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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 
which is responsible for coronavirus disease 2019 (COVID-19), 
continues to spread around the world and has caused 6.1 mil-

lion deaths so far. The Omicron variant (B.1.1.529) of SARS-CoV-2 
was detected in November 2021 in South Africa and has spread rap-
idly around the world. Omicron variants have been classified into 
six different sublineages: BA.1, BA.1.1, BA.2, BA.3, BA.4 and BA.5. 
The original Omicron lineage, BA.1, rapidly became the prevail-
ing variant circulating in many countries. A notable feature of the 
BA.1 variant is that it contains more than 30 amino acid substitu-
tions in its spike (S) protein, which induces the immune responses 
of the host, specifically the production of neutralizing antibodies1. 
Importantly, 15 of these substitutions are in the receptor-binding 
domain (RBD) of the S protein, which is the major target for mono-
clonal antibody (mAb)-based therapy, raising concerns of decreased 
effectiveness of current therapeutic monoclonal antibodies (mAbs) 
for COVID-19 against this variant.

Recent studies using in vitro neutralization assays have dem-
onstrated that the BA.1 variants show reduced sensitivity to some 
monoclonal and polyclonal antibodies relative to past isolates or 
other SARS-CoV-2 variants2–6. However, the in vivo efficacy of mAbs 
against the BA.1 variant is unknown. Here we assessed the efficacy 
of U.S. Food and Drug Administration (FDA)-approved therapeutic 
mAbs against BA.1 variants in Syrian hamsters, a well-established 
animal model for SARS-CoV-2 research7–9. In addition, using this 
model, we evaluated the therapeutic efficacy of small-molecule 
antiviral agents for COVID-19 against these variants.

Results
Therapeutic effects of mAbs on BA.1 variants. As of April 2022, 
the FDA has issued Emergency Use Authorizations (EUAs) to per-
mit the emergency use of four different mAbs as therapeutic agents 
for the treatment and/or prevention of COVID-19 in adult and 
paediatric patients: REGEN-COV, a combination of imdevimab 
(REGN10987) and casirivimab (REGN10933); Xevudy, which is 
sotrovimab (VIR-7831); Evusheld (AZD7442), a combination of 
tixagevimab (COV2-2196 or AZD8955) and cilgavimab (COV2-
2130 or AZD1061); and bebtelovimab (LY-CoV1404). We tested 
REGN10987/REGN10933, S309 (which is the precursor of sotro-
vimab) and COV2-2196/COV2-2130 for their therapeutic efficacy 
against BA.1. Sotrovimab for clinical use has been engineered with 
two amino acid mutations (M428L/N434S) in the fragment crystal-
lizable (Fc) region, which extend the half-life of antibodies in vivo10. 
Both the COV2-2196 and COV2-2130 mAbs for clinical use con-
tain the M252Y/S254T/T256E and L234F/L235E/P331S mutations 
in their Fc regions, which increase the half-life of antibodies and 
reduce the effector functions of antibodies, respectively11–13. All of 
the mAbs used in this study were synthesized according to publicly 
available sequences without any modifications (see Methods)14. The 
reactivity of all five mAbs was validated using enzyme-linked immu-
nosorbent assay (ELISA) plates coated with recombinant S protein 
derived from the reference strain Wuhan/Hu-1/2019 and from a 
representative Omicron variant, and by neutralization assays; the 
results were consistent with previously published data4,6,14. We treated 
five hamsters with a single dose of the REGN10987/REGN10933 or 
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COV2-2196/COV2-2130 combination (2.5 mg kg−1 each), or S309 
as monotherapy (5 mg kg−1) by intraperitoneal injection on Day 1 
after intranasal inoculation with 103 plaque-forming units (p.f.u.) 
of CoV-2/UT-HP095-1N/Human/2020/Tokyo (D614G; HP095) or 
hCoV-19/Japan/NC928-2N/2021 (Omicron BA.1; NC928) (Fig. 1a).  
A human mAb specific to the haemagglutinin of influenza B 
virus was injected intraperitoneally to five hamsters on Day 1 
post-infection as a control. The animals were killed, and nasal tur-
binate and lung samples were collected for virus titrations on Day 4 
post-infection. Sera were also collected at this timepoint and tested 
in an ELISA for RBD-specific IgG antibodies to confirm successful 
antibody transfer. Hamsters with low levels of ELISA titre (≤640) 
were excluded from further analysis.

For the D614G (HP095)-infected groups, treatment with 
REGN10987/REGN10933 or COV2-2196/COV2-2130 resulted in a 
significant reduction in virus titres in both the nasal turbinates (mean 
reduction in viral titre, 2.9 and 3.2 log10(p.f.u. g−1), respectively) and 
lungs (mean reduction in viral titre, 2.9 and 2.4 log10(p.f.u. g−1),  
respectively) compared with control mAb-treated animals (Fig. 1b).  
These results are consistent with those of previous studies in which 
the combinations of REGN10987/REGN10933 or COV2-2196/
COV2-2130 were shown to have therapeutic activity against infec-
tion with early (USA-WA1/2020) or variant (USA-WA1/2020 
N501Y/D614G) SARS-CoV-2 strains in rhesus macaques, ham-
sters and mice15–17. Virus titres in the lungs of animals treated with 
S309 were significantly lower than those in the organs of animals 
treated with the control mAb (mean reduction in viral titre, 1.5 log10 
(p.f.u. g−1)). In contrast, no differences in viral titres in the nasal tur-
binates were observed between the animals that were treated with 
this mAb and those treated with the control mAb. Thus, S309 showed 
less therapeutic effect against infection with D614G (HP095) com-
pared with the other mAbs. For the BA.1 (NC928)-infected groups, 
neither S309 nor REGN10987/REGN10933 influenced the virus 
titres in the nasal turbinates or the lungs of the animals (Fig. 1c). 
However, COV2-2196/COV2-2130 significantly reduced the virus 
titres in the lungs of the animals (mean reduction in viral titre, 2.7 
log10(p.f.u. g−1)), whereas the virus titres in their nasal turbinates 
were not affected by this treatment. Previous studies have shown 
that mutations at amino acid position 346 of the RBD affect the 
binding of class 3 mAbs such as COV2-213018–21. Next, we examined 
the neutralization activities of mAbs against an Omicron BA.1.1 
(that is, hCoV-19/Japan/NC929-1N/2021; NC929; BA.1.1 is a sub-
variant of BA.1 possessing the R346K mutation in the S protein). A 
live-virus focus reduction neutralization assay revealed that BA.1.1 
was neutralized by S309, REGN10933, COV2-2196, COV2-2130 or 
the combination of COV2-2196 and COV2-2130 to varying degrees 
(Supplementary Table 1), similar to our previous findings with 
Omicron BA.1 (NC928)14. However, unlike our previous results 
with BA.1 (NC928), COV2-2130 showed extremely high 50% 
focus reduction neutralization titre (FRNT50) values against BA.1.1 
(NC929, 13,558.20 ng ml−1), suggesting that this therapeutic mAb 
may not be effective against BA.1.1 variants encoding the S-R346K 
mutation. We therefore asked whether the COV2-2196/COV2-2130 
combination or COV2-2130 as monotherapy could inhibit the rep-
lication of BA.1.1 (NC929) in the respiratory tract of hamsters. We 
found that neither COV2-2130 nor COV2-2196/COV2-2130 had 
an effect on the virus titres in the nasal turbinates or the lungs of 
the animals (Fig. 1d). Taken together, these results indicate that the 
COV2-2196/COV2-2130 combination can restrict viral replication 
in the lungs of animals infected with BA.1 bearing S-346R even if 
the mAbs are administrated after the infection has occurred. In con-
trast, the COV2-2196/COV2-2130 combination may not be effec-
tive against BA.1.1 harbouring the S-R346K mutation.

Therapeutic effects of antivirals on BA.1 variants. Molnupiravir 
(an inhibitor of the RNA-dependent RNA polymerase of 

SARS-CoV-2) was approved by the FDA for the treatment of adult 
patients with COVID-19 on 23 December 2021. S-217622, an inhib-
itor of the main protease (also called 3CLpro) of SARS-CoV-2, is 
currently in clinical trials. We previously showed that the suscepti-
bility of BA.1 (NC928) to molnupiravir was comparable to that of an 
early SARS-CoV-2 strain (NC002) and other variants of concern14. 
In this study, we confirmed that the BA.1 variant and the early 
(SARS-CoV-2/UT-NC002-1T/Human/2020/Tokyo) strains have 
similar sensitivities to S-217622 in vitro (Supplementary Table 2).

After establishing the in vitro sensitivity of the BA.1 variants to 
antiviral compounds, we assessed their therapeutic efficiencies in 
hamsters infected with the BA.1 (NC928). The dosage of molnupi-
ravir for hamsters was determined on the basis of previous studies 
to evaluate the effect of molnupiravir against SARS-CoV-2 in the 
mouse model22. For S-217622, first we evaluated its pharmacokinetic 
(PK) parameters in hamsters. In hamsters administered S-217622 
at 60 mg kg−1, the plasma concentration of S-217622 reached the 
maximum at 1.88 h and then declined with a half-life (t1/2,z) value of 
3.43 h. The maximum concentration (Cmax), area under the concen-
tration–time curve (AUC)0–24h and AUC0-inf values at 60 mg kg−1 were 
128 µM, 937 µM h and 945 µM h, respectively (Extended Data Fig. 1 
and Supplementary Table 3). These PK parameters indicate that the 
plasma concentration of S-217622 would be expected to be 15.6 µM 
at 12 h after dosing at 60 mg kg−1, which is higher than the 50% effec-
tive concentration (EC50; 1.73 µM) (Supplementary Table 2); there-
fore, we determined that we would administer S-217622 at a dosage 
of 60 mg kg−1 per 12 h. Hamsters intranasally infected with 103 p.f.u. 
of virus were treated by oral gavage twice daily (at 12 h intervals) for 
1, 2 or 3 d with 500 mg kg−1 per 12 h (1,000 mg kg−1 d−1) molnupiravir 
or with 60 mg kg−1 per 12 h (120 mg kg−1 d−1) S-217622, beginning at 
24 h post-infection (Fig. 2a). On Days 2, 3 or 4 post-infection, the 
animals were killed, and nasal turbinates and lungs were collected 
for virus titration. Although no differences in the virus titres in the 
nasal turbinates were found between the animals that were treated 
with molnupiravir and those treated with methylcellulose (control) 
on Days 3 and 4 post-infection, treatment with this compound led to 
a significant 7.3-fold reduction in virus titres in the nasal turbinates 
on Day 2 post-infection (Fig. 2b). Treatment with S-217622 resulted 
in significant 18.3 and 9.9-fold reductions in virus titres in the nasal 
turbinates on Days 2 and 4 post-infection, respectively. Moreover, 
both compounds dramatically reduced lung virus titres; no virus 
was recovered from the lungs of all four animals treated with mol-
nupiravir at any timepoint post-infection, from the lungs of all four 
animals treated with S-217622 on Days 2 and 3 post-infection, or 
from the lungs of 3 of the 4 animals treated with S-217622 on Day 
4 post-infection.

Prolonged replication of influenza viruses in drug recipients is 
associated with an increased risk of emergence of antiviral drug 
resistance23–25. Therefore, we asked whether treatment with these 
compounds in immunosuppressed hosts with prolonged viral 
shedding could result in the emergence of resistant variants. To 
generate an immunocompromised model, cyclophosphamide 
(CPA) was administered intraperitoneally to hamsters on Days −3, 
1, 5 and 9 relative to infection as described previously26 (Fig. 2c).  
On Day 7 post-infection, virus titres were low in the nasal tur-
binates and lungs of untreated hamsters (Fig. 2d). In contrast, 
high levels of infection were sustained in the respiratory tract of 
the CPA-treated animals on Days 7 and 14 post-infection, indi-
cating that immunosuppressive treatment with CPA lead to pro-
longed viral shedding. Both molnupiravir and S-217622 efficiently 
inhibited virus replication in the lungs of the immunosuppressed 
animals on Day 7 post-infection (mean reduction in viral titre, 
4.2 and 3.4 log10(p.f.u. g−1), respectively) (Fig. 2d). These com-
pounds also reduced the levels of infectious virus in the lungs on 
Day 14 post-infection, although the difference compared with the 
vehicle control group was not statistically significant. However, 
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Fig. 1 | Therapeutic effects of monoclonal antibodies on the replication of SARS-CoV-2 Omicron BA.1 and BA.1.1 variants. a, Schematic diagram of the 
experimental workflow for assessing the therapeutic effects of monoclonal antibodies. b–d, Syrian hamsters were intranasally inoculated with 103 p.f.u. of 
D614G (HP095) (b), BA.1 (NC928) (c) or BA.1.1 (NC929) (d). On Day 1 post-infection of D614G (HP095) or BA.1 (NC928), the hamsters were intraperitoneally 
injected with a single dose of the REGN10987/REGN10933 or COV2-2196/COV2-2130 combination (2.5 mg kg−1 each), or S309 as monotherapy (5 mg kg−1). 
On Day 1 post-infection with BA.1.1 (NC929), the hamsters were intraperitoneally injected with a single dose of COV2-2130 as monotherapy (5 mg kg−1) or with 
the COV2-2196/COV2-2130 combination (2.5 mg kg−1 each). As a control, a human monoclonal antibody (1430E3/9) against the haemagglutinin of influenza 
B virus was injected. Hamsters were euthanized on Day 4 post-infection for virus titration. Sera were also collected at this timepoint, and titres of RBD-specific 
IgG antibodies in the sera were determined using ELISA plates coated with recombinant RBD derived from the S protein of Wuhan/Hu-1/2019 (GenBank 
accession no. MN908947). Top panels; ELISA titres and virus titres in animals treated with monoclonal antibodies. Red to blue shading represents the degree 
(high to low) of each titre in the animals. Bottom panels; bar graphs of virus titres in the respiratory organs of animals whose antibodies were successfully 
transferred. The endpoint titre is defined as the reciprocal of the highest dilution with an OD450 cut-off value ≥0.1. Antibody-transferred hamsters with low 
ELISA titres (≤640) (Nos. 1, 6, 48, and 49 denoted in red) were excluded from this analysis. The detection limit for virus titres was 1.7 log10(p.f.u. g−1). Vertical 
bars show the mean ± s.e.m. Points indicate data from individual hamsters (b, S309 and REGN10987/REGN10933, n = 4; d, COV2-2196/COV2-2130, n = 3; 
other groups in b–d, n = 5). The lower limit of detection is indicated by the horizontal dotted line. To compare the lung titres of the different groups in the BA.1 
(NC928)-infected hamsters, we used a Kruskal-Wallis test followed by Dunn’s multiple comparisons test. To compare the nasal turbinate and lung titres of the 
different groups in the D614G (HP095) or BA.1.1 (NC929)-infected hamsters and the nasal turbinate titres of the different groups in the BA.1 (NC928)-infected 
hamsters, we used a one-way ANOVA followed by Dunnett’s multiple comparisons test. P < 0.05 was considered statistically significant.
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Fig. 2 | Therapeutic effects of antiviral compounds on the replication of the SARS-CoV-2 Omicron BA.1 variant. a, Schematic diagram of the experimental 
workflow for assessing the therapeutic effects of antiviral compounds. b, Syrian hamsters were intranasally inoculated with 103 p.f.u. of BA.1 (NC928). At 
24 h post-infection (hpi), hamsters were treated with 500 mg kg−1 molnupiravir orally twice daily for 3 d or 60 mg kg−1 S-217622 orally twice daily for 3 d. 
Methylcellulose served as a control for oral treatment. Hamsters were euthanized on Days 2, 3 and 4 post-infection for virus titration. Vertical bars show 
the mean ± s.e.m. Points indicate data from individual hamsters (n = 4 per group). c, Schematic diagram of the experimental workflow for investigating 
the emergence of resistant variants. d,e, Four Syrian hamsters were intranasally inoculated with 103 p.f.u. of BA.1 (NC928). CPA was administered 
intraperitoneally to hamsters on Days −3, 1, 5 and 9 relative to infection. At 24 hpi, hamsters were treated with 500 mg kg−1 molnupiravir orally twice 
daily for 5 d or 60 mg kg−1 S-217622 orally twice daily for 5 d. Methylcellulose served as a control for oral treatment. d, Hamsters were euthanized on Days 
7 and 14 post-infection for virus titration. Vertical bars show the mean ± s.e.m. Points indicate data from individual hamsters (n = 4 per group). e, Drug 
susceptibility of viruses. Viruses were isolated from the lungs of immunosuppressed animals treated with molnupiravir, S-217622 or the vehicle control on 
Days 7 and 14 post-infection. EC50 values of molnupiravir or S-217622 were determined using the Spearman–Karber formula on the basis of the appearance 
of visually detectable CPE in quadruplicate experiments. EIDD-1931 is the active form of molnupiravir. -, not applicable. Red to blue shading represents 
the degree (high to low) of each titre in the animals. In b and d, the lower limit of detection is indicated by horizontal dashed lines. To compare the lung 
and nasal turbinate titres of the different groups in the BA.1 (NC928)-infected hamsters, we used a Kruskal-Wallis test followed by Dunn’s multiple 
comparisons test, and a one-way ANOVA followed by Dunnett’s multiple comparisons test, respectively. P < 0.05 was considered statistically significant.
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neither molnupiravir nor S-217622 affected the virus titres in the 
nasal turbinates of the animals on Days 7 and 14 post-infection. 
These results suggest that viral clearance cannot be achieved in 
immunocompromised hosts by the short-term use of these anti-
viral compounds. We determined the in vitro EC50 of molnupi-
ravir and S-217622 against viruses isolated from the lungs of 
immunosuppressed animals treated with each compound or the 
vehicle control on Days 7 and 14 post-infection. The susceptibili-
ties of isolates recovered from the drug-treated animals to each 
compound were comparable to those from control vehicle-treated 
animals (Fig. 2e). Deep sequencing analysis revealed that viruses 
isolated from the lungs of the molnupiravir-treated animal (#19) 
on Day 14 post-infection did not possess any mutations in the 
RNA-dependent RNA polymerase compared with the sequence 
from the samples from the control animal (#15) (Supplementary 
Table 4). No mutation was detected in the main protease of 
viruses recovered from the lungs of the S-217622-treated animals 
(#10 and #22) on Day 7 or Day 14 post-infection. The number 
of mutations detected in viruses isolated from the lungs of the 
molnupiravir-treated animal (#19) was greater than that from the 
control animal (#15) or S-217622-treated animals (#10 and #22).
This finding is consistent with the mechanism of action of mol-
nupiravir being a mutagen, leading to ‘error catastrophe’ during 
viral replication27. Together, these observations suggest that under 
the conditions tested, the emergence of resistant variants in immu-
nosuppressed hamsters treated with molnupiravir or S-217622 
appears to be limited.

Collectively, our observations suggest that the two antiviral com-
pounds tested here considerably restrict Omicron BA.1 variant rep-
lication in the lower respiratory tract. In addition, animals treated 
with S-217622 had a significant reduction in virus titres in their 
upper respiratory tract.

Discussion
The emergence of SARS-CoV-2 Omicron variants carrying a large 
number of mutations in the RBD of the S protein has raised concern 
that these variants may limit the therapeutic usefulness of mAbs. 
In this study, we observed that the mAb combination COV2-2196/
COV2-2130 efficiently suppressed the replication of an Omicron 
BA.1 variant lacking the S-R346K mutation in the lungs of hamsters 
when these mAbs were administrated 1 d post-infection, but was 
not effective against an Omicron BA.1.1 variant with the S-R346K 
mutation. Our results are consistent with those of previous stud-
ies in which mutations at position 346 of the RBD were found to 
confer immune escape from class 3 neutralizing mAbs such as 
COV2-213018–20.

Recent studies using in vitro neutralization assays have shown 
that sotrovimab and its parental form (S309) neutralize the Omicron 
variants4,6,14. In addition, prophylactic administration of hamster 
IgG2a S309 has been shown to prevent or significantly diminish the 
replication of SARS-CoV-2 in hamsters28. However, in this study, 
we observed that the therapeutic administration of this mAb had 
no effect on the virus titres in the respiratory tracts of hamsters 
infected with the BA.1 (NC928) variant. This lack of therapeutic 
efficacy against the BA.1 (NC928) variant may be due to the lower 
antibody-binding activities detected in animals at the time of virus 
titration (3 d after antibody administration) in S309-treated animals 
compared with COV2-2196/COV2-2130-treated animals (Fig. 1). 
Another study has shown that Fc effector functions enhance the 
therapeutic activity of neutralizing mAbs against SARS-CoV-2 
infections in hamsters29. Because the S309 tested in this study origi-
nated from a human, its Fc receptor might not be optimal to recruit 
effector functions in hamsters. Further investigations are required 
to determine whether the replication of the BA.1 variants is effi-
ciently inhibited by S309 possessing Fc domains modified to match 
the target host Fc receptors.

We observed that Omicron BA.1 variants replicated less effi-
ciently in the lungs of infected hamsters (Fig. 2b), consistent with our 
previous study30. A recent study has shown that Omicron variants 
replicate to lower titres than Delta variants in lower airway organ-
oids and Calu-3 lung cells31, although Omicron and Delta variants 
replicate with similar efficiency in human nasal epithelial cultures. 
Human protein transmembrane protease serine 2 (TMPRSS2)31, 
which is expressed at high levels in human and hamster lung32,33, 
activates the S protein of SARS-CoV-2 and the S protein of Omicron 
variants has been shown to inefficiently use TMPRSS2. Therefore, 
the reduced TMPRSS2 usage of the Omicron S protein may 
affect the replication of Omicron variants in the lungs of humans  
and hamsters.

Our study has several potential limitations: (1) Although ham-
sters are one of the most susceptible animals to SARS-CoV-2 
among those tested, including mice and non-human primates, the 
Omicron BA.1 variants are attenuated in hamsters especially in the 
lungs. It is not known whether the Omicron variants in humans are 
as attenuated as in hamsters. The difference (if any) in the replica-
tion of the Omicron variants in humans and hamsters may affect 
the effectiveness of the mAbs and antiviral compounds; (2) We did 
not see efficacy with some of the mAbs or mAb cocktails. Because it 
is difficult to administer a large volume of antibodies intravenously 
to hamsters, we administered them intraperitonially. However, in 
humans, they are administered intravenously. The route of admin-
istration may affect the efficacy of antibodies; (3) The mAbs gen-
erated in this study are not identical to the mAbs in clinical use 
because amino acid substitutions have been introduced into clinical 
mAbs to enhance their half-lives and reduce their effector functions 
and this difference may have led to the lower efficacy in the ham-
ster model; and (4) The mAbs tested in this study have the human 
IgG1 Fc region. Because the Fcγ receptors of humans and hamsters 
are different, inefficient Fc-mediated effector functions elicited by 
interactions with Fcγ receptors may have affected the efficacy in 
hamsters.

In conclusion, our data show that the two small-molecule anti-
viral agents molnupiravir and S-217622 may have therapeutic value 
against Omicron BA.1 variants of SARS-CoV-2. Our data also sug-
gest that the mAb combination COV2-2196/COV2-2130 may be an 
effective treatment option against Omicron BA.1 variants that lack 
the S-R346K mutation. Importantly, however, this mAb combina-
tion may not provide effective treatment against Omicron BA.1.1 
variants harbouring the S-R346K mutation. The use of therapeu-
tic mAbs in patients infected with Omicron variants should be  
carefully considered.

Methods
Cells. VeroE6/TMPRSS2 (JCRB 1819) cells34,35 were propagated in the presence 
of 1 mg ml−1 geneticin (G418; Invivogen) and 5 μg ml−1 plasmocin prophylactic 
(Invivogen) in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal 
calf serum and antibiotics, and maintained at 37 °C with 5% CO2. Chinese hamster 
ovary (CHO) cells were maintained in DMEM containing 10% fetal calf serum and 
antibiotics at 37 °C with 5% CO2. Expi293 cells (Thermo Fisher) were maintained 
in Expi293 expression medium (Thermo Fisher) at 37 °C under 8% CO2. The cells 
were regularly tested for mycoplasma contamination using PCR, and confirmed to 
be mycoplasma-free.

Viruses. hCoV-19/Japan/NC928-2N/2021 (Omicron BA.1; NC928)14, hCoV-19/
Japan/NC929-1N/2021(Omicron BA.1.1; NC929), SARS-CoV-2/UT-NC002-1T/
Human/2020/Tokyo (NC002)7 and SARS-CoV-2/UT-HP095-1N/Human/2020/
Tokyo (D614G; HP095)35 were propagated in VeroE6/TMPRSS2 cells in VP-SFM 
(Thermo Fisher). All experiments with SARS-CoV-2 were performed in enhanced 
biosafety level 3 containment laboratories at the University of Tokyo, which are 
approved for such use by the Ministry of Agriculture, Forestry and Fisheries, Japan.

Antibodies. Amino acid sequences for the variable region of the heavy and light 
chains of the following human monoclonal antibodies against the S protein were 
used for gene synthesis: clones tixagevimab (COV2-2196/AZD8895; GenBank 
accession numbers QLI33947 and QLI33948), casirivimab (REGN10933; 
PDB accession numbers 6XDG_B and 6XDG_D), cilgavimab (COV2-2130/

NATURE MICROBIOlOgY | VOL 7 | AUGUST 2022 | 1252–1258 | www.nature.com/naturemicrobiology1256

http://www.nature.com/naturemicrobiology


ArticlesNATuRE MICROBIOlOGy

AZD1061; GenBank accession numbers QKY76296 and QKY75909), imdevimab 
(REGN10987; PDB accession numbers 6XDG_A and 6XDG_A) and S309 (PDB 
accession numbers 6WS6_A and 6WS6_F). An artificial signal sequence and 
the constant gamma heavy (IgG1, UniProtKB/Swiss-Prot accession number 
P01857) and kappa (UniProtKB/Swiss-Prot accession number P01834) or lambda 
(UniProtKB/Swiss-Prot accession number P0DOY2) light chain coding sequences 
were added before and after each variable region. Codon usage was optimized 
for expression in CHO cells. The synthesized genes were cloned into a plasmid 
for protein expression and transfected into CHO cells. Cell culture media were 
collected after incubation for 10–14 d at 37 °C. A human monoclonal antibody 
(1430E3/9) against the haemagglutinin of influenza B virus36 was previously cloned 
into the expression vector Mammalian Power Express System (TOYOBO) and was 
transiently expressed by Expi293 cells. Monoclonal antibodies were purified by 
using MabSelect SuRe LX (Cytiva) or a protein A column. Purity was confirmed 
by SDS–PAGE and/or HPLC before use. The reactivities of these antibodies against 
SARS-CoV-2, including the Alpha, Beta, Delta, Gamma and Omicron variants, 
have been tested previously14.

Antiviral compounds. Molnupiravir (EIDD-2801) was purchased from 
MedChemExpress. S-217622 was kindly provided by Shionogi Co., Ltd. All 
compounds were dissolved in 0.5% methylcellulose before use in in vivo 
experiments.

Pharmacokinetics studies in Syrian hamsters. Male Syrian hamsters (5 
weeks) were purchased from Japan SLC. The dosing vehicle was 0.5% (w/v) 
methylcellulose (400 cP). The compound was orally administered at 60 mg kg−1 
(n = 4) under non-fasted conditions. Blood samples (0.1 ml) were collected 
with disposable syringes containing anticoagulants (EDTA 2K and heparin) at 
0.5, 1, 2, 4, 8 and 24 h after dosing. Blood samples were centrifuged (1,800 × g, 
4 °C, 10 min) to obtain plasma samples, which were transferred to tubes and 
stored in a freezer until analysed. Plasma concentrations were determined 
using a liquid chromatography–tandem mass spectrometry (LC–MS/MS) 
system following protein precipitation with acetonitrile (MeCN). The LC–MS/
MS system, equipped with a positive electrospray ionization (ESI) surface, 
consisted of an API5000 tandem mass spectrometer (AB SCIEX) and a Nexera 
ultra high-performance liquid chromatograph system (Shimadzu). The multiple 
reaction monitoring mode was selected and monitored the precursor ion (m/z 
532.347) and product ion (m/z 145.042). The cone voltage and collision energy 
were set to 90 V and 55 V, respectively. The column YMC-Triart C18 (3 µm, 
2.1 mm Inner Diameter (I.D.) × 50 mm, YMC) was used and column temperature 
was maintained at 40 °C for chromatographic separation of analytes. The mobile 
phases were 0.1% (v/v) formic acid in distilled water (mobile phase A) and MeCN 
(mobile phase B). The flow rate was 0.75 ml min−1. The gradient condition was 
30-65-95-95-30 (% of mobile phase B concentration)/0-0.9-0.91-1.1-1.11-1.5 
(min). Pharmacokinetic parameters of S-217622 in plasma were calculated by 
using WinNonlin (Ver. 8.3, Certara, L.P.) on the basis of a non-compartment 
analysis with uniform weighting. The concentration of S-217622 at 12 h after 
single oral administration of S-217622 was simulated using a non-parametric 
analysis from the mean plasma concentration data after single oral administration 
of S-217622 at 60 mg kg−1.

Evaluation of therapeutic efficacy of mAbs and antiviral compounds in Syrian 
hamsters. Five- to six-week-old male Syrian hamsters (Japan SLC) were used 
in this study. For the evaluation of mAb efficacy in hamsters, under isoflurane 
anaesthesia, five hamsters per group were inoculated intranasally with 103 p.f.u. 
(in 30 μl) of HP095, BA.1 (NC928) or BA.1.1 (NC929). On Day 1 post-infection, 
the hamsters were injected intraperitoneally with 1 ml of a mAb preparation 
(5 mg kg−1). The animals were euthanized on Day 4 post-infection, and the virus 
titres in the nasal turbinates and lungs were determined using plaque assays on 
VeroE6/TMPRSS2 cells.

For the evaluation of antiviral compound efficacy in hamsters, under isoflurane 
anaesthesia, four hamsters per group were inoculated intranasally with 103 p.f.u. 
(in 30 μl) of BA.1 (NC928). At 24 h after inoculation, hamsters were treated 
with the following antiviral compounds: (1) molnupiravir, 500 mg kg−1 (in 1 ml) 
administered orally twice daily; (2) S-217622, 60 mg kg−1 (in 1 ml) administered 
orally twice daily; or (3) methylcellulose (1 ml) as a control for oral treatment. The 
animals were euthanized on Day 2, 3 or 4 post-infection, and the virus titres in 
the nasal turbinates and lungs were determined using plaque assays on VeroE6/
TMPRSS2 cells.

For the evaluation of the emergence of antiviral-resistant virus in hamsters, 
CPA was administered intraperitoneally to hamsters on Day −3 (140 mg kg−1), 
1 (100 mg kg−1), 5 (100 mg kg−1) and 9 (100 mg kg−1) relative to infection. Under 
isoflurane anaesthesia, four hamsters per group were inoculated intranasally 
with 103 p.f.u. (in 30 μl) of BA.1 (NC928) on Day 0. At 24 h after inoculation, 
the hamsters were treated with the following antiviral compounds for 5 d: (1) 
molnupiravir, 500 mg kg−1 (in 1 ml) administered orally twice daily; (2) S-217622, 
60 mg kg−1 (in 1 ml) administered orally twice daily; or (3) methylcellulose 
(1 ml) as a control for oral treatment. The animals were euthanized on Day 7 
or 14 post-infection, and the virus titres in the nasal turbinates and lungs were 

determined using plaque assays on VeroE6/TMPRSS2 cells. Viruses were also 
isolated from lung homogenates for EC50 determination and viral genome analysis.

All experiments with hamsters were performed in accordance with the Science 
Council of Japan’s Guidelines for Proper Conduct of Animal Experiments and 
the guidelines set by the Institutional Animal Care committee. The protocols 
were approved by the Animal Experiment Committee of the Institute of Medical 
Science, the University of Tokyo (approval number PA19-75).

ELISA. ELISA was performed as previously reported37. Briefly, 96-well Maxisorp 
microplates (Nunc) were incubated with the recombinant RBD of the S protein 
or HexaPro prefusion-stabilized versions of the S ectodomain (S6pro)38 (prototype 
virus or omicron variant) (50 μl per well at 2 μg ml−1), or with PBS at 4 °C overnight 
and were then incubated with 5% skim milk in PBS containing 0.05% Tween-20 
(PBS-T) for 1 h at room temperature. The microplates were reacted for 1 h at room 
temperature with hamster serum samples (initially diluted 40-fold) or monoclonal 
antibodies (1 µg ml−1) in PBS-T containing 5% skim milk and subsequently 
serially 2-fold diluted, followed by peroxidase-conjugated goat anti-human IgG, 
Fcγ fragment-specific antibody (Jackson Immuno-Research) for 1 h at room 
temperature. Then, 1-Step Ultra TMB-Blotting solution (Thermo Fisher) was 
added to each well, followed by incubation for 3 min at room temperature. The 
reaction was stopped by the addition of 2 M H2SO4 and the optical density at 
450 nm (OD450) was immediately measured. The average OD450 values of two PBS 
wells were subtracted from the average OD450 values of the two RBD or S6pro wells 
for background correction. A subtracted OD450 value of 0.1 or more was regarded 
as positive; the minimum dilution to give a positive result was used as the ELISA 
titre (for hamster serum) or the minimum concentration to bind S protein (for 
monoclonal antibodies).

FRNT. Neutralization activities of SARS-CoV-2 were determined using a focus 
reduction neutralization assay as previously described14,39. Serial dilutions of 
monoclonal antibodies (starting concentration, 50,000 ng ml−1) were mixed with 
1,000 focus-forming units of virus per well and incubated for 1 h at 37 °C. The 
antibody–virus mixture was inoculated on VeroE6/TMPRSS2 cells in 96-well 
plates in duplicate and incubated for 1 h at 37 °C. An equal volume of 1.2% Avicel 
RC-581 (DuPont Nutrition) in culture medium was added to each well. The cells 
were incubated for 24 h at 37 °C and then fixed with formalin. After the formalin 
was removed, the cells were immunostained with a mouse monoclonal antibody 
against SARS-CoV-1/2 nucleoprotein (clone 1C7C7, Sigma-Aldrich), followed by 
a horseradish peroxidase-labelled goat anti-mouse immunoglobulin (SeraCare 
Life Sciences). The infected cells were stained with TrueBlue Substrate (SeraCare 
Life Sciences) and then washed with distilled water. After cell drying, the focus 
numbers were quantified using an ImmunoSpot S6 Analyzer, ImmunoCapture 
software and BioSpot software (Cellular Technology). The results are expressed as 
FRNT50 values, which were calculated using GraphPad Prism software.

Determination of EC50 values. VeroE6/TMPRSS2 cells were seeded in 96-well 
plates 1 d before infection and incubated at a multiplicity of infection of 0.01 
with SARS-CoV-2 at 37 °C for 1 h. The inocula were then replaced with MEM 
containing 5% fetal calf serum and serially diluted EIDD-1931 (the active form 
of molnupiravir) or S-217622, and the cells were incubated at 37 °C with 5% CO2 
for 3 d to observe cytopathic effects (CPE). The EC50 was determined using the 
Spearman–Karber formula40 on the basis of the appearance of visually detectable 
CPE in quadruplicate experiments.

Whole-genome sequencing. Viral RNA was extracted using a QIAamp viral 
RNA mini kit (QIAGEN). The whole genome of SARS-CoV-2 was amplified 
using a modified ARTIC network protocol as described previously41. Briefly, viral 
complementary DNA was synthesized from the extracted RNA using a LunarScript 
RT SuperMix kit (New England BioLabs). The DNA was amplified by performing 
a multiplexed PCR in two pools using the ARTIC-N1 primers v5 and the Q5 Hot 
Start DNA polymerase (New England BioLabs). The DNA libraries for Illumina 
NGS were prepared from pooled amplicons using a QIAseq FX DNA library 
kit (QIAGEN) and were then analysed using the iSeq 100 System (Illumina). 
To determine the sequence of hCoV-19/Japan/NC929-1N/2021 (Omicron; 
NC929), the reads were assembled using the CLC Genomics Workbench (version 
21, Qiagen), with the Wuhan/Hu-1/2019 sequence (GenBank accession no. 
MN908947) as a reference. The sequence of NC929 was deposited in the Global 
Initiative on Sharing All Influenza Data (GISAID) database with accession ID: 
EPI_ISL_7890636. For the analysis of the viral genomes isolated from the lungs 
of hamsters treated with antiviral compounds, the reads were assembled using 
the CLC Genomics Workbench (version 22, Qiagen), with the NC928 sequence 
(GISAID accession no. EPI_ISL_7507055) as a reference. Amino acid mutations 
detected at a frequency of ≥10% are listed.

Statistical analysis. GraphPad Prism software was used to analyse all data. We 
compared virus titres in hamster organs with the control using a one-way analysis 
of variance (ANOVA) followed by Dunnett’s multiple comparisons test, or the 
Kruskal-Wallis test followed by Dunn’s test with multiple comparisons. Differences 
between groups were considered significant for P < 0.05.
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Extended Data Fig. 1 | Plasma concentration profile of S-217622 after single oral administration to hamsters at 60 mg/kg. S-217622 was orally 
administered to Syrian hamsters at 60 mg/kg under non-fasted conditions. Blood samples (0.1 mL) were collected at 0.5, 1, 2, 4, 8, and 24 h after dosing 
and the plasma concentrations of S-217622 were determined. Data are expressed as the mean ± SD (n = 4/group).
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BioSpot software (Cellular Technology)

Data analysis Prism 8.0 was used for the statistical analysis.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No sample-size calculations were performed. No statistical method was used to determine sample size. Hamster experiments were performed 
with at least n = 3 per group. All sample sizes were chosen based on standard practices in the field.

Data exclusions For antibody-transfer experiments, data were only excluded when the antibody levels in plasma were low (<640) after transfer of human 
mAbs because low antibody levels indicate the failed passive transfer of mAbs.

Replication All experiments with multiple biological replicates are indicated in the figure legends.

Randomization No method of randomization was used to determine how the animals were allocated to the experimental groups and processed in this study. 
However, covariates including sex and age were identical in groups.

Blinding No blinding was carried out due to the limited number of staff available to conduct these studies.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Amino acid sequences for the variable region of the heavy and light chains of the following human monoclonal antibodies against the 

S protein were used for gene synthesis: clones tixagevimab (COV2-2196/AZD8895; GenBank accession numbers QLI33947 and 
QLI33948), casirivimab (REGN10933; PDB accession numbers 6XDG_B and 6XDG_D), cilgavimab (COV2-2130/AZD1061; GenBank 
accession numbers QKY76296 and QKY75909), imdevimab (REGN10987; PDB accession numbers 6XDG_A and 6XDG_A), and S309 
(PDB accession numbers 6WS6_A and 6WS6_F). An artificial signal sequence and the constant gamma heavy (IgG1, UniProtKB/Swiss-
Prot accession number P01857) and kappa (UniProtKB/Swiss-Prot accession number P01834) or lambda (UniProtKB/Swiss-Prot 
accession number P0DOY2) light chain coding sequences were added before and after each variable region. Codon usage was 
optimized for expression in CHO cells. The synthesized genes were cloned into a plasmid for protein expression and transfected into 
CHO cells. Cell culture media were harvested after incubation for 10–14 days at 37 °C. A human monoclonal antibody (1430E3/9) 
against the hemagglutinin of influenza B virus was previously identified in our group and cloned into the expression vector 
Mammalian Power Express System (TOYOBO) and was transiently expressed by Expi293 cells. Monoclonal antibodies were purified by 
using MabSelect SuRe LX (Cytiva) or a protein A column. Purity was confirmed by SDS-PAGE and/or HPLC before use.  
Peroxidase-conjugated goat anti-human IgG, Fcγ Fragment specific antibody (Cat# 109-035-098, Jackson Immuno-Research) was 
used as the secondary antibody in the ELISA. 
A mouse monoclonal antibody against SARS-CoV-1/2 nucleoprotein [clone 1C7C7 (Sigma-Aldrich)] and a horseradish peroxidase-
labeled goat anti-mouse immunoglobulin (SeraCare Life Sciences) were used for the focus reduction neutralization test.  
A peroxidase-conjugated goat anti-human IgG, Fcγ Fragment specific antibody (Jackson Immuno-Research) was used for Enzyme-
linked immunosorbent assays (ELISAs). 

Validation The therapeutic monoclonal antibodies were validated in previous publications:  
Takashita, E. et al. Efficacy of Antibodies and Antiviral Drugs against Covid-19 Omicron Variant. N Engl J Med, doi:10.1056/
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The human monoclonal antibody (1430E3/9) against the hemagglutinin of influenza B virus was validated in a previous publication: 
Yasuhara, A. et al. Antigenic drift originating from changes to the lateral surface of the neuraminidase head of influenza A virus. Nat 
Microbiol 4, 1024-1034, doi:10.1038/s41564-019-0401-1 (2019). 
 
The mouse monoclonal antibody against SARS-CoV-1/2 nucleoprotein [clone 1C7C7 (Sigma-Aldrich)], the horseradish peroxidase-
labeled goat anti-mouse immunoglobulin (SeraCare Life Sciences), and the peroxidase-conjugated goat anti-human IgG, Fcγ 
Fragment specific antibody (Jackson Immuno-Research) were validated in a previous publication: 
Takashita, E. et al. Efficacy of Antibodies and Antiviral Drugs against Covid-19 Omicron Variant. N Engl J Med, doi:10.1056/
NEJMc2119407 (2022).

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) VeroE6/TMPRSS2 cells (available at Japanese Collection of Research Bioresources Cell Bank, JCRB 1819); Expi293F cells 
(available at Thermo Fisher Scientific); CHO cells (available at GenScript)

Authentication VeroE6/TMPRSS2, Expi293F, and CHO cells were assumed to have been authenticated by the cell bank or manufacturers. No 
further authentication was performed by the authors.

Mycoplasma contamination All cell lines are routinely tested each month and were negative for mycoplasma.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified lines were used in this study.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Male Syrian hamsters (5- to 6-week-old) were obtained from Japan SLC Inc., Shizuoka, Japan. 

Wild animals No wild animals were used in this study.

Field-collected samples This study did not involve samples collected from the field.

Ethics oversight All experiments with hamsters were performed in accordance with the Science Council of Japan’s Guidelines for Proper Conduct of 
Animal Experiments and the guidelines set by the Institutional Animal Care. The protocols were approved by the Animal Experiment 
Committee of the Institute of Medical Science, the University of Tokyo (approval number PA19-75).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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