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A B S T R A C T   

Rabies, a viral zoonosis, is responsible for almost 59,000 deaths each year, despite the existence of an effective 
post-exposure prophylaxis. Indeed, rabies causes acute encephalomyelitis, with a case-fatality rate of 100 % after 
the onset of neurological clinical signs. Therefore, the development of therapies to inhibit the rabies virus (RABV) 
is crucial. Here, we identified, from a 30,000 compound library screening, phthalazinone derivative compounds 
as potent inhibitors of RABV infection and more broadly of Lyssavirus and even Mononegavirales infections. 
Combining in vitro experiments, structural modelling, in silico docking and in vivo assays, we demonstrated that 
phthalazinone derivatives display a strong inhibition of lyssaviruses infection by acting directly on the repli
cation complex of the virus, and with noticeable effects in delaying the onset of the clinical signs in our mouse 
model.   

1. Introduction 

Rabies is a viral zoonosis, transmitted mainly by the saliva of infected 
dogs, that causes acute encephalomyelitis, with a case-fatality rate of 
almost 100% after the onset of neurological symptoms. Rabies can be 
effectively prevented by post-exposure prophylaxis (PEP), consisting of 
vaccines and rabies immune globulin (RIG), but once the first clinical 
signs appear, there is no effective treatment (Roy et al., 2007; Cas
tillo-Neyra et al., 2020; Nadal et al., 2023). Due to the limited access to 
PEP of some exposed populations, mostly in Asia and in Africa, and due 
to economical and national health organizational problems, the burden 
of rabies is estimated to still be higher than 59,000 deaths per year 
(Hampson et al., 2015). Further, there is presently no effective treatment 
that can be administrated to patients after the onset of symptoms 
(Warrell et al., 2017). Therefore, potent inhibitors of rabies virus 
replication are needed to late PEP and could help to save the life of 

people exposed to rabies. 
Over the last few decades, several trials have been carried out to 

identify new therapies. Only a few of them have demonstrated an 
improvement in clinical signs in animals. We have previously shown 
that a combination of monoclonal antibodies (RVC20 and RVC58) 
effectively cured already symptomatic (late infection) mice when 
administered concomitantly both directly into the central nervous sys
tem, by intracerebroventricular injection, and peripherally, at the site of 
the infection (de Melo et al., 2020). In humans, no trials have shown 
significant efficacy, although in 2004, the successful treatment of a girl 
using the Milwaukee protocol, consisting of an artificial coma with the 
administration of amantadine and ketamine (Willoughby and Ham
marin 2005, Willoughby et al., 2007), has generated considerable 
optimism. As a result, efforts have been made in several countries to 
treat rabies patients. However, these efforts were generally unsuccess
ful, and this protocol subsequently became highly controversial 
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(Hemachudha et al., 2006; Aramburo et al., 2011; Jackson 2013). 
Despite numerous studies evaluating the antiviral activities against 

rabies virus (RABV) infection of a large range of molecules (Dacheux 
et al., 2011; Jochmans and Neyts 2019), no drug has yet been shown to 
be effective in vivo, particularly when clinical signs are already present. 

The main target of the different compounds developed to inhibit 
RABV replication is the viral replication complex. The replication 
complex of RABV, and more broadly that of viruses of the Mono
negavirales order, consists of two protein complexes ensuring the tran
scription activity with the viral polymerase (L) and the phosphoprotein 
(P), and the replication activities, composed of the L, P, and nucleo
protein (N). The L protein (255 kDa) is able to transcribe RNA into a 
capped and methylated messenger, and to polyadenylate it (Ogino and 
Green 2019). The structure of RABV L-P complex has been resolved very 
recently (Horwitz et al., 2020), so all reported L-structures were calcu
lated based on the structure of the L protein of the Vesiculovirus new
jersey (former known as VSV), belonging to the same family as RABV 
and available for several years. This protein comprises five domains: an 
RdRp domain; with an enzymatic activity synthesizing the cap of viral 
mRNAs in 5′ and a polyribonucleotidyltransferase (CAP) activity; a 
connector domain (CD); a methyltransferase domain (MT); and a 
C-terminal domain (CTD). Several motifs are also present within these 
domains, such as the GDN motif comprising the catalytic site of the 
polymerase domain (RdRp); the GxxT and HR motifs present in the CAP 
domain and involved in cap addition; and the GxGxG and K-D-K-E motifs 
involved in cap methylation (Horwitz et al., 2020). 

In this study, we screened 30,000 compounds from the Chembridge 
Diverset Library and we identified a family of compounds derived from 
phthalazinone as potent inhibitors of RABV infection and more broadly 
of Lyssavirus and even Mononegavirales infections. Combining in vitro 
experiments, we demonstrated that phthalazinone derivatives display a 
strong inhibition of lyssaviruses infection by acting directly on the 
replication complex of the virus. In vivo, treatment with these com
pounds delayed the onset of clinical signs in mice after a lethal RABV 
challenge, despite their short half-life in the brain. NMR data and in silico 
docking validated the target engagement of the drugs and allowed us to 
propose potential binding sites. These results could pave the way for 
new therapeutic approaches against rabies. 

2. Material and method 

2.1. Cells and viruses 

The BSR T7/5 cells (Buchholz et al., 1999) and the BHK-T7 cells were 
grown in Glasgow medium supplemented with 10 % calf serum, tryptose 
phosphate and non-essential amino acids and antibiotic. These cells 
were used for infection experiments and minireplicon assays respec
tively. As these cells have no interferon response, it allowed us to assess 
the effect of viral infection independently of the immune response. 

Cells were maintained in a humidified incubator with 5 % CO2. All 
cell lines were passed twice a week. 

The screening was performed on a rabies field dog isolate from 
Thailand 8743THA (EVAg collection, Ref-SKU: 014V-02106), further 
named as Tha virus, and confirmed on another RABV strain, 9001FRA, a 
Lyssavirus Hamburg (EBLV-1), 8918FRA and a Lagos bat virus (LBV) 
8619NGA. 

A recombinant virus of Measle, rMV2/Luc, derived from MV vaccine 
(Schwarz strain) (expressing a luciferase reporter gene), kindly provided 
by Pr. F. Tangy (Institut Pasteur, Paris) was also used. 

Tha-GFP recombinant virus and the mutated viruses Tha-eGFP in 
which the residue in position 222 of the P protein was mutated from I to 
M (PI222M), Tha-eGFP-LP1485T, Tha-eGFP-LE1893D, Tha-eGFP-LV1897F, 
Tha-eGFP-PI222M_LP1485T, Tha-eGFP-PI222M_LE1893D and Tha-eGFP- 
PI222M_LV1897F were produced by reverse genetic as already described 
(Ben Khalifa et al., 2016). LV1897F, PI222M_LP1485T, PI222M_LE1893D and 
PI222M_LV1897F were introduced into the P and the L sequence on the 

plasmid encoding the complete genome of the Tha-eGFP using the 
Phusion Site-Directed Mutagenesis Kit (Cat.#F541,Thermo Scientific) 
according to the manufacturer’s instructions. All mutagenesis primers 
are listed in Supplementary Table 1. 

2.2. Screening of chemical compounds library on RABV 

A library of 30,000 compounds was purchased from Chembridge 
Diverset Library. The screening was performed as previously described 
(Rogee et al., 2019). Briefly, 100 μL of compounds diluted in DMSO 
(200 μg/mL to 1,5625 μg/mL) were added to each well of 96-well plates. 

Then, 50 μL/well of BSR cells at 1.106 cells/mL and 50 μL of Tha 
virus (200 fluorescent forming units, FFU; MOI: 0.0002) were added. As 
a solvent control, a subset of wells was given 0.5 % DMSO instead of 
compound dilution. Untreated cells infected by Tha virus were used as a 
positive infection control. At two days post-infection (dpi), the cells 
were fixed and the amount of viral nucleoprotein (a major component of 
viral nucleocapsid present in the cytoplasm) in treated wells relative to 
wells with only DMSO was measured by ELISA, using a mix of two 
monoclonal antibodies targeting the rabies virus nucleoprotein and 
conjugated to HRP. The absorbance was measured at 450 nm and 600 
nm. For each compound, the amount of nucleoprotein was calculated as 
the ratio of absorbance value (OD 600 nm – OD 450 nm) to the mean of 
absorbance values obtained from untreated-infected-wells (relative 
infection 100 %). The concentration giving 50 % of viral growth inhi
bition (IC50) was calculated by nonlinear regression analysis (GraphPad 
Prism). 

2.3. Inhibition assay of Measle infection 

Some of the compounds were tested on Measle. Fifty microliters per 
well of HEK293T cells at 5.105 cells/mL and 50 μL/well of rMV2/Luc 
virus (MOI of 0.1) were added in the plate and incubated for 48 h. Cells 
were lysed with Passive Lysis Buffer (Cat.#E1941, Promega) and the 
luciferase activity was controlled with the “Luciferase assay reagent” 
(Cat.#E1483, Promega) according to manufacturer’s instruction on 
undiluted lysate. 

2.4. Cytotoxicity analysis 

The cytotoxicity was determined using ATPlite assay (Cat. 
#6016943, PerkinElmer) as described previously (Rogee et al., 2019). 
Briefly, 5.104 BSR cells were incubated with different concentration of 
drug in 200 μL of medium for 48 h then washed and lysed with the lysis 
buffer. 

The concentration giving the 50 % cytotoxic concentration (CC50) 
was calculated by nonlinear regression analysis (GraphPad Prism). 

2.5. RNA isolation, reverse transcription and quantitative real-time PCR 

RNA was isolated using Nucleospin RNA II kit (Cat.#740955.50, 
Macherey Nagel). Reverse transcription was performed on 4 μg of RNA 
using Superscript II (Cat.#18064014, Invitrogen) with 2 pmol of oligo 
(dT) primers (Fermentas) in a final volume of 30 μL. Transcription 
analysis was performed on 100 ng of total RNA using Taqman Power 
SYBR Green (Cat.#4309155, Applied Biosystems) on a 7500 Fast Real- 
Time PCR System (Applied Biosystems) and specific primers 
(Table S1), following manufacturer instruction. Relative quantification 
was performed using GAPDH gene as endogenous control. Results were 
analysed using 7500 SDS software version 2 (Applied Biosystems). 

2.6. Plasmids and site-directed mutagenesis 

Mutations PI222M, LF177L LP1485T, LE1893D and LV1897F were introduced 
into the P and the L sequence on the plasmid encoding the complete 
genome of the Tha-GFP (Ghanem et al., 2012; Ben Khalifa et al., 2016), 
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using the Phusion Site-Directed Mutagenesis Kit (Cat.#F541, Thermo 
Scientific) according to the manufacturer’s instructions. 

Mutations were also introduced in P-pTIT and L-pTIT vectors using 
the same technology. 

All mutagenesis primers are listed in Supplementary Table S1. 

2.7. Tha minireplicon assay 

Minireplicon assay was carried out as already described in (Rogee 
et al., 2019). Briefly, BHK-T7 cells were transfected in 6-well plates with 
either 1 μg of pSDI-THA-CAT (− ), 10 ng pCMV-RL 1 μg of N-pTIT, 0.5 μg 
of P-pTIT and 0.5 μg of L-pTIT using 6 μL of lipofectamine 2000 (Cat. 
#11668019, Invitrogen). In the negative control, one of the pTIT vector 
was omitted. Forty-eight hours post-transfection cells were harvested in 
passive lysis buffer (Cat.#11363727001, Roche) and lysates were sub
jected to reporter CAT assays using the kit « Elisa CAT assay » (Cat. 
#11363727001, Roche) according to manufacturer’s instruction. Each 
lysate was tested undiluted and on three serial one to ten dilutions. The 
renilla activity was controlled with the kit « Renilla-Glo » (Cat.#E2710, 
Promega) according to manufacturer’s instruction on undiluted lysate. 

To investigate the inhibitor potency of the different compounds, cells 
were treated with 50 μg/mL or 10 μM of each at 24 h post-transfection. 
The CAT expression was quantified by ELISA CAT assay 48 h post- 
transfection as described before. 

2.8. Measle minireplicon assay 

Measle minireplicon system (Shu et al., 2012) was kindly provided 
by Pr. D. Gerlier (Centre International de Recherche en Infectiologie 
(CIRI), Team Immunobiology of Viral infections, Univ Lyon, Inserm, 
U1111, CNRS, UMR5308, Université Claude Bernard Lyon 1). Mini
replicon activity was measured by luminescence activity expressed from 
the nanoluciferase reporter gene. 

2.9. Escape mutants 

BSR cells were incubated at a concentration of 1.5 × 106 cells/mL in 
a T25, for 24 h at 37 ◦C with 5 % CO2. The following day, they were pre- 
treated with compounds 7671954 (33 μM, 3.5 x IC50), CIM114116 (1.2 
μM and 3.9 μM, equivalent to 3 and 5 x IC50) or CIM114669 (four serial 
dilutions from 0.21 to 0.7 μM, equivalent to 3, 5, 7 and 10 x IC50), for 2 h 
at 37 ◦C with 5 % CO2. These concentrations were determined using 
preliminary experiments, which enabled us to identify concentrations 
that would reduce viral growth by one log while allowing viral escape. 
The cells were then infected at an MOI of 0.1 with Tha-eGFP virus for 1h. 
Next, the supernatants were removed from the flasks and medium 
containing the inhibitor molecules at the respective concentrations was 
added. The cells were then incubated for 72 h at 37 ◦C with 5 % CO2. 
Finally, the supernatant was collected, aliquoted and titrated. Successive 
passages were then performed by infecting the BSR cells at a MOI of 0.1 
with the viruses harvested during the previous passages, always in the 
presence of compounds 7671954, CIM114116 or CIM114669. 

2.10. High-throughput sequencing of escape mutants 

Total RNA from cells infected with virus selected during five pas
sages using chemical compounds were extracted using Trizol (Cat. 
#15596026, Ambion) according to the manufacturer’s instructions. 5 μl 
of RNA were then reverse transcribed using Superscript III reverse 
transcriptase with random hexamers (Cat.#18080093, Invitrogen) ac
cording to manufacturer’s instructions. The complete viral genome 
(excluding the 3′ and 5′ extremities, corresponding to the leader and the 
trailer regions, respectively) was amplified with 6 overlapping PCR 
fragments (Delmas et al., 2008) by using the Phusion polymerase (Cat. 
#F630L, ThermoFisher) as described previously (Troupin et al., 2016)]. 
Each PCR fragment was independently purified using the NucleoSpin 

Gel and PCR clean-up kit (Cat.#740609.50, Macherey-Nagel) and 
quantified using Picogreen dsDNA quantification kit (Cat.#P11496, 
Invitrogen). For each sample, all six PCR fragments were pooled with 
equimolar proportions to obtain 500 ng of dsDNA. For the preparation of 
libraries and next-generation sequencing, dsDNA was fragmented by 
ultrasound with Bioruptor (Diagenode), libraries were prepared using 
NEXTflex PCR-Free DNA-Seq kit (Cat.#NOVA-5150-01, PerkinElmer), 
and then sequenced using a 2 x 300 nucleotides paired-end strategy on 
the Illumina MiSeq platform. 

All genome sequence analysis was performed using the Galaxy 
platform (Galaxy 2022) as already described (Bonnaud et al., 2019), 
using as reference sequence the 8743THA one (GenBank: EU293111). 

2.11. Viral growth kinetics 

2 × 106 BSR cells were infected at a MOI of 0.1 under agitation at 
37 ◦C with 5 % CO2. After 1h incubation, the cells were centrifuged at 
800 g for 5 min and the pellet resuspended in complete medium that 
contained either the molecules 2 μM of CIM114116 or 0.35 μM of 
CIM114669. The cells were then seeded in a T25 flask and incubated at 
37 ◦C with 5 % CO2. After 24, 48 and 72 h of incubation, 0.5 mL of 
supernatant was aliquoted for titration and 0.5 mL of fresh medium, 
containing or not the compounds, was added to each flask. 

2.12. Determination of IC50 using Opera Phenix High-Content Screening 
System 

100 μL of complete DMEM medium was added to the wells of a 96- 
well plate. The compounds CIM114116 or CIM114669 were diluted 
1:2 and 1 × 104 BSR was added to each well. Finally, 50 μL of Tha-eGFP 
virus, derived from escape mutants or recombinant virus, was added at a 
MOI of 0.1, and the plates were incubated at 37 ◦C and 5 % CO2. After 
48 h incubation, the plates were fixed with 4 % PFA for 30 min at room 
temperature, then washed with PBS. Cell nuclei were then labelled with 
Hoeschst 33342 (1/1000, Cat.#H3570, Thermo Scientific) for 15 min. 
Data acquisition using the Opera Phenix High-Content Screening System 
involved counting cells using Hoeschst 33342-labelled nuclei and 
infected cells using eGFP expression. 

2.13. NMR sample preparation 

BHKT7 cell extracts overexpressing NPL complex (Nucleoprotein, 
Phosphoprotein and Polymerase) of rabies virus were prepared as 
follow: Cells were transfected as described in “Minireplicon assay” and 
48 h post-transfection cells were harvested in PBS and washed twice by 
centrifugation at 1500 rpm for 5 min at 4 ◦C. The pellet was resuspended 
in 50 μL of deuterated phosphate-buffer saline (PBD) just before use. The 
cell extracts were then diluted four times (50 μL of cell extract in 150 μL 
of PBD buffer). In the experiments with the drug, 5 μL of deuterated 
DMSO (DMSO-d6, 99.96% 2H atoms, Euriso-top, France) was added for 
the solubility. 

A stock solution of the compound CIM114116 at concentration of 10 
mM was prepared by dissolving it in deuterated DMSO. The final con
centration of the drug in the NMR samples was at 40 μM and the amount 
of DMSO-d6 at 2.5 % (v/v). At this concentration and in this buffer the 
compound was completely soluble. 

2.14. NMR spectroscopy 

All NMR experiments were performed using 3 mm NMR tubes at 
25 ◦C, and on a NMR spectrometers operating at a proton frequency of 
either 600 MHz or 800 MHz (Bruker Biospin) equipped both with a 
cryogenically cooled triple resonance 1H[13C/15N] probe. The com
pound resonances were assigned from spectra recorded on a 600 MHz 
spectrometer using standard 1D 1H, and 2D 13C–1H HSQC, 13C–1H 
HMBC,13C–1H H2BC, 1H–1H TOCSY (mixing time of 60 ms) and 
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1H–1H NOESY (mixing time of 600 ms) experiments. Saturation transfer 
difference (STD) spectra were acquired at an 800 MHz spectrometer by 
using the standard pulse sequences with on- and off-resonance fre
quencies at respectively − 2 and − 40 ppm and with 1760 scans. The off- 
resonance spectrum was used as reference spectrum. The 1H chemical 
shifts were referenced to external DSS (2,2-Dimethyl-2-silapentane-5- 
sulfonate). The STD experiments were repeated with at least two inde
pendent cell preparations. 

2.15. Modelling the LP complex 

The L subunit in interaction with P was built using MODELLER 10.4 
(Webb and Sali 2016). Multiple structural templates were used to model 
the complex. The L subunit was mainly built using the structure of rabies 
SAD-B19 L-P complex from cryo-EM (Horwitz et al., 2020) (PDB code 
6UEB chain A) sharing 95 % sequence identity with the targeted 
sequence of P. The chain B from 6UEB was used to place the disordered 
region of P interacting with L. 

The structure of the Human Metapneumovirus Polymerase bound to 
the phosphoprotein tetramer (PDB code 6U5O) (Pan et al., 2020) was 
used as a template to define the relative placement of P with respect to L. 
Due to the low sequence identity with P (22 %), two other experimental 
structures were used: the structure of the dimerization domain of the 
rabies virus (strain China/MRV) phosphoprotein (PDB code 3L32) 
(Ivanov et al., 2010) and the structure of the C-terminal domain of the 
polymerase cofactor of rabies virus (strain CVS-11) (PDB code 1VYI) 
(Mavrakis et al., 2004) sharing high sequence identity with the targeted 
sequence of L (respectively 95 % and 94 % of sequence identity). 

2.16. Molecular docking of potential inhibitors 

Compounds 7671954, CIM114116 and CIM114669 were docked on 
the whole surface of the modelled LP complex using DiffDock (Corso 
et al., 2022). DiffDock was used for two reasons: (i) it allows to dock 
small molecules on the whole protein surface using a state of the art 
generative deep-learning model; (ii) it outperforms other methods, 
particularly on computationally folded structures. DiffDock makes use 
of ESM (Lin et al., 2023) embedding of sequences. However, the official 
DiffDock package truncates internally (in file ‘utils//inference_utils.py’) 
sequences larger than 1022 for ESM embedding. To accommodate the 
2377 sequence length of the LP complex, we increased the truncation 
length accordingly in the source code of DiffDock. 

Ten poses per compounds were generated by DiffDock. To analyze 
the binding pockets explored by the 3 compounds, we computed the 
atomic density of all the poses of the 3 compounds, leading to 30 indi
vidual poses. The density was saved as an MRC format (Crowther et al., 
1996) and visualized using PyMOL Molecular Graphics System, Version 
2.6, Schrodinger, LLC (Corso G.). 

2.17. In vivo experiment 

All animal experiments were performed according to the French 
legislation and in compliance with the European Communities Council 
Directives (2010/63/UE, French Law, 2013–118, February 6, 2013) and 
according to the regulations of Pasteur Institute Animal Care Commit
tees. The Animal Experimentation Ethics Committee (CETEA 89) of the 
Institut Pasteur approved this study (160111; APAFIS#l5773- 
2018062910157376 v5). All animals were handled in strict accor
dance with good animal practice. 

Four-week-old Balb/c mice (Janvier Laboratory) were infected by 
intra-muscular injection (i.m) with 1000 FFU of Tha in 200 μL of DMEM 
(2 injections of 50 μL in each gastrocnemius muscle). To investigate the 
potential protective role of CIM114116 or CIM114669, mice were 
separated in two groups of five or six respectively. One group was 
treated with 100 mg/kg of compound by intraperitoneal injection (i.p) 
four times per day (CIM114116) or three times per day (CIM114669) 

according to the compounds’ half-life. The other group was treated with 
vehicle (0.5 % CMC + 0.1 % of tween 80). The volume used to inject the 
compounds or the vehicle was 200 μL. The treatment began four days 
post-inoculation for CIM114116 and 48 h post-inoculation for 
CIM114669. Mice were euthanized at day eight after challenge. 

2.18. Statistics 

Statistical tests were carried out using Prism software (GraphPad 
Prism, version 10, San Diego, USA), with p < 0.05 considered signifi
cant. Non-linear regression analysis, Mann-Whitney tests and unpaired 
t-test with Welch’s correction were performed. 

3. Results 

3.1. Phthalazinone derivatives are active against rabies infection 

To identify antiviral compounds against RABV, we developed a high- 
throughput cell-based screen using a field dog isolate of RABV from 
Thailand (Tha) (Fig. 1A). A primary screen of 30,000 chemical com
pounds from Chembridge Corporation (Chembridge Diverset Library) 
identified 86 compounds at a cutoff of 50 % inhibition. The validity of 
this assay for small-molecule screening was confirmed using the means 
and standard deviations of positive and negative values. This yielded a Z′ 
factor value of 0.51 and demonstrated that the assay was robust and 
suitable for large scale compound screening (Fig. 1B). These 86 com
pounds were further evaluated in a secondary assay to calculate the half 
maximum inhibitory concentration (IC50) and toxicity. Six compounds 
were identified with IC50’s less than 30 μM and with a low cytotoxicity 
(Table 1). The six compounds belonged to five distinct chemical classes. 
The spectrum activity of these compounds was tested using three field 
isolates belonging to two different species of lyssavirus, Lyssavirus 
rabies with Tha and RABV-1 (9001FRA) and Lyssavirus Hamburg 
(EBLV-1: 8918FRA). The different compounds were able to inhibit the 
replication of the two species of lyssavirus with a variable efficacy. The 
compound 7671954, a derivative of phthalazinone, was identified as the 
most effective antiviral agent with IC50’s of 9.46 μM, 5.71 μM and 10.31 
μM for Tha, RABV1 and EBLV-1 respectively (Table 1). 

To investigate the action of these compounds on the replication 
complex, minireplicon assays were performed in presence of 50 μg/mL 
of the six compounds using minigenomes of Tha and Measle virus, a 
more distantly related virus, also belonging to the Mononegavirales order 
but to the Morbillivirus genus within the Paramyxoviridae family. All the 
six selected compounds were found to inhibit the replication complex of 
Tha (less than 10 % of the control activity) and measle viruses (less than 
50 % of the control activity) and at least in a more efficient or similar 
manner than Ribavirin (Anindita et al., 2018) used as a positive control 
of the inhibition of replication (Fig. 1C). 

3.2. L and P proteins are targeted by the phthalazinone derivatives 

As compound 7671954 was identified as the most potent and selec
tive antiviral agent, with the lowest IC50 (Table 1), we focused the rest of 
our work on this molecule. To identify the viral protein and domains 
targeted by the confirmed compounds, selection of drug-resistant vari
ants was performed in cell culture using 33 μM (3.5-fold the IC50) of 
compound 7671954 which was shown to be the most effective in the 
context of RABV infection (Table 1). In these conditions, the titer 
significantly increased after five passages (P5) in vitro (Fig. 1D) in favor 
of the development of escape mutant(s). To confirm and characterize 
potential mutations generated during the selection, viral supernatants 
collected at P5 and grown or not in the presence of compound 7671954, 
were submitted to high throughput sequencing (Table S2). Sixteen 
variable positions were observed in terms of mutations present in sub
populations of the genome of escape mutants. Mutations occurring in 
the genome at equivalent and low frequencies in the treated and non- 
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Fig. 1. Phthalazinone derivatives target L and P proteins during rabies infection. (A) High-throughput cell-based screening. Development of a 96-well based 
antiviral assay for Lyssavirus screening of a chemical compound library. A field dog isolate of rabies virus from Thailand were used for this assay. 7671954 structure 
is indicated. (B) Screening Z-Factor to measure the statistical effect size. (C) Minireplicon CAT assay evaluating the inhibition of Tha (in grey) and Measle (in blue) 
replication complex. The black dotted line indicates the 100 % activity of the control. The blue and grey dotted line indicate the percentage of activity in the presence 
of Ribavirin of Measle and Tha minireplicon, respectively. The control refers to the non-treated minireplicon. (D) Growth kinetics of untreated Tha-eGFP viruses 
(DMSO) and Tha-eGFP viruses treated with the compound 7671954. The escape occurs at the 5th passage, as indicated by the red arrow (E, F) Minireplicon CAT 
assay of Tha to identify mutations restoring the replication complex activity (E) without any treatment or in the presence of compound (F) 7671954. WT: Wild type; 
NT: Non-treated. All the values are represented as mean, error bars indicate ± SD. Three independent experiments were performed. Unpaired t-test with Welch’s 
correction were performed. 
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treated conditions were considered as non-specific of the treatment 
(Table S2). Further, we did not consider mutations in proteins, such as 
the glycoprotein, not involved in the viral replication complex. Finally, 
we focused our attention on one mutation in the phosphoprotein (P) 
gene: residue in position 222 was mutated from I to M, noted PI222M, and 
10 mutations in the polymerase (L) gene exhibiting a large increase of 
their percentage between non-treated and treated conditions (Table S2). 
To determine if some of these mutations are present on the same RNA 
strand and to quantify the proportion of mutant clones, the L gene of the 
viruses collected at P5 was cloned and 83 clones were sequenced by 
Sanger technic. Only 13.2 % of clones presented no mutation and the 
two main mutations found in the L gene were V1897F (~24 %) and 
P1485T (~11 %) (Table S3). These frequencies were in concordance 
with the one obtained in NGS analysis. The mutation E1893D (2.4 %) 
was in most of the case combined with other mutations in the L (1.2 % 
with P1485T, 2.4 % with V1897F and 13.3 % with F177L) and was 
found alone only in 2.4 % of the clones. The frequency of the mutation 
F177L alone was of 7.2 %. Interestingly, when we aligned the amino acid 
sequence of the L protein of the different species of Lyssavirus, the amino 
acid at position 177 can be F or L (Fig. S1), indicating that it is a mu
tation selected during passages independently of the effect of the com
pound. Combinations of multiple mutations were also observed in 10.8 
% of the clones (Q717R, F1037L and E1251D, Table S3). 

The effect of the mutations P1485T, E1893D and V1897F was then 
investigated alone or in combination with the mutation in the P, PI222M, 
on a minireplicon assay in presence or not of the compound 7671954. 
The replication complex activity observed for the different mutations 
tested in the absence of compounds was significantly increased, except 
for the combination of the mutation PI222M with the mutation P1485T 
(Fig. 1E). In the presence of compound 7671954, mutations P1485T or 
V1897F induced a significant increase of CAT activity compared to the 
control with wild type proteins (WT, Fig. 1F). Finally, the mutation 
observed in the P protein was tested in combination with the native or 
mutated L protein. None of the combinations did show any significant 
changes of minireplicon activity in comparison with each mutation 
taken alone (Fig. 1E). However, each tested mutation maintained the 
replication complex activity in the presence of compound 7671954 
(Fig. 1F). Therefore, L and P proteins seem to be the target of Phthala
zinone drugs. 

3.3. Hit-to-lead optimization 

In order to improve the potency of 7671954 and better characterize 
this new phthalazinone series, some early hit to lead optimization has 
been performed. This led to the discovery of CIM114116 and 
CIM114669 (Fig. 2A) which were identified as the most effective anti
viral agents against rabies virus (IC50 = 0.39 μM and 0.07 μM for 
CIM114116 and CIM114669 respectively, which correspond to a 
decrease of the IC50 of 24 and 135-fold, respectively when compared to 
the initial hit 7671954) (Table 2). The toxicity of the compounds was 
evaluated, and the selectivity calculated (Table 2). As we determined 
that the compound 7671954 was also active against Measles virus 

replication complex, we tested some of these other analogues on Measles 
virus infection. Compounds CIM114116 and CIM114669 were also 
identified as the most effective antiviral agents against Measles virus 
with IC50 of 0.43 μM an 0.06 μM for CIM114116 and CIM114669 
respectively (Table 2). 

To understand the mode of action of these compounds, we then 
investigated if these molecules were active on the viral replication 
complex of RABV and Measles virus using native and mutated viral 
proteins in minireplicon assays (Fig. 2B). As expected, CIM114116 
inhibited around 75 % of RABV and Measles virus replication activity, 
and CIM114669 showed 90 % of inhibition of the same minireplicons 
(Fig. 2B). RABV replication activity was then measured in context of the 
mutations described previously in the P and L proteins of RABV escape 
mutants. The mutation V1897F in the L protein is the only one which 
nearly fully restore the replication complex activity in presence of 
CIM114116 and CIM114669 (Fig. 2C et 2D). More interestingly, the 
mutation I222M in the P protein, expressed together with any of other 
mutations located in the L protein provides an additional effect and 
nearly fully compensates the effect of CIM114116 and CIM114669 
(Fig. 2C et 2D). The other mutations P1485T and E1893D restored the 
activity of the replication complex although in a slightly lower extent 
than V1897F. 

3.4. Biological role of the mutations in the context of viral infection 

In order to understand the role of the mutations identified using the 
minireplicon assay in the more physiological context of viral infection, 
we produced Tha-eGFP recombinant virus (Besson et al., 2017) 
harboring single mutation in the L protein (LP1485T, LE1893D or LV1897F) or 
in the P protein (PI222M mutant and double mutants: PI222M_LP1485T, 
PI222M_LE1893D and PI222M_LV1897). These mutations explored all the 
positions already tested in minireplicon activity. The viral growth of 
those recombinant mutated viruses was performed with or without hit 
compounds, CIM114116 and CIM114669, at a concentration of 2 and 
0.35 μM (5xIC50), respectively (Fig. S3). Recombinant viruses with 
single mutation in the L or the P protein have the same growth than 
Tha-eGFP. Conversely, viruses mutated either on PI222M and LP1485T or 
on PI222M and LE1893D exhibited a more limited growth than Tha-eGFP at 
24 and 48 h post infection (pi) but not at 72 hpi. We then tested 
Tha-eGFP and the related mutated viruses in the presence of CIM114116 
and CIM114669. The mutation LP1485T did not provide any rescue of the 
growth alone nor in combination with PI222M. However, viral growth of 
the viruses mutated on LV1897F and PI222M_LV1897F was higher than that 
of Tha-eGFP, in particular at 48 hpi with the two compounds (p-value =
0.057), suggesting a gain of function provided by the LV1897F mutation 
alone (Fig. S3). 

Finally, we determined the IC50 of the compounds CIM114116 and 
CIM114669 at 48 hpi for each mutated recombinant virus using the 
Opera Phenix High-Content Screening System. We confirmed on Tha- 
eGFP the IC50 previously obtained in the screening, respectively, 0.39 
and 0.07 μM. The mutation on the P protein (PI222M) had no effect on the 
IC50 of both compounds. Conversely, a slight increase of IC50 was 
observed between the recombinant viruses mutated in the L compared to 
the control Tha-eGFP, the higher IC50 being obtained with the mutation 
LE1893D whatever the compound considered (Table S4, Fig. S4). 

In an attempt to confirm residues and further delineate regions on 
the viral proteins involved in interactions with this phthalazinone family 
of compounds, a new viral escape assay was undertaken by exposing 
Tha-eGFP virus to the two main active compounds identified 
CIM114669 and CIM114116. CIM114669 was used at different con
centrations: 3 x IC50, 5 xIC50, 7 x IC50 and 10 x IC50. The 7 x IC50 and 10 x 
IC50 concentrations could not be used for CIM114116, due to a strong 
viral growth inhibition. The escape was less clear than with those ob
tained previously with 7671954 (Fig. S5): for CIM114116 and 
CIM114669, at passage four, the viral titers of treated cells reached the 
level of the non-treated but the increase at P5 is smaller than what was 

Table 1 
IC50 values of Tha, 9001FRA and 8918FRA viruses exposed to various com
pounds. 

IC50: half maximal inhibitory concentration; Highlighted in grey: the com
pound of interest. 
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observed in Fig. 1D. IC50 values were compared by high-throughput 
confocal microscopy on suspensions of viruses collected on the third 
(P3) and seventh (P7) passages. When exposed to CIM114116, the IC50 
value of viruses collected at P7, does not significantly increase (0.5 μM at 
P3 vs 0.6 μM at P7). However, this difference was greater in the presence 
of CIM114669 with an IC50 of 2.4 compared to 0.07 μM (Fig. 2E). These 
data show that the viruses collected from P7 have acquired mutations 
providing a phenotype more prone to escape the action of the com
pounds. This was further explored using NGS (Table S5). Mutations 
occurring in the presence of CIM114116 and CIM114669 were located 
on positions of the L protein that are different from those observed with 
7671954 and at lower frequencies (between 2 and 15 %). However, 

some of these mutations (K542R, N1915K, F1923L, or G1961E) were 
common between the escape virus populations obtained with the two 
different compounds CIM114116 and CIM114669. The analysis of mu
tations suggest that the replication complex of Tha virus is the main 
target of the compounds. 

3.5. Target engagement of the drug candidates 

To validate the target engagement of the drug candidates, we used 
Nuclear Magnetic Resonance (NMR) and Saturation transfer difference 
(STD) experiment, widely used in the drug-target interaction studies 
(Mayer and Meyer 1999). Among the compounds characterized 

Fig. 2. Compounds optimization and identification of CIM114116 and CIM114669. (A) Structure of CIM114116 and CIM114669. In blue, residues charac
terizing the molecules (B) Minireplicon CAT assay evaluating the inhibition of Tha and Measle replication complex. (C, D) Minireplicon CAT of Tha assay to identify 
mutations restoring the replication complex activity in the presence of compounds (C) CIM114116 and (D) CIM114669. WT: Wild-type; NT: Non-treated. (E, F) New 
IC50 values for Tha-eGFP viruses from passages 3 and 7, exposed to 5 x IC50 of (E) CIM114116 or (F) CIM114669. All the values are represented as mean, error bars 
indicate ± SD. Three independent experiments were performed. Unpaired t-test with Welch’s correction were performed. 
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previously, we selected CIM114116 due to its higher solubility (50 μM 
compared to 5.56 μM for CIM114669) making it a promising candidate 
for further investigation. 

The NPL complex, identified as potential target of this set of com
pounds, cannot be easily purified and stabilized. Therefore, we adopted 
a new approach that we and other groups developed for performing STD 
experiments in whole cells (Bouvier, Simenel et al. 2019; Theillet 2022). 
Since the ability of compounds to penetrate cells was not known, we 
employed an alternative method involving a cell extract (see Material & 
Methods). The STD spectra are shown in Fig. S2A. In the presence of the 
NPL complex, we observed STD signal corresponding to proton signal of 
CIM114116 (Fig. S2A), indicating that the drug candidate interacts with 
one of the cellular proteins, potentially the viral replication complex. In 
the absence of the P protein with the cells overexpressing only NL-the 
STD signals are very weak or almost undetected (Figs. S2A and S2B). 
The signal of the interaction of the drug with the cellular proteins is 
enhanced when the P protein is overexpressed. This suggests that the 
compound interacts with the whole NPL complex, and that the P protein 
is required for this interaction, either through direct interaction with the 
compound or by modifying the complex. 

3.6. Blind docking 

To investigate the possible localization of CIM114116 and 
CIM114669 in the structure of the viral replication complex and in order 
to draw up a potential mode of action of those compounds, we per
formed in silico docking and explored their capacity to interact with 

several parts of the 3D-structure of the LP complex. The model obtained 
for the LP complex has an RMSD of 0.5 Å compared to the electron 
microscopy structure of the Rabies virus SAD-B19 L-P complex (pdb 
code: 6UEB) (Horwitz et al., 2020). The docking of the identified active 
compounds on the whole surface of the LP complex model (blind 
docking) leads to the identification of three main potential binding sites 
(depicted A, B and C on Fig. 3), independently of the efficiency of the 
compounds (IC50 from 9.46 to 0.07 μM). Site A is located at the interface 
of the CD and polymerase (RdRp) domains of the L protein. Sites B and C 
are located in the polymerase domain (RdRp) of L and more particularly 
at the catalytic site of the polymerase domain in the case of site C (GDN 
motif). 

However, none of the mutations characterized in the escape mutants 
of the L protein (P1485T, E1893D and V1897F in the case of 7671954 
and K542R, N1915K, F1923L and G1961 obtained with CIM114116 and 
CIM114669) maps with the three putative binding sites (Fig. 3A and B). 
Indeed, the escape mutations are all localized at the surface of the L 
protein. 

3.7. In vivo experimentation 

Given the efficacy of CIM114116 and CIM114669 to inhibit Tha 
infection in vitro, we tested these compounds in vivo to investigate their 
capacity to limit virus infection in the animal model when administered 
after infection. 

First of all, pharmacokinetic and biodistribution studies of com
pounds in plasma and brain were carried out in order to evaluate the 
feasibility of treating animals (Table S6). The half-life of CIM114116 
being shorter than that of the compound CIM114669 (0.20 h versus 
2.27 h in the brain), two different protocols were implemented 
depending on each of the molecule (Fig. 4A). Therapeutic approaches 
were different for each compound due to differences in their pharma
cokinetics: three injections per day were performed with CIM114669 
allowing six days of treatment. Due to a shorter half-life, CIM114116 
was injected more frequently (four injections per day), but the duration 
of the treatment was reduced to four days only. Following an intra
muscular challenge using a high inoculum of rabies virus (1000 FFU), 
mice were treated four times per day or three times per day with 100 
mg/kg of CIM114116 (start of treatment at 2 dpi) or CIM114669 (start 
of treatment at 4 dpi), or with vehicle, by intraperitoneal injection until 
the euthanasia of the mice (Fig. 4A). In respect of the humane endpoint, 
all the surviving mice were euthanized at 8 dpi as the treated mice were 
suffering from the multiple IP injections. At this post-infection time, the 
majority of mice (60–68 %) receiving either CIM114116 or CIM114669 

Table 2 
IC50 values and selectivity index of RABV (Tha) and Measle exposed to phtha
lazinone derivatives.  

RABV 

Compound IC50 (μM) Selectivity index (SI) 

Mean SD Mean 

CIM114116 0.39 0.16 >10.60 
CIM114669 0.07 0.02 >74.65 

MEASLE 

Compound IC50 (μM) Selectivity index (SI) 
Mean SD Mean 

CIM114116 0.43 0.13 >11.68 
CIM114669 0.06 0.02 >86.20 

SD: Standard Deviation; IC50: half maximal inhibitory concentration. 

Fig. 3. Blind-docking of the identified active compounds in the LP complex model. (A–B) Model of the structure of the RABV L-P complex, with domains 
highlighted by colors, represented on both sides (with a 180◦ pivot). The surfaces in magenta depict binding pockets identified by DiffDock. The 3 main potential 
binding pockets are labelled Site A, Site B and Site C (GDN catalytic site). In the blue circle, the cyan coloured spheres represent the positions of the mutations found 
in mutants escaping 7671954, CIM114116 and CIM114669. An arbitrary cutoff of mutation frequency of 10 % was used, only the positions of P1485T, E1893D, 
V1897F, N1915K and F1923L mutations are represented, mainly present in the methyltransferase domain. (RdRp: RNA dependant RNA polymerase domain; CAP: 
Capping domain; CD: Connector domain; MT: Methyltransferase domain; CTD: C-terminal domain). 
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did not show any clinical signs of rabies, and this in stark contrast to the 
non-treated groups (0–20 %) (Fig. 4B). The median level of viral RNA 
present in the brain of CIM114116 or CIM114669-treated mice was 
significantly reduced in mice presenting no clinical signs in comparison 
to the non-treated mice (Fig. 4C). 

4. Discussion 

Rabies is estimated to cause over 59,000 deaths annually worldwide 
(Hampson et al., 2015) despite an effective PEP, and there is currently 
no treatment available to cure it after the onset of clinical signs. Several 
compounds have been identified as potential inhibitors of RABV repli
cation, but with unpromising in vivo results (Dacheux et al., 2011; 
Jochmans and Neyts 2019). The challenge is to obtain active and stable 
compounds in the peripheral infected tissues, and able to cross the 
blood-brain barrier to block the replication of the virus in the brain. 

These challenges have so far never been met except in the case of 
anti-rabies monoclonal antibodies (de Melo et al., 2022). The use of 
small chemical molecules targeting the viral replication activity would 
thus be an additional asset to defeat the virus and could be used in 
combination with monoclonal antibodies which target the viral glyco
protein and therefore the entry of the virus in the cell. 

In our study, a primary screening of 30,000 chemical compounds 
from Chembridge Corporation (Chembridge Diverset Library) identified 
86 hits at a cutoff of 50 % inhibition. Six compounds were characterized 
by IC50s below 30 μM, low cytotoxicity and broad-spectrum activity. 
This was demonstrated against two members of the Lyssavirus rabies 
species, one circulating in dog in Asia (8743THA) and the other one in 
hematophagous bats in the Amazonian region (9001FRA), representing 
a large diversity within this species (Troupin et al., 2016), but also 
against Lyssavirus hamburg, a bat lyssavirus species circulating in Europe 
(8918FRA, EBLV-1) and even more widely on Measles virus 

Fig. 4. CIM114116 and CIM114669 delayed clinical signs and lowered viral RNA in the brain. (A) Experimental procedure: mice where infected intramus
cularly and treated with CIM114116 and CIM114669 intraperitonealy until mice euthanasia at 8 days post-infection (dpi). The clinical observation was performed 
during this time (created with BioRender.com). (B) Percentage of animals showing no clinical signs treated or not with CIM114116 or CIM114669. (C) Copy number 
of viral RNA in the brain of mice treated or not with CIM114116 or CIM114669. The values are represented as median, error bars indicate ± interquartile range. 
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(Morbillivirus hominis), a more distant virus belonging to the Mono
negavirales order (Morbillivirus genus, Paramyxoviridae family). Further, 
those six compounds were shown to act on the replication complex of 
both RABV and Measles virus, which share many structural and func
tional features among their polymerase (Liang 2020, Pyle et al., 2021) 
and similar interactions between the proteins that compose this complex 
(Mavrakis et al., 2004; Ivanov et al., 2010; Horwitz et al., 2020). 

Several compounds were previously shown to act on the replication 
of RABV in vitro. This is the case for Ribavirin, a nucleoside analogue 
(Anindita et al., 2018) or Favipiravir, a pyrazine derivative commonly 
known as T-705, a broad-spectrum RNA polymerase inhibitor (Yamada 
et al., 2019). Amantadine and ketamine, non-competitive NMDA 
(N-methyl-D-aspartate) receptor antagonists, also had an anti-RABV 
effect in vitro, but proved ineffective in clinical trials (Appolinario and 
Jackson 2015). Another molecule, pyrimethamine, has been shown to 
inhibit RABV infection in vitro by inhibiting adenosine synthesis, but it 
showed no efficacy in RABV-infected mice (Rogee et al., 2019). These 
molecules are not effective in vivo as they either interfere with the host 
immune response or are not able to cross the blood-brain barrier. 

Here, we focused on one family derived from the phthalazinone 
derivative 7671954. Phthalazinones are already used as new therapeutic 
approaches in various cancer therapies for their antiproliferative effi
cacy against different cancer cell lines (Salado et al., 2020; Abdelgawad 
et al., 2023) but also as inhibitor of a variety of neglected parasitic 
diseases (Salado et al., 2020) or viral infections (Lu et al., 2018; Zang 
et al., 2022) in vitro. In the case of Dengue, a phthalazinone derivative 
was identified as a potent inhibitor of DENV-2 RNA replication in vitro 
(Lu et al., 2018), whereas in the case of HBV, the phthalazinone deriv
ative target the core protein of the virus (Zang et al., 2022). 

In order to improve the potency of 7671954 and better characterize 
this new phthalazinone series, some early hit to lead optimization has 
been performed. This led to the discovery of two compounds 
(CIM114116 and CIM114669) which were identified as being the most 
effective against RABV infection (IC50 = 0.39 μM and 0.07 μM for 
CIM114116 and CIM114669 respectively) together with a low cyto
toxicity. Moreover, both compounds demonstrated some mouse brain 
exposure (Cmax = 2335 ng/ml and 220 ng for CIM114116 and 
CIM114669 respectively) with a half-life ranging from 0.21 to 2.27 h for 
CIM114116 and CIM114669 respectively (Table S6). 

In an attempt to identify the molecular target of those compounds, 
different approaches were carried out in parallel. The selection of drug- 
resistant variants revealed that the polymerase (L) and phosphoprotein 
(P) were targeted by CIM114116 and CIM114669. All the mutations 
(V1897F, E1893D or N1915K, F1923L and G1961E) occurred in the 
methyltransferase domain of the L protein (Paesen et al., 2015). This 
further correlated with the minireplicon system data showing that the 
compounds inhibited the replication complex activity of RABV (Figs. 1 
and 2). The mutations occurred in highly conserved positions among the 
Lyssaviruses (Fig. S1), reinforcing the idea that these compounds target 
one or several structural and conserved region(s) of the viral polymer
ase. NMR and STD experiments (Fig. S2) confirmed that the compounds 
interact with the whole NPL complex. Further, using DiffDock (Corso 
G.), three putative binding pockets were suggested in the L protein 
(Fig. 3) including two located in the polymerase domain of the L and one 
in the CD domain. These potential binding sites are compatible with the 
NMR data where interactions were observed with almost all sides of 
CIM114116: E, D and A (Fig. S2B). 

The data obtained based on the docking converge towards an action 
of these compounds on the polymerase activity of the L protein, how
ever, further studies are needed to validate this hypothesis and to 
discriminate one site from the others. Interestingly, none of the muta
tions observed in the escape mutants are present in the three potential 
pockets. However, these mutations per se are enough to increase the 
activity of the replication complex (two to four times more active than 
the wild-type complex). Additionally, in the presence of the compounds, 
these mutations allow the replication complex to maintain a basal 

activity (as in non-treated wild-type virus). 
We can hypothesize that these escape mutations compensated the 

polymerase function for the inhibitory effect of the compounds, due to 
their binding in the immediate vicinity of the polymerization domain. 
This compensation could occur either by modifying the structure of the 
catalytic domain or by enhancing the replication capacity of the poly
merase (Rahmeh et al., 2012; Horwitz et al., 2020). It was already 
suggested a role for P to induce a structural rearrangement in L and 
stimulate polymerase processivity (Rahmeh et al., 2012; Horwitz et al., 
2020). This long-distance effect may be explained through an epistatic 
mechanism. Indeed, epistatic interactions in the form of compensatory 
mutations are a known phenomenon that accompanies antiviral therapy 
(Delaney et al., 2003; Maisnier-Patin and Andersson 2004, Knops et al., 
2018). However, structural data on the LP complex in the presence of the 
compounds are needed to validate our hypothesis and to understand the 
precise binding mode of CIM114116 and CIM114669. Currently, the 
challenge lies in obtaining a stable and purified protein complex for its 
structural study (Morin et al., 2017). 

Despite the promising in vivo results regarding the delayed onset of 
clinical signs, the compounds should still be optimized (aqueous solu
bility, brain exposure and half-life life) to get to a better in vivo efficacy. 

Taken together, our results show that phthalazinone derivatives 
could be promising starting points in the search for rabies antivirals. 
Their mode of action suggests that they could be combined with 
promising cocktail of monoclonal antibodies treatment already tested in 
vivo in mice (de Melo et al., 2020; Mastraccio et al., 2023). 
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