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This report focuses on protease inhibitors, virus entry inhibitors and early stage new drug candidates: 

1. TMPRSS2 inhibitor (camostat mesylate)

2. Anti-viral, EIDD-2801

3. Chinese medicine anti-virals, Baicalein and Baicalin

4. Ebselen, an FDA approved drug as an inhibitor of 3CLPro

5. TMPRSS2 inhibitors, MI-432 and MI-1900; broad range serine protease inhibitor aprotinin; furin

inhibitor MI-1851.

6. The first-in-class peptide binder to the SARS-CoV-2 spike protein

7. EK1C4, fusion and infection inhibitor

8. Synthetic nanobodies targeting the SARS-CoV-2 receptor-binding domain

------------------------------------------------------------------------------------------------------------------------------------------- 

1. TMPRSS2 inhibitor (camostat mesylate)

Hoffmann  et al. (2020) show SARS-CoV-2 infection depends on the host cell factors ACE2 and TMPRSS2 

and can be blocked by a clinically proven (in Japan for human use) inhibitor of the cellular serine protease 

TMPRSS2. 

They employed VSV pseudotypes bearing SARS-2-S to study cell entry of SARS-CoV-2. SARS-2-S 

facilitated entry into an identical spectrum of cell lines as SARS-S, suggesting similarities in choice of entry 

receptors. They demonstrate that SARS-CoV-2 uses the SARS-CoV receptor ACE2 for entry and the 

serine protease TMPRSS2 for S protein priming. The finding that SARS-2-S exploits ACE2 for entry, is 

supported by Zhou and colleagues (Zhou et al., 2020).  

A TMPRSS2 inhibitor (camostat mesylate treatment) approved for clinical use blocked entry and might 

constitute a preventative and/or treatment option.  

It has been suggested that the modest ACE2 expression in the upper respiratory tract (Bertram et al., 2012; 

Hamming et al., 2004) might limit SARS-CoV transmissibility. In light of the potentially increased 

transmissibility of SARSCoV-2 relative to SARS-CoV, one may speculate that the new virus might exploit 

cellular attachment-promoting factors with higher efficiency than SARS-CoV to ensure robust infection of 

ACE2+ cells in the upper respiratory tract. This could comprise binding to cellular glycans, a function 

ascribed to the S1 domain of certain coronaviruses (Li et al., 2017; Park et al., 2019). Finally, it should be 

noted that ACE2 expression protects from lung injury and is downregulated by SARS-S (Haga et al., 2008; 

Imai et al., 2005; Kuba et al., 2005), which might promote SARS. It will thus be interesting to determine 

whether SARS-CoV-2 also interferes with ACE2 expression. 

Source: Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, Herrler T, Erichsen S, Schiergens TS, 

Herrler G, Wu NH, Nitsche A, Müller MA, Drosten C, Pöhlmann S. SARS-CoV-2 Cell Entry Depends on 

ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell. 2020 Apr 

16;181(2):271-280.e8. doi: 10.1016/j.cell.2020.02.052 https://www.cell.com/cell/pdf/S0092-8674(20)30229-

4.pdf?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867420302294

%3Fshowall%3Dtrue 

A clinical trial using camostat mesylate -  The Impact of Camostat Mesilate on COVID-19 Infection: An 

Investigator-initiated Randomized, Placebo-controlled, Phase IIa Trial (CamoCO-19) has started 

recruitment in Denmark sponsored by the University of Aarhus 

https://clinicaltrials.gov/ct2/show/NCT04321096?term=recovery&cond=Coronavirus+Infection&draw

=5&rank=33  

2. EIDD-2801. “An orally bioavailable broad-spectrum antiviral inhibits SARS-CoV-2 and multiple endemic,

epidemic and bat coronavirus.” The researchers reported that both prophylactic (before infection) and

therapeutic (after infection) administration of EIDD-2801—in mice infected with the viruses SARS-CoV or

MERS-CoV—improved pulmonary function, and reduced virus titer and body weight loss. The authors

https://www.nature.com/articles/s41586-020-2012-7
https://www.cell.com/cell/pdf/S0092-8674(20)30229-4.pdf?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867420302294%3Fshowall%3Dtrue
https://www.cell.com/cell/pdf/S0092-8674(20)30229-4.pdf?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867420302294%3Fshowall%3Dtrue
https://www.cell.com/cell/pdf/S0092-8674(20)30229-4.pdf?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867420302294%3Fshowall%3Dtrue
https://clinicaltrials.gov/ct2/show/NCT04321096?term=recovery&cond=Coronavirus+Infection&draw=5&rank=33
https://clinicaltrials.gov/ct2/show/NCT04321096?term=recovery&cond=Coronavirus+Infection&draw=5&rank=33
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noted that “decreased MERS-CoV yields in vitro and in vivo were associated with increased transition 

mutation frequency in viral but not host cell RNA, supporting a mechanism of lethal mutagenesis.” 

The compound, a nucleoside analogue, inhibits viral replication, acting as a mimic of naturally occurring 

nucleosides. It was first found to be effective against murine hepatitis virus (MHV) and MERS-CoV in 

November of 2019, work that was published in a Journal of Virology article titled, “Small-Molecule Antiviral 

β-D- N 4-Hydroxycytidine Inhibits a Proofreading-Intact Coronavirus With a High Genetic Barrier to 

Resistance.” 

Showing that the ribonucleoside analog β-D-N4 30 -hydroxycytidine (NHC, EIDD-1931) has broad 

spectrum antiviral activity against SARS-CoV 2, MERS-CoV, SARS-CoV, and related zoonotic group 2b or 

2c Bat-CoVs, as well as increased potency against a coronavirus bearing resistance mutations to another 

nucleoside analog inhibitor. Method: human lung epithelial cell line Calu-3 2B4 (“Calu3” cells) and mice. 

Result: mice infected with SARS-CoV or MERS-CoV, both prophylactic and therapeutic administration of 

EIDD-2801, an orally bioavailable NHC-prodrug (b-D-N4 35 -hydroxycytidine-5’-isopropyl ester), improved 

pulmonary function, and reduced virus titer and body weight loss. 

Predictions aside, the data on EIDD-2801 suggest that the compound’s potency against multiple 

coronaviruses, therapeutic efficacy, and oral bioavailability in vivo highlight its potential utility as an effective 

antiviral against SARS-CoV-2 and other future zoonotic coronaviruses. 

Source: Timothy P Sheahan, Amy C Sims, Shuntai Zhou, Collin Hill, Sarah R Leist, Alexandra Schaefer, 

Maria Agostini, Andrea Pruijssers, Ariane J Brown, Gregory Bluemling, Michael Natchus, Manohar 

Saindane, Alexander Kolykhalov, George Painter, Ronald Swanstrom, Kenneth Dinnon III, Rachel Graham, 

Jennifer Harcourt, Azaibi Tamin, Natalie J. Thornburg, Stephanie A. Montgomery, James Chappell, Mark 

Denison, Ralph S. Baric. An orally bioavailable broad-spectrum antiviral inhibits SARS-CoV-2 and multiple 

endemic, epidemic and bat coronavirus. bioRxiv 2020.03.19.997890; doi: 

https://doi.org/10.1101/2020.03.19.997890  

------------------------------------------------------------- 

3. Baicalein, a compound extracted from the root of Scutellaria baicalensis (Chinese skullcap), used in 

traditional Chinese medicine as a broad antiviral, showed inhibitory activity against the purified 3CLpro of 

SARS-CoV-2 (IC50 = 0.94 uM) and anti-viral activity in Vero cell culture (EC50 = 1.69 uM). Rationale: The 

discovery of new anti-SARS-CoV-2 therapeutic agents targeting the protease 3CLpro using traditional 

Chinese medicine as a starting point. 3CLpro of SARS-CoV-2 (also known as Mpro) is essential for the 

virus as it cleaves the precursor polyprotein into mature non-structural proteins required for viral RNA 

transcription and replication. 

Source: Haixia Su, Sheng Yao, Wenfeng Zhao, Minjun Li, Jia Liu, Weijuan Shang, Hang Xie, Changqiang 

Ke, Meina Gao, Kunqian Yu, Hong Liu, Jingshan Shen, Wei Tang, Leike Zhang, Jianping Zuo, Hualiang 

Jiang, Fang Bai, Yan Wu, Yang Ye, Yechun Xu. doi: Discovery of baicalin and baicalein as novel, natural 

product inhibitors of SARS-CoV-2 3CL protease in vitro https://doi.org/10.1101/2020.04.13.038687 

 

Experimental details: 

- The inhibition of 3CLpro by baicalein was shown in a FRET based assays using a  fluorogenic substrate. 
Protease was pre-incubated with baicalein for 10 min before addition of substrate. 

- Binding of baicalein to 3CLpro was shown by isothermal titration calorimetry (ITC), giving a Kd of 4.03 
uM, and by electrospray ionization mass spectrometry (ESI-MS). 

- The binding mode was determined by co-crystallization of 3CLpro with baicalein. showing binding of 
baicalein to the substrate binding. Resolution at 2.2 Å.  

- antiviral actvity of baicalein  was shown in Vero cell infectivity assays. Cells were pre-incubated with 
baicalein for 1 hour before the addition of virus for 2 hours at MOI 0.05. Detection of virus by qRT-PCR. 

- absence of cytotoxicity was established with a CCK 8 assay. 

https://doi.org/10.1101/2020.03.19.997890
https://doi.org/10.1101/2020.04.13.038687
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Notes on related findings: 

I. Another compound of the same plant was also tested in this paper. Baicalin also showed inhibitory 
activity against the protease and in infectivity assays but at higher IC50 and EC50, respectively. 

II. an earlier paper this week (12/4/20) from a different group showed similar inhibitory effects of 
baicalein against the protease and virus. This study was far less extensive but also reported other 
compounds with a lower IC50 than baicalein."Scutellaria baicalensis extract and baicalein inhibit 
replication of SARS-CoV-2 and its 3C-like protease in vitroHongbo Liu, Fei Ye, Qi Sun, Hao Liang, Chunmei 
Li, Roujian Lu, Baoying Huang, Wenjie Tan,   

 doi: https://doi.org/10.1101/2020.04.10.035824 

      https://www.biorxiv.org/content/10.1101/2020.04.10.035824v1 

------------------------------------------------------------------------------ 

4. Ebselen, an FDA approved drug as an inhibitor of 3CLPro. This paper showed the first crystal structure 

of 3CLPro of SARS-CoV-2: "Structure of Mpro from COVID-19 virus and discovery of its inhibitors”. It 

underwent accelerated peer review and publication in Nature (9/4/20). Using the same FRET assay as in the 

paper discussed in point 3, they screened 10,000 compounds and identified Ebselen, an FDA approved drug 

as an inhibitor of 3CLPro with IC50 = 0.67 and of viral replication with EC50 = 4.67. 

 

Experimental details:  

The authors identified a mechanism-based inhibitor, N3, by computer-aided drug design and subsequently 

determined the crystal structure of SARS-CoV-2 Mpro (3CLpro) in complex with this compound. Through a 

combination of structure-based virtual and high-throughput screening, they assayed over 10,000 compounds 

including approved drugs, drug candidates in clinical trials, and other pharmacologically active compounds 

as inhibitors of Mpro. Six of these inhibit Mpro with IC50 values ranging from 0.67 to 21.4 μM. Amongst them, 

disulfiram and carmofur are FDA-approved drugs, whilst ebselen, shikonin, tideglusib, PX-12 and TDZD-8 

are currently in clinical trials or preclinical studies. Ebselen has the strongest inhibition of Mpro activity 

with an IC50 of 0.67μM.  

 

A portion of the hits identified was likely to be covalently bonded to the catalytic cysteine of Mpro through 

their sulfhydryl groups. Such molecules are expected to be promiscuous binders and therefore may have 

limited potential as drug leads. MS/MS data showed that Ebselen, PX-12 and carmofur are all able to 

covalently bind to C145 of the catalytic dyad in SARS-CoV-2 Mpro. However, while PX-12 and carmofur 

completely modified Mpro, Ebselen only partially modified this viral protease. Since Ebselen shows stronger 

inhibition than the others, there is a possibility that Ebselen also inhibits Mpro through non-covalent binding. 

 

Quantitative real-time RT-PCR (qRT-PCR) demonstrated that Ebselen and N3 showed antiviral effects at a 

concentration of 10 μM in SARS-CoV-2 infected Vero cells. A plaque-reduction assay showed that Ebselen 

and N3 displayed inhibition against SARS-CoV-2 with individual EC50 values of 4.67 μM and 16.77 μM, 

respectively. Ebselen is an organoselenium compound with anti-inflammatory, anti-oxidant and 

cytoprotective properties. This compound has been investigated for the treatment of multiple diseases, 

such as bipolar disorders and hearing loss. Ebselen has extremely low cytotoxicity (LD50 in rats > 4,600 

mg/kg, per os) and its safety in humans has been evaluated in a number of clinical trials.  

Source: Zhenming Jin, Xiaoyu Du, Yechun Xu, Yongqiang Deng, Meiqin Liu, Yao Zhao, Bing Zhang, Xiaofeng 

Li, Leike Zhang, Chao Peng, Yinkai Duan, Jing Yu, Lin Wang, Kailin Yang, Fengjiang Liu, Rendi Jiang, 

Xinglou Yang, Tian You, Xiaoce Liu, Xiuna Yang, Fang Bai, Hong Liu, Xiang Liu, Luke W. Guddat, Wenqing 

Xu, Gengfu Xiao, Chengfeng Qin, Zhengli Shi, Hualiang Jiang, Zihe Rao, Haitao Yang Structure of Mpro 

from COVID-19 virus and discovery of its inhibitors doi: https://doi.org/10.1101/2020.02.26.964882 

Now published in Nature doi: 10.1038/s41586-020-2223-y https://www.nature.com/articles/s41586-020-

2223-y  
  

https://www.biorxiv.org/content/10.1101/2020.04.10.035824v1
https://www.nature.com/articles/s41586-020-2223-y
https://doi.org/10.1101/2020.02.26.964882
https://www.nature.com/articles/s41586-020-2223-y
https://www.nature.com/articles/s41586-020-2223-y
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5.  TMPRSS2 inhibitors, MI-432 and MI-1900; broad range serine protease inhibitor aprotinin; furin 

inhibitor MI-1851.  

Bestle et al. demonstrate that both TMPRSS2 and furin cleave the SARS-CoV-2 S protein and are 

essential for virus multicycle replication in Calu-3 human epithelial airway cells. TMPRSS2 and furin cleave 

S at different sites - furin at the S1/S2 site and TMPRSS2 at the S2‘site - and these proteases cannot 

compensate for each other in SARS-CoV-2 S activation. SARS-CoV-2 replication can be efficiently 

inhibited by two synthetic inhibitors of TMPRSS2, MI-432 and MI-1900 and also by the broad range serine 

protease inhibitor aprotinin. SARS-CoV-2 replication was also strongly inhibited by the furin inhibitor MI-

1851. Combining TMPRSS2 inhibitors with MI-1851 produced a more potent antiviral activity than a 

single serine protease inhibitor. Inhibition of endosomal cathepsins by E64d did not affect virus 

replication.  

Source:Dorothea Bestle, MiriamRuth Heindl, Hannah Limburg, ThuyVanLam van, Oliver Pilgram, Hong Mo

ulton, DavidA. Stein, Kornelia Hardes, Markus Eickmann, Olga Dolnik, Cornelius Rohde, Stephan Becker, 

Hans-Dieter Klenk, Wolfgang Garten, Torsten Steinmetzer, Eva Böttcher-Friebertshäuser TMPRSS2 and 

furin are both essential for proteolytic activation and spread of SARS-CoV-2 in human airway epithelial cells 

and provide promising drug targets 

bioRxiv 2020.04.15.042085; doi: https://doi.org/10.1101/2020.04.15.042085.  

 

Experimental details: 

- The SARS-CoV-2 S protein has a furin cleavage site in contrast to MERS-CoV and SARS-CoV. Furin 
was shown to cleave the S1/S2 site of SARS-CoV-2 in a FRET-based synthetic peptide assay. No 
cleavage of the corresponding site in SARS-CoV was detected and very little cleavage of the MERS-
CoV site. 

- SARS-CoV-2 S protein was shown to be cleaved when expressed in HEK293 cells which was 
inhibited by the furin inhibitor MI-1851 (a manuscript on the inhibitor is in preparation; the authors 
have reported on related furin inhibitors in the past). Ectopic expression of TMPRSS2 in HEK293 cells 
showed cleavage at another site in SARS-CoV-2 S protein that is not inhibited by MI-1851. 

- Inhibitors were tested against SARS-CoV-2 infection: Calu-3 cells were exposed to SARS-CoV-2 at 
MOI 0.001 for 1.5 hour, then the inhibitors were added (10, 20 and 50 uM). Cytopathic effect was 
assessed and cells were stained with cross reacting anti SARS-CoV antibodies at 72 hours post 
infection. Strong inhibition of infection was observed with aprotinin (strongest), the TMPRSS2 and 
Furin inhibitors. Not with Cathepsin inhibitor E64d. 

- The effect of inhibitors on virus titers were assessed: Calu-3 cells were infected with SARS-CoV-2 at 
MOI 0.001 for 1.5 hours as before. Inhibitors were added and the supernatants of the cells were 
collected at 16, 24, 48 and 72 hours. The sups were titrated and added to Calu-3 cells for 72 hours 
to determine the titer of infectious viruses (TCID50). This showed a reduction of virus titers with all 
inhibitors, aprotinin (25-30 x reduction at 10 uM). MI-432 5x and 14x reduction at 10 uM and 50 uM 
respectively. MI-1900 was similar to MI-432. MI-1851 showed a 30-75 x reduction of infectivity at 10 
uM. They combined the inhibitors and found additional effects of combinations of TMPRSS2 and Furin 
inhibitors. 

Notes: 

I. All MI inhibitors are peptide mimetics synthesized by the authors. A manuscript on MI-1851 is in preparation 

II. Aprotinin is a broad serine protease inhibitor. Inhaled aerosolized aprotinin has been used in Influenza 

patients where it reduced symptoms without side effects. 

--------------------------------------------------------------------------------------------------------------------------- 

6. The first-in-class peptide binder to the SARS-CoV-2 spike protein 

Method: automated fast-flow peptide synthesis to chemically synthesize 23-mer peptide fragment of the 

ACE2 PD α1 helix composed entirely of proteinogenic amino acids. Chemical synthesis of this human 

derived sequence was complete in 1.5 hours and after work up and isolation >20 milligrams of pure 

https://www.biorxiv.org/content/10.1101/2020.04.15.042085v1
https://www.biorxiv.org/content/10.1101/2020.04.15.042085v1
https://www.biorxiv.org/content/10.1101/2020.04.15.042085v1
https://doi.org/10.1101/2020.04.15.042085
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material was obtained. Bio-layer interferometry revealed that this peptide specifically associates with the 

SARS-CoV-2-RBD with low nanomolar affinity.  

This peptide binder to SARS-CoV-2-RBD provides new avenues for COVID-19 treatment and diagnostic 

modalities by blocking the SARS-CoV-2 spike protein interaction with ACE2 and thus precluding virus entry 

into human cells. 

Source: Genwei Zhang, Sebastian Pomplun, Alexander Robert Loftis, Andrei Loas, Bradley L. Pentelute. 

The first-in-class peptide binder to the SARS-CoV-2 spike protein. bioRxiv 2020.03.19.999318; doi: 

https://doi.org/10.1101/2020.03.19.999318  

 

7. EK1C4 

Method: series of lipopeptides and found that the EK1C4 was the most potent fusion inhibitor against 

SARS-CoV-2 S protein-mediated membrane fusion and pseudovirus infection with IC50s of 1.3 and 15.8 

nM, about 241- and 149-fold more potent than that of EK1 peptide, respectively. EK1C4 was also highly 

effective against membrane fusion and infection of other human coronavirus pseudoviruses tested, 

including SARS-CoV and MERS-CoV, as well as SARSr-CoVs, potently inhibiting replication of 4 live 

human coronaviruses, including SARS-CoV-2. Intranasal application of EK1C4 before or after challenge 

with HCoV-OC43 protected mice from infection, suggesting that EK1C4 could be used for prevention and 

treatment of infection by currently circulating SARS-CoV-2 and emerging SARSr-CoVs. 

Source: Shuai Xia, Meiqin Liu, Chao Wang, Wei Xu, Qiaoshuai Lan, Siliang Feng, Feifei Qi, Linlin Bao, 

Lanying Du, Shuwen Liu, Chuan Qin, Fei Sun, Zhengli Shi, Yun Zhu, Shibo Jiang, Lu Lu. Inhibition of 

SARS-CoV-2 infection (previously 2019-nCoV) by a highly potent pan-coronavirus fusion inhibitor targeting 

its spike protein that harbors a high capacity to mediate membrane fusion. bioRxiv 2020.03.09.983247; doi: 

https://doi.org/10.1101/2020.03.09.983247  

---------------------------- 

8. Synthetic nanobodies targeting the SARS-CoV-2 receptor-binding domain 

Walter et al. report the generation of sybodies, synthetic nanobodies, against the receptor-binding domain 

(RBD) of SARS-CoV-2. Nanobodies are single domain antibodies based on the variable domain of heavy-

chain-only antibodies that bind with a similar affinity as conventional antibodies.  Because of their small size 

sybodies could be developed into an inhalable drug that can be used as a prophylaxis against COVID-

19. The authors previously designed three libraries of synthetic nanobodies and have used these for the in 

vitro selection of those that bind to the RBD of the SARS-CoV-2 S protein using ribosome and phage display. 

They obtained six strongly enriched sybody pools and identified 63 unique anti-RBD sybodies that also 

interact in the context of the full-length SARS-CoV-2 spike protein. This is a very early publication and the 

authors intend to update it as they further characterize the sybodies. So far they have tested the sybodies in 

ELISAs against the isolated RBD (as fusion protein), full length S protein and as a negative control against 

mannose binding protein (MBP). They present all sequences for the identified clones, along with detailed 

protocols to enable the community to freely produce and further characterize these SARS-CoV-2 binders.  

 

Source:JustinD. Walter, CedricA.J. Hutter, Iwan Zimmermann, Jennifer Earp, Pascal Egloff, Michèle Sorge

nfrei, LeaM. Hürlimann, Imre Gonda, Gianmarco Meier, Sille Remm, Sujani Thavarasah, Philippe Plattet, M

arkus A. Seeger. Synthetic nanobodies targeting the SARS-CoV-2 receptor-binding domain 

bioRxiv 2020.04.16.045419; doi: https://doi.org/10.1101/2020.04.16.045419  

--------------------------------------------  
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