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So far, effective antivirals have not been widely available for treating COVID-19. In this study, 22 

we identify a dual-functional cross-linking peptide 8P9R which can inhibit the two entry pathways 23 

(endocytic pathway and TMPRSS2-mediated surface pathway) of SARS-CoV-2 in cells. The 24 

endosomal acidification inhibitors (8P9R and chloroquine) can synergistically enhance the activity 25 

of arbidol, a spike-ACE2 fusion inhibitor, against SARS-CoV-2 and SARS-CoV in cells. In vivo 26 

studies indicate that 8P9R or the combination of repurposed drugs (arbidol, chloroquine and 27 

camostat which is a TMPRSS2 inhibitor), simultaneously interfering with the two entry pathways 28 

of coronavirus, can significantly suppress SARS-CoV-2 replication in hamsters and SARS-CoV 29 

in mice. Here, we use drug combination (arbidol, chloroquine, and camostat) and a dual-functional 30 

8P9R to demonstrate that blocking the two entry pathways of coronavirus can be a promising and 31 

achievable approach for inhibiting SARS-CoV-2 replication in vivo. Cocktail therapy of these drug 32 

combinations should be considered in treatment trials for COVID-19.   33 

 34 
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The COVID-19 pandemic is a devastating global health threat of this century. There is not yet a 42 

reliable antiviral or vaccine available for therapy or prevention of SARS-CoV-2 infection. Studies 43 

showed that the SARS-CoV-2 infected patients may have decreasing level of antibodies1-5, which 44 

suggested that SARS-CoV-2 vaccine may also have varying duration of protection among different 45 

individuals. Furthermore, reports of re-infection hinted that the immune responses to SARS-CoV-46 

2 might not sufficiently protect some patients from re-infection of SARS-CoV-26. The antibody-47 

dependent enhancement is another potential side effect of SARS-CoV-2 vaccines7, 8. Broad-48 

spectrum antivirals, not relying on host immune responses against viruses, are urgently needed for 49 

treating COVID-19 and other coronavirus infections. Thus, broad spectrum antiviral peptides 50 

against SARS-CoV-29, 10 and repurposing of FDA-approved drugs are studied for the inhibition of 51 

SARS-CoV-211-13.  52 

Since the emergence of COVID-19, many clinical trials have been carried out for repurposing the 53 

approved drugs including chloroquine, arbidol, camostat, remdesivir, ribavirin, and 54 

lopinavir/ritonavir against SARS-CoV-214. Chloroquine probably interfered with endocytic 55 

pathway to broadly inhibit SARS-CoV-215, SARS-CoV16, influenza virus, Ebola and other viruses 56 

in vitro
17. However, its clinical efficacy is limited  in COVID-19 patients18-20 due to its potential 57 

cardiac side effects and lack of antiviral activity in vivo
12, 21. Arbidol, the clinically available drug 58 

in China and Russia, is in Phase III trial against influenza in US. Arbidol demonstrated broad-59 

spectrum in vitro antiviral activity against many viruses including influenza virus, coronaviruses, 60 

and Ebola22, 23, with an IC50 of 2-20 μg ml-1 against SARS-CoV-215, 24. However, the peak serum 61 

concentration of arbidol is lower than 2 μg ml-1 within 5 h after administration of usual drug 62 

dosage25, 26, which might explain the uncertain clinical efficacy of arbidol in SARS-CoV-2 63 

patients27-29. Camostat mesylate (Camostat), the inhibitor of TMPRSS2 which facilitates virus 64 



4 

 

entry on cell surface, has been showed to inhibit SARS-CoV, SARS-CoV-2 and other viruses30, 31. 65 

Since ACE2 and TMPRSS2 are individually expressed in some human cell types or co-expressed 66 

in other cell types32, the approach of simultaneous inhibition of virus entry through the endocytic 67 

pathway and the surface fusion pathway mediated by TMPRSS2 may have better antiviral effect.  68 

In this study, a cross-linking peptide 8P9R, which was developed from our  previously reported 69 

P933 and P9R10, has been shown to have dual-antiviral mechanisms of cross-linking viruses to stop 70 

viral entry (mediated by TMPRSS2 for SARS-CoV-2) and of reducing endosomal acidification to 71 

inhibit viral entry through endocytic pathway. 8P9R showed significantly antiviral activity against 72 

SARS-CoV-2 in hamsters and SARS-CoV in mice. Moreover, we tried to identify clinical drug 73 

combinations which could inhibit two entry pathways of SARS-CoV-2 to efficiently inhibit viral 74 

replication in vivo. We demonstrated that endosomal acidification inhibitors (8P9R or chloroquine) 75 

could significantly enhance the antiviral efficiency of arbidol, which was found to inhibit virus-76 

cell membrane fusion, at a clinically achievable concentration against SARS-CoV-2 and SARS-77 

CoV replication in Vero-E6 cells, where coronaviruses mainly enter cells through endocytic 78 

pathway. The synergistic mechanism study indicated that 8P9R or chloroquine could elevate 79 

endosomal pH which enhances the efficiency of arbidol in blocking virus-host cell fusion mediated 80 

by spike and ACE2. To block the two entry pathways of coronavirus, arbidol and chloroquine were 81 

combined with comastat which inhibits TMPRSS2 to prevent SARS-CoV-2 fusion on cell surface. 82 

Results showed significant antiviral activity against SARS-CoV-2 in hamsters and SARS-CoV in 83 

mice. This drug combination had a similar inhibitory effect as the dual-functional 8P9R in the 84 

treatment of SARS-CoV-2 and SARS-CoV animal models. In contrast, the single use of arbidol 85 

or chloroquine did not show any antiviral efficacy in mice and hamsters. Given that all these three 86 

drugs are broad-spectrum antivirals, this combination may play important roles in controlling 87 
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respiratory virus infection with similar entry pathways. The identification of the dual-functional 88 

8P9R and the triple combination of clinical drugs proved that targeting both entry pathways of 89 

coronavirus could be a feasible approach to inhibit SARS-CoV-2 replication in vivo.   90 

Results 91 

8P9R showed potent antiviral activity against SARS-CoV-2  92 

We previously showed that a broad-spectrum antiviral peptide P9R could suppress coronavirus 93 

and influenza virus by binding to viruses and inhibiting virus-host endosomal acidification10. We 94 

hypothesized that if single P9R could bind to virus surface and capture viruses, then the branched 95 

P9R could cross-link viruses (Fig. 1a) to enhance the antiviral activity. First, we measured the 96 

binding ability of eight-branched P9R (8P9R) and single P9R to SARS-CoV-2 and H1N1 virus by 97 

measuring the RNA copies of viruses binding to ELISA plate, on which peptides were coated. The 98 

viral RNA copies indicated that 8P9R could efficiently bind to viruses and capture viral particles 99 

on ELISA plate when compared with BSA and P9RS (Fig. 1b). This 8P9R suppressed SARS-100 

CoV-2 infection more potently than P9R when viruses were pretreated by peptides (Fig. 1c), 101 

treated during viral inoculation (Fig. 1d) or post-infection (Fig. 1e). 8P9R showed more potent 102 

antiviral activity (IC50=0.3 μg ml-1) in high salt condition (PBS) than that (IC50=20.2 μg ml-1) of 103 

P9R in PBS (Fig. 1b), even though P9R showed potent antiviral activity (IC50=0.9 μg ml-1) in low 104 

salt concentration of 30 mM phosphate buffer (Supplementary Fig. 1). This is consistent with a 105 

previous report that antimicrobial activities of defensins are sensitive to high salt condition34. 106 

Furthermore, no obvious hemolysis was observed when turkey red blood cells were treated by 107 

8P9R at 200 μg ml-1 (Fig. 1f) and the cytotoxicity assay indicated that TC50 of 8P9R was higher 108 

than 200 μg ml-1 in Vero-E6 cells (Supplementary Fig. 2). 109 
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The dual-functional activities of 8P9R against virus  110 

To demonstrate the cross-linking ability, TEM images were taken to show that 8P9R could cross-111 

link SARS-CoV-2 to form big viral cluster (Fig. 2a and Supplementary Fig. 3). In contrast, the 112 

peptide P9RS without binding ability (Fig. 1b) and single P9R did not cross-link virus to form big 113 

viral cluster. We further confirmed this result with fluorescence-labelled H1N1 virus (Fig. 2b and 114 

Supplementary Fig. 4). The confocal pictures showed that 8P9R could efficiently cross-link H1N1 115 

viruses that were aggregated around the cell membrane without entry when compared with the 116 

treatment of P9RS or P9R. Furthermore, we demonstrated that 8P9R could efficiently inhibit 117 

endosomal acidification (Fig. 2c), which was similar to the endosomal acidification inhibitor 118 

bafilomycin A1. These results indicated the dual-functional activities of 8P9R which inhibited 119 

endosomal acidification required in endocytic pathway of viral infection and cross-linked viruses 120 

on the cell membrane surface without entry. The cross-linked viruses might affect SARS-CoV-2 121 

entry on cell surface through TMPRSS2-mediated pathway. Thus, we further confirmed that 8P9R 122 

could inhibit SARS-CoV-2 infection through TMPRSS2-mediated surface entry pathway in Calu-123 

3 cells in the later section.  124 

8P9R could enhance arbidol at low concentration to inhibit SARS-CoV-2  125 

Serial monitoring by viral load and sequencing of clinical samples from COVID-19 patients 126 

showed that  SARS-CoV-2 could be detected  for more than one month with occasional detection 127 

of mutants35, 36. These findings suggested potentially low sterilizing efficiency of human immune 128 

response for clearing SARS-CoV-2 in some patients. Thus, the repurposing of the anti-influenza 129 

drug arbidol available in China and Russia was considered. Arbidol showed in vitro antiviral 130 

activity against coronaviruses including SARS-CoV-2 and SARS-CoV. However, its relatively 131 

low serum concentration in human bodies25, 26 may account for its poor antiviral efficacy in 132 
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patients28, 29. We showed that 8P9R significantly enhances the antiviral efficiency of arbidol at the 133 

concentration lower than the normal IC50 (3.6 μg ml-1) of arbidol (Fig. 3a). Importantly, 8P9R 134 

could elevate the antiviral activity of arbidol at low concentration (0.2 μg ml-1) when arbidol itself 135 

did not show antiviral activity (Fig. 3b and Supplementary Fig. 5).  This low concentration is closer 136 

or even lower than the concentration of arbidol in human serum. Furthermore, we proved that the 137 

synergistic activity was due to 8P9R enhancing arbidol, but not arbidol enhancing 8P9R 138 

(Supplementary Fig. 6), because arbidol (12.5 μg ml-1) could not enhance 8P9R (0.8 μg ml-1) to 139 

inhibit SARS-CoV-2 replication in Vero-E6 cells (Supplementary Fig. 6). 140 

The synergistic mechanism of 8P9R enhancing arbidol against SARS-CoV-2 141 

To determine the synergistic enhancing mechanism of 8P9R on arbidol to inhibit SARS-CoV-2, 142 

we firstly clarified that arbidol could slightly reduce viral attachment (Supplementary Fig. 7). Next, 143 

when viruses (106 PFU ml-1) was pretreated by arbidol (25 μg ml-1) and then diluted to 10,000 144 

folds for plaque assay, arbidol did not inhibit SARS-CoV-2 infection (Fig. 3c). In contrast, 8P9R 145 

could significantly reduce the number of infectious viruses even with >1,000-fold dilution, which 146 

indicated that the antiviral activity of 8P9R depended on targeting virus (Fig. 3c), similar to P9R10. 147 

We further showed that arbidol could significantly inhibit SARS-CoV-2 replication after viral 148 

entry in the time of addition experiment as that by bafilomycin A1, a known host targeting antiviral 149 

to inhibit cell endosomal acidification. (Fig. 3d). These results indicated that the main target of 150 

arbidol against SARS-CoV-2 is host cells, but not the virus. Next, we demonstrated that arbidol 151 

could efficiently inhibit spike-ACE2 mediated cell-cell fusion in 293T cells (Fig. 3e) and Huh7 152 

cells (Supplementary Fig. 8), which indicated that arbidol could inhibit virus-cell membrane fusion. 153 

The fusion inhibition of arbidol on SARS-CoV-2 was consistent with the claim that arbidol could 154 

block the release of SARS-CoV-2 in endolysosomes24. Since lysosomes are the fusion location of 155 
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SARS-CoV-2 infection through endocytic pathway37 and the endosomal acidification inhibitors, 156 

ammonium chloride30, bafilomycin A1 and 8P9R (125 μg ml-1) could inhibit spike-ACE2 mediated 157 

cell membrane fusion (Fig. 3e), we suspected that the pH in endosomes/lysosomes could affect the 158 

inhibition efficiency of arbidol on spike-ACE2 mediated fusion. Using a low concentration of 159 

8P9R combined with the low concentration of arbidol could more efficiently block the spike-160 

ACE2-mediated membrane fusion (Fig. 3e) when compared with 8P9R or arbidol alone at 25 μg 161 

ml-1. Thus, the mechanism of synergistic enhancement of arbidol by 8P9R but not 8P9R by arbidol 162 

is due to the inhibition of endosomal acidification by 8P9R, so that arbidol could more efficiently 163 

inhibit virus-cell fusion at the higher pH environment. 164 

Endosomal acidification inhibitors enhance arbidol against coronaviruses  165 

To further confirm the endosomal acidification inhibitors can synergistically enhance the antiviral 166 

activity of arbidol and to find clinically available drug for inhibiting SARS-CoV-2, we identified 167 

that chloroquine, a known drug elevating endosomal pH, could significantly enhance the antiviral 168 

activity of arbidol at low concentrations (0.2-0.4 μg ml-1) against SARS-CoV-2 (Fig. 4a) and 169 

SARS-CoV in Vero-E6 cells (Fig. 4b). Chloroquine supplemented with the low concentration of 170 

arbidol could inhibit more than 2-fold viral replication when compared with chloroquine alone 171 

(Fig. 4a-4b). The combination of chloroquine and arbidol could more effectively inhibit spike-172 

ACE2 mediated cell-cell membrane fusion (Supplementary Fig. 9), which further confirmed that 173 

endosomal acidification inhibitors elevating pH in endosomes/lysosomes could enhance the 174 

antiviral activity of arbidol by blocking virus-cell membrane fusion. Our findings support the 175 

combination of arbidol with chloroquine for better antiviral activity.  176 

Simultaneous blockage of the two entry pathways of coronavirus for antiviral treatment in 177 

vivo  178 
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To test the antiviral efficacy in vivo, we challenged 10-month-old mice with SARS-CoV and then 179 

drugs were initially administrated to mice at 8 h post infection. Arbidol (25 mg kg-1), chloroquine 180 

(40 mg kg-1) or the combination of arbidol with chloroquine could not inhibit SARS-CoV 181 

replication in mouse lungs (Fig. 4c). The dual-functional peptide 8P9R could significantly inhibit 182 

SARS-CoV replication in mouse lungs (Fig. 4c). This might indicate that inhibiting endocytic 183 

pathway of coronavirus infection alone could not efficiently inhibit coronavirus replication in vivo. 184 

As expected (Fig. 4d), we showed that arbidol and chloroquine could significantly inhibit SARS-185 

CoV-2 replication in Vero-E6 cells (without TMPRSS238), but not in Calu-3 cells in which SARS-186 

CoV-2 enters cells depending on TMPRSS2-mediated pathway39 (Fig. 4e). However, 8P9R could 187 

significantly inhibit SARS-CoV-2 in both Vero-E6 and Calu-3 cells (Fig. 4d-4e), which suggested 188 

that 8P9R not only inhibited the viral infection through endocytic pathway in Vero-E6 cells but 189 

also inhibited viral entry through TMPRSS2-mediated pathway in Calu-3 cells. The potent 190 

antiviral activity of 8P9R in Vero-E6, Calu-3 cells and in mouse model indicated that the 191 

simultaneous blockage of both entry pathways might more efficiently inhibit coronavirus 192 

replication in vivo. Camostat, a TMPRSS2 inhibitor, could significantly inhibit SARS-CoV-2 193 

replication in Calu-3 cells30, but could not inhibit SARS-CoV-2 replication and pseudotyped 194 

particle entry in Vero-E6 cells30, 39. Thus, we treated SARS-CoV-infected mice with the 195 

combination of arbidol, chloroquine and camostat. This combination showed potent antiviral 196 

activity against SARS-CoV in mice (Fig. 4c), similar to the antiviral activity of 8P9R, whereas the 197 

drug combinations (arbidol and camostat or chloroquine and camostat) or camostat alone could 198 

not inhibit viral replication when compared with mock (Fig. 4c and Supplementary Fig. 10). In 199 

parallel, we further confirmed this in vivo result by treating SARS-CoV-2-infected hamsters with 200 

different drug combinations. Viral loads in hamster lungs showed that 8P9R or the triple 201 
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combination of arbidol, chloroquine and camostat could significantly inhibit SARS-CoV-2 202 

replication when compared with mock (Fig. 4f). Arbidol, chloroquine, or camostat alone, and 203 

camostat combined with chloroquine (Fig. 4f) could not significantly inhibit SARS-CoV-2 204 

replication in hamsters. These findings confirmed the limited clinical efficacy of arbidol or 205 

chloroquine alone for treating SARS-CoV-2 in patients. More importantly, these results provided 206 

the evidences of using endosomal acidification inhibitors (8P9R or chloroquine) to enhance the 207 

antiviral activity of arbidol against SARS-CoV-2 infection through endocytic pathway. Moreover, 208 

dual-functional 8P9R or the triple drug combination of arbidol, chloroquine and camostat can 209 

effectively block the two entry pathways of coronavirus, which translates into significant reduction 210 

of viral replication in vivo.  211 

Discussion 212 

In this study, we developed a dual-functional antiviral peptide 8P9R which could cross-link viruses 213 

to block viral entry on cell surface through the TMPRSS2-mediated pathway and simultaneously 214 

inhibited endosomal acidification to block viral entry through endocytic pathway. We 215 

demonstrated the synergistic antiviral mechanism of endosomal acidification inhibitors (8P9R and 216 

chloroquine) on enhancing the activity of arbidol against SARS-CoV-2 and SARS-CoV infection 217 

through the endocytic pathway. Moreover, we provided the evidences of using the triple 218 

combination of arbidol, chloroquine and camostat, which are currently available clinical drugs, for 219 

the suppression of SARS-CoV-2 replication in hamsters and SARS-CoV in mice. Both the triple 220 

drug combination and 8P9R could significantly inhibit SARS-CoV-2 and SARS-CoV in vivo, 221 

which suggested that blocking the two entry pathways of coronavirus infection is a promising 222 

approach for treating COVID-19.   223 
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SARS-CoV-2 and SARS-CoV can infect host cells by either TMPRSS2-mediated pathway or 224 

endocytic pathway. Recent studies indicated that chloroquine did not inhibit SARS-CoV-2 225 

replication in Calu-3 cells39 and camostat did not inhibit SARS-CoV-2 replication in Vero-E6 226 

cells30. By using a multi-targeting drug or drug combination to block the two entry pathways of 227 

coronavirus infection might be more efficient in inhibiting viral replication in patients because 228 

different human cells could express ACE2 and TMPRSS2 separately or simultaneously32. We 229 

demonstrated that endosomal acidification inhibitors (chloroquine and 8P9R) could synergistically 230 

enhance the antiviral activity of arbidol against SARS-CoV-2 and SARS-CoV. The synergistic 231 

mechanism was inferred that endosomal acidification inhibitors, by elevating endosomal pH, could 232 

enhance the activity of arbidol in blocking the spike-ACE2-mediated membrane fusion (Fig. 3e 233 

and Supplementary Fig. 9), which was consistent with the finding that spike-ACE2-mediated 234 

pseudotyped-particle entry was significantly affected by pH (ammonium chloride) in 293T cells30. 235 

However, the combination of chloroquine with arbidol did not show antiviral activity against 236 

SARS-CoV-2 and SARS-CoV in hamsters and mice. The possible reason is that chloroquine and 237 

arbidol can only inhibit SARS-CoV-2 replication by interfering with the endocytic pathway, but 238 

not the TMPRSS2-mediated pathway (Fig. 4d-4e). In contrast, 8P9R could significantly inhibit 239 

coronaviruses in vivo. 8P9R not only blocked the endocytic pathway by preventing endosomal 240 

acidification, but also cross-linked viral particles on cell membrane to reduce viral entry through 241 

the TMPRSS2-mediated pathway. The combination of chloroquine and camostat could not 242 

significantly inhibit both viruses in vivo, which is probably due to the marginal antiviral activity 243 

of chloroquine on inhibiting viral infection through endocytic pathway in mice, hamsters and 244 

ferrets21, 40. The combination of arbidol with chloroquine could more efficiently inhibit viral 245 

infection through endocytic pathway in TMPRSS2-deficient Vero-E6 cells (Fig. 4a-4b). Thus, the 246 
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triple combination of arbidol, chloroquine and camostat could significantly inhibit both SARS-247 

CoV-2 and SARS-CoV replication in hamsters and mice (Fig. 4d and Fig. 4g) through 248 

simultaneous blockage of both entry pathways. Furthermore, these drugs are harnessing the host 249 

factors to interfere with viral replication which may therefore be less prone to induce drug resistant 250 

viral mutants.  251 

With the widespread circulation of SARS-CoV-2 during the COVID-19 pandemic, the emergence 252 

of virus mutants and the decreasing antibody titers after recovery should alert us to the possibility 253 

of re-infection. The development of broad-spectrum antivirals is urgently needed for SARS-CoV-254 

2 and new emerging viruses. Here, we identified the antiviral peptide 8P9R with dual functions to 255 

inhibit viral infection by cross-linking viruses to reduce viral entry on cell surface (ie. TMPRSS2-256 

mediated entry pathway for SARS-CoV) and by interfering endosomal acidification to block viral 257 

entry through endocytic pathway. Furthermore, our data supported the use of combination drug 258 

treatment with currently available broad-spectrum drugs (arbidol, chloroquine and camostat) to 259 

block both entry pathways of SARS-CoV-2, which could be also the potential therapeutics for 260 

other respiratory viruses. Further clinical trials with this cocktail therapy to evaluate their antiviral 261 

efficiency in COVID-19 patients and other viral infectious diseases are warranted.  262 

Methods 263 

Cells and viruses 264 

Madin Darby canine kidney (MDCK, CCL-34), Vero-E6 (CRL-1586), Calu-3 (HTB-55) and 293T 265 

(CRL-3216) cells obtained from ATCC (Manassas, VA, USA) were cultured in Dulbecco minimal 266 

essential medium (DMEM for Vero-E6 cells and 293T), MEM (for MDCK cells) or DMEM-F12 267 

(for Calu-3 cells) supplemented with 10% fetal bovine serum (FBS), 100 IU ml−1 penicillin and 268 
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100 μg ml−1 streptomycin. The virus strains used in this study included 2019 new coronavirus 269 

(SARS-CoV-2)41, SARS-CoV33, and A/Hong Kong/415742/200942. 270 

Plaque reduction assay 271 

Peptides (P9R, P9RS and 8P9R) were synthesized by ChinaPeptide. Antiviral activity of peptides 272 

was measured using a plaque reduction assay. Briefly, peptides were dissolved in PBS or 30 mM 273 

phosphate buffer (PB) containing 24.6 mM Na2HPO4 and 5.6 mM KH2PO4 at a pH of 7.4. Peptides 274 

or bovine serum albumin (BSA, 0.2–25.0 μg ml−1) were premixed with 50 PFU of coronavirus 275 

(SARS-CoV-2) in PBS or PB at room temperature. After 45-60 min of incubation, peptide-virus 276 

mixture was transferred to Vero-E6 cells, correspondingly. At 1 h post infection, infectious media 277 

were removed and 1% low melting agar was added to cells. Cells were fixed using 4% formalin at 278 

3 day post infection. Crystal blue (0.1%) was added for staining, and the number of plaques was 279 

counted. 280 

Antiviral multicycle growth assay  281 

SARS-CoV-2 and SARS-CoV infected Vero-E6 (0.005 MOI) or Calu-3 (0.05 MOI) cells at the 282 

presence of drugs or with the supplemental drugs at indicated post infection time. After 1h 283 

infection, infectious media were removed and fresh media with supplemental drugs were added to 284 

infected cells for virus culture. At 24 h post infection, the supernatants of infected cells were 285 

collected for plaque assay or RT-qPCR assay.  286 

Viral RNA extraction and RT-qPCR 287 

Viral RNA was extracted by Viral RNA Mini Kit (QIAGEN, Cat# 52906, USA) according to the 288 

manufacturer’s instructions. Extracted RNA was reverse transcribed to cDNA using PrimeScript 289 

II 1st Strand cDNA synthesis Kit (Takara, Cat# 6210A) using GeneAmp® PCR system 9700 290 

(Applied Biosystems, USA). The cDNA was then amplified using specific primers 291 
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(Supplementary Table 1) for detecting SARS-CoV-2 and SARS-CoV using LightCycle® 480 292 

SYBR Green I Master (Roach, USA). For quantitation, 10-fold serial dilutions of standard plasmid 293 

equivalent to 101 to 106 copies per reaction were prepared to generate the calibration curve. Real-294 

time qPCR experiments were performed using LightCycler® 96 system (Roche, USA). 295 

Hemolysis assay 296 

Two-fold diluted peptides in PBS were incubated with turkey red blood cells for 1 h at 37°C. PBS 297 

was used as a 0% lysis control and 0.1% Triton X-100 as 100% lysis control. Plates were 298 

centrifuged at 350 g for 3 min to pellet non-lysed red blood cells. Supernatants used to measure 299 

hemoglobin release were detected by absorbance at 450 nm10. 300 

Cytotoxicity assay 301 

Cytotoxicity of peptides was determined by the detection of 50% cytotoxic concentration (CC50) 302 

using a tetrazolium-based colorimetric MTT assay43. Vero-E6 cells were seeded in 96-well cell 303 

culture plate at an initial density of 2 × 104 cells per well in DMEM supplemented with 10% FBS 304 

and incubated for overnight. Cell culture media were removed and then DMEM supplemented 305 

with various concentrations of peptides and 1% FBS were added to each well. After 24 h 306 

incubation at 37 °C, MTT solution (5 mg ml−1, 10 μl per well) was added to each well for 307 

incubation at 37 °C for 4 h.  Then, 100 μl of 10% SDS in 0.01M HCl was added to each well. After 308 

further incubation at room temperature with shaking overnight, the plates were read at OD570 309 

using VictorTM X3 Multilabel Reader (PerkinElmer, USA). Cell culture wells without peptides 310 

were used as the experiment control and medium only served as a blank control. 311 

Transmission electron microscopy assay 312 

To determine the effect of 8P9R on viral particles, SARS-CoV-2 was pretreated by 50 μg ml-1 of 313 



15 

 

8P9R, P9R or P9RS for 1h. The virus was fixed by formalin for overnight and then applied to 314 

continuous carbon grids. The grids were transferred into 4% uranyl acetate and incubated for 1 315 

min. After removing the solution, the grids were air-dried at room temperature. For each sample, 316 

two to three independent experiments were done for taking images by transmission electron 317 

microscopy (FEI Tecnal G2-20 TEM).  318 

Virus fluorescence assay 319 

To identify the effect of 8P9R on virus, H1N1 virus was pre-labelled by green Dio dye 320 

(Invitrogen, Cat#3898) according to the manufacture introduction.  Dio-labeled virus was treated 321 

by 8P9R, P9RS, or P9R (25 μg ml-1) for 45 min. MDCK cells were infected by the pre-treated 322 

virus for 1h. Virus and cells were fixed by 4% formalin. Cell membrane was stained by 323 

membrane dye Alexa 594 (red, Invitrogen, W11262) and cell nucleus were stained by DAPI 324 

(blue). Virus entry or without entry on cell membrane was determined by confocal microscope 325 

(Carl Zeiss LSM 700, Germany). 326 

Endosomal acidification assay 327 

Endosomal acidification was detected with a pH-sensitive dye (pHrodo Red dextran, Invitrogen, 328 

Cat#P10361) according to the manufacturer’s instructions with slight modification43. First, MDCK 329 

cells were treated with BSA (25.0 μg ml−1), 8P9R (25.0 μg ml−1), bafilomycin A1 (50.0 nM) at 330 

4 °C for 15 min. Second, MDCK cells were added with 100 μg ml−1 of pH-sensitive dye and DAPI 331 

and then incubated at 4 °C for 15 min. Before taking images, cells were further incubated at 37 °C 332 

for 15 min and then cells were washed twice with PBS. Finally, PBS was added to cells and images 333 

were taken immediately with confocal microscope (Carl Zeiss LSM 700, Germany). 334 

Spike-ACE2 mediated cell fusion assay 335 
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The pSpike of SARS-CoV-2, pACE2-human, or pGFP were transfected to 293T cells for protein 336 

expression. After 24 hours, to trigger the spike-ACE2 mediated cell fusion, 293T-Spike-GFP cell 337 

were co-cultured with 293T-ACE2 with the supplement of drugs. The 293T-GFP cells were co-338 

cultured with 293T-ACE2 cells as the negative control.  For Huh-7 cell fusion assay, Huh-7 cells 339 

were co-cultured with 293T-spike-GFP with the supplement of drugs. Huh-7 cells were co-340 

cultured with 293T-GFP cells as the negative control. After 8 h of co-culture, five fields were 341 

randomly selected in each well to take the cell fusion pictures by fluorescence microscopes.  342 

Antiviral assay in animals 343 

BALB/c female mice (10-month old) and hamsters (6-week old) were kept in biosafety level 2/3 344 

laboratory (housing temperature between 22~25 °C with dark/light cycle) and given access to 345 

standard pellet feed and water ad libitum. All experimental protocols followed the standard 346 

operating procedures of the approved biosafety level 2/3 animal facilities. Animal ethical 347 

regulations were approved by the Committee on the Use of Live Animals in Teaching and 348 

Research of the University of Hong Kong44. To evaluate the antiviral activity, mice/hamsters were 349 

intranasally inoculated with SARS-CoV or SARS-CoV-2 to lungs. At 8h post infection, PBS, 350 

8P9R, arbidol, chloroquine, camostat, or combinational drugs were given to animals. Two more 351 

doses were given to mice/hamsters in the following one day. Viral loads in mouse/hamster lungs 352 

were measured at day 2 post infection by plaque assay.  353 

Data availability 354 

All data that support the conclusions of the study are available from the corresponding author upon 355 

request.  356 
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Fig. 1. The enhanced antiviral activity of branched P9R (8P9R). (a) The schematic figure of 486 

single P9R binding to single viral particle and branched P9R (8P9R) cross-linking viruses together. 487 

(b) The binding of 8P9R and P9R to SARS-CoV-2 and H1N1 viruses. Peptides coated on ELISA 488 

plates could capture virus particles which were then quantified by RT-qPCR. P9RS was the 489 

negative control peptide with no viral binding ability. Data are presented as mean ±SD of three 490 

independent experiments. (c) SARS-CoV-2 was pretreated with the indicated peptides for plaque 491 

reduction assay. Data are presented as mean ±SD of four independent experiments. (d) SARS-492 

CoV-2 was treated by indicated peptide (25 μg ml-1) during viral inoculation. Viral RNA copies 493 

were detected by RT-qPCR at 24 host post infection in the supernatant of Vero-E6 cells. Data are 494 

presented as mean ±SD of three independent experiments. (e) SARS-CoV-2 was treated by 495 

0

20

40

60

80

100

120

140

160

SARS-CoV-2 H1N1

R
e

la
ti

v
e

 b
in

d
in

g

BSA P9RS P9R 8P9R

* **
* *

0

20

40

60

80

100

120

140

25 12.5 6.3 3.1 1.6 1.8 0.4 0.2 0

P
la

q
u

e
 n

u
m

b
e

r 
(%

)

SARS-CoV-2P9R

8P9R

Peptide (μg/ml)

IC50=20.2

IC50=0.3

c b a 

Branched P9R cross-

linking viruses 

0

20

40

60

80

100

120

Triton 200 100 50 25 0

H
e

m
o

ly
s

is
 (

%
)

8P9R (μg/ml)

6 24 30

P
F

U
/m

l

Time (h)

BSA

P9R

8P9R

**

**

101

107

105

104

103

102

106

P9R 8P9R

V
ir

a
l 

R
N

A
 c

o
p

ie
s

/m
l

25 12.5 6.25 01010

109

108

107

106

μg/ml

d e f 



21 

 

peptides (50 μg ml-1) at 6h post infection. Viral titers were measured at the indicated time by plaque 496 

assay. Data are presented as mean ±SD of three independent experiments. (f) Hemolysis assay of 497 

8P9R in turkey red blood cells (TRBC). TRBC were treated by the indicated concentration of 498 

8P9R. Hemolysis (%) was normalized to TRBC treated by Triton X-100. Data are presented as 499 

mean ±SD three independent experiments. P values are calculated by two-tailed student t test. * 500 

indicates P<0.05. ** indicates P<0.01 501 
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Fig. 2. The dual-functional activities of 8P9R. (a) Cross-linking of SARS-CoV-2 by 8P9R. SARS-CoV-535 

2 was treated by 8P9R, P9R, or P9RS (50 μg ml-1). The treated virus was negatively stained for TEM assay. 536 

The red triangle indicates the big cluster of cross-linked SARS-CoV-2. Scale bar = 0.5 μm.  (b) H1N1 virus 537 

was pre-labelled by green fluorescence dye and then treated by peptides. After 1 h infection in MDCK cells, 538 

cells were fixed and stained by cell membrane dye (red) and nuclear dye (blue). White triangles indicated 539 

the cross-linked viruses located at cell membrane. Scale bar =20 μm (c). 8P9R could efficiently inhibit 540 

endosomal acidification. MDCK cells were treated by 8P9R (25 μg ml-1), bafilomycin A1 (BA1, 50 nM), 541 

BSA (Mock) and low pH indicator pHrodoTM Red dextran. Red dots indicate the endosomes with low pH. 542 

Nuclei were stained with nuclear dye (blue). Live cell images were taken by confocal microscopes. Scale 543 

bar = 20 μm. Experiments were repeated twice independently.  544 
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 568 

Fig. 3. Synergistic mechanism of 8P9R enhancing the antiviral activity of arbidol. (a) 8P9R 569 

could enhance the antiviral activity of arbidol against SARS-CoV-2 in Vero-E6 cells (n=5). Virus 570 

infected cells at the presence of the indicated concentrations of arbidol (Ar) or Ar+8P9R (3.1μg 571 

ml-1) or Ar+8P9R (1.6 μg ml-1). (b) 8P9R could significantly enhance the antiviral activity of 572 

arbidol when arbidol alone did not show antiviral activity (n=4). SARS-CoV-2 was treated by the 573 

indicated Ar-0.2 (0.2 μg ml-1), 8P9R-3.1 (3.1 μg ml-1), Ar+8P9R, or PBS (Mock). (c) SARS-CoV-574 

2 (106 PFU ml-1) were treated by 25 μg ml-1 arbidol, or 8P9R (n=3). Then virus was serially diluted 575 
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to detect the viral titer by plaque assay. (d) SARS-CoV-2 was treated at the indicated time of post 576 

infection by the indicated drugs (n=3). Viral titers (a, b and d) were measured by RT-qPCR at 24h 577 

post infection. Data are presented as mean ±SD from 3-5 independent experiments. P values are 578 

calculated by two-tailed student t test. (e) Spike-ACE2 mediated cell-cell fusion could be blocked 579 

by arbidol and endosomal acidification inhibitors (bafilomycin A1 and 8P9R). The 293T cells 580 

expressed ACE2 or spike+GFP were co-cultured at the presence of indicated 8P9R (125 or 25 581 μg/ml), arbidol (50 or 25 μg ml-1) or bafilomycin A1 (BA1, 50 nM). The 293T-GFP cells without 582 

spike (-Spike) served as the negative control of cell-cell fusion. Scale bar =100 μm. The 583 

representative pictures were taken at 8h after co-culture. Experiments were repeated three times 584 

independently.  585 
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Fig. 4. Drug combination enhanced the antiviral activity against SARS-CoV-2 and SARS-606 

CoV. (a) Chloroquine (Chl) could significantly enhance the activity of arbidol against SARS-607 

CoV-2 while arbidol alone (0.2 μg ml-1, Ar-0.2) did not show antiviral activity (n=4). SARS-CoV-608 

2 was treated by the indicated Ar-0.2, Chl-3.1 (3.1 μg ml-1), or Ar+Chl. (b) Chloroquine (Chl) 609 

could significantly enhance the activity of arbidol against SARS-CoV while arbidol alone (0.4 610 

μg/ml, Ar-0.4) did not show antiviral activity (n=3). SARS-CoV was treated by the indicated Ar-611 

0.4, Chl-6.3 (6.3 μg ml-1), or Ar+Chl. (c) The antiviral activity of indicated drugs or drug 612 

combinations against SARS-CoV in mice. Mice were inoculated with SARS-CoV (5×103 PFU). 613 

8P9R (intranasal 0.5 mg kg-1, n=8), arbidol (Ar, oral 30 mg kg-1, n=8), chloroquine (Chl, oral 40 614 

mg kg-1, n=6), camostat (Cam, intranasal 0.3 mg kg-1, n=5),  Ar+Chl (n=6), Ar+Cam (n=6), 615 

Chl+Cam (n=6), Ar+Chl+Cam (n=5) and mock (n=12) were given to mice at 8 h post infection. 616 
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Viral loads were measured by plaque assay at 48 h post infection. (d-e) The antiviral activity of 617 

8P9R (12.5 μg ml-1), arbidol (12.5 μg ml-1), and chloroquine (12.5 μg ml-1) in Vero-E6 (d, n=4) 618 

and Calu-3 (e, n=5) cells. Viral RNA copies in cell supernatants were measured by RT-qPCR at 619 

24 h post infection. (f) The antiviral activity of indicated drugs or drug combinations against 620 

SARS-CoV-2 in hamsters. Hamsters were inoculated with SARS-CoV-2 (5×103 PFU). Mock 621 

(n=9), 8P9R (n=4), Ar+Chl+Cam (n=6), Chl+Cam (n=6), Ar+Cam (3), Cam (n=5), Ar (n=3), and 622 

Chl (n=4) were given to hamsters at 8 h post infection. Viral loads were measured by plaque assay 623 

at 48 h post infection. Data are presented as mean ±SD. P values are calculated by two-tailed 624 

student t test. 625 

 626 

 627 



Figures

Figure 1

The enhanced antiviral activity of branched P9R (8P9R). (a) The schematic �gure of single P9R binding
to single viral particle and branched P9R (8P9R) cross-linking viruses together. (b) The binding of 8P9R
and P9R to SARS-CoV-2 and H1N1 viruses. Peptides coated on ELISA plates could capture virus particles
which were then quanti�ed by RT-qPCR. P9RS was the negative control peptide with no viral binding
ability. Data are presented as mean ±SD of three independent experiments. (c) SARS-CoV-2 was
pretreated with the indicated peptides for plaque reduction assay. Data are presented as mean ±SD of
four independent experiments. (d) SARS CoV-2 was treated by indicated peptide (25 μg ml-1) during viral
inoculation. Viral RNA copies were detected by RT-qPCR at 24 host post infection in the supernatant of
Vero-E6 cells. Data are presented as mean ±SD of three independent experiments. (e) SARS-CoV-2 was
treated by peptides (50 μg ml-1) at 6h post infection. Viral titers were measured at the indicated time by
plaque assay. Data are presented as mean ±SD of three independent experiments. (f) Hemolysis assay of
8P9R in turkey red blood cells (TRBC). TRBC were treated by the indicated concentration of 8P9R.
Hemolysis (%) was normalized to TRBC treated by Triton X-100. Data are presented as mean ±SD three
independent experiments. P values are calculated by two-tailed student t test. * indicates P<0.05. **
indicates P<0.01



Figure 2

The dual-functional activities of 8P9R. (a) Cross-linking of SARS-CoV-2 by 8P9R. SARS-CoV- 2 was
treated by 8P9R, P9R, or P9RS (50 μg ml-1). The treated virus was negatively stained for TEM assay. The
red triangle indicates the big cluster of cross-linked SARS-CoV-2. Scale bar = 0.5 μm. (b) H1N1 virus was
pre-labelled by green �uorescence dye and then treated by peptides. After 1 h infection in MDCK cells,
cells were �xed and stained by cell membrane dye (red) and nuclear dye (blue). White triangles indicated
the cross-linked viruses located at cell membrane. Scale bar =20 μm (c). 8P9R could e�ciently inhibit
endosomal acidi�cation. MDCK cells were treated by 8P9R (25 μg ml-1), ba�lomycin A1 (BA1, 50 nM),
BSA (Mock) and low pH indicator pHrodoTM Red dextran. Red dots indicate the endosomes with low pH.



Nuclei were stained with nuclear dye (blue). Live cell images were taken by confocal microscopes. Scale
bar = 20 μm. Experiments were repeated twice independently.

Figure 3

Synergistic mechanism of 8P9R enhancing the antiviral activity of arbidol. (a) 8P9R could enhance the
antiviral activity of arbidol against SARS-CoV-2 in Vero-E6 cells (n=5). Virus infected cells at the presence
of the indicated concentrations of arbidol (Ar) or Ar+8P9R (3.1μg ml-1) or Ar+8P9R (1.6 μg ml-1). (b)
8P9R could signi�cantly enhance the antiviral activity of arbidol when arbidol alone did not show
antiviral activity (n=4). SARS-CoV-2 was treated by the indicated Ar-0.2 (0.2 μg ml-1), 8P9R-3.1 (3.1 μg ml-
1), Ar+8P9R, or PBS (Mock). (c) SARS-CoV- 2 (106 PFU ml-1) were treated by 25 μg ml-1 arbidol, or 8P9R
(n=3). Then virus was serially diluted to detect the viral titer by plaque assay. (d) SARS-CoV-2 was treated
at the indicated time of post infection by the indicated drugs (n=3). Viral titers (a, b and d) were measured
by RT-qPCR at 24h post infection. Data are presented as mean ±SD from 3-5 independent experiments. P
values are calculated by two-tailed student t test. (e) Spike-ACE2 mediated cell-cell fusion could be
blocked by arbidol and endosomal acidi�cation inhibitors (ba�lomycin A1 and 8P9R). The 293T cells



expressed ACE2 or spike+GFP were co-cultured at the presence of indicated 8P9R (125 or 25 581 μg/ml),
arbidol (50 or 25 μg ml-1) or ba�lomycin A1 (BA1, 50 nM). The 293T-GFP cells without spike (-Spike)
served as the negative control of cell-cell fusion. Scale bar =100 μm. The representative pictures were
taken at 8h after co-culture. Experiments were repeated three times independently.

Figure 4

Drug combination enhanced the antiviral activity against SARS-CoV-2 and SARS CoV. (a) Chloroquine
(Chl) could signi�cantly enhance the activity of arbidol against SARS CoV-2 while arbidol alone (0.2 μg
ml-1, Ar-0.2) did not show antiviral activity (n=4). SARS-CoV- 2 was treated by the indicated Ar-0.2, Chl-3.1
(3.1 μg ml-1), or Ar+Chl. (b) Chloroquine (Chl) could signi�cantly enhance the activity of arbidol against
SARS-CoV while arbidol alone (0.4 μg/ml, Ar-0.4) did not show antiviral activity (n=3). SARS-CoV was
treated by the indicated Ar- 0.4, Chl-6.3 (6.3 μg ml-1), or Ar+Chl. (c) The antiviral activity of indicated drugs
or drug combinations against SARS-CoV in mice. Mice were inoculated with SARS-CoV (5×103 PFU).
8P9R (intranasal 0.5 mg kg-1, n=8), arbidol (Ar, oral 30 mg kg-1, n=8), chloroquine (Chl, oral 40 mg kg-1,
n=6), camostat (Cam, intranasal 0.3 mg kg-1, n=5), Ar+Chl (n=6), Ar+Cam (n=6), Chl+Cam (n=6),
Ar+Chl+Cam (n=5) and mock (n=12) were given to mice at 8 h post infection. Viral loads were measured
by plaque assay at 48 h post infection. (d-e) The antiviral activity of 8P9R (12.5 μg ml-1), arbidol (12.5 μg
ml-1), and chloroquine (12.5 μg ml-1) in Vero-E6 (d, n=4) and Calu-3 (e, n=5) cells. Viral RNA copies in cell
supernatants were measured by RT-qPCR at 24 h post infection. (f) The antiviral activity of indicated
drugs or drug combinations against SARS-CoV-2 in hamsters. Hamsters were inoculated with SARS-CoV-



2 (5×103 PFU). Mock (n=9), 8P9R (n=4), Ar+Chl+Cam (n=6), Chl+Cam (n=6), Ar+Cam (3), Cam (n=5), Ar
(n=3), and Chl (n=4) were given to hamsters at 8 h post infection. Viral loads were measured by plaque
assay at 48 h post infection. Data are presented as mean ±SD. P values are calculated by two-tailed
student t test.
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