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Abstract		31 

The	 severity	 of	 the	 global	 COVID-19	 pandemic	 caused	 by	 SARS-CoV-2,	 with	 a	 high	32 

transmission	rate,	2.6-4.7%	lethality	and	a	huge	economic	impact,	poses	an	urgent	need	33 

for	efficient	therapies	and	vaccines.	Currently,	there	are	only	non-specific	treatments	to	34 

assist	 patients	 in	 acute	 respiratory	 distress	 during	 the	 inflammatory	 response	 that	35 

follows	SARS-CoV-2	viremia.	Drug	repurposing	clinical	trials	have	been	quickly	launched	36 

at	the	international	level.	Specific	treatments	such	as	plasma	transfusion	from	recovered	37 

patients	 into	 infected	 patients	 or	 the	 use	 of	 specific	 inhibitors	 of	 the	 viral	 RNA-38 

polymerase	 complex	 are	 promising	 strategies	 for	 blocking	 infection.	 To	 complete	 the	39 

therapeutic	 arsenal,	 we	 believe	 that	 the	 opportunity	 of	 targeting	 the		40 

SARS-CoV-2	 genome	 by	 RNA	 therapy	 should	 be	 deeply	 investigated.	 In	 the	 present	41 

paper,	we	propose	 to	design	antisense	oligonucleotides	 targeting	 transcripts	encoding	42 

viral	proteins	associated	to	replication	and	transcription	of	SARS-CoV-2,	aiming	to	block	43 

infection.			44 

We	 designed	 antisense	 oligonucleotides	 specifically	 targeted	 to	 the	 genomic	 5’	45 

untranslated	 region	 (5’-UTR),	 open	 reading	 frames	 1a	 and	 1b	 (ORF1a	 and	 ORF1b),	46 

which	govern	the	expression	of	the	replicase/transcriptase	complex,	and	gene	N,	which	47 

encodes	the	genome-associated	nucleoprotein.	To	maximize	probability	of	efficiency,	we	48 

predicted	the	antisense	oligonucleotides	by	using	two	design	methods:	 i)	conventional	49 

antisense	 oligonucleotides	 with	 100%	 phosphorothioate	 modifications	 (ASO);	 ii)	50 

antisense	 locked	nucleic	acids	 (LNA)	GapmeRs.	After	binding	 the	viral	RNA	 target,	 the	51 

hetero-duplexes	(antisense	oligonucleotide-viral	RNA)	should	be	cleaved	by	RNase	H1.	52 

Nine	potent	ASO	candidates	were	found	and	we	selected	four	of	them	targeting	ORF1a	53 

(1),	 ORF1b	 (2)	 and	 N	 (1).	 Nine	 GapmeR	 candidates	 were	 predicted	 with	 excellent	54 

properties	and	we	retained	four	of	them,	targeting	5’-UTR	(1),	ORF1a	(1),	ORF1b	(1)	and	55 
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N	 (1).	 The	most	 potent	 GapmeR	 candidate	 targets	 the	 5’-UTR,	 a	 key	 genomic	 domain	56 

with	multiple	 functions	 in	 the	 viral	 cycle.	 By	 this	 open	 publication,	we	 are	 pleased	 to	57 

share	 these	 in	 silico	 results	with	 the	 scientific	 community	 in	 the	 hopes	 of	 stimulating	58 

innovation	 in	 translational	 research	 in	 order	 to	 fight	 the	 unprecedented	 COVID-19	59 

pandemic.	 These	 antisense	 oligonucleotide	 candidates	 should	 be	 now	 experimentally	60 

evaluated.			61 

	62 

Keywords:		63 

Coronavirus,	COVID-19,	antisense	oligonucleotide,	ASO,	LNA	GapmeR.		 	64 

65 
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Introduction	65 

Three	 coronaviruses	 have	 crossed	 the	 species	 barrier	 to	 cause	 deadly	 pneumonia	 in	66 

humans	 since	 the	 beginning	 of	 the	 21st	 century:	 severe	 acute	 respiratory	 syndrome	67 

coronavirus	 (SARS-CoV),	 Middle-East	 respiratory	 syndrome	 coronavirus	 (MERS-CoV),	68 

and	SARS-CoV-2	 (Walls	 et	 al.,	 2020	and	 references	 therein).	The	 first	 SARS	and	MERS	69 

epidemics	 were	 rapidly	 contained,	 compared	 to	 the	 current	 SARS-CoV-2	 outbreak,	70 

which	 emerged	 from	Wuhan	 (China).	 SARS-CoV-2	 has	 spread	 around	 the	world,	with	71 

over	 2.2	 million	 people	 infected	 (not	 entirely	 confirmed	 by	 RT-qPCR	 tests)	 and	 over	72 

150,000	deaths,	with	a	death	rate	of	0.2-14.7%,	in	185	countries	(Johns	Hopkins	COVID-73 

19	data	recorded	on	April	17th,	2020).		According	to	the	early	epidemiological	reports	in	74 

China,	63%	of	patients	required	hospitalization	within	6-8	days	after	 illness	onset	and	75 

72%	required	transfer	to	intensive	care	units.	Finally,	2.6-4.7%	of	the	infected	patients	76 

died	(Zhou	et	al.,	2020;	Adhikari	et	al.,	2020).	In	Europe,	lethality	has	reached	to	date	13-77 

15%	 in	 Belgium,	 United	 Kingdom,	 France	 and	 Italy	 (Johns	 Hopkins	 COVID-19	 data	78 

recorded	on	April	19th,	2020).	Therefore,	there	is	an	urgent	need	to	propose	a	panel	of	79 

treatments	 for	 cases	 of	 varying	 severity.	 	 However,	 there	 is	 currently	 no	 specific	80 

treatment	 available.	 Numerous	 drug	 repurposing	 clinical	 trials	 have	 been	 launched	81 

around	 the	 world	 to	 treat	 SARS-CoV-2	 infected	 patients.	 For	 example,	 Remdesivir,	 a	82 

novel	antiviral	drug	 in	 the	class	of	nucleotide	analogs,	 found	 to	show	antiviral	activity	83 

against	 single-stranded	 RNA	 viruses	 including	 MERS	 and	 SARS	 viruses,	 is	 currently	84 

under	 study	 in	 several	 cohorts.	Other	 clinical	 trials	 including	drugs	 such	 as	 lopinavir-85 

ritonavir,	 interferon	β,	 or	 hydroxy-chloroquine	 alone	 or	 combined	with	 the	 antibiotic	86 

azithromycin	are	currently	being	tested	(European	clinical	trial	Discovery;	USA	clinical	87 

trials;	Gautret	et	al.,	2020).	The	strategy	of	drug	repurposing	is	a	short-term	response	to	88 
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the	 emergency	 but	may	 not	 be	 helpful	 in	 finding	 effective	 treatments	without	 severe	89 

adverse	effects.		90 

The	use	of	anti-SARS2-CoV-2	antibodies	from	people	who	recovered	to	treat	patients	by	91 

plasmapheresis	 also	 represents	 a	 potent	 alternative	 to	 block	 viral	 replication.	 Plasma	92 

transfer	is	a	well-established,	but	heavy	procedure	that	has	been	used	recently	to	treat	93 

Ebola	 patients.	 In	 the	 future,	 conferring	 protective	 immunity	 to	 the	world	 population	94 

through	the	development	of	efficient	vaccines	will	require	at	least	12	months	(Wang	et	95 

al.,	 2020).	 RNA	 vaccines	 represent	 a	 potent	 hope	 to	 produce	 safe	 vaccines	 in	 a	more	96 

timely	fashion	than	proteinic	antigens		or	DNA	vaccines.	97 

To	 complete	 the	 therapeutics	 arsenal,	 antisense	RNA	 therapy	 represents	 an	 emerging	98 

strategy	 to	 specifically	 treat	 various	 diseases.	 This	 technology	 is	 based	 on	 the	 use	 of	99 

antisense	 oligonucleotides	 (ASOs)	 targeted	 to	mRNAs,	 small	 RNAs	 or	 long	non-coding	100 

RNAs.	 ASOs	 enter	 cells,	 by	 as	 yet	 unclear	 mechanisms	 (Lobos-González	 et	 al.,	 2016),	101 

binds	 the	 RNA	 target,	 and	 this	 RNA	 strand	 present	 in	 the	 resulting	 double-stranded	102 

hetero-duplex	(Antisense	oligonucleotide	-	RNA	Target)	is	cleaved	by	cellular	RNase	H1	103 

(Wheeler	 et	 al.,	 2012).	 Antisense	 RNA	 therapy	 is	 an	 emerging	 topic	 of	 translational	104 

research	 in	 medicine	 and	 currently	 the	 focus	 of	 many	 clinical	 trials	 in	 cancers,	105 

myopathies,	 Huntington's	 disease	 and	many	 other	 diseases	 (Crooke	 et	 al.,	 2018).	 For	106 

example,	 a	 phase	 1b	 clinical	 assay	 is	 currently	 under	 way	 for	 the	 treatment	 of	 solid	107 

cancers	 by	 an	 antisense	 oligonucleotide	 targeted	 to	 ASncmtRNA	 (Burzio	 et	 al.,	 2009;	108 

Lobos-González	 et	 al.,	 2016;	 Fitzpatrick	 et	 al.,	 2019;	 ClinicalTrials	 	 Identifier:	109 

NCT03985072).	 All	 these	 examples	 of	 ASOs	 in	 clinical	 trials	 show	 that	 the	 concept	 of	110 

antisense	RNA	therapy	is	coming	of	age	and	will	be	developed	further	in	the	near	future	111 

thanks	to	its	low	toxicity,	high	specificity	and	low	production	cost.			112 



 

 6 

The	 principle	 of	 RNA	 silencing	 has	 been	 previously	 studied	 in	 vitro	 to	 curb	 the	113 

replication	of	highly	pathogenic	RNA	viruses	(reviewed	in	Spurgers	et	al.,	2008;	Kim	et	114 

al.,	 1998;	 Li	 et	 al.,	 2015).	 Thus,	 considering	 previous	 experience	 in	 antisense	 RNA	115 

therapy,	 we	 hypothesize	 that	 this	 strategy	 could	 be	 applied	 as	 an	 anti-viral	 drug	 by	116 

binding	to	and	cleaving	SARS-CoV-2	RNAs.	Considering	that	SARS-CoV-2	is	an	RNA	virus	117 

which	does	not	 integrate	 into	the	host	genome,	this	strategy	could	yield	more	efficient	118 

results	than	with	retroviruses	(Grillone	and	Henry,	2008).		119 

The	 aim	 of	 this	 conceptual	 paper	was	 to	 design	 specific	 antisense	 oligonucleotides	 to	120 

efficiently	 inhibit	 replication	 and	 transcription	 of	 the	 coronavirus	 SARS-CoV-2.	 The	121 

SARS-CoV-2	 genome	 is	 a	 30	 kb	 positive	 sense	 RNA	 molecule	 that	 includes	 a	 5’-122 

untranslated	 region	 (5’-UTR)	 of	 about	 265	 bases,	 followed	 by	 22	 kb	 encoding	 the	123 

replication	 and	 transcription	machineries	 in	 ORF1a	 (13202	 bases)	 and	 ORF1b	 (8086	124 

bases)	(Figure	1).	The	nucleoprotein	N	gene	(1259	bases)	is	located	at	the	3’-end	of	the	125 

genome.	These	four	genomic	regions	were	analyzed	using	two	predictive	tools	to	design	126 

conventional	 ASOs	 and	 antisense	 locked	nucleic	 acids	 (LNA)	GapmeRs	 to	 block	 SARS-127 

CoV-2	replication	and	transcription.	128 

	129 

Methods	130 

The	 reference	 sequence	 of	 SARS-CoV-2	 genomic	 RNA	 (GenBank	MN908947	 or	 Refseq	131 

NC_045512;	Wu	et	al.	2020)	was	used	to	design	the	ASO	and	GapmeR	candidates	(Figure	132 

1).	In	order	to	identify	efficient	antisense	oligonucleotide	candidates	to	knockdown	the	133 

viral	RNA	fragments,	we	applied	two	validated	tools	commonly	used	for	RNA	silencing:	134 

i)	 conventional	 antisense	 oligonucleotides	with	100%	phosphorothioate	modifications	135 

(ASO	 or	 PTO-modified	 ASO	 from	 here	 on);	 ii)	 antisense	 locked	 nucleic	 acids	 (LNA)	136 
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GapmeR®	 	 (GapmeR	 from	 here	 on).	 These	 two	 chemical	 modifications	 of	 antisense	137 

oligonucleotides	 are	 key	 options	 in	 oligonucleotide	 synthesis	meant	 to	 obtain	 ASO	 or	138 

GapmeR	 stability	 and	 finally	 efficient	 cleavage	 of	 the	 viral	 RNA	 targets	 by	 RNase	 H1	139 

(Figures	S1	and	S2). 140 

	141 

Conventional	ASO	design:	to	predict	the	15-20	nt	long	antisense	oligonucleotides,	we	142 

used	the	primer	design	tool	from	CLC	Genomic	Workbench	v6	(CLC	bio).	The	antisense	143 

oligonucleotides	 are	 synthesized	 with	 100%	 phosphorothioate	 linkages	 (PTO-144 

modification)	 by	 several	 biotechnology	 companies	 around	 the	 world	 (Eurofins,	145 

Integrated	DNA	Technology,	BioSearch	Inc.	and	others).	PTO-modifications	increase	the	146 

stiffness	 of	 the	 backbone,	 and	 the	 stability	 and	 nuclease	 resistance	 of	 the	 antisense	147 

oligonucleotides	 (Figure	 S1-A).	 For	 each	 ASO	 candidate,	 several	 properties	 were	148 

computed	 and	 a	 synthetic	 score	 was	 obtained	 to	 sort	 the	 ASOs	 according	 to	 their	149 

predicted	 quality	 in	 RNA	 target	 binding.	 The	 algorithm	 for	 conventional	 ASO	150 

identification	was	used	on	5,000	base	stretches	covering	5’-UTR,	ORF1a,	ORF1b	and	N.	151 

After	 selection	 of	 the	 best	 ASO	 candidates	 according	 to	 their	 molecular	 score	 and	152 

position	 on	 the	 viral	 fragments	 (5’UTR,	 ORF1a,	 ORF1b	 and	 N),	 we	 checked	 their	153 

specificity	against	the	virus	by	searching	putative	off-targets	by	using	perfect	alignments	154 

(Megablast	with	highly	 similar	 sequences	option)	on	 the	whole	human	 transcriptome.	155 

ASO	 candidates	 that	 showed	 100%	 on	 similar	 strand	 +/-	 on	 the	 transcriptome	 were	156 

rejected	even	if	their	molecular	score	was	high.		157 

	158 

Antisense	 locked	 nucleic	 acids	 GapmeRs:	 these	 antisense	 oligonucleotides	 were	159 

initially	developed	by	Exiqon	 and	 are	now	manufactured	by	Qiagen	 (LNA	GapmeR®).	160 

GapmeRs	 are	 14-16	 nt	 long	 and	 include	 a	 combination	 of	 two	 oligonucleotide	161 
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modifications:	 a	 100%	 phosphorothioate	 modified	 backbone	 (Figure	 S1-A)	 and	 some	162 

locked	 nucleic	 acids	 modifications	 (LNA)	 distributed	 along	 the	 sequence	 to	 increase	163 

stability	and	specificity	(Figure	S1-B;	Bondensgaard	et	al.,	2000).	LNA	modification	is	a	164 

bicyclic	high	affinity	RNA	mimic	with	the	sugar	ring	locked	in	the	3’-endo	conformation	165 

(Petersen	et	al.,	2002).	LNA	nucleotides	obey	Watson-Crick	base-pairing	rules	and	stable	166 

A-helix	 with	 good	 base-stacking.	 This	 nucleotide	 modification	 increases	 the	 melting	167 

temperature	 (Tm;	+	2	 -	8ºC	per	LNA	base	 included	 in	 the	sequence),	 confers	nuclease	168 

resistance	 to	oligonucleotides,	 increases	 their	 stability	and	potency	 in	 cells	 and	 finally	169 

provides	high	specificity	to	RNA	target	binding.		170 

Antisense	 LNA	 GapmeRs	 are	 designed	 by	 a	 proprietary	 algorithm	 available	 on	 the	171 

Qiagen	website.	For	each	RNA	target	submitted,	a	score	is	computed	to	sort	10	GapmeR	172 

candidates.	The	putative	off-targets	of	 the	designed	GapmeRs	on	 the	 reference	human	173 

genome	are	checked	to	keep	only	the	candidates	without	any	off-targets.	Then,	the	best	174 

GapmeR	 candidates	 are	 sorted	 into	 two	 categories	 «	Excellent	 design	»	 or	 «	Good	175 

design	».	 	 In	 the	 present	 study,	we	 kept	 only	 «	Excellent	 design	»	with	 scores	 ordered	176 

from	1	to	4.	Unfortunately,	the	algorithm	cannot	compute	and	compare	all	the	GapmeR	177 

candidates	on	a	long	target	sequence	like	5’-UTR-ORF1a-ORF1b,	which	contains	21,555	178 

nt.	Thus,	 to	 compare	 the	 scores	of	 the	different	GapmeR	candidates	between	 the	viral	179 

fragments	(5’-UTR,	ORF1a,	ORF1b	and	N),	we	undertook	the	design	of	GapmeR	in	 two	180 

steps:	first,	we	computed	the	design	on	each	of	the	isolated	fragments	according	to	the	181 

annotations	of	the	sequence	(GenBank	MN	908947);	second,	we	computed	the	design	on	182 

three	chimeric	sequences	by	fusing	the	5’UTR	(265	nt)	successively	with	each	fragment	183 

(ORF1a,	 ORF1b	 and	 N).	 Finally,	 the	 following	 targets	 were	 analyzed:	 5’-UTR,	 ORF1a,	184 

ORF1b,	 N,	 5’-UTR+ORF1a,	 5’-UTR+ORF1b,	 5’-UTR+N.	 Thus,	 the	 quality	 of	 the	 Gapmer	185 

candidates	 found	 on	 5’UTR	 and	 the	 three	 other	 fragments	was	 compared	 in	 order	 to	186 
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retain	the	best	candidates.	In	addition,	we	checked	the	reproducibility	of	the	results	on	187 

another	SARS-CoV-2	sequence	(GenBank	MN988668).				188 

In	 silico	 validation	 of	 the	 antisense	 oligonucleotide	 candidates	 for	 targeting	 the	189 

SARS-CoV-2	sequences:	 	we	performed	a	strict	complementary	alignment	(strand	-/+)	190 

with	 all	 the	 SARS-CoV-2	 genomes	 available	 on	 the	 GenBank	 database	 by	 using	191 

Betacoronavirus	BLAST	tool.		192 

Results	193 

The	two	algorithms	predicted	at	least	18	ASO	and	GapmeR	candidates	with	high	scores	194 

located	on	the	four	target	viral	fragments	(Figure	2).	Table	1	shows	the	nine	best-scored	195 

ASO	 candidates	 for	 targets	 5’-UTR,	 ORF1a,	 ORF1b	 and	 N	 and	 more	 details	 on	 their	196 

molecular	 properties	 are	 shown	 in	 Table	 S1.	 We	 sorted	 the	 nine	 ASO	 candidates	197 

according	 to	 their	 molecular	 score	 and	 after	 rejecting	 those	 with	 perfect	 off-target	198 

alignments	on	the	human	transcriptome	(100%	aligned	strand	+/-).		Finally,	we	retained	199 

the	four	best	ASO	candidates	in	Table	1:	one	specific	to	ORF1a,	two	to	ORF1b	and	one	to	200 

fragment	N.	The	5’-UTR	seems	to	be	poorly	targetable	with	ASO	design	since	many	off-201 

target	hits	were	identified	on	the	human	transcriptome.		202 

All	the	ASO	candidates	specifically	target	all	the	SARS-CoV-2	sequences	available	on	the	203 

GenBank	database	with	100%	complementary	alignment	 (strand+/-)	on	each	genome.			204 

Therefore,	these	ASOs	will	be	synthesized	with	100%	PTO	linkages.		205 

The	design	of	the	antisense	LNA	GapmeRs	using	the	proprietary	algorithm	from	Qiagen	206 

provided	 up	 to	 10	 GapmeR	 candidates	 per	 RNA	 target,	 all	 qualified	 as	 «	Excellent	207 

design	».	 The	 two-step	 design	 of	 simple	 and	 chimeric	 sequences	 (5’-UTR-Other	208 

Fragment)	 allowed	 to	 sort	 the	 nine	 best	 GapmeR	 candidates	 (Table	 2).	 The	 best	209 

candidate,	 designated	 GAP1,	 was	 found	 on	 the	 5’-UTR	 in	 all	 the	 chimeric	 sequences.	210 
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Three	GapmeR	candidates	were	identified	in	ORF1a	and	ORF1b,	and	two	candidates	on	211 

fragment	 N.	 No	 off-targets	were	 found	 for	 these	 nine	 GapmeR	 candidates,	 due	 to	 the	212 

high	specificity	of	the	LNA	GapmeR	design	feature.		Finally,	we	selected	the	best	GapmeR	213 

candidates:	 GAP1	 on	 5'UTR	 and	 three	 candidates	 scored	 2	 on	 each	 of	 the	 other	214 

fragments,	ORF1a,	ORF1b	and	N.	 In	addition,	we	computed	 the	GapmeRs	on	a	 second,	215 

recently	published	SARS-CoV-2	sequence	(GenBank	MN988668)	and	we	found	the	best	216 

GapmeR	 candidates	 (scored	 1-2)	 at	 the	 same	 positions	 (Figure	 S3).	 The	 GapmeR	217 

positions	with	the	highest	scores,	1-2,	selected	in	Table	1,	are	well-conserved	on	the	two	218 

viral	 genomes:	 	GAP1	on	5'UTR,	GAP2a	on	ORF1a,	GAP2b	on	ORF1b	and	GAP2n	on	N	219 

stay	similar	in	the	two	design	predictions	(Figure	S3).		220 

Finally,	we	checked	that	all	the	GapmeR	candidates	of	Table	2	bound	perfectly	to	all	the	221 

SARS-CoV-2	 sequences	 available	 on	 GenBank	 with	 100%	 complementary	 alignment	222 

(strand+/-)	on	each	genome.	Altogether,	these	results	confirmed	the	robustness	of	our	223 

GapmeR	 predictions	 and	 the	 genetic	 stability	 of	 the	 targets	 chosen	 on	 the	 viral	224 

sequences.	The	four	selected	GapmeRs	with	high	potency	will	be	synthesized.			225 

In	a	future	study,	the	best	selected	ASO	and	GapmeR	candidates	should	be	tested	in	vitro	226 

by	transfecting	infected	and	control	cells	according	to	a	protocol	adapted	from	Vidaurre	227 

et	al.	(2014).			228 

	229 

Discussion	230 

In	this	paper,	by	using	two	dedicated	algorithms,	we	identified	a	total	of	nine	ASOs	with	231 

phosphorothioate	 modification	 and	 nine	 antisense	 LNA	 GapmeR	 candidates.	 Among	232 

them,	 we	 selected	 four	 PTO-modified	 ASOs	 and	 four	 GapmeRs	 scored	 as	 the	 best	233 

candidates	 that	 have	 a	 high	 probability	 of	 binding	 SARS-CoV-2	 RNA	 sequences	 and	234 
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therefore	 blocking	 viral	 multiplication.	 Both	 design	 methods	 could	 be	 efficient	 and	235 

should	be	tested	in	in	vitro	experiments,	using	SARS-CoV-2-infected	and	control	human	236 

cells.	By	using	 the	LNA	GapmeR	design,	we	predicted	a	higher	number	of	high-quality	237 

antisense	 candidates	 (10	 per	 fragment)	 without	 off-targets,	 as	 compared	 to	238 

conventional	 ASO	 design.	 However,	 we	 can	 briefly	 speculate	 on	 the	 advantages	 and	239 

drawbacks	of	each	type	of	design.	240 

	ASOs	with	phosphorothioate	modifications	are	recognized	as	the	most	useful	approach	241 

to	 date	 for	 RNA	 silencing	 and	 RNA	 therapy,	 with	 good	 pharmacokinetics	 of	 half	242 

elimination	in	1-3	days,	optimal	protein	binding	and	a	lower	melting	temperature	than	243 

oligonucleotides	with	 normal	 phosphodiester	 linkages	 (Crooke	 et	 al.,	 2018).	 The	 ASO	244 

method,	based	on	single-strand	modified	oligonucleotides	has	the	advantage	of	targeting	245 

any	 RNA	 sequence	 in	 exons	 or	 introns	 before	 splicing.	 In	 addition,	 ASOs	 have	 a	 high	246 

capacity	to	be	naturally	absorbed	by	cells	in	vivo	even	by	very	highly	differentiated	cells	247 

such	as	neurons	(Wild	and	Tabrizi,	2018).	The	specificity	of	 the	ASO	design	should	be	248 

checked	by	the	research	of	putative	off-targets	on	the	human	transcriptome.	For	future	249 

therapeutic	 applications,	 it	 has	 been	 demonstrated	 in	 several	 clinical	 trials	 that	250 

subcutaneous	injection	of	ASO	up	to	800	mg	are	well-tolerated	and	ASOs	at	a	high	dose	251 

can	be	naturally	delivered	into	cells		(Clinical	Trial	ID	NCT02508441).		252 

Antisense	 LNA	 GapmeRs	 may	 be	 more	 stable,	 more	 specific	 and	 more	 efficient	 than	253 

ASOs	in	binding	and	cleaving	viral	RNA	targets	because	the	two	combined	LNA	GapmeR	254 

modifications	optimize	the	stability	of	the	hetero-duplex	that	recruits	RNase	H1	(Figure	255 

S1;	 Wheeler	 et	 al.,	 2012).	 For	 in	 vivo	 therapeutic	 applications,	 another	 advantage	 of	256 

antisense	 LNA	 GapmeRs	 and	 PTO-modified	 ASOs	 is	 their	 high	 ability	 to	 be	257 

physiologically	 absorbed	 by	 cells	 via	 unassisted	 delivery	 (transfection-free)	when	 the	258 

GapmeRs	 are	 injected	 at	 high	 dose	 and	 purity.	 Antisense	 LNA	 GapmeRs	 were	259 
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successfully	applied	 in	vivo	in	a	mouse	PDX	model	of	human	melanoma	to	knockdown	260 

SAMMSON	lncRNA,	involved	in	translational	activation	of	the	tumor	cells	(Leucci	et	al.,	261 

2016).	 One	 drawback	 observed	 in	 a	 clinical	 trial	 was	 the	 reversible	 renal	 and	262 

hepatotoxicity	observed	in	one	of	the	clinical	trials	(Bianchini	et	al.,	2013).	In	virology,	a	263 

clinical	 trial	demonstrated	 the	acceptable	 safety	 and	efficiency	of	 an	antisense	LNA	 to	264 

reduce	 the	 level	 of	 	 hepatitis	 C	 virus	 (HCV)	 infection.	 Although	 some	 adverse	 events	265 

were	 observed,	 they	 didn't	 require	 stopping	 the	 treatment	 (Janssen	 et	 al.,	 2013).	266 

Another	in	vitro	study	successfully	applied	antisense	LNA	design	to	block	HIV-1	RNA	in	267 

infected	 cells	 and	 compared	 the	 results	with	 other	 ASO	 technologies	 (Jakobsen	 et	 al.,	268 

2007).		269 

Other	 types	 of	 oligonucleotide	 modifications	 have	 been	 used	 for	 experimental	 RNA	270 

silencing	 and	 in	 therapeutics.	 Morpholinos	 (phosphorodiamidate	 modification)	 were	271 

extensively	 used	 a	 few	 years	 ago	 for	 RNA	 silencing	 and	 therapeutic	 applications	with	272 

high	stability	and	tolerability	but	low	protein-binding	capacity.	Several	drugs	approved	273 

by	the	FDA	were	based	on	this	type	of	design	(Crooke	et	al.,	2018).		274 

The	great	therapeutic	advantage	of	the	antisense	oligonucleotides	presented	here	(both	275 

PTO-modified	ASOs	and	antisense	LNA	GapmeRs)	is	that	they	can	be	delivered	in	vivo	to	276 

target	cells	without	any	transfection	reagent.	They	are	stable	in	sterile	aqueous	solution	277 

and	 can	 be	 administrated	 by	 subcutaneous	 injections.	 Interestingly,	 for	 a	 respiratory	278 

tract	 infection,	 LNA	 GapmeRs	 can	 be	 administrated	 by	 inhalation	 of	 an	 aerosol.	 Such	279 

aerosol	can	be	produced	by	nebulization	of	the	antisense	oligonucleotide	solution,	as	has	280 

been	 demonstrated	 in	 mouse	 models	 (Moschos	 et	 al.,	 2011).	 The	 advantages	 of	 this	281 

inhalation	 delivery	would	 be	 lower	 toxicity	 and	higher	 concentration	 of	 the	 antisense	282 

oligonucleotide	reaching	the	pulmonary	epithelium	infected	by	SARS-CoV-2.		283 
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Many	 preliminary	 studies	 in	 virology	 provided	 the	 first	 proof	 of	 the	 efficiency	 of	284 

antisense	oligonucleotides	to	curb	the	replication	of	various	viruses,	such	as	SARS-CoV.	285 

Interestingly,	 Neuman	 and	 co-workers	 (2005)	 described	 potent	 peptide-conjugated	286 

antisense	morpholino	oligomers	(P-PMO	with	a	phosphorodiamidate	modification)	able	287 

to	efficiently	block	SARS-CoV	production	 in	cultured	cells	at	a	concentration	of	20	µM.	288 

Their	strategy	was	to	suppress	viral	replication	by	binding	the	conserved	RNA	elements	289 

implicated	 in	 viral	 RNA	 synthesis	 and	 translation.	 The	 most	 effective	 anti-SARS-CoV	290 

antisense	P-PMO	that	was	found	targets	the	transcriptional	regulatory	sequence	region	291 

present	in	the	viral	genomic	5’-UTR,	with	an	inhibition	of	virus	yield	exceeding	104-fold.	292 

It	 is	 important	 to	 note	 that	 it	 targets	 the	 same	 genomic	 region	 of	 SARS-CoV-2	 as	 our	293 

predicted	most	potent	GapmeR,	 suggesting	 that	GAP1	candidate	on	5'UTR	may	have	a	294 

strong	effect	on	SARS-CoV-2	replication.	295 

	296 

Conclusion	and	perspectives	297 

We	predicted	four	conventional	antisense	(PTO-modified	ASO)	and	four	antisense	LNA	298 

GapmeRs	with	 a	high	potential	 to	 inhibit	 SARS-CoV-2	 replication	 and	 transcription	by	299 

inducing	cleavage	of	the	5’-UTR,	ORF1a,	ORF1b	or	N	domains	of	the	viral	RNA	genome.	300 

By	 this	open	access	publication,	we	would	 like	 to	 share	with	 the	 scientific	 community	301 

the	 characteristics	 of	 these	 antisense	 oligonucleotide	 candidates,	 which	 need	 to	 be	302 

experimentally	 evaluated.	We	hope	 that	 in	 the	next	months,	 biotechnology	 companies	303 

can	 synthesize	 the	 antisense	 oligonucleotides	 predicted	 in	 the	 present	 study.	304 

Afterwards,	virologists	and	RNA	biologists	should	test	in	vitro	and	in	vivo	the	efficiency	305 

of	 the	 ASO	 and	 GapmeR	 candidates	 to	 identify	 the	 best	 drug	 candidates	 in	 order	 to	306 

experimentally	validate	our	in	silico	results.		307 



 

 14 

Many	 preliminary	 studies	 in	 virology	 provided	 the	 first	 proofs-of-concept	 of	 the	308 

efficiency	 of	 antisense	 nucleotides	 to	 curb	 the	 replication	 of	 several	 viruses	 such	 as	309 

SARS-CoV.	 Although	 the	 experimental	 validation	 may	 take	 several	 months	 and	 the	310 

clinical	 trial	 more	 than	 one	 year,	 such	 antisense	 RNA	 therapy	 targeting	 SARS-CoV-2,	311 

which	seems	to	possess	a	stable	genome,	could	be	a	valuable	complement	to	a	vaccine	in	312 

the	fight	against	the	COVID-19	pandemic.		313 
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Illustrations:		Headings,	Figures,	Tables			(see	next	pages) 475 
	476 
Figure	1:	A.	Schematic	showing	the	concept	of	antisense	RNA	therapy	applied	to	inhibit	477 

the	 replication	 and	 transcription	of	 the	 SARS-CoV-2	RNA	genome.	Genomic	 sequences	478 

and	ORFs	associated	to	replication	and	transcription	are	indicated	in	green.	The	length	479 

of	the	corresponding	ORFs	are	indicated	(numbers	of	nucleotides)	B.	Schematic	showing	480 

the	genomic	and	subgenomic	mRNAs	(in	red)	that	share	identical	3’	sequences	and	form	481 

a	3’	nested	set	of	RNAs.	The	genome	 is	 translated	 into	 two	 large	polyproteins	 that	are	482 

encoded	by	ORF1a	and	ORF1b,	ORF1b	being	translated	through	a	ribosomal	frameshift.	483 

The	N	protein	is	encoded	by	the	smallest	mRNA.	Polyprotein	1a	and	1ab	are	processed	484 

and	their	products	constitute	the	viral	replicase	and	transcriptase	machineries.		485 

	486 

	487 
	488 

	489 

490 
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	490 
Figure	2:	Positions	of	the	best	ASO	and	GapmeR	candidates	targeted	to	the	5’UTR,	ORF1a	491 

ORF1b	and	N	fragments.	The	ASOs	and	GapmeRs	are	listed	in	tables	1	and	2.		492 

493 
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	494 
	495 

Table	1:	ASO	candidates	to	 target	5’UTR,	ORF1a,	ORF1b	and	N	fragments	of	 the	SARS-496 

CoV-2	 genome	 (Genbank	 MN908947/RefSeq	 NC_045512.2).	 The	 ASOs	 are	 sorted	497 

according	 to	 their	 quality,	 including	 molecular	 score	 and	 potential	 off-targets	 on	 the	498 

human	transcriptome.	The	best	ASO	candidates	are	marked	by	a	star	(*)	according	to	the	499 

criteria	explained	in	the	Results	section.		500 

	502 

 503 

 504 
505 

ASO #
Fragment 
target Score 

Transcriptomic off-
targets 100% 
identical strands +/- Position Length Sequence 

ASO1 * ORF1a 85.94 no 5917- 5931 15 CAAACAACACCATCC

ASO2 * ORF1b 83.31 no 20163- 20177 15 ACAACACCATCAACT

ASO3 * ORF1b 82.92 no 16457-16471 15 TGGGTGGTTTATGTG

ASO4 * N 78.06 no 29108-29122 15 TTGGGTTTGTTCTGG

ASO5 ORF1a 86.13 1 hit > rejected 1936 - 1950 15 AAAACACGCACAGAA

ASO6 N 78.93 4 hits> rejected 28818-28832 15 AGGAACGAGAAGAGG

ASO7 ORF1a 85.52 23 hits> rejected 3051- 3066 16 CCTTCTTCTTCATCCT

ASO8 5'UTR 94.10 20 hits > rejected 26 - 40 15 GTTGGTTGGTTTGTT

ASO9 ORF1b 88.26 37 hits > rejected 20487- 20501 15 ACAGAACACACACAC
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	505 

Table	 2:	 	 Antisense	 LNA	 GapmeR®	 candidates	 to	 target	 5’UTR,	 ORF1a,	 ORF1b	 and	 N	506 

fragments	of	the	SARS-CoV-2	genome	(Genbank	MN908947/RefSeq	NC_045512.2).	The	507 

GapmeRs	are	sorted	according	to	their	quality	score	within	each	fragment.	All	GapmeRs	508 

were	 classified	 as	 «	Excellent	 design	»	 by	 the	 prediction	 algorithm	 and	 have	 no	 off-509 

targets.	The	best	GapmeR	candidates	that	we	selected	are	marked	by	a	star	(*)	according	510 

to	the	criteria	explained	in	the	Results	section.			511 

 512 

 513 
 514 
 515 

516 

GapmeR #
Fragment 

target

Score 
within 

fragment Design ID Design name Position Length (nt) Sequence
GAP1 * 5'UTR 1 901124 5P-1A-NC-30032020_1 32-47 16 ATCGAAAGTTGGTTGG
GAP2a * ORF1a 2 901124 5P-1A-NC-30032020_2 7093-7108 16 GTAGGTTGCAATAGTG
GAP2b * ORF1b 2 901125 5P-1B-30032020_2 16364-16379 16 TACGGATTAACAGACA
GAP2n * N 2 901131 5P-N-NC-01042020_2 28420-28435 16 GGTGAACCAAGACGCA
GAP3a ORF1a 3 901124 5P-1A-NC-30032020_3 10133-10148 16 GCCAAAGACCGTTAAG
GAP3b ORF1b 3 901125 5P-1B-30032020_3 18253-18268 16 CGCGGGTGATAAACAT
GAP4a ORF1a 4 901124 5P-1A-NC-30032020_4 3685-3700 16 AAGTAGAACTTCGTGC
GAP4b ORF1b 4 901125 5P-1B-30032020_4 17134-17149 16 CTATGCGAGCAGAAGG
GAP4n N 4 901131 5P-N-NC-01042020_4 28826-28841 16 TACGTGATGAGGAACG
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	516 
Supplementary	materials 517 

Figure	S1:	Principle	of	antisense	oligonucleotide	activity	for	silencing	viral	RNA	targets.	518 

Silencing	by	conventional	PTO-modified	ASOs	and	antisense	LNA	GapmeRs	is	based	on	519 

the	same	RNase	H-mediated	cleavage	mechanism.			520 

 521 

Figure	S2:	Oligonucleotide	modifications	used	in	PTO-modified	ASOs	(A)	and	antisense	522 

LNA	 GapmeR	 (B)	 synthesis	 to	 increase	 their	 stability,	 resistance	 to	 nucleases	 and	523 

specificity.		524 

 525 

Figure	S3:	Comparison	of	relative	positions	of	the	antisense	LNA	GapmeRs	obtained	on	526 

two	 different	 SARS-CoV-2	 sequences,	 NC_045512.2	 (MN908947)	 and	MN988668.	 The	527 

candidates	are	scored	from	1	(best)	to	10	on	each	fragment.	 528 

 529 

Table	 S1:	 list	 of	 all	 ASO	 PTO-modified	 candidates,	 and	 their	 properties,	 targeted	 to	530 

5’UTR,	ORF1A,	ORF1B	and	N	fragment. 531 

 532 
	533 


