistance. To profile viral resistance to AZ-27, resistant RSV
A2 viruses were selected by continuous passage of the virus in
HEp-2 cells in the presence of AZ-27. After 7 passages at 3- to
4-day intervals over 4 weeks, viruses cultured under fixed concen-
trations of 0.06 or 0.3 wWM AZ-27 reached titers similar to those of
the control wild-type virus (2 X 107 to 9 X 10’ TCIDs,/ml) upon
propagation. These viruses were tested for susceptibility to AZ-27
and other RSV inhibitors in the RSV ELISA. As shown in the viral
inhibition dose-response curves, the AZ-27-selected viruses ex-
hibited strong resistance toward AZ-27 and YM-53403 while
maintaining sensitivity to other classes of inhibitors tested, in-
cluding ribavirin and BI cpd D (Fig. 3). A greater-than-5,000-fold
increase in EC, against AZ-27 was observed in the resistant virus
(Table 4).

Full-genome sequence analysis of the resistant viruses was car-
ried out, and a single dominant mutation site was identified. One
hundred percent of the viral stocks from independent resistance
selections all contained a Y1631H variant in the L protein, which
was also identified as the substitution responsible for YM-53403
resistance (13). This result supports L protein as the target of AZ-
27, and a single mutation is sufficient to confer strong resistance
toward AZ-27. L domain analysis for paramyxoviruses suggested

RSV A2 ECy, (uM)°

Compound HEp-2* A549¢ HEK293“ BHK-21° HBEC-ALI”
RSV604 1.6 = 0.26 1.2 £0.14 0.77 £ 0.17 >50 0.44 = 0.30
AZ-27 0.01 = 0.004 0.03 £ 0.006 0.02 %= 0.003 0.05 *+ 0.03 0.07 = 0.03

“ ECso measured by RSV ELISA in the indicated cell types following 3-day infection and compound treatment.
b ECy, measured by qRT-PCR quantitation of viral RNAs in HBEC-ALI following 3-day infection and compound treatment.

¢ Data are means =+ standard deviations (n = 2 to 5).
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FIG 3 Susceptibility of AZ-27-resistant virus to RSV inhibitors. RSV A2 virus
was cultured in HEp-2 cells in the presence of DMSO (@®; control) or AZ-27
(A, 0.06 wM; [, 0.3 uM) for 4 weeks. The titers of the surviving viruses were
determined, and the viruses were tested in a 3-day RSV ELISA in HEp-2 cells to
determine their susceptibility to AZ-27 (A), ribavirin (B), YM-53403 (C), and
Bl cpd D (D). The data shown are means * standard deviations of triplicates
from a representative experiment.

that Y1631 is located around the capping enzyme domain of this
multifunctional protein (Fig. 4) (8). Y1631 and the nearby amino
acid sequence are 100% conserved in the L protein across RSV A
and B isolates, while differing from those observed in other
paramyxoviruses analyzed.

To confirm the AZ-27 resistance profile and evaluate the RSV
replicon as a tool for resistance studies, the blasticidin-resistant
RSV A2 replicon cells were cultured in the presence of AZ-27 and
blasticidin for 4 weeks. The resultant replicon demonstrated
strong resistance toward AZ-27 and YM-53403 while remaining
sensitive to ribavirin and BI cpd D, similar to the results from the
resistant virus (4). The ECs, shift against AZ-27 in the RSV repli-
con luciferase assay was over 400-fold. Full replicon sequence
analysis revealed that L protein Y1631 was also the major resis-
tance site, with 58% of sequence reads from the pooled replicon
population harboring the mutation. Interestingly, Y1631C was
the amino acid substitution observed at this site, as opposed to the
Y1631H variant observed in the resistant virus. These data sug-
gested that the RSV replicon can be used for compound resistance

TABLE 4 Compound susceptibility of AZ-27-resistant RSV and replicon

Characterization of an RSV Inhibitor

studies and further implicated Y1631 as the key mutation site for
AZ-27 resistance.

DISCUSSION

We demonstrated AZ-27 as the most potent RSV A replication
inhibitor reported to date. Time-of-addition, MOI, and cell type
dependency analysis revealed the strength of this novel inhibitor
in maintaining potency compared to several other classes of RSV
inhibitors tested. AZ-27 showed significant improvement in RSV
spectrum coverage compared to similar compounds in this class.
A single mutation in the L protein capping enzyme domain con-
ferred strong resistance toward AZ-27, supporting L as the direct
target of this compound. This report also demonstrated for the
first time that the RSV replicon system can be a useful tool for
compound mechanism-of-action and resistance studies.

Even with the improved RSV A and B subtype coverage, the
activity of AZ-27 against the RSV B subtype (ECs,, ~1 pM) re-
mained weaker than that against the A subtype strains (EC, 10 to
40 nM). The mechanism behind this difference is yet to be under-
stood. The lack of biochemical assays and structure information
for the RSV L capping enzyme has limited the means to address
this question. Interestingly, the site of the L mutation leading to
AZ-27 resistance, as well as the nearby amino acid residues, is
identical among RSV A and B strains, suggesting that the feature
responsible for generating AZ-27 resistance may be separated
from what drives the subtype-dependent susceptibility toward
this compound (Fig. 4). A similar phenomenon was also observed
with other unrelated chemical series sharing the same MoA for
RSV inhibition (unpublished data). Mapping out the L sequence/
region that determines this RSV subtype susceptibility profile may
help in better understanding and overcoming the compound po-
tency limitations. Since the clinical prevalences and disease sever-
ities of RSV A and B are similar, it is important to develop effica-
cious therapeutics that cover both subtypes (19). The physical
properties of this series also require improvement to become a
more drug-like molecule (14). AZ-27 represents significant prog-
ress in this inhibitor class and provides a foundation for further
optimization. AZ-27 may also serve as a useful tool compound to
investigate the RSV subtype differences and functions of the L
domain.

Acute viral respiratory diseases, including RSV, are typically
associated with a short treatment window and high viral titers in
patients. The past development of RSV treatments has been fo-
cused primarily on entry inhibitors, with most programs failing to

ECs, (M), mean = SD?

RSV A2°

RSV replicon”

AZ-27-resistant

AZ-27-resistant

Compound Control virus virus EC,, fold shift® Control replicon replicon EC,, fold shift®
YM-53403 1.7 £ 0.03 >50 >29 3.8£0.8 >50 >13

AZ-27 0.01 £ 0.0005 >50 >5,000 0.01 £ 0.004 4.7 £ 0.74 470

Bl cpd D 0.37 £0.01 0.33 £0.02 1 0.77 £ 0.27 0.65 = 0.1 1

Ribavirin 23+1.2 25+ 0.48 1 56 £25 6.0 = 0.68 1

@ ECs, measured by RSV ELISA in HEp-2 cells following 3-day infection of control or resistant virus in the presence of compounds.
¥ EC, measured by RSV replicon luciferase assay following 2-day compound treatment of control or resistant replicon cells.

¢ Ratio of EC;,, between resistant and control virus or replicon.
4 Data from triplicate results.
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FIG 4 Conservation of RSV L domain conferring resistance to AZ-27. (A) Sequence alignment of the L protein fragments from RSV and other paramyxoviruses
overlapping the AZ-27 resistance site Y1631 (circle). Amino acid position numbers of MeV L protein are shown on the top. (B) Conservation of the RSV L protein
sequences. One hundred two full-length RSV L protein sequences available were compared to the RSV L consensus sequence. The level of conservation at each
amino acid (aa) position for RSV A (blue line) and B (red line) isolates is depicted as the percentage of isolates sharing the consensus sequence. The open boxes
on top mark the two variable regions, and the black box highlights the location of the fragment depicted in panel A. The two alignment gaps are labeled with

asterisks.

go beyond phase II clinical trials. Compared to compounds tar- 3.

geting RSV entry, RSV L inhibitors of different scaffolds all dem-
onstrated a longer window of potency in time-of-addition and
MOI studies (data not shown). This in vitro observation merits
further in vivo and clinical investigations to determine whether
viral replication is a more attractive target for delivering effica-

cious therapies for respiratory virus infection. 5

The L protein Y1631 variants were not found in any of the
currently deposited RSV sequences in GenBank, suggesting that
preexisting resistance toward AZ-27 may not be a major concern.

However, as a single mutation is sufficient to confer strong resis- 6.

tance to AZ-27, we cannot rule out the possibility of a rapid emer-
gence of resistant viruses upon use of this inhibitor class as a
monotherapy. As demonstrated by antivirals against other vi-
ruses, combination therapy with compounds of different mecha-
nisms of inhibition is a desirable long-term approach to increase

the resistance barrier and address this risk. 7.
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