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The COVID-19 disease pandemic remains a significant global problem, resulting in hundreds of millions of cases and millions of deaths. The search for specific
inhibitors of SARS-CoV-2 for the treatment of this infection remains relevant. Drugs such as Favipiravir and Molnupiravir, which exhibit specific antiviral activity
against SARS-CoV-2, are already being used to treat patients. However, there is limited evidence of their effectiveness, especially against novel genetic variants of
the COVID-19 pathogen. The aim of this study was to investigate the antiviral effect of these drugs using an in vitro experimental model of SARS-CoV-2 infection
in Vero EB6 cell culture and an animal model of infection using Syrian hamsters. It has been established that Molnupiravir has an inhibitory effect against variants of
the SARS-CoV-2 with IC50 values from 16.51 to 7.88 uM in vitro, and reduces the infectious titer of the virus in the lungs of animals by ~1.5 Log10 in vivo, in while
Favipiravir shows lower activity and severe toxicity. Dose selection and frequency of use remain unexplored.
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QOPEKTUBHOCTb ®ABUTNUPABUPA N MOJIHYTIMPABUPA MPOTUB HOBbLIX BAPUAHTOB
SARS-COV-2 B CUCTEMAX IN VITRO N IN VIVO
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MaHpemunsa 3abonesaHns COVID-19 ocTaeTcst BaxkHOWM rnobanbHON MpobneMort 0OLLECTBEHHOMO 34PaBOOXPAHEHNS, KOTOPast MPUBOAMUT K COTHAM MUSIIMOHOB
Cny4aeB 3a00neBaHvsa 1 MUNIMOHAM NeTasbHbIX MCXOZO0B. 10 BCeMy MMUPY akTUBHO MAyT pas3paboTka 1 nccnegoBaHns cneumndunyHbix nHrnbrntopos SARS-CoV-2
NS neveHns JaHHoM nHekummn. Takve npenapartbl, Kak aBnnpasmnp 1 MOSHYMMPaBmnp, NPOosSBAsLLME CneLmhuyHYO MPOTVBOBMPYCHYIO akTUBHOCTb MPOTUB
SARS-CoV-2, y>ke NpUMEHSIOT AN NedeHns naumeHToB. OaHako MMEKOTCS orpaHnyeHHble AaHHble 06 UX 3PMEKTUBHOCTY, OCOBEHHO MPOTUB HOBbIX MEHETUHECKINX
BapwaHToB Bo30yauTens COVID-19. Lienbto nccnenoBaHvis 66110 U3y4nTb NPTUBOBUPYCHbIA 3PMEKT 3TVX NPenapaToB C MCMONb30BaHNEM SKCMEPUMEHTABHON
mMoaenn nHdekunn SARS-CoV-2 Ha KynbType knetok Vero E6 in vitro n »XnBoTHOM mMofeny MHEeKUMn C NCnob30BaHMEM CUPUIACKNX XOMSIHKOB. YCTaHOBNEHO,
YTO MOJIHYMMPaBUP OKa3bIBa€ET BbIPaXXEHHOE MHMMOMPYLOLLIEE AeCTBME MPOTUB Pa3nnyHbIx BapraHToB Bupyca SARS-CoV-2 co 3HadeHusmm IC50 ot 16,51 go
7,88 UM in vitro n cHWKaeT MHMEKLMOHHBIA TUTP BMPYCa B NErkmx xmBoTHbIX Ha ~1,5 Log10 in vivo, B TO Bpemsi kak (haBunmpasmnp NposBnseT 6onee HU3Kyo
AKTUBHOCTb ¥ BbIPKEHHYIO TOKCUYHOCTb. [onyudeHHble pesynbtaThl YKasblBaloT Ha HeOOXOAMMOCTb AanbHENLMX WCCNefoBaHuii B HanpasneHu nogbopa
[03MPOBOK M KPAaTHOCTN MPUMEHEHNS.

KntoyeBble cnoBa: COVID-19, SARS-CoV-2, NpoTUBOBUPYCHAsS akTUBHOCTb, haBunmpasmnp, MonHynmpasup, OMUKPOH, aHTUBMPYCHbIE Npenapats!
®duHaHCMpOBaHUeE: VICClefoBaHVe BbIMOMHEHO Npy uHaHCOBOW nopaemkke Munsgpasa Poccum, rpaHT Ne 121111200070-4 (M116).

BnarogapHocTu: aBTOPbI BbipaXxaroT 6narogapHoCcTb cotpyaHukam HALIOM nm. H.®. Famanen A. 3axaposoi 1 T. PemMrn3oBy 3a opraHv3aLio NoCTaBKy peareHToB
AN UCCNEeA0BaHNS.

Bknap aBTopoB: A. 3. CUHAB/H — MAaHMPOBaHNE 3KCMEPUMEHTA, UCCNeaoBaHne NPOTUBOBMPYCHOWM akTVBHOCTW, aHarM3 daHHbIX, HarmcaHve TexcTa; J1. V. Pyccy —
paboTa ¢ BUPYCOM 1 »vBOTHbIMY; [. B. BacvHa — pabota ¢ »uvBotHeiMu; E. B. LLingnosckas, H. A. KysHeuosa — MNUP-aHanns, obpabotka gaHHbix; B. A. TylwH —
PYKOBOACTBO MCCNEAoBaHneM, pefaktpoBanmne Tekcta; AJ1. TMHUOypr — yTBEepXAeHVEe KOHLENUMN NCCNEOoBaHNS.

CobniogeHne aTU4eCKX CTaH[AapPTOB: VCCenoBaHe 0006peHo aTndeckmM kommteTom OIreY «HNLISM nm. H.®. Tamanen» M3 PO (npotokon Ne 27 oT 6 nioHs
2022 r.); NpoBefeHO ¢ cobntoaeHneM NMPUHUMNOB XenbCUHKCKOW Aeknapaumn BceMmnpHon MeanLmnMHCKOM accoLmaumn.

B><] Ansa koppecnoHaeHuumn: AHapert Sayapaosud CUHABUH
yn. famanew, a. 16, r. Mocksa, 123098, Poccust; andreysi93@yandex.ru

Cratbsi nonyyeHa: 05.12.2022 Ctatbsi npuHaTa K nevartu: 20.12.2022 OnybnnkosaHa oHnanH: 31.12.2022

DOI: 10.24075/vrgmu.2022.071

106 | BULLETIN OF RSMU |6, 2022 | VESTNIKRGMU.RU



The COVID-19 pandemic caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) continues to pose a
global public health threat and increase the economic burden.
The spread of the virus in humans is still ongoing, and new
variants of SARS-CoV-2 are constantly emerging, leading to
an urgent need for drugs to treat this disease, as well as for
expanded studies on the effectiveness of approved treatments
for COVID-19.

For the treatment of COVID-19 in the Russian Federation,
it is recommended to use several drugs with a specific antiviral
effect, including Favipiravir and Molnupiravir. But the efficacy of
these drugs for new variants of SARS-CoV-2 remains unknown.

The broad-spectrum antiviral drug Favipiravir [1] targets
the viral RNA-dependent RNA polymerase (RdARP). It is
effective against both seasonal virus and avian influenza, as
well as SARS-CoV-2 in cell culture and in vivo in experimental
animal models. In humans, Favipiravir is phosphorylated by
cellular enzymes to its active form, Favipiravir-ribofuranosyl-
5'-triphosphate (F-RTP). F-RTP does not greatly affect on
cellular transcription. There are several hypotheses regarding
how F-RTP interacts with RdRp. Some studies have shown
that when F-RTP incorporated into the nascent RNA strand,
it prevents RNA strand elongation and virus replication. It
has also been shown, that the presence of purine analogues
can reduce the antiviral activity of Favipiravir, i.e., competition
between F-RTP and purine nucleosides for binding to RdRp is
possible. According to the results of clinical studies, Favipiravir
does not improve cure time or clinical outcomes and does not
show an antiviral effect in the treatment of COVID-19 infection
[2-4].

B-D-N4-hydroxycytidine (NHC, EIDD-1931) is a ribonucleoside
analogue with a wide spectrum of activity against various
RNA viruses [5]. Molnupiravir (MK-4482/EIDD-2801), or
3-D-N4-hydroxycytidine-5'-isopropyl ether, is a biologically
active NHC prodrug. It is an oral drug and is more convenient
for mass administration in humans than remdesivir or other
antiviral agents such as convalescent plasma and neutralizing
antibodies, which require intravenous or intramuscular injection
and hospital use. NHC has been shown to be effective against
various RNA viruses such as influenza, Ebola virus (EBOV),
Venezuelan encephalitis virus (VEEV), SARS-CoV-2, SARS-CoV,
MERS-CoV and related zoonotic groups 2b or 2¢ Bat-CoV in
in vivo and in vitro experiments [6-8]. A series of preclinical and
clinical trials have proven that Molnupiravir is safe and effective
for the treatment of SARS-CoV-2 infection [9, 10]. Following
oral administration, Molnupiravir is rapidly converted to active
NHC in plasma, distributed to various organs, and converted
to the corresponding 5'-triphosphate by human kinases [11]. It
is known that NHC 5'-triphosphate is a competitive substrate
for viral RNA-dependent RNA polymerase, integrates into viral
RNA, and leads to the accumulation of lethal mutations in the
viral genome [12].

Since 2022, the new SARS-CoV-2 variant B.1.1.529 (Omicron)
and its subvariants containing multiple mutations in the viral genome
have dominated all over the world [13]. Mutations in the RBD domain
of S-glycoprotein reduce the effectiveness of preexisting antibodies
formed after infection of COVID-19 and vaccination [14]. Given
the emergence of new variants of SARS-CoV-2, the aim of this
study was to evaluate the efficacy of Favipiravir and Molnupiravir
against different variants of SARS-CoV-2.

METHODS

Experiments were performed on the cell line Vero E6 (ATCC
CRL-1586). Cells were cultured in DMEM growth medium
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(Gibco; USA) supplemented with 5% fetal bovine serum (FBS;
HyClone, USA), 1x antimycotic antibiotic solution (Capricorn
Scientific GmbH; Germany) and 1x GlutaMAX (Gibco; USA). To
study the antiviral effect, various dilutions of the test compound
were added to the cell monolayer and incubated for 1 h at 37 °C
and 5% CO,. After that, cells were infected with the SARS-
CoV-2at 100 TCID,, (TCID, is a tissue culture dose that causes
the death of 50% of the monolayer cells). In this experiment,
the following variants of the SARS-CoV-2 virus were used:
Wuhan B.1.1 (PMVL-4), Omicron BA.4.6 (PMVL-55), Omicron
BA.5 (PMVL-52) and Omicron BA.5.2 (PMVL-54). Inhibition of
the virus-induced cytopathic effect (CPE) under the action of
the compound was determined by MTT test [15].

As an animal model of infection, female Syrian hamsters
were used ("Stolbovaya"; Russia). Animals were kept in
individually ventilated cages (temperature 21-25 °C, humidity
20%, pressure —0.1 kPa) with free access to food and water.
The light regime was 12 hours of light and 12 hours of
darkness. Animals were divided into experimental groups (5-8
animals each), which were orally administered Molnupiravir
(200 mg/kg), Favipiravir (200-300 mg/kg), and a control group
of infected animals. Animals were infected intranasally with
SARS-CoV-2 strain PMVL-4 or PMVL-562 at 10° TCID, . For
four days, the animals were administered study drugs twice
a day. On the fifth day of the experiment, the animals were
euthanized by CO, inhalation and cervical dislocation, and lung
tissues were collected at necropsy for analysis. Hamster lungs
were subjected to homogenization followed by separation of
the supernatant by low speed centrifugation at 12,000 rpm for
10 min. The virus titer was determined in a monolayer of Vero
E6 cells. For each lung homogenate sample, the virus titer was
determined after 72 hours of infection and expressed as PFU/mg
lung (plaque forming units). Total RNA was isolated from lung
homogenates using the ExtractRNA reagent (Evrogen; Russia)
according to the manufacturer's instructions. The reverse
transcription reaction was performed using a SARS-CoV-2 FRT
kit for quantitative determination of SARS-CoV-2 coronavirus
RNA using a panel characterized by the number of copies of
the SARS-CoV-2 amplified fragment (N.F. Gamaleya National
Research Center for Epidemiology and Microbiology; Russia).
Results were expressed as numbers converted to log10 SARS-
CoV-2 viral load per mg lung tissue.

RESULTS

At the first stage of the study, the cytotoxicity of Favipiravir
and Molnupiravir on Vero E6 cells was assessed. It was found
that Favipiravir has a pronounced cytotoxic effect, significantly
inhibiting cell proliferation at a concentration of 1000 uM
(decrease in cell viability up to 60%). At all other concentrations
tested, Favipiravir showed a dose-dependent cytotoxic effect
(Fig. 1). Molnupiravir had no significant effect on cell viability,
inhibiting their proliferation at 200 uM by an average of 10%.
The study of the antiviral activity of Favipiravir and
Molnupiravir against SARS-CoV-2 was carried out using four
variants of the virus: the reference strain of the Wuhan variant
(genetic line B.1.1) and three variants of the Omicron virus
currently circulating in the Russian Federation, and worldwide
(BA.4.6, BA.5 and BA.5.2) (Fig. 2). It was found, that at a
concentration of 1000 pM, Favipiravir showed no activity
against the reference strain from line B.1.1. Inhibition on
~50% at the same concentration (~160 mg/mL) was found
for the BA.5 and BA.5.2 variants of the Omicron. Inhibition
of the Omicron BA.4.6 virus variant did not exceed 20%.
Molnupiravir showed a broad spectrum of antiviral activity,
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Fig. 1. Cytotoxicity study of Molnupiravir (A) and Favipiravir (B) using Vero E6 cells

inhibiting all virus variants used with IC,, values from 16.51
to 7.88 uM.

Further, the effectiveness of the drugs was investigated
using an infectious animal model. Syrian hamsters were treated
with 300 mg/kg Favipiravir or 200 mg/kg Molnupiravir via oral
gavage. The animals were then infected intranasallywith the
SARS-CoV-2 Wuhan variant. The drugs were given to the
animals twice a day for four days. During infection, animals
from the infected control group lost more than 20% weight
(o < 0.01). Animals treated with Favipiravir lost weight by 10%
(o > 0.05), showed apathy and food refusal, which indicates
the toxic effect of the drug. Animals treated with Molnupiravir
gained weight during the experiment (Fig. 3). A study of SARS-
CoV-2 viral load in the lungs of animals showed that both
Molnupiravir and Favipiravir reduced the amount of viral RNA
(1 Log10). When determining the infectious titer of SARS-CoV-2
in the lungs of animals, it was found that all drugs suppress the
replication of the virus. Treatment of animals with Molnupiravir
and Favipiravir significantly reduced the virus titer (~1.5 Log10).
When studying the effectiveness of drugs in animals using
the Omicron BA.5 virus variant, it was found that this variant
is less pathogenic than the Wuhan variant. The drug were
administrated with the same doses (200 mg/kg). During the
experiment, the animals gained weight in all the studied groups.
A decrease in viral load in the lungs by 1.5 Log10 was found
for the group of animals treated with molnupiravir (EIDD-2801),
however, the data are not statistically significant (o > 0.05;
1.5 Log10). For Favipiravir, the reduction in viral load (0.5 Log10)
and viable virus titer (1 Log10) was less pronounced and was
not statistically significant (o > 0.05).
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DISCUSSION

Previous studies of the antiviral activity of Favipiravir against
SARS-CoV-2 show that it has a low antiviral effect with
EC50 values > 200 pM. High doses of Favipiravir have been
associated with signs of toxicity in animals in drug efficacy
studies [16], since in vivo Favipiravir exhibits an antiviral effect at
a double dose of 300 mg/kg, with a decrease in the infectious
titer of the virus in the lungs by ~ 1.5 Log10 [17] . Other studies
have shown that Favipiravir exhibits activity with an EC_,
value of ~62 uM [18]. The results of our study also point to
the limited antiviral potential of Favipiravir. When Vero E6 cells
were infected with the SARS-CoV-2 virus, it was found that this
drug does not have antiviral activity in vitro, and also exhibits
cytotoxicity. We have shown the efficacy of this drug at a dose
of 300 mg/kg twice a day in an animal model of infection using
a Wuhan variant. In an animal model using the Omicron variant,
when using a dosage reduced to 200 mg/kg, the effect was
not significant. However, changes in the behavior of animals
and a decrease in their weight during treatment with Favipiravir
at a dose of 300 mg/kg indicate its toxic effect and the need
for further dose selection in order to combine the absence of
toxicity and preservation of drug activity.

Studies using primary human cells and other cell lines have
confirmed that NHC (the active metabolite of Molnupiravir)
has potent antiviral activity against various coronaviruses
such as SARS-CoV, SARS-CoV-2 and MERS-CoV. The IC_,
values for molnupiravir against SARS-CoV-2 were 0.3-0.08 uM
[19]. We found that Molnupiravir exhibits antiviral activity
for all studied variants of the SARS-CoV-2 virus, with low
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Fig. 2. Antiviral activity of Molnupiravir (EIDD-2801) (A) and Favipiravir (B) against four different variants of the SARS-CoV-2 virus
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Fig. 3. The effectiveness of drugs against the Wuhan and Omicron BA.5 in animal models. Animals weight changes are presented, as well as the values of viral load
and virus titer in the lungs for each animal in the corresponding group. ANOVA with Tukey's post hoc test: * —p < 0.05; ** — p < 0.01

cytotoxicity. Molnupiravir showed antiviral activity in animals
infected with both Wuhan and Omicron BA.5 viruses. In a
recent study, Molnupiravir also inhibited virus replication in
the lungs of hamsters infected with the Omicron variant [20].
Molnupiravir significantly inhibited viral replication in the upper
and lower respiratory tracts of hamsters. At the same time, the
researchers found that Omicron is less pathogenic for animals
compared to earlier SARS-CoV-2 genetic lines [21].

CONCLUSIONS

Favipiravir showed a rather low antiviral effect against SARS-
CoV-2 at the maximum tested concentration, which had the
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