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Abstract (219 words) 

ABMA and its analogue DABMA are two molecules of the adamantane family known to 

perturbate the endosomal pathway and to inhibit cell infection by several RNA and DNA 

viruses. Their activity against Rabies Virus (RABV) infection in vitro has already been 

demonstrated in vitro. (Wu et al., 2017, 2019). Here, we describe in more details their 

mechanism of action by comparison to Arbidol (umifenovir) and Ribavirin, two broad 

spectrum antivirals against emerging viruses such as Lassa, Ebola, influenza and Hantaan 

viruses. ABMA and DABMA, delivered 2 h pre-infection, inhibit RABV infection in vitro 

with an EC50 of 7.8 µM and 14 µM, respectively. They act at post-entry, by provoking RABV 

accumulation within the endosomal compartment and DABMA specifically diminishes the 
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expression of the GTPase Rab7a controlling the fusion of early endosomes to late endosomes 

or lysosomes. This may suggest that ABMA and DABMA act at different stages of the late 

endosomal pathway as supported by their different profile of synergy/antagonism with the 

fusion inhibitor Arbidol. This difference is further confirmed by the RABV mutants induced 

by successive passages under increasing selective pressure showing a particular involvement 

of the viral G protein in the DABMA inhibition while ABMA inhibition induces less 

mutations dispersed in the M, G and L viral proteins. These results suggest new therapeutic 

perspectives against rabies.  



1. Introduction (453 words) 

The etiologic agent of rabies disease belongs to the Lyssavirus genus, Rhabdoviridae family 

(www.ictv.global/report/rhabdoviridae). Although preventable preventable by vaccination 

pre- or post-exposure (WHO, 2020), rabies still provokes about 59,000 human deaths and 8.6 

billion USD economic losses per year (Hampson et al., 2015). Considering the long 

incubation period of rabies (2 months in human), the antiviral approach is a promising 

alternative. Over the last 30 years compounds proven active against other pathogens have 

shown some anti-RABV effect in vitro, rarely confirmed in vivo (Castel et al, 2015). For 

example IFN-α (Postic and Fenje, 1971), dermaseptins inhibiting viral entry (Mechlia et al., 

2019), amantadine and chloroquine blocking pH dependent endosomomal pathway (Superti et 

al., 1985; Tsiang and Superti, 1984) or molecules acting on viral replication such as 

Favipiravir (Banyard et al., 2019) or  nucleoside analogues broadly active on RNA viruses 

such as VSV and RSV (Jochmans and Neyts, 2019). The FDA approved drugs repurposing 

strategy could be a good alternative to fight rabies in combination therapy. This was the 

philosophy of the Milwaukee protocol (Willoughby et al., 2005) applied in 2005 to a 

symptomatic teenager previously bitten by a bat. This empirical treatment combined 

benzodiazepine with drugs having shown in vitro anti-RABV effect, i.e. Ketamine (Tsiang et 

al., 1991), Ribavirin (Bussereau et al., 1983), and Amantadine (Superti et al., 1985). Although 

the teenager recovered, this protocol mostly failed with other symptomatic patients 

(Aramburo et al., 2011; Hemachudha et al., 2006; Manesh et al., 2018) leading to a 

controverse around its scientific basis (Jackson, 2013) . Besides this controverse, this protocol 

has opened a new perspective in antiviral research for a neglected disease like rabies  

ABMA and its analogue DABMA are two drugs known to perturbate the endosomal pathway 

and inhibit several RNA and DNA viruses including RABV (Wu et al., 2017; Wu et al., 



2019). In the present work, we focus on determining their mechanism of action on RABV 

infection in vitro by comparing their activity to that of Arbidol (umifenovir) (Haviernik et al., 

2018) and Ribavirin, two broad spectrum antivirals. Ribavirin, a synthetic guanosine 

nucleoside which depletes intra-cellular GTP, interferes with viral mRNA synthesis 

(Moriyama et al., 2008) and inhibits the polymerase activity as exemplified for hepatitis E 

(Debing et al., 2014) and hepatitis C (HCV) viruses (Paeshuyse et al., 2011). It is used to treat 

HCV, Respiratory Syncitial virus (RSV) and Lassa fever virus (LASV) (Hadi et al., 2010).  

Arbidol, first marketed in 1993 in Russia for treatment of influenza virus A and B, is a viral 

fusion inhibitor (Boriskin et al., 2008) efficient against several viruses (Delogu et al., 2011) 

including Ebola virus in vitro (Pecheur et al., 2016) and Hantaan virus in vitro and in vivo 

(Deng et al., 2009).   



2. Material and methods (1543 words)   

2.1 Cell lines, rabies virus and antibodies   

BSR cells (clone of BHK-21) were maintained in Dulbecco’s Modified Eagle Medium 

(DMEM) with 8% Fetal Bovine Serum (FBS), gentamycin 40 µg/ml, 5% CO2 in 96 well 

plates. BHK-T7 were maintained in MEM-Glasgow with 10% FBS supplemented with 4% 

Tryptose Phosphate Broth (TPB) and Pennicillin (100U/ml) / Streptomycin (100µg/ml). The 

Pasteur Virus (PV) strain of RABV was used for infection experiments. 

The following anti-RABV antibodies have been used: a mouse monoclonal antibody (MAb) 

anti-N conjugated with FITC (Fudjerebio); a rabbit polyclonal antibody (PolAb) anti-RNP 

and a mouse MAb anti-G protein (D1), both produced in the laboratory (Tuffereau et al., 

2001; Fournier et al., 2003); a mouse MAb anti-M protein kindly provided by S. Finke 

(Friedrich Loeffler Institute, Griefswald, Germany). A mouse MAb anti-calnexin, a mouse 

MAb anti-tubulin, a rabbit PolAb anti-Rab7a, an anti-rabbit goat antibody and an anti-mouse 

goat antibody were purchased (Sigma). 

2.2 Compounds   

The molecule ABMA (1-adamantyl (5-bromo-2-methoxybenzyl) amine) was initially selected 

by a cell-based high-throughput screening assay as a ricin and shiga-like toxin inhibitor  

blocking the retrograde trafficking at the endosome-TGN interface (Stechmann et al., 2010). 

Its inhibitory effect on the endosomal pathway further extended to other pathogens including 

bacteria, parasites and viruses such as RABV (Wu et al, 2017). Several ABMA derivatives 

were screened for their activity against RABV infection in vitro (data not shown) and 

DABMA (1-dimethyl-ABMA) was selected (Wu et al, 2019). ABMA and DABMA 

compared in the present study were provided by the Centre d’Energie Atomique (Gif-sur-

Yvette), their structure in available in Supplementary data 1. Arbidol (ethyl-6-bromo-4-



[(dimethylamino)methyl]-5-hydroxy-1-methyl-2[(phenylthio)methyl]-indole-3-carboxylate 

hydrochloride monohydrate), Ribavirin (1-β-D-Ribofuranosyl-1,2,4-triazole-3-carboxamide), 

EGA (2-[(4-Bromophenyl)methylene]-N-(2,6-dimethylphenyl)-hydrazinecarboxamide) and 

Cycloheximide (3-[2-(3,5-Dimethyl-2-oxocyclohexyl)-2-hydroxyethyl]glutarimide), were 

purchased from Sigma. Stock solutions in 30 mM of dimethyl sulfoxide (DMSO) were 

conserved at -20°C. To calculate the selectivity index of each drug, the cytotoxicity of the 

compounds for 24h on BSR cells was evaluated using Cell Titer-Glo Luminescent Cell 

Viability Assay (Promega). This experiment was repeated twice, with each point in 

quadriplicate. 

 

2.3 Pre-infection and post-infection protocol for compounds delivery 

BSR cells (35000 cells/well) were incubated in DMEM 8% FBS, gentamycin 40 µg/ml for 

24h at 37°C in 96 well plates. For pre-infection protocol, the medium was removed and cells 

were pre-incubated for 2h at 37°C in DMEM 2% FBS, gentamycin 40µg/ml in presence of 

compounds at 1 to 30 µM. RABV (MOI=20) was then added for 1h, the cells were washed 

with DMEM to remove the residual RABV, then incubated for 24h at 37°C in DMEM 2% 

FBS, gentamycin 40 µg/ml in presence of the compounds at the initial concentration. For 

post-infection protocol, the cells were first infected with RABV (MOI=20) in DMEM 2% 

SVF, gentamycin 40µg/ml for 2h at 37°C, washed with DMEM, then incubation continued 

for 24h while various concentration of the compounds were added after the 2 first hours.  

The percentage of infected cells showing intracellular replication of RABV was evaluated as 

previously described (Mechlia et al., 2019). Briefly the cells were washed with Phosphate 

Buffered Saline (PBS) Ca++, Mg++, then fixed with acetone 80% during 20 min at 4°C. A 

mouse MAb anti-N conjugated with FITC (Fudjerebio) diluted 1/200 in PBS was incubated 

for 1h at 37°C to detect the cytoplasmic inclusions of RABV RNP (Negri bodies). Nucleus 



staining was performed by dilution of Hoechst (33342) 1/2000 in PBS. Images were acquired 

on an automated spinning disk confocal microscope (Opera QEHS, Perkin Elmer 

Technologies) at the Imagopole (Institut Pasteur imaging platform). Results were averaged 

from at least two independent experiments, each point being performed in quadriplicate. 

To evaluate the RABV released by the infected/treated cells, the supernatants were diluted 

1/100 to 1/2700 in DMEM 10% FBS, gentamicin 40 µg/ml, titrated immediately or frozen for 

later analysis. Titer was evaluated in plaque forming units per mL (PFU/mL) on fresh BSR 

cells. The experiment was repeated twice, each point was perfomed in duplicates. 

 

2.4 Evaluation of RABV transcription/replication using the minireplicon assay  

The minireplicon assay recreating a RABV RNP complex active in transcription and 

replication was modified from (Castel et al., 2009). The plasmid pBl DI encoding a RABV 

minigenome expressing luciferase and the plasmids pTM1-N, pTM1-P, pTM1-L encoding the 

corresponding RABV proteins are placed under the control of the T7 RNA polymerase 

promoter. Each well of 96 well plate of BHK-T7 cells stably expressing the T7 RNA 

polymerase was seeded (35.000 cells / well) in 100 μl of MEM-TPB, 2 mM glutamine + 5% 

FBS,  gentamycin 40 μg/ml in the presence of 20µM of the tested compounds. After 24h at 

37°C, the supernatant was removed and the BHK-T7 cells were transfected with 50 µl 

containing plasmids pTM1-N (0.1 μg), pTM1-P (0.1 μg), pTM1-L (0.02 μg), pBl DI (0.05 μg) 

and 3 μl of FuGENE / μg of DNA previously incubated for 15 min at room temperature 

simultaneously with 50 µl of compounds at a final concentration of 20 μM. After 48h the 

medium was removed and the luciferase produced was evalated in arbitrary unit (RLU) as 

described in (Castel et al., 2009). The mean value was calculated from two independent 

experiments, each point in quadriplicate.   

 



2.5 qPCR experiments  

Total RNA present in cell supernatant of infected BSR cells was extracted using the QiAmp 

Viral RNA mini kit (Qiagen). Cell lysates were treated with the "DNA RNA and protein 

purification kit” (Macherey-Nagel). All extractions were treated with DNAse using the Turbo 

DNA-free kit (Themo Fisher). To specifically quantify the genome (- strand) of RABV the 

reverse transcription using Superscript III RT was initiated with a forward (+) sense primer 

(F) started at genomic position 1 (leader gene). The cDNA was then amplified between this F 

primer and a reverse primer (R) in the N gene providing a 165 nucleotide long amplicon 

(Supplementary data 2). The qPCR used SYBRgreen on an ABI PRISM 7500 Fast Real-Time 

Machine (Applied Biosystems). The experiment was performed two times with two replicates 

for each condition. 

 

2.6 Following M and G proteins at early stages of RABV infection  

BSR cells were cultivated in µ-Slide 8 wells in DMEM 2% FBS, 40µg/µl gentamycin for 24h 

at 37°C. For profiling the M protein, 10µg/ml cycloheximide were added for 30 min in 

presence of 60µM ABMA, or 40µM DABMA, or 40µM EGA. Then cells were infected with 

RABV PV strain (MOI= 500) for 2h at 37°C, washed with DMEM, readjusted with ABMA, 

DABMA or EGA compounds at their initial concentrations in DMEM 2% FBS, 40µg/µl 

gentamycin and incubated for 4h or 9h at 37°C. The cells were fixed for 10 min with PFA 4% 

then permeabilized for 10 min with TritonX100 0,1% with washing with PBS 1% / BSA 0,1 

% after each step. Cells were incubated for 1h at room temperature with an anti-M RABV 

mouse Mab, further revealed by a secondary anti-mouse antibody conjugated to Alexa488. 

Nuclei were stained with Hoechst (Invitrogen) diluted at 1/2000.  

To follow the G and Rab7a proteins, two primary antibodies were used : a mouse MAb anti 

RABV-G protein (D1, 1/1000); a rabbit PolAb anti-Rab7a (1/300). The labelling was 



performed with an anti-rabbit secondary Mab tagged with Alexa555 (1/2000) and an anti-

mouse Mab tagged with Alexa488 (1/500).  

 

2.7 Next generation sequencing of resistant mutants to the compounds (PacBio 

methodology)  

BSR cells were infected with the PV strain RABV (MOI=20) following the 2h pre-infection 

protocol. 16 passages were performed with increasing concentrations of ABMA, DABMA or 

Ribavirin from 5 µM then 6, 8, 10, 12, 13, 14, 15, 17, 18, 19, 20, 21 up to 22 µM.  Two 

passages were performed at 13 and 14 µM. For each passage the incubation time was 72h. 75 

µL from the supernatants produced were used as inoculum for the next passage, the rest was 

stored at -80°C for further analysis.  

The RNA was extracted from 140 µL of clarified supernatants (Nucleospin kit, Qiagen) and 

reverse transcribed with random hexamers (Transcriptor First Strand cDNA Synthesis kit, 

Roche). The RABV genome cDNA was specifically amplified in 6 overlapping cDNA 

fragments (Supplementary data 2) using the “Expand High Fidelity PCR System” kit (Roche). 

The 6 fragments from each sample were equimolarily pooled, barcoded , loaded on one 

SMRTcell and sequenced using the 2.1 Pacific Biosciences chemistry and 20h movie format 

on Sequel I system.  

The  Pacbio data was first analysed within the SMRT Link v5.1 software. The raw reads were 

demultiplexed, and the quality filtered reads were selected and processed to obtain circular 

consensus sequences (CCS) with at least 100 bases, 5 complete passes and a minimum 

accuracy of 0.99. CCS reads were mapped onto the reference RABV genome using the 

Sequana framework (Eduati et al., 2017). A dedicated Pacbio amplicon analysis pipeline (v 

0.8.0) further analyse the CCS reads for contaminants and single nucleotide polymorphism 

(SNPs) using freebayes software (https://arxiv.org/abs/1207.3907). 



 

2.8 Drug combination assay   

Pairwise combinations of various concentration (1µM to 30µM) of ABMA, DABMA and 

Arbidol were performed using the pre-infection protocol. The inhibition potential of each 

combination on the intracellular replication of RABV RNP in BSR cells was evaluated as 

described before. The synergistic or antagonistic effect of the different combinations was 

assessed according to two mathematical models of interaction: the Bliss independence model 

and the Lowe additivity model  (Bliss, 1939; Loewe, 1953). Each experimental point was 

tested in quadriplicate in at least two independent experiments and the average value was 

calculated.  

  



3. Results (1725 words)  

3.1 Effect of ABMA, DABMA and arbibol on RABV infection using pre- or post- 

infection protocols  

Previous works have reported the potential of the ABMA compound and its derivative 

DABMA to protect cells against various toxins, parasites, intracellular bacteria and viruses 

sharing a pH-dependent mechanism for cytoplasmic penetration (Dai et al., 2018; Wu et al., 

2017; Wu et al., 2019). In order to further explore the basic mechanism of this inhibition, we 

compared the anti-RABV effect of ABMA to that of DABMA and of the fusion inhibitor 

Arbidol. The inhibitory effect was assessed 24 h after infection of BSR cells with the RABV 

PV strain by counting the infected cells (Negri bodies in the cytoplasm).  We compared 

adding the drugs 2h before infection, to just after removing the RABV inoculum. In pre-

infection protocol, the three compounds showed a dose dependent inhibitory effect from 

10 µM to 30 µM: DABMA had an improved inhibitory capacity compared to ABMA visible 

both through the number of infected cells (Fig. 1A) and with the amount of intra-cytoplasmic 

RABV RNP (Supplementary data 3). Arbidol displayed an intermediate effect in between 

DABMA and ABMA (Fig. 1A). Inhibition was clearly lower using the post-infection protocol 

:  at 10 µM no real difference appeared between the compounds;  at 20 µM and 30 µM 

DABMA showed 50% inhibition followed by Arbidol while ABMA did not show any 

substantial inhibition (Fig. 1B). 

The IC50s confirmed the decreased inhibitory performance from DABMA (7.8 µM and 14 

µM in pre- and post-infection, resp.) to Arbidol (8.5 µM and >30 µM, resp.) down to ABMA 

(22.5 µM and >30 µM, resp.) (Table 1). The Selectivity Index (SI) was calculated after 

evaluation of the cytotoxicity of each compounds for BSR cells using the “Cell Titer-Glo 

Luminescent Cell Viability Assay” (Promega) (data not shown). The SI matched the IC50 



gradation, i.e. DABMA SI (5.4) was slighly to largely better than that of Arbidol (6.9) and 

ABMA (>7.5), respectively (Table 1).  

The inhibitory effect of the compounds was further assessed by titration of the neo-RABV 

produced in the treated cell-supernatant on fresh BSR cells. Figure 1C shows the results of the 

most-effective pre-infection protocol. We observed the same trends: DABMA and Arbidol 

decreased the RABV release of about 1 log at 10 µM and almost completely at 20 µM; 

ABMA was at least 1 log less efficient. Figure 1D shows that the decrease in RABV genomic 

RNA in the supernatants, quantified by qPCR, roughly paralleled the decrease of infection 

rate confirming that the inhibitory effect was really due to the decrease in RABV release and 

not to the unability of the RABV progeny to infect fresh BSR cells.  

 

3.2 Effect of ABMA, DABMA or Ribavirin on the RABV minireplicon system 

The better inhibitory effect of ABMA, DABMA in the pre-infection protocol, similarly to the 

fusion inhibitor Arbidol, suggests that they act at early stages of RABV infection. To clarify 

this point, we compared the effect of 20 µM of ABMA and DABMA with that of Ribavirin, a 

nucleoside analogue, on a RABV minireplicon competent in transcription and replication. 

After 48 h, the activity of the minireplicon was measured by quantifying the luciferase signal. 

Ribavirin clearly inhibited 80% of the luciferase activity compared to untreated BHK-T7 cells 

(Fig. 2). In contrast the inhibitory effect of ABMA was null (even 20% more luciferase signal 

than control) and that of DABMA only very limited (25% inhibition). These results confirmed 

that ABMA and DABMA act before the genome transcription/replication, somewhere 

between entry and post-entry of the RABV into the cell. 

 

 

 



3.3 Effect of ABMA and DABMA on early steps of RABV infection 

To better understand at which post-entry step AMBA and DABMA exert their inhibition, 

BSR cells were treated with cycloheximide to block viral and cellular translation, then 

infected with the RABV PV strain at a very high MOI (500) to vizualize the viral input in the 

presence of ABMA (40 µM), DABMA (40 µM) or EGA (40 µM), a compound known to 

inhibit the traffic from early endosomes to more acid compartments (Gillespie et al., 2013). 

The entry of RABV particules into the cells was monitored during 4 h and 9 h using a anti-M 

protein MAb (Fig. 3A). In the absence of compound, the M protein was observed 4 h post-

infection as green points which disappeared 9 h post-infection, signing a progressive 

penetration into downstream endosomal compartments or dilution into the cytosol or 

degradation into lysomes. In contrast, in presence of ABMA, DABMA or EGA, the 

accumulation of M protein persisted and even increased in number and size 9 h post-infection. 

A quantification of RABV M protein inclusions in 5 fields of 100 cells was performed at 9 h 

post-infection. About 20-25% of cells treated with ABMA, DABMA or EGA still showed M 

protein accumulation compared to 2% in control cells (Fig 3B). This result indicates that 

ABMA, DABMA and EGA compounds block the viral input into the endosomal pathway.  

EGA has been shown to block the anthrax lethal toxin by inhibiting trafficking in acidified 

endosomes, without affecting endosome pH (Gillepsie et al., 2013), at an early step of the 

endosomal pathway (Wu et al., 2020). To precise the step targetted by ABMA and DABMA, 

we measured their capacity to interfere with the expression of two markers of the endosomal 

pathway: the EEA1 protein which is specific of early endosome and interacts with the GTPase 

Rab5a; the GTPase Rab7a known to be involved downstream, in the fusion of early 

endosomes with late endosomes or lysosomes. Using immunofluorence, both EEA1 and 

Rab7a appeared as cytoplasmic red dots in cells (Fig. 3C). As expected, both ABMA (60µM) 

and particularly DABMA (30µM) provoked a clear decrease in the amount of RABV 



glycoprotein staining. However none of them inhibited EEA1 expression. Interestingly, 60µM 

ABMA had no major effect on Rab7a amounts or localization in cells while only 40µM 

DABMA, clearly inhibited Rab7a (Fig 3C). We confirmed by quantitative PCR that 30µM 

DABMA inhibited 50% of the Rab7a mRNA expression while 60µM ABMA inhibited only 

20% (Fig. 3D). The same observation was done by Western blott (Supplementary data 4). 

Interestingly, the expression of Rab5a mRNA, a protein interacting with EEA1 in early 

endosomes, was not affected (data not shown). This result suggests that DABMA and less 

efficiently ABMA, are acting downstream in the late endosomal pathway. 

 

3.4 Synergistic effects of drug combinations 

To investigate if ABMA, DABMA, and Arbidol have an additive or synergistic effect on 

inhibition of RABV infection, the 3 possible 2-drug combinations (ABMA/DABMA, 

ABMA/Arbidol, DABMA/Arbidol) were tested at 7 concentrations from 1 µM to 30 µM (i.e. 

49 combinations). The Bliss independence model and the Lowe additivity model were used 

(Hampson et al., 2015; He et al., 2018) and the software Combenefit calculated the scores of 

synergy. Both models giving similar scores, only the results of the Bliss model are presented 

(Fig. 4A) under a matrix format and a three dimentional presentation outlining the synergetic 

(positive in blue) or antagonistic (negative in red) effects of each combination (Di Veroli et 

al., 2016). The combination ABMA/DABMA showed a high synergy with the compounds at 

low concentrations. For example the combination DABMA 10 µM / ABMA 1 µM gave 90 % 

of inhibition (synergy score +23) while DABMA 10 µM showed only 50% inhibition and 

ABMA 1 µM (IC50 = 19.8 µM) had virtually no effect (Fig 4B). However at high 

concentration, ABMA appeared antagonistic with DABMA, possibly due to the cytotoxicity 

of the combined compounds. Interestingly, in combination with Arbidol, ABMA dispayed a 

similar synergistic/antagonist profile and scores than with DABMA : at low concentrations (1 



and 5 µM) ABMA is synergistic with all the concentrations of Arbidol. For example, the 

combination Arbidol 10 µM / ABMA 1 µM induced 80 % of inhibition, a better value than 

the indidual drugs at the same concentrations (Fig. 4B). Finally, the DABMA / Arbidol 

combinations were the less synergistic for RABV inhibition with a symetry of antagonism 

between the highest concentrations of one compounds and the lower of the other. 

  

3.5 Selection of mutants resistant to ABMA, DABMA and Ribavirin  

To explore possible viral adaptation to ABMA, DABMA and Ribavirin treatments, we 

passaged the RABV PV strain on BSR cells for 16 consecutive passages of 72 h each, 

increasing progressively the compound concentration from 5 µM to 22 µM. The supernatant 

of each passage was used to infect the cells of the following one (Fig 5A). Then, the full 

length genome was sequenced through 6 amplicons (PacBio technology) with a depth of 8000 

to 26000 sequences (mean 14500) per nucleotide allowing a precise analysis of single 

nucleotide polymorphism (SNPs).  

Interestingly, the RABV PV Strain used in the experiment had significantly evolved 

compared to that published in Genbank (Tordo et al., 1986 ; Tordo et al., 1988) 

(ACCESSION NC_001542) with 14 nucleotide mutations (11 changes, 2 insertions, 1 

deletion) resulting in 6 amino acid changes in the Glycoprotein and the Polymerase (Table 2). 

Following the 16 passages in absence of compound, only 3 synonymous nucleotide changes 

were observed in about 25% of the genome population (Table 2). The situation was similar 

after 16 passages with increasing amounts of Ribavirin: only 4 nucleotide changes in 15-25% 

of the genome population with only 1 non synonymous in the Polymerase (S1128L). After 16 

passages with increasing concentrations of ABMA, the number of nucleotide changes was 

similar (5) but 4 of them were non synomymous in the Matrix (L43Q), Glycoprotein (183V) 

and Polymerase (S113I; N169D) some of them becoming dominant in the genome population 



(50-70%). Finally, the 16 passages with increasing concentrations of DABMA were the most 

mutagenic, provoking 10 nucleotide changes among which 6 were non synonymous : 1 in the 

Matrix (D147L) and 5 in the  Glycoprotein (V48G; V152A; D209N; A213L; G247E) in 

variable proportion of the genome population (25 to 50%). This observation suggests a 

particular involvement of the G protein in the inhibition mechanism of DABMA.    

We compared the supernatant of the 16th passage to the initial RABV PV strain. Both viral 

population were used at the same MOI = 10, using the 2h pre-infection protocol in BSR cells 

described above, with 30µM of DABMA, a concentration superior to that of the 16th passage. 

While DABMA treatment fully inhibited the infection of the original RABV (100% 

inhibition), only 30% inhibition was observed for the 16th passage mutant (data not shown).  

  



4. Discussion (799 words) 

Rabies is 100% fatal once the RABV has reached the nervous system and is no more 

accessible to antibodies elicited by vaccination (WHO, 2020). Searching for specific anti-

RABV antivirals acting at this stage is unrealistic due to the gap existing between the cost for 

developing new drugs and the statute of neglected disease. It is more pragmatic to favour 

compounds with broad-spetrum activity, especially targeting cellular functions used by 

pathogens (Bekerman and Einav, 2015).Compounds targeting the endosomal pathway, such 

as amantadine that blocks the endosome acidification, are already used against influenza 

infections (Davies et al., 1965; Grunert et al., 1965). Adamantane derived compounds 

(Gerzon and Kau, 1967) with a lipophilic spherical cage of hydrocarbon amine have in 

addition the ability to naturally cross the blood brain barrier. They represent an interesting 

scaffold for treating diseases with neurological disorders (Crosby et al., 2003; Wanka et al., 

2013). 

Here, we describe the anti-RABV effect of two novel compounds sharing an adamantine 

skeleton: ABMA and its derivative DABMA. We show that DABMA given 2 h before 

infection is 3 times more effective than ABMA on RABV infection and slightly more 

effective than Arbidol, a viral fusion inhibitor of influenza virus (Boriskin et al., 2008), Ebola 

virus (Pecheur et al., 2016) and Hantaan virus (Deng et al., 2009). The inhibition potential of 

ABMA/DABMA is most probably acting post-entry, along the endosomal pathway, as 

supported by their similar effect with EGA and with the fusion inhibitor Arbidol. After 

binding of the RABV glycoprotein to its cellular receptors (Thoulouze et al., 1998) clathrin 

dependent vesicules are formed (Piccinotti et al., 2013). They fuse with early endosomes, then 

late endosomes and lysosomes. Acidification provokes a G protein conformational change 

resulting in the virus-endosome membrane fusion and the liberation of the ribonucleoprotein 

inside the cytoplasm. In A549 cells, ABMA and DABMA induce the accumulation of the 



GTPase Rab7a that controls the fusion of early endosomes to late endosomes or lysosomes 

(Wu et al., 2020; Wu et al., 2017; Wu et al., 2019). In infected BHK-21 cells, we showed that 

the inhibitory effect of DABMA on RABV infection is accompanied by a decrease of Rab7a 

protein and RAB7A mRNA expression. This difference may depend on the cell type and/or 

on the pathogen, bacterial toxin and a neurotropic virus, respectively. As the expression of 

Rab5a mRNA, a marker of early endosomes, was not affected, this suggests that DABMA is 

acting downstream in the late endosomal pathway. ABMA did not show a decrease on Rab7a 

protein what may fit with its lower inhibitiory potential than DABMA or sign a slightly 

different mechanism for inhibition. This hypothesis is supported by the mutant selection 

process in presence of increased amounts of compounds. While Ribavirin and ABMA 

generated 1 and 4 non-synonymous changes respectively, dispersed along the RABV genome 

(M, G and L proteins), DABMA provoked 6 non-synonymous changes, 5 of them in the G 

protein. These mutations targetted particularly the central part of the ectodomain, between 

residues 150 and 250, which correspond to the conformational antigenic site II mostly 

exposed to the interaction with cellular components (Jallet et al., 1999; Prehaud et al., 1988). 

Using high throughput sequencing of long genomic fragments, it appeared that DABMA has 

selected two viral populations: the first one (50% of the population) associates the mutation 

D147L of the matrix with 2 mutations V152A, G247E of the glycoprotein. The second one 

(20% of the population) associates 2 synonymous changes in the matrix, with 3 mutations 

V48G, D209N, A213L of the glycoprotein. By analogy with VSV and the Mokola Virus 

(MOKV) G protein structure, the V48G mutation is located between the fusion domain (FD) 

and the pleckstrin homology domain (PHD) while the D209N and A213L mutations are 

embeded in the PHD, both domains being important in the conformation changes from the 

PRE- to the POST-fusion structure and for the receptor recognition. (Baquero et al., 2017;  

Belot et al., 2019)  



These results suggest that the G protein is playing a specific role in the inhibition mechanism 

by DABMA. On the other hand, 2 non synonymous mutations obtained with ABMA target 

the M protein, the other viral partner involved in the endosomal pathway. The different 

inhibition mechanism of ABMA and DABMA is further supported by their scores of synergy 

when combined with Arbidol. ABMA shows high synergy at low concentration with both 

DABMA and Arbidol while DABMA and Arbidol are poorly synergetic, suggesting that they 

may compete on the same mechanism or target.  

In summary, ABMA and DABMA appear as good leads for the development of new antiviral 

drugs against RABV infection targeting the late endosomal pathway. Further in vivo 

experiments are required to evaluate if they could participate, together with the anti-rabies 

serum, in a combined anti-RABV drug arsenal with synergistic effects at low concentrations, 

targeting different key steps of the RABV neuronal cycle. 
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Table. 1. CC50, IC50, SI of ABMA, DABMA and Arbibol on RABV infection  The 

cytotoxicity (CC50) of each compound was evaluated by the ATP released in the cell 

supernatant after 24 h of contact with non infected BSR cells. The 50% inhibitory 

concentration (IC50) in pre or post-infection protocol was calculated using the Reed and 

Munch method. The Selectivity Index (SI) was only measured on the pre-infection protocol 

which was found more effective. 

  

ABMA DABMA ARBIDOL 

CC50 >150µM 41µM 59 µM 

IC50 Pre-infection 19.8µM 7.8µM 8.5µM 

IC50 Post-infection >30µM ̴20 µM >30µM 

SI (Pre-incubation) >7.5 5.4 6.9 



Table. 2. Frequency, read depth and position for each mutation screened by Pacbio over 

ABMA, DABMA and Ribavirin selection pressure. The genome positions of the mutated 

nucleotides are indicated. The position of each amino acid change and the corresponding 

protein are also indicated. 

Virus SNPs Depth Freq% (protein) AA 
PV genbank VS PV input 295 G-A    

 2763 G-A    

 2934 A-G    

 3848 T-G   (G) D177L 

 4050 A-C   (G) G245L 

 4067 A-C   (G) S255A 

 4098 G-T    

 4280 T-C    

 4956  +1G    

 5155 T-C    

 6034 G-A   (L) N206D 

 7587 G-A   (L) V724L 

 8890 -1G   (L) C1128L 

 8902 +1C    

PV input VS PV 16 passages     

 5758 C-G 8329 26  

 10265 A-G 8159 22  

 10560 A-G 8340 25  

PV input VS PV Ribavirin 16 

passages 

    

 2451 +A 16264 16  

 8357 C-T 35952 14  

 8809 T-C 17655 14 (L) S1128L 

 11162 T-C    

PV input VS PV ABMA 16 

passages 

    

 2627 A-G 15311 22 (M) L43Q 

 3556 G-A 15848 57 (G) I83V 

 4943 +1G 11790 69  

 5758 G-T 12248 20 (L) S113I 

 5923 C-T 12310 52 (L) N169D 

PV input VS PV DABMA 16 

passages 

    

 2765 C-A 11712 19  

 2827 A-C 11347 26  

 2939 T-G 11681 50 (M) D147L 

 3460 T-G 11807 23 (G) V48G 

 3772 T-C 11704 42 (G) V152A 

 3942 G-A 11213 23 (G) D209N 

 3956 T-G 11759 26 (G) A213L 

 4060 A-G 11759 45 (G) G247E 

 9125 G-A 26784 11  

 9387 C-T 26641 39  



Fig.1. Effect of ABMA, DABMA and Arbibol on RABV infection. BSR cells were 

infected with RABV  (20MOI) in presence of increasing concentration of ABMA, DABMA 

and Arbibol compounds.  Two protocols were compared. Pre-infection : 2 h pre-incubation of 

cells with the compounds before infection. Compounds were maintained during the 24 h of 

infection. Post-infection :  incubation of cells with the compounds 2 h post infection and the 

compounds maintained for 24 h. The antiviral effect of the compounds in (A) Pre- and (B) 

Post-infection conditions was measured as the % of infected cells assessed through imaging 

identification of Negri bodies in their cytoplasm. In addition the RABV released in the cell 

supernatant was evaluated (C) by titration of infectious particles on fresh BSR cells using the 

plaque forming foci method; (D) by the amount of the RABV genomic RNA measured by 

qPCR using the SyberGreen Technology.  The F primer was first used to reverse transcribe 

the (-) strand RABV genome, then 40 cycles of qPCR used F and R primers. The experiment 

was performed two times with two replicates for each condition. 

 

   Fig. 2. Antiviral effect of ABMA, DABMA, and Ribavirin on RABV transcription and    

   replication :  

   A RABV minireplicon was reconstituted in BHK-T7 cells co-transfected with a  

   Bluescript plasmid encoding a RABV minigenome expressing the luciferase and pTM1   

   plasmids coding for N, P, L RABV proteins (NPLDI). ABMA, DABMA and Ribavirin  

(20µM) were incubated simultaneously with the transfected plasmids. NPDI is the negative 

control, missing the plasmid encoding the RABV L polymerase. The amount of luciferase 

released from the cells after 48 h was measured.  

 

                   Fig. 3. Effect of ABMA and DABMA on early steps of RABV entry  
         

BSR cells were treated for 30 min with cycloheximide (CHX) (10µg/mL) alone, CHX + 

ABMA (60 µM), CHX + DABMA (40 µM) or CHX + EGA (40 µM). Then RABV infection 

was performed at very high MOI (500). (A) Income M protein was visualized by 

immunofluorescence 4 h and 9 h post-infection using a specific monoclonal antibody (green). 

Nucleus are colored by Hoechst (blue). (B) To quantify the RABV entry 9 h post-infection, 5 

fields of 100 cells were counted for each compound in two independent experiments. Cells 

with at least 5 RABV M protein inclusions were reported as positive.  

BSR cells were treated with ABMA at 60 µM or DABMA at 30µM following the pre-

infection scheme. 24 h after infection (C) cells were stained with a Rab7a specific rabbit 

polyclonal antibody (red) and a RABV glycoprotein mouse monoclonal antibody (green) 

while nuclei were colored by Hoechst (blue). The images were taken with a confocal 

microscope using an X63 oiled objective. Cell lysates were obtained and the amount of (D) 

Rab7a mRNA was measured by quantitative PCR relative to the housekeeping gene RLP18 : 

the F primer was first used to reverse transcribe the (-) strand RABV genome, then 40 cycles 

of SYBRgreen qPCR used F and R primers. The experiment was performed two times with 

two replicates for each condition. 

 

Fig. 4.  Bliss synergy/antagonism of pairwise combinations between ABMA, DABMA 

and Arbidol on RABV infection. 

 

Pairwise combinations of compounds at different concentrations were performed following 

the 2 h pre-incubation protocol and the antiviral effect was evaluated 24h post infection by 

imaging the Negri bodies in the cytoplasm of infected cells. (A) The raw data presented in the 

table were fit in a three dimensional matrix and the synergy (in blue) or antagonism (in red) 

between the couples of drugs was calculated by the software combenefit using Bliss 



Independence Model formula of Synergy. (B) The graphs represent the antiviral effect of 

examples of combined compounds at the concentrations where they are the most synergetic. 

 

 

    

  Fig. 5. Emergence of mutant selection of PV RABV in presence of drug pressure: (A)  

    

BSR cells were passaged 16 times without drugs or in the presence of increasing 

concentrations of Ribavirin, ABMA or DABMA at each passage (at 5, 6, 8, 10, 12, 13 (2 

passages), 14 (2 passages), 15, 17, 18, 19, 20, 21 up to 22 µM). Neo-RABV produced at each 

passage were used to infect the next passage pre- treated with the increased concentration of 

drug (B) Schematic representation of mutations selected by long read sequencing technique 

(Pacbio). In blue are the synonymous mutations (genome position indicated). In red are the 

non-synonymous mutations (genome position indicated) and the corresponding amino acid 

change (protein position indicated). Table 3 indicates the frequency, read depth and position 

for each mutation 
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