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Abstract 28 

In parallel with vaccination, oral antiviral agents are highly anticipated to act as 29 

countermeasures for the treatment of the coronavirus disease 2019 (COVID-19) 30 

pandemic caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). 31 

Oral antiviral medication demands not only high antiviral activity but also target 32 

specificity, favorable oral bioavailability, and high metabolic stability. Although a 33 

large number of compounds have been identified as potential inhibitors of 34 

SARS-CoV-2 infection in vitro, few have proven to be effective in vivo. Here, we show 35 

that oral administration of S-217622, a novel inhibitor of SARS-CoV-2 main protease 36 

(Mpro, also known as 3C-like protease), decreases viral load and ameliorates the 37 

disease severity in SARS-CoV-2-infected hamsters. S-217622 inhibited viral 38 

proliferation at low nanomolar to sub-micromolar concentrations in cells. Oral 39 

administration of S-217622 demonstrated eminent pharmacokinetic properties and 40 

accelerated recovery from acute SARS-CoV-2 infection in hamster recipients. 41 

Moreover, S-217622 exerted antiviral activity against SARS-CoV-2 variants of 42 

concern (VOCs), including the highly pathogenic Delta variant and the recently 43 

emerged Omicron variant. Overall, our study provides evidence that S-217622, an 44 

antiviral agent that is under evaluation in a phase II/III clinical trial, possesses 45 

remarkable antiviral potency and efficacy against SARS-CoV-2 and is a prospective 46 

oral therapeutic option for COVID-19.  47 
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Main 48 

During the pandemic of the last two years, COVID-19 has caused an increasing 49 

number of cases and remains a serious public health concern. Vaccines and antiviral agents 50 

for COVID-19 have been developed and some have been approved for clinical use1. Oral 51 

antiviral medication is highly anticipated to shift the momentum of the pandemic because 52 

patients can administer it by themselves and thus benefit from easy access to treatment2. To 53 

date, two oral bioavailable antivirals have been validated in clinical trials and have been 54 

used for the treatment of COVID-19: molnupiravir and nirmatrelvir. Molnupiravir (MPV, 55 

also known as EIDD-2801) is a ribonucleoside prodrug of N-hydroxycytidine (NHC) and 56 

targets the viral RNA polymerase of SARS-CoV-2. Nirmatrelvir (also known as 57 

PF-07321332) is a selective inhibitor of SARS-CoV-2 main protease (Mpro). The in vivo 58 

efficacy of both antivirals have been experimentally proven in animal models3-5. 59 

SARS-CoV-2 possesses two viral proteases: Mpro, encoded by the nsp5 gene, and 60 

papain-like protease (PLpro), encoded by the nsp3 gene, which cleave nascent viral 61 

polyproteins for maturation in host cells1. Because these proteases play essential roles in the 62 

intracellular amplification stage of SARS-CoV-2 and lack human homologues, they are 63 

ideal targets for specific antivirals6-8. S-217622, a novel small-molecule inhibitor for 64 

SARS-CoV-2 Mpro, has been identified through large-scale screening and structure-based 65 

optimization9 (Fig. 1a). S-217622 showed favorable bioavailability and tolerability in 66 

healthy adults in a phase I trial, and has currently been evaluated in a phase II/III trial10. 67 

Here we report on the antiviral activity of S-217622 against SARS-CoV-2 variants of 68 

concern (VOCs) in cell culture and hamsters. 69 
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 70 

In vitro antiviral activity of S-217622 against SARS-CoV-2 71 

To investigate the antiviral activity of S-217622 in cells, we performed cell-based 72 

infection assays using the SARS-CoV-2 Delta variant (lineage B.1.617.2). The infection 73 

with SARS-CoV-2 was inhibited in Vero-TMPRSS2 and Calu-3 cells by S-217622 in a 74 

dose-dependent manner (Figs. 1b, c). S-217622 treatment also dose-dependently reduced 75 

the progeny viral load in the culture supernatants from both Vero-TMPRSS2 and Calu-3 76 

cells (Figs. 1d, e).  77 

Primary human bronchial epithelial cells (HBE cells) can be differentiated under 78 

air-liquid interphase culture conditions and used as an ex vivo model for SARS-CoV-2 79 

infection11. HBE cells were exposed to SARS-CoV-2 and treated with S-217622 though the 80 

basal medium (Fig. 1f). The progeny virus titers were decreased at low concentrations (12, 81 

37, and 111 nM) and were under the detection limit of the plaque assay (<100 plaque 82 

forming unit/ml) at 333 nM or more of S-217622 (Fig. 1g). Lactate dehydrogenase (LDH) 83 

release into basal culture medium is an indicator of cytotoxicity by virus infection and was 84 

decreased in the presence of S-217622 (Fig. 1h). The antiviral potency of S-217622 was 85 

similar to or higher than those of the antivirals approved for clinical use (nirmatrelvir, 86 

molnupiravir, and remdesivir; Extended Data Table 1). Since nirmatrelvir and remdesivir 87 

are major substrates for the plasma membrane multidrug transporter P-glycoprotein (P-gp), 88 

these antivirals require a P-gp inhibitor such as CP-100356 to inhibit the efflux of the 89 

antivirals from Vero cells, which express high levels of P-gp12. These data indicate that 90 
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S-217622 inhibits SARS-CoV-2 infection at nanomolar to submicromolar concentrations in 91 

different cells. 92 

To date, seven variants, namely, Alpha, Beta, Gamma, Delta, Omicron, Lambda, and 93 

Mu have emerged and have been assigned as VOC or variants of interest (VOI) by WHO. 94 

These variants possess amino acid changes in the spike protein, altering the infectivity, 95 

transmissibility, pathogenicity, or susceptibility to antibody neutralization13-16. Unlike the S 96 

gene, which encodes the viral spike protein, the nsp5 gene, which encodes Mpro, a target for 97 

S-217622, is well conserved among these VOCs and VOIs (Extended Data Fig. 1). Indeed, 98 

S-217622 exhibited antiviral activity against all VOCs, while neutralizing antibodies had 99 

different reactivities to some VOCs due to mutations in the spike protein (Extended Data 100 

Figs. 2a, b)15,17. The remarkable antiviral potency of S-217622 was also reproduced in 101 

Vero-TMPRSS2 cells infected with the SARS-CoV-2 Omicron variant (lineage BA.1) 102 

(Extended Data Figs. 3a, b). 103 

 104 

S-217622 disrupts the post-entry stage of SARS-CoV-2 infection 105 

To validate the antiviral mechanism of S-217622, we employed a luciferase-based 106 

biosensor assay for measurement of SARS-CoV-2 Mpro activity18. GloSensor-AVLQS 107 

contains a Mpro-cleavage motif and acts as an indicator of the protease activity of Mpro. 108 

GloSensor-RLKGG is a substrate of another SARS-CoV-2 protease, PLpro, and was used as 109 

a control. S-217622 inhibited the cleavage/activation of GloSensor-AVLQS by Mpro but not 110 

the cleavage/activation of GloSensor-RLKGG by PLpro, indicating the target specificity of 111 

S-217622 (Fig. 1i). The time of addition assay showed that S-217622 has an effect on the 112 
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post-entry process but not the cellular entry process of infection (Fig. 1j). These data 113 

suggest that S-217622 blocks SARS-CoV-2 infection through the inhibitory effect of viral 114 

Mpro activity at a post-entry stage. 115 

 116 

Prophylactic administration of S-217622 in hamsters 117 

We investigated the in vivo antiviral activity of S-217622 using Syrian hamsters in an 118 

animal model for COVID-1919,20. The pharmacokinetic parameters in plasma revealed the 119 

excellent bioavailability of S-217622 (Extended Data Table 2). After oral administration of 120 

S-217622, its concentration in plasma reached the maximum at 0.5 to 2.67 h after doses of 121 

10, 30, and 100 mg/kg in hamsters, and then declined with the t1/2,z values of 3.43 to 4.46 h 122 

(Fig. 2a and Extended Data Table 2). The Cmax and AUC were increased more than the dose 123 

ratio at 10 to 100 mg/kg. Based on the dose-dependency in hamsters, we set two different 124 

dose levels (30 mg/kg and 200 mg/kg) for our in vivo experiments. 125 

Hamsters were inoculated with SARS-CoV-2 Delta, a highly pathogenic variant13, 126 

followed by oral administration of antivirals twice a day (b.i.d.) from the time of 127 

inoculation (Fig. 2b). Vehicle control hamsters (0 mg/kg) were orally administered with the 128 

vehicle only. We employed molnupiravir (MPV, dose = 200 mg/kg) as a comparator drug, 129 

which has been reported to reduce the viral load of SARS-CoV-2 in hamsters5. Control 130 

hamsters lost more than 15% of body weight at 4–7 days post-infection (dpi), while 131 

hamsters treated with MPV showed only 5% body weight loss until 6 dpi (Fig. 2c). In 132 

contrast, hamsters treated with S-217622 continuously gained the weight through the 133 

experimental period. Viral RNA loads and titers in nasal turbinates and lungs of hamsters 134 
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treated with antivirals were lower than that of vehicle group (Figs. 2d-g). Notably, 135 

treatment with S-217622 (200 mg/kg) resulted in a more than 105-fold decrease in viral 136 

RNA load and the titers were under the detection limit in hamsters at 4 dpi (Figs. 2f, g). 137 

The antiviral activity of S-217622 was also observed in hamsters infected with other 138 

VOCs: Alpha (lineage B.1.1.7), Gamma (lineage P.1), and Omicron (Extended Data Figs. 139 

4a-f). SARS-CoV-2 infection caused severe pneumonia and induced host inflammatory 140 

responses in hamsters, while treatment with S-217622 decreased the expression levels of 141 

inflammatory cytokines (Figs. 2h-k). Hosts develop specific antibody from 10 to 14 dpi 142 

with SARS-CoV-221. Notably, no seroconversion was observed in hamsters treated with 143 

S-217622 (200 mg/kg) (Fig. 2l). These results suggest that S-217622 has antiviral activity 144 

in vivo and that prophylactic administration protects hamsters from SARS-CoV-2 infection 145 

and the onset of COVID-19. 146 

We examined whether post-exposure prophylactic administration of S-217622 147 

prevented viral transmission to susceptible hamsters (contact hamster) by co-housing 148 

susceptible hamsters with SARS-CoV-2-infected hamsters in the same cage (Fig. 2m). 149 

Susceptible hamsters continued to be exposed to virus shed from SARS-CoV-2-infected 150 

hamsters. After 6 days of co-housing with SARS-CoV-2-infected hamsters, high viral load 151 

was detected in the lungs of the contact hamsters treated with vehicle or MPV (Figs. 2n, o). 152 

However, prophylactic administration of S-217622 (200 mg/kg) resulted in a more than 153 

105-fold reduction in viral RNA load and under the detection limit of virus titer in the lung 154 

of hamsters at 4 dpi. The results suggested that prophylactic administration of S-217622 155 
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can inhibit viral spread among co-housed hamsters, highlighting the high level of in vivo 156 

antiviral efficacy of S-217622. 157 

 158 

Therapeutic administration of S-217622 in hamsters 159 

SARS-CoV-2 replicates rapidly in hamsters intranasally inoculated with SARS-CoV-2, 160 

and the viral load in the upper respiratory tract reaches its peak at 1–2 dpi13,22. To evaluate 161 

the therapeutic efficacy of S-217622, we treated hamsters with S-217622 from 1 dpi 162 

(delayed treatment protocol) (Fig. 3a). The vehicle and MPV groups showed similar body 163 

weight curves and lost more than 10% of body weight at 5–6 dpi (Fig. 3b). In contrast, the 164 

peak of body weight loss in hamsters receiving S-217622 was 7% (30 mg/kg) and 5% (200 165 

mg/kg) and body weight recovery was accelerated by the administration of S-217622. 166 

Administration of S-217622 or MPV had a limited effect on viral loads in nasal turbinates, 167 

but these antivirals significantly decreased the viral loads in the lungs at 4 dpi (Figs. 3c-f). 168 

Administration of S-217622 (200 mg/kg) achieved a greater than 103-fold decrease of virus 169 

titer in the lung of hamsters at 4 dpi (Fig. 3f). Administration of S-217622 decreased the 170 

expression levels of inflammatory cytokines in part, and the contribution to the control of 171 

the host inflammatory response was limited (Figs. 3g-j). We sequenced the nsp5 gene and 172 

found no homogenous amino acid substitution in progeny viruses in the lungs from 173 

S-217622-treated hamsters. These results suggest that administration of S-217622 decreases 174 

the viral load in the lungs and facilitates recovery from the infection, even with delayed 175 

treatment. 176 

 177 
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Histopathological findings in the lungs of SARS-CoV-2-infected hamsters 178 

In the prophylactic experiments (Fig. 2b), histopathological findings of viral 179 

pneumonia were prominent among the vehicle group and the MPV-administered hamsters 180 

(Fig. 4a). In contrast, S-217622 attenuated the lung pathology in a dose-dependent manner 181 

(Fig. 4a), and the histopathological severity score of the S-217622-administered (200 182 

mg/kg) group was significantly lower than the vehicle control group (Fig. 4b). Viral RNA 183 

was clearly decreased following both MPV and S-217622 (30 mg/kg) administration (Fig. 184 

4a). It was remarkable that viral RNA was hardly detected by in situ hybridization (ISH) in 185 

the S-217622 (200 mg/kg)-administered hamsters (Fig. 4a), consistent with the results of 186 

qRT-PCR (Fig. 2e). 187 

In the therapeutic experiments, histopathological examination of the lungs of vehicle 188 

control hamsters revealed massive infiltration of inflammatory cells, including neutrophils 189 

and lymphocytes, into alveoli and the alveolar walls accompanied with alveolar 190 

hemorrhage (Extended Data Fig. 5a). These findings were also detected in the 191 

drug-administered hamsters (Extended Data Fig. 5a), and neither MPV or S-217622 could 192 

attenuate the histopathological severity of viral pneumonia by therapeutic treatment 193 

(Extended Data Fig. 5b). Viral RNA was readily detected by ISH across extended areas of 194 

the lungs from the vehicle group (Extended Data Fig. 5a). Positive signals for viral RNA 195 

were slightly decreased in the MPV-administered animals, while a significant reduction 196 

was observed in the S-217622-administered groups (Extended Data Fig. 5a), which showed 197 

a discrepancy with the finding that the histopathological severity of viral pneumonia was 198 

similar between the two groups. 199 
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The viral antigen distributions in the lungs of the therapeutic administered groups were 200 

investigated using whole-imaging approaches with light sheet microscopy. Whole lung 201 

tissues were fixed, bleached, and stained with anti-SARS-CoV-2 antibody and then 202 

exposed to clearing solution for scanning. Slice images showed bronchial and peribronchial 203 

distribution of viral antigen in vehicle-treated hamsters (Fig. 4c). Reconstructed 3D images 204 

revealed that virus infection spread throughout the lungs of the vehicle-treated controls (Fig. 205 

4c and Supplementary Video 1). Consistent with the results of ISH, the signal distribution 206 

of viral antigen was limited in the lungs of hamsters treated with S-217622 (Fig. 4d and 207 

Supplementary Video 2). Administration of MPV decreased the viral distribution but the 208 

efficacy was relatively limited compared to administration of S-217622 (Fig. 4e and 209 

Supplementary Video 3). Taken together, these findings suggested that SARS-CoV-2 210 

replication was significantly inhibited by both prophylactic and therapeutic administration 211 

of S-217622, and that the progression of lung pathology due to viral pneumonia was also 212 

suppressed by prophylactic administration of S-217622. 213 

 214 

Discussion 215 

In this study, we characterized the antiviral activity of S-217622, a newly identified 216 

SARS-CoV-2 Mpro inhibitor. Our in vitro experiments revealed that S-217622 exhibits 217 

remarkable antiviral potency against all VOCs. Current vaccines and monoclonal antibody 218 

medications target the viral spike protein, which accumulates amino acid variations among 219 

SARS-CoV-2 variants16,17. In contrast, viral Mpro is less divergent, leading to the 220 

comparable susceptibility of VOCs to S-217622. Although host factors involved in virus 221 
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proliferation could be targets for antivirals, viral proteins are specific and favorable targets 222 

for antiviral development23. Overall, SARS-CoV-2 Mpro is a prospective target and the 223 

inhibitor S-217622 is a broadly reactive antiviral against SARS-CoV-2 variants. 224 

Prophylactic administration of S-217622 prominently decreased viral load in both nasal 225 

turbinates and lung tissues. Hamsters receiving high doses of S-217622 developed no 226 

detectable neutralizing antibodies at 18 days after inoculation. This result indicates that 227 

administration of S-217622 confers sterile protection against SARS-CoV-2 in the recipient 228 

animal and suggests the potential of S-217622 as a preventive medication for high-risk 229 

individuals who have close contact with patients with COVID-19, and potential treatment 230 

of those with active disease. In animal experiments, prophylactic administration at 231 

pre-infection or infection stages is a highly sensitive experimental method to detect the 232 

efficacy of antivirals24,25. Our experiments showed that S-217622 has an anti-SARS-CoV-2 233 

effect and facilitates recovery from the acute infection stage even in a post-exposure 234 

treatment environment, highlighting the high antiviral activity and the therapeutic potential 235 

of S-217622. 236 

MPV and nirmatrelvir have been approved as oral antiviral medications for clinical 237 

use; however, concerns remain regarding the efficacy and potential risks. The results of a 238 

recent clinical trial showed that MPV treatment decreased the risk of hospitalization for 239 

COVID-19 by 30%26,27. Our experiments also showed that therapeutic treatment with MPV 240 

had a limited effect on viral load and body weight decrease in hamsters. It also has been 241 

reported that MPV has mutagenesis for not only viral RNA but also host DNA in cell-based 242 

assays28. Nirmatrelvir is another Mpr° inhibitor and is reported to have an excellent in vivo 243 
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efficacy, with an 88% reduction in the risk of hospitalization or death29. A previous study, 244 

along with our data, shows that nirmatrelvir is highly sensitive to the multidrug transporter, 245 

P-gp, and requires a P-gp inhibitor to exhibit activity in Vero cells12. For clinical use, 246 

nirmatrelvir requires co-administration with a CYP3A4 inhibitor (ritonavir) as a 247 

pharmacokinetic booster to slow the metabolism of nirmatrelvir. Because the ritonavir 248 

booster also affects the metabolism of other medications, clinicians need to consider the 249 

potential other drug-drug interactions during treatments30. In contrast, S-217622 showed 250 

expected bioavailability and concentration without any pharmacokinetic booster for 251 

humans in a phase I trial10. Consequently, S-217622 has different biological properties from 252 

the preceding medications and is expected to be an alternative candidate for COVID-19 253 

therapy. 254 

We note some limitations of our study. First, therapeutic treatment with S-217622 was 255 

insufficient to control pneumonia in SARS-CoV-2-infected hamsters, although they 256 

regained lost body weight earlier compared to vehicle controls. We assume that the initial 257 

virus proliferation stimulated host immunity and subsequent inflammation31,32, and 258 

combination with antiviral and anti-inflammatory medication may lead to better results and 259 

outcomes33. Second, this study was conducted using hamsters as a COVID-19 model and 260 

the efficacy in human patients cannot be inferred. However, S-217622 is currently under 261 

evaluation in a phase II/III clinical trial. Third, the development of a resistant viral clone 262 

against S-217622 and its virological properties will need to be investigated in future 263 

studies. 264 
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In summary, our study has demonstrated the remarkable antiviral activity of S-217622 265 

through in vitro and in vivo experiments. This scientific evidence will be invaluable when 266 

considering the application of S-217622 as a medication for COVID-19. 267 

  268 
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Methods 380 

Ethics statement 381 

The animal experiments with virus infection were performed in accordance with the 382 

National University Corporation, Hokkaido University Regulations on Animal 383 

Experimentation. The protocol was reviewed and approved by the Institutional Animal 384 

Care and Use Committee of Hokkaido University (approval no. 20-0060). The animal 385 

experiments for pharmacokinetics analysis were approved by the Director of the institute 386 

after reviewing the protocol by the Institutional Animal Care and Use Committee in 387 

SHIONOGI & CO., Ltd. (approval no. S21187C-0001). 388 

 389 

Cells 390 

Calu-3 cells (ATCC, HTB-55) were maintained in Eagle's Minimum Essential Medium 391 

(MEM) containing 10% fetal bovine serum (FBS). Vero-TMPRSS2 cells [Vero E6 cells 392 

(ATCC, CRL-1586) stably expressing human TMPRSS2]34 were maintained in Dulbecco's 393 

Modified Eagle's Medium (DMEM) containing 10% FBS. 293T (RIKEN BRC, RCB2202) 394 

cells were maintained in high glucose DMEM containing 10% FBS. 395 

293T-ACE2-TMPRSS2 cells stably expressing human TMPRSS2 and ACE2 were 396 

established by a lentiviral vector transduction system as previously described35 and 397 

maintained in high glucose DMEM containing 10% FBS. Differentiated human bronchial 398 

epithelial cells were obtained as MucilAir-bronchial (Epithelix, EP01) and maintained 399 

under an air-liquid interphase culture condition with MucilAir culture medium (Epithelix) 400 

according to manufactures’ instruction. 401 
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 402 

Viruses 403 

SARS-CoV-2 VOC Alpha (strain QK002, lineage B.1.1.7, GISAID: EPI_ISL_768526), 404 

Beta (strain TY8-612, lineage B.1.351, GISAID: EPI_ISL_1123289) , Gamma (strain 405 

TY7-501, lineage P.1, GISAID: EPI_ISL_833366) , Delta (strain TY11-927, lineage 406 

B.1.617.2, GISAID: EPI_ISL_2158617) , Omicron (strain TY38-873, lineage BA.1, 407 

GISAID: EPI_ISL_7418017) were provided from National Institute of Infectious Diseases, 408 

Japan. The working viral stocks were prepared by a passage on Vero-TMPRSS2 cells. The 409 

titers of the prepared virus stocks were determined as plaque forming unit per ml (pfu/ml) 410 

by a plaque assay. 411 

 412 

Compounds 413 

S-217622 (fumaric acid co-crystal form) and Nirmatrelvir were synthesized by 414 

Shionogi & Co., Ltd.9. MPV and remdesivir were obtained from MedChemExpress. NHC 415 

was obtained from Angene. REGN10933 and REGN10987 were obtained from Cell 416 

Sciences. 417 

 418 

Plaque assay 419 

Monolayers of Vero-TMPRSS2 were inoculated with serial dilutions of either virus 420 

stock or experiment samples for 1h at 37°C. The cells were then overlaid with DMEM 421 

containing 2% FBS, 0.5% Bacto Agar (Becton Dickinson) and 25 μg/ml gentamicin 422 
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(Wako). At 3 dpi with omicron and 2 dpi with other variants, cells were fixed with 3.7% 423 

formaldehyde in PBS and stained with 1% crystal violet. 424 

 425 

Immunofluorescence staining 426 

Vero-TMPRSS2 and Calu-3 cells were inoculated with SARS-CoV-2 at multiplicities 427 

of infection (MOIs) of 0.1 and 10, respectively. After 1h incubation, cells were fed with 428 

fresh culture medium containing 2% FBS and S-217622. Vero-TMPRSS2 cells at 24 hpi 429 

and Calu-3 cells at 72 hpi were fixed with 3.7% formaldehyde in PBS, followed by 430 

permeabilization with 0.5% Triton X-100 in PBS for 5 min and staining with 431 

anti-SARS-CoV-2 nucleocapsid rabbit monoclonal antibody (GTX635679, GeneTex) in 432 

25% Block Ace (KAC) in PBS for 1 h. Alexa Fluor 488-conjugated anti-rabbit IgG 433 

antibody (Invitrogen; Thermo Fisher Scientific) was used as the secondary antibody. Nuclei 434 

were stained with Hoechst 33342 (Invitrogen). Fluorescent images were captured using 435 

IX73 fluorescence microscope (Olympus). 436 

 437 

qRT-PCR 438 

Vero-TMPRSS2 and Calu-3 cells were inoculated with SARS-CoV-2 at MOIs of 0.01 439 

or 0.1, respectively. After 1 h of incubation, the cells were washed three times with 440 

phosphate-buffered saline (PBS) and fed with fresh culture medium containing 2% FBS 441 

and S-217622. The culture supernatants were harvested at 24 hpi from Vero-TMPRSS2 442 

cells and 72 hpi from Calu-3 cells. Viral RNA in the supernatant was extracted with High 443 

Pure Viral RNA kit (Roche). The viral copy number was estimated by qRT-PCR with 444 
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Thunderbird Probe One-step qRT-PCR Kit (Toyobo). Probe and primers targeting 445 

SARS-CoV-2 N gene were previously described as N2 set36. 446 

For measurement of host gene expression and viral RNA levels in hamsters, total RNA 447 

was extracted from tissue homogenates with a combination of TRIzol LS (Invitrogen) and 448 

Direct-zol RNA MiniPrep kit (Zymo Research). For relative quantification of viral RNA 449 

and host mRNAs, RNA samples were analyzed by qRT-PCR with Thunderbird Probe 450 

One-step qRT-PCR Kit. Target RNA levels were normalized to hamster β-actin and 451 

calculated by the ΔΔCt method. Primers and probes for SARS-CoV-2 N gene were noted 452 

above. Other primers and probes for Actb, Ifng, Il6, Il10, Cxcl10 genes 37 were previously 453 

described. 454 

 455 

Evaluation of antiviral efficacy S-217622 in human bronchial epithelial cells 456 

The apical area of human bronchial epithelial cells were washed with culture medium 457 

and then inoculated with 5,000 pfu of SARS-CoV-2. After 30 min of incubation, the apical 458 

area was washed with PBS and the basal medium was replaced with fresh culture medium 459 

supplemented with S-217622. At 24, 48, and 72 hpi, 100 μl of culture medium was added at 460 

the apical area and harvested for virus titration after 20 min incubation. At 72 hpi, the level 461 

of LDH in the basal culture medium was quantified by LDH-Glo Cytotoxicity Assay kit 462 

(Promega). 463 

 464 

Biosensor assay for viral protease activity 465 
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The DNA fragments encoding SARS-CoV-2 NSP3 or NSP4, NSP5, N-terminal NSP6 466 

(NSP4/5/6N) were cloned into pCMV-derivative pCXSN vector to generate pSARS-CoV-2 467 

PLpro and pSARS-CoV-2 Mpro, respectively. The amino acid sequence AVLQS (for the 468 

cleavage by Mpro) or RLKGG (for the cleavage by PLpro) were inserted into 469 

pGloSensor-30F vector backbone (CS182101, Promega) to generate firefly luciferase-based 470 

biosensor expressing plasmid pGS-AVLQS or pGS-RLKGG, respectively. 293T cells on 471 

96-well plate were co-transfected with a set of pGS-AVLQS and pSARS-CoV-2 Mpro or a 472 

set of pGS-RLKGG and pSARS-CoV-2 PLpro using TranIT-LT1 (Mirus Bio) in the 473 

presence of serial diluted S-217622. At 24 h post transfection, the luminescence signals of 474 

biosensors and renilla luciferase (an internal control reporter) from pGS vectors were 475 

measured by Dual-Glo Luciferase Assay System (Promega). The ratio (firefly 476 

luciferase/renilla luciferase) was calculated to normalize for the influence of transfection 477 

efficiency. Non-treated cells were used as a control for 100% biosensor activation. 478 

 479 

Time of addition assay 480 

Calu-3 cells were inoculated with SARS-CoV-2 Delta variant at an MOI of 3 for 2 h in 481 

the presence or absence of inhibitors [S-217622 (1 μM), camostat (50 μM, Wako) or 482 

anti-SARS-CoV-2 spike (1 μg/ml, GTX635792, GeneTex)]. After washing three times with 483 

PBS, cell were cultured for 5 h with or without inhibitors. Total RNA was extracted from 484 

the cells using Purelink RNA Mini kit (Invitrogen) and subjected to measurement of 485 

intracellular viral RNA levels by qRT-PCR. Target RNA levels were normalized to human 486 
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β-actin (Hs99999903_m1, Applied Biosystems; Thermo Fisher Scientific) and calculated 487 

by the ΔΔCt method. Primers and probes for SARS-CoV-2 N gene were as noted above. 488 

 489 

Cytopathic effect-based cell viability assays 490 

Antiviral compounds and antibodies were serially diluted 2-fold increments by culture 491 

medium containing 2% FBS and plated on 96-well microplates. The diluted compounds in 492 

the plates were mixed with SARS-CoV-2 and cell suspension. The diluted antibodies were 493 

initially incubated with SARS-CoV-2 for 30 min and then added to cell suspension. Cells in 494 

the plates were cultured for 2–3 days, and then exposed with MTT 495 

(3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-2H-tetrazolium bromide) (Nacalai Tesque). Cell 496 

viability was determined by measurement of absorbance at 560 nm and 690 nm. The 497 

concentration achieving 50% inhibition of cytopathic effect (effective concentration; EC50) 498 

was defined in GraphPad Prism version 8.4.3 (GraphPad Software) with a variable slope 499 

(four parameters). Non-treated cells were used as a control for 100% inhibition. 500 

 501 

Pharmacokinetics studies 502 

Five-week old male Syrian hamsters (Japan SLC) were orally administered at 10, 30, and 503 

100 mg/kg of S-217622 under the non-fasting conditions (n = 3, each). Dosing vehicles 504 

were 0.5% (w/v) methyl cellulose 400. Multiple blasma samples (0.1 mL) were collected 505 

over time from hamsters and plasma samples were stored in a freezer until analysis. Plasma 506 

concentrations of S-217622 were determined by liquid chromatography-tandem mass 507 

spectrometry (LC/MS/MS) system following protein precipitation with acetonitrile 508 
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(MeCN). LC/MS/MS system equipped with a positive electrospray ionization (ESI) surface 509 

consisted of a API5000 (AB SCIEX, Framingham, MA, U.S.A.) and Nexera (Shimadzu 510 

Corporation, Kyoto, Japan). The multiple reaction monitoring (MRM) mode was selected 511 

and monitored the precursor ion (m/z 532.347) and product ion (m/z 145.042). The cone 512 

voltage and collision energy were set 90V and 55V, respectively. The column [YMC-Triart 513 

C18 (3 µm, 2.1 mm I.D.×50 mm), YMC Co., Ltd] was used and column temperature was 514 

maintained at 40°C for chromatographic separation of analytes. The mobile phases were 515 

0.1% (v/v) formic acid in distilled water (mobile phase A) and MeCN (mobile phase B). 516 

The flow rate was 0.75 mL/min. The gradient condition was 30-65-95-95-30 (% of mobile 517 

phase B concentration) / 0 0.9-0.91-1.1-1.11-1.5 (min). Pharmacokinetic parameters of S 518 

217622 in plasma were calculated by WinNonlin (Ver. 8.3, Certara, L.P.) based on a non 519 

compartment analysis with uniform weighting. 520 

 521 

Virus infection and treatment of hamsters 522 

Five-week old male Syrian hamsters (Japan SLC) were intranasally inoculated with 523 

5,000 pfu of SARS-CoV-2 in 200 μl of PBS under anesthesia with isoflurane inhalation. 524 

S-217622 was suspended in 0.5 % (w/v) methyl cellulose 400 and MPV was suspended in 525 

10% polyethylene glycol 400 with 2.5% Cremophor RH40. For treatment, hamsters were 526 

orally administered twice daily with antivirals under anesthesia with isoflurane inhalation. 527 

Vehicle control hamsters were administered with 0.5 % (w/v) methyl cellulose 400. Body 528 

weights of animals were monitored daily. Nasal turbinates and lungs were collected from a 529 

subset of hamsters at 4 dpi and homogenized in 1ml or 5 ml of PBS with TissueRuptor 530 
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(Qiagen), respectively. A part of the homogenate was subjected to plaque assays for virus 531 

titration. Total RNA was extracted from the homogenate with Direct-zol RNA MiniPrep kit 532 

and analyzed by qRT-PCR as mentioned above. To determine the titers of neutralizing 533 

antibody in hamsters, serum samples were collected from hamsters at 18 dpi and 534 

heat-inactivated at 56°C for 30 min. Virus neutralization assays were performed following 535 

the protocol as previously described38. The neutralization titer was defined as the reciprocal 536 

of the highest serum dilution that completely inhibited the cytopathic effect in 537 

Vero-TMPRSS2 cells. 538 

For virus transmission between animals, one hamster per cage was inoculated with 539 

5,000 pfu of SARS-CoV-2 Delta variant (infected hamster) and co-housed with three naïve 540 

hamsters (contact hamsters) in the same cage. Only contact hamsters were orally 541 

administered twice daily with antivirals from the time of co-housing. After 6 days, lung 542 

tissues were samples from contact hamsters and analyzed by virus titration and qRT-PCR 543 

as described above. 544 

 545 

Histopathological examination 546 

Lung tissues at 4 dpi were fixed in 3.7% formaldehyde in PBS and embedded in 547 

paraffin. To detect viral RNA in the paraffin sections, ISH was carried out using an RNA 548 

scope 2.5 HD Red Detection kit (Advanced Cell Diagnostics) with antisense probe 549 

targeting the nucleocapsid gene of SARS-CoV-2 (Advanced Cell Diagnostics) as 550 

previously described14. Histopathological severity score of pneumonia was determined 551 

based on the percentage of alveolar inflammation in a given area of a pulmonary section 552 
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collected from each animal in each group using the following scoring system: 0, no 553 

pathological change; 1, affected area (≤10%); 2, affected area (<50%, >10%); 3, affected 554 

area (≥50%); an additional point was added when pulmonary edema and/or alveolar 555 

hemorrhage was observed14. The total score for the five lobes was calculated for each 556 

animal. 557 

 558 

Light sheet microscopy 559 

Samples for whole imaging analysis were prepared following the method of iDISCO as 560 

previously described with minor modifications39. Lung tissues at 4 dpi were fixed in 3.7% 561 

formaldehyde in PBS. The lungs were dehydrated by serial incubations in PBS, 50% 562 

methanol in PBS, 80% methanol in PBS, 100% methanol for 90 min each. Tissue bleaching 563 

was performed in a 9:1 mixture of 100% methanol and 30% H2O2 solution for overnight at 564 

4°C. The lungs were rehydrated by serial incubations in 100% methanol twice, 80% 565 

methanol in PBS, 50% methanol in PBS, PBS for 60 min each. Tissue blocking was 566 

performed in PBSBT (20% Block Ace, 0.5% Triton X-100, 0.009% NaN3 in PBS) for 24 h. 567 

Tissues were then stained with anti-SARS-CoV-2 spike (1:2000, GTX635792, GeneTex) in 568 

PBSBT with 0.1% saponin for 4 days, followed by washing five times for 12 min each in 569 

PBS with 0.5% Triton X-100. Tissues were further incubated for 4 days with secondary 570 

antibody staining solution; Alexa Fluor Plus 647-conjugated anti-rabbit IgG (A32795, 571 

Invitrogen) diluted in PBSBT with 0.1% saponin and filtrated though a 0.45 μm syringe 572 

filter. After washing five times for 12 min each in PBS with 0.5% Triton X-100, the 573 

immunostained tissues were dehydrated by serial incubations in 50% methanol in PBS, 574 
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80% methanol in PBS, 100% methanol twice for 12 h each. Samples were then treated with 575 

dichloromethane for 40 min for removal of lipids, and then dibenzyl ether overnight. All 576 

incubation processes were conducted on an orbital shaker or a rotator. Fluorescence images 577 

were acquired by UltraMicroscope Blaze (Miltenyi Biotec) according to the manufactures’ 578 

instruction. Image data was converted and processed into 3D reconstruction by Imaris 579 

software (Oxford Instruments). 580 

 581 

Statistical analysis 582 

Statistical significance was determined by two-tailed Mann-Whitney test (Extended Figs. 583 

4a-f), one-way analysis of variance (ANOVA) with Dunnet's test (Figs. 1d, 1e, 1h, 1i and 584 

Extended Fig. 3b), one-way ANOVA with Tukey's test (Fig. 2h-k and 3g-j), Kruskal-Wallis 585 

test with Dunn’s multiple comparisons test (Fig. 1g, 2d-g, 2l, 2n, 2o, 3c-f, 4b and Extended 586 

Data Fig. 5b). All statistical tests were carried out using GraphPad Prism version 8.4.3 587 

software. 588 

  589 
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Figure Legends 624 

Fig 1. S-217622 inhibits SARS-CoV-2 infection at the post-entry stage. 625 

a, Chemical structure formula of S-217622. b, c, Immunofluorescence staining of 626 

SARS-CoV-2-infected cells. Vero-TMPRSS2 (b) and Calu-3 (c) cells were inoculated with 627 

a SARS-CoV-2 Delta variant and then cultured in the presence of S-217622 for 24 h and 72 628 

h, respectively. Cells were stained with anti-SARS-CoV-2 nucleocapsid antibody (green) 629 

and Hoechst 33342 (magenta). Scale bars, 100 μm. d, Viral RNA levels in the culture 630 

supernatant of Vero-TMPRSS2 at 24 hours post-infection (hpi) with a SARS-CoV-2 Delta 631 

variant. e, Viral RNA levels in the culture supernatant of Calu-3 at 72 hpi with 632 

SARS-CoV-2 Delta variant. f, Schematic representations of the SARS-CoV-2 infection 633 

experiment in a human airway tissue model. Viral growth was monitored by titration of 634 

progeny virus in the mucus layer on apical surface. The tissue damage by viral infection 635 

was estimated by measurement of lactate dehydrogenase (LDH) released from cells into the 636 

basal culture medium. g, Growth of SARS-CoV-2 Delta variant in a human airway tissue 637 

model. Basal culture medium was supplemented with the indicated concentration of 638 

S-217622. h, The levels of LDH in the basal culture medium was measured by LDH-Glo 639 

luminescent assay. i, Luciferase-based biosensor assay for SARS-CoV-2 protease activity. 640 

293T cells were co-transfected with expression plasmids of SARS-CoV-2 Mpro and a 641 

biosensor for SARS-CoV-2 Mpro and maintained in the presence of S-217622. The 642 

luminescence signal from the biosensor was measured as the protease activity at 24 h post 643 

transfection. 293T cells expressing SARS-CoV-2 PLpro and another biosensor for PLpro 644 

were used as a control for the target specificity of S-217622. j, Time of the addition assay 645 
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of S-217622. Calu-3 cells were treated with S-217622 during inoculation (entry stage), after 646 

inoculation (post-entry stage), or both entry and post-entry stages of SARS-CoV-2. The 647 

inhibitory effect of each treatment was evaluated by measurement of intracellular viral 648 

RNA level at 7 hpi. Camostat and anti-SARS-CoV-2 spike antibody were used as entry 649 

inhibitors for assay controls. The values shown are mean ± standard deviation (SD) of 650 

triplicate samples. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by one-way ANOVA 651 

with Dunnet's test (d, e, h, i) or Kruskal-Wallis test with Dunn’s test (g). 652 

 653 

Fig 2. Prophylactic treatment of S-217622 prevents viral growth and the onset of 654 

COVID-19 in hamsters inoculated with SARS-CoV-2. 655 

a, Plasma concentration profile of S-217622 after a single oral administration in hamsters. 656 

Plasma samples were harvested at the indicated time points and analyzed by LC/MS/MS. b, 657 

Schematic of the experimental design for prophylactic treatment in a hamster model. 658 

Hamsters were intranasally inoculated with 5,000 plaque-forming units (pfu) of 659 

SARS-CoV-2 Delta variant. For prophylactic treatment, the hamsters were treated with oral 660 

administration of S-217622 or vehicle (0 mg/ml) twice daily (b.i.d.) from the time of 661 

infection to 4 dpi. Molnupiravir (MPV) was used as a comparator drug. A group of 662 

hamsters were sacrificed at 4 dpi for tissue collection. c, Body weight changes in uninfected 663 

hamsters (n = 3) and SARS-CoV-2-infected hamsters with the treatments of S-217622 (30 664 

mg/ml and 200 mg/ml), vehicle (0 mg/ml), or MPV (200 mg/kg) (n = 4 for each group). 665 

d, e, Viral RNA levels in nasal turbinates (d) and lungs (e) from hamsters at 4 dpi with 666 

SARS-CoV-2. Each group of hamsters was treated with vehicle (red), 30 mg/kg (blue), and 667 
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200 mg/kg (orange) of S-217622 or MPV (green). Relative viral RNA levels in lungs as 668 

compared with lungs from vehicle-treated hamsters were examined. Data were normalized 669 

to β-actin. f, g, Virus titers in nasal turbinates (f) and lungs (g) from hamsters at 4 days 670 

post-infection (dpi) with SARS-CoV-2 were determined by plaque assay. Each group of 671 

hamsters was treated with vehicle (red), 30 mg/kg (blue) and 200 mg/kg (orange) of 672 

S-217622, or MPV (green). h-k, Cytokine gene expression profiles in lungs from hamsters 673 

at 4 dpi with SARS-CoV-2. Relative gene expression levels of indicated cytokines in the 674 

lungs as compared with lungs from uninfected hamsters were examined using qRT-PCR. 675 

Data were normalized to β-actin. l, Neutralizing antibody titers in hamster serum at 18 dpi. 676 

m, Schematic of the experimental design for virus transmission from infected hamster to 677 

naïve hamster. One hamster per cage was inoculated with 5,000 pfu of SARS-CoV-2 Delta 678 

variant (infected hamster). Three naïve hamsters (contact hamsters) were co-housed with 679 

the infected hamster in the same cage. Only the contact hamsters were prophylactically 680 

treated with S-217622 or MPV (b.i.d.) n, o, Viral RNA levels (n) and virus titers (o) in 681 

lungs from the contact hamsters after 6 days of co-housing with the infected hamster. Each 682 

group of the contact hamsters was treated with vehicle (red), 30 mg/kg (blue) and 200 683 

mg/kg (orange) of S-217622, or MPV (green). For the comparison of viral RNA levels, 684 

relative viral RNA levels in lungs compared to lungs from vehicle-treated hamsters were 685 

examined. Data were normalized to β-actin. The values shown are mean ± SD. ns = not 686 

significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by Kruskal-Wallis test with 687 

Dunn’s test (d-g, l, n, o) or one-way ANOVA with Tukey's test (h-k). 688 

 689 
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Fig 3. Therapeutic treatment with S-217622 decreased the viral load of SARS-CoV-2 690 

and disease severity in hamsters. 691 

a, Schematic representation of the experimental design for therapeutic treatment in a 692 

hamster model. Hamsters were intranasally inoculated with 5,000 pfu of a SARS-CoV-2 693 

Delta variant. For therapeutic treatment, the hamsters were treated with oral administration 694 

of S-217622 or vehicle twice daily from 1 dpi to 5 dpi. Molnupiravir (MPV) was used as a 695 

comparator drug. A group of hamsters were sacrificed at 4 dpi for tissue collection. b, Body 696 

weight change in uninfected hamsters (n = 3) and SARS-CoV-2-infected hamsters with the 697 

treatments of S-217622 (30 mg/ml and 200 mg/ml), vehicle (0 mg/ml), or MPV (n = 4 for 698 

each group). c, d, Viral RNA levels in nasal turbinates (c) and lungs (d) from hamsters at 699 

4 dpi with SARS-CoV-2. Each group of hamsters was treated with vehicle (red), 30 mg/kg 700 

(blue) and 200 mg/kg (orange) of S-217622, or MPV (green) from 1 dpi. Relative viral 701 

RNA levels in lungs as compared with levels in lungs from vehicle-treated hamsters were 702 

examined. Data were normalized to β-actin. e, f, Virus titers in nasal turbinates (e) and 703 

lungs (f) from hamsters after 4 dpi with SARS-CoV-2 were determined by plaque assay. 704 

Each group of hamsters was treated with vehicle (red), 30 mg/kg (blue) and 200 mg/kg 705 

(orange) of S-217622, or MPV (green) from 1 dpi. g-j, Cytokine gene expression profiles in 706 

lungs from hamsters at 4 dpi with SARS-CoV-2. Relative gene expression levels of 707 

indicated cytokines in the lungs as compared with lungs from uninfected hamsters were 708 

examined using qRT-PCR. Data were normalized to β-actin. The values shown are mean ± 709 

SD. ns = not significant, *p<0.05, **p<0.01, ***p<0.001 by Kruskal-Wallis test with 710 

Dunn’s test (c-f) or one-way ANOVA with Tukey's test (g-j). 711 
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 712 

Fig 4. Histopathological findings in the lungs of SARS-CoV-2-infected hamsters that 713 

were administered antivirals 714 

The hamsters were infected with the SARS-CoV-2 Delta variant and sacrificed at 4 dpi for 715 

histopathological examinations. S-217622 (30 mg/kg or 200 mg/kg), molnupiravir (200 716 

mg/kg), or vehicle control (0 mg/ml) was administered from 0 to 3 dpi (a, b) or 1 to 3 dpi 717 

(c-e) twice a day following the schedules shown in Fig. 2b and 3a, respectively. 718 

a, Representative histopathological images for the lung sections obtained from the animals 719 

given antivirals indicated above each panel (n = 4). Upper and middle panels, hematoxylin 720 

and eosin (H&E) staining. Lower panels, in situ hybridization (ISH) targeting the 721 

nucleocapsid gene of SARS-CoV-2. Scale bars in upper panels, 500 μm. Scale bars in 722 

middle and lower panels, 100 μm. b, Histopathological severity score of pneumonia based 723 

on the percentage of alveolitis area in a given section. Data are shown as the median score 724 

± 95% confidential interval with each dot representing the score of each animal. (n = 4; ns 725 

= not significant, *p<0.05 by Kruskal-Wallis test with Dunn’s test.) c-e, Cross-sectional 726 

imaging of lungs and 3D image reconstruction of whole lungs from hamsters at 4 dpi. The 727 

infected hamsters were treated with vehicle (c), S-217622 (d), or MPV (e). The whole lung 728 

tissues were stained with anti-SARS-CoV-2 spike antibody and scanned by light sheet 729 

microscopy. Arrowheads indicate foci of SARS-CoV-2-positive alveoli. Scale bars, 2 mm. 730 
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Extended Data Figure 1. Multiple amino acid sequence alignments of Mpro from 731 

SARS-CoV-2 VOCs and VOIs. 732 

Multiple sequence alignment based on the entire length of Mpro from VOC Alpha (lineage 733 

B.1.1.7, GISAID: EPI_ISL_768526), Beta (lineage B.1.351, GISAID: EPI_ISL_1123289), 734 

Gamma (lineage P.1, GISAID: EPI_ISL_877769), Delta (lineage B.1.617.2, GISAID: 735 

EPI_ISL_2158617), Omicron (lineage BA.1, GISAID: EPI_ISL_7418017), VOI Lambda 736 

(lineage C.37, GISAID: EPI_ISL_4204973), and Mu (lineage B.1.612, GISAID: 737 

EPI_ISL_4470503). Dash (-) represents amino acids identical to Mpro of Alpha. Amino 738 

acids different from the consensus are colored in green. 739 

 740 

Extended Data Figure 2. Antiviral potency of S-217622 against SARS-CoV-2 VOCs. 741 

Cytopathic effect (CPE) in 293T-hACE2-TMPRSS2 cells induced by SARS-CoV-2 742 

infection was measured at 3 dpi by MTT assay. a, The inhibitory effect of S-217622 on 743 

SARS-CoV-2 VOCs was examined. Uninfected cells were used as a control for 100% 744 

inhibition. b, The 50% effective concentration (EC50) and cytotoxic concentration (CC50) of 745 

S-217622 and anti-SARS-CoV-2 neutralizing monoclonal antibodies (REGN10933 and 746 

REGN10987). 747 

 748 

Extended Data Figure 3. Susceptibility of SARS-CoV-2 Omicron variant to treatment 749 

with S-217622. 750 

a, Immunofluorescence staining of Vero-TMPRSS2 cells infected with the SARS-CoV-2 751 

Omicron variant. Cells were inoculated with the SARS-CoV-2 Omicron variant and then 752 
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cultured in the presence of S-217622 for 24 h. Cells were stained with anti-SARS-CoV-2 753 

nucleocapsid antibody (green) and Hoechst 33342 (magenta). Scale bars, 100 μm. b, Viral 754 

RNA levels in the culture supernatant of Vero-TMPRSS2 at 24 hpi. The values shown are 755 

mean ± SD of triplicate samples. **p<0.01 by one-way ANOVA with Dunnet's test. 756 

 757 

Extended Data Figure 4. In vivo antiviral efficacy of S-217622 against SARS-CoV-2 758 

VOCs. 759 

a-f, Hamsters were intranasally inoculated with 5,000 pfu of SARS-CoV-2 Alpha (a, d), 760 

Gamma (b, e), and Omicron (c, f) variants. The hamsters were treated with oral 761 

administration of S-217622 (200 mg/kg) or vehicle (0 mg/kg) twice a day from the time of 762 

inoculation to 3 dpi. Lung tissues were harvested at 4 dpi. a–c, Relative viral RNA levels in 763 

the lungs as compared with lungs from vehicle-treated hamsters were examined. Data were 764 

normalized to β-actin. d–f, Virus titers in the lungs were determined by plaque assay. The 765 

values shown are mean ± SD. (n = 4; *p<0.05 by two-tailed Mann-Whitney test.) 766 

 767 

Extended Data Figure 5. Histopathological findings in the lungs of 768 

SARS-CoV-2-infected hamsters that were administered drugs with therapeutic 769 

protocol. 770 

Hamsters were infected with the SARS-CoV-2 Delta variant and sacrificed at 4 dpi for 771 

histopathological examination. S-217622 (30 mg/kg or 200 mg/kg), MPV (200 mg/kg), or 772 

vehicle control (0 mg/ml) was administered from 1 to 3 dpi twice a day following the 773 

schedule shown in 3a. a, Representative histopathological images of lung sections obtained 774 
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from the animals given antivirals are indicated above each panel (n = 4). Upper and middle 775 

panels, H&E staining. Lower panels, ISH targeting the nucleocapsid gene of SARS-CoV-2. 776 

Scale bars in upper panels, 500 μm. Scale bars in middle and lower panels, 100 μm. b, 777 

Histopathological severity score of pneumonia based on the percentage of alveolitis in a 778 

given section. Data are shown as the median score ± 95% confidential interval with each 779 

dot representing the score of each animal. (n = 4; ns = not significant by Kruskal-Wallis test 780 

with Dunn’s test.) 781 

 782 

Extended Data Table 1. Comparison of the potency of SARS-CoV-2 antivirals. 783 

Antiviral activity of the listed compounds against SARS-CoV-2 Delta was examined by 784 

CPE-based cell viability assay using (1) 293T-hACE2-TMPRSS2 cells, (2) 785 

Vero-TMPRSS2 cells, or (3) Vero-TMPRSS2 cells treated with a P-gp inhibitor 786 

(CP-100356). 787 

 788 

Extended Data Table 2. Pharmacokinetic parameters of S-217622 in plasma after 789 

single oral administration of S-217622 in hamsters. 790 

 791 

Supplementary Information 792 

Supplementary Video 1. 793 

Related to Figure 4c. Reconstructed 3D image of viral antigen distribution in the lung of 794 

hamster at 4 dpi. The hamster was inoculated with SARS-CoV-2 Delta variant and treated 795 

with 0.5% methyl cellulose solution (vehicle for S-217622) from 1 dpi to 3 dpi. 796 
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 797 

Supplementary Video 2. 798 

Related to Figure 4d. Reconstructed 3D image of viral antigen distribution in the lung of 799 

hamster at 4 dpi. The hamster was inoculated with SARS-CoV-2 Delta variant and treated 800 

with S-217622 (200 mg/kg) from 1 dpi to 3 dpi. 801 

 802 

Supplementary Video 3. 803 

Related to Figure 4e. Reconstructed 3D image of viral antigen distribution in the lung of 804 

hamster at 4 dpi. The hamster was inoculated with SARS-CoV-2 Delta variant and treated 805 

with MPV (200 mg/kg) from 1 dpi to 3 dpi. 806 
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