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2 mediated cell-to-cell fusion suggesting that these NBCoV small molecules interfere with the
SARS-CoV-2 Spike-mediated cell-to-cell fusion.

In vitro ADME assessment

The in vitro assessment of ADME properties in the early stage of drug discovery and
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development, especially for the pharmaceutical industry, significantly reduced the drug attrition
rate in the last two decades®’. In 1997, the major causes of failure for drugs that advanced to
clinical trials were poor ADME properties®?. Failures in drug development during the later stages
can be very costly. Therefore, we also adopted in vitro ADME assessments of our potent

pancoronavirus inhibitors early to develop these fusion inhibitors as preclinical candidates.

We have selected one of the best inhibitors, NBCoV1, with potent antiviral activity, low
cytotoxicity, and excellent Sl for evaluating its ADME properties. Solubility is one of the key
properties of a drug and plays a critical role in drug discovery. Therefore, we measured the
solubility of the inhibitor in phosphate buffer at pK 7.4. The data in Table 7 indicate that the
solubility is NBCoV1 is low. However, there is room for further improvement through salt-
formation or formulations. Due to the presence of a COOH anion in all potent NBCoV inhibitors,
sodium, calcium, and potassium salts can be made to enhance the solubility and dissolution
rate.®® ¢4 Next, we measured the permeability of NBCoV1 since it plays a vital role in drug
absorption in the intestine and its bioavailability. Compounds with low permeability may absorb
less and show poor bioavailability. The human epithelial cell line Caco-2 is the most widely used
cell line to measure permeability and simulates human intestinal absorption. Therefore, we
performed the Caco-2 bidirectional permeability experiment [apical to basolateral (A-B) and
basolateral to apical (B-A) across the Caco-2 cell monolayer], which can be used to measure
the efflux ratio and predict the human intestinal permeability of orally administered drugs. The
data shown in Table 7 indicates that the apparent permeabilities of NBCoV1 are similar to the
oral drug propranolol, Papp, 10-® cm/s of which was 19.7 (See Supporting Information). We
used valspodar, a P-gp substrate, as a positive control to determine whether there was any
involvement of active efflux mediated by P-gp. After treatment with 1 uM valspodar, the efflux
ratio compared to no valspodar did not change, indicating that the P-gp mediated efflux was not

involved.
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Next, we examined the metabolic stability of NBCoV1 in the human liver microsome
because the liver is the most crucial site of drug metabolism in the body. The clearance data
(Clint) in Table 7 indicated that NBCoV1 is a low-clearance compound, and it shows a half-life
of 112 minutes. It is worthwhile to mention that achieving low clearance is often the goal of a
drug discovery project to reduce drug dose, minimize exposure of the drugs in the body to
reduce drug-related toxicities, and prolong half-life. Compounds with high clearance values may
be cleared rapidly from the body, and the drugs may have a short duration of action and may
need multiple dosing. We have also measured the binding of NBCoV1 in human plasma, and
Table 7 shows that the inhibitor is >99.5% bound. Although it may look that NBCoV1 has high
protein binding, many drugs have >98% plasma protein binding, and higher protein binding does
not affect the success of any drug candidates. The misconception on high plasma protein

binding of drugs has been elegantly reported by Smith et al. in 2010°%°.

The cytochrome P450 (CYP450) enzyme family plays a critical role in the oxidative
biotransformation of many drugs and other lipophilic xenobiotics into hydrophilic counterparts,
facilitating their elimination from the body® 67. There are more than 50 CYP450 enzymes in the
family, but about a dozen of them, e.g., CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19,
CYP2D6, CYP3A4, and CYP3ADS5, play an essential role in metabolizing almost 80 percent of all
drugs®® %°. Therefore, we decided to use this set of eight CYP450 enzymes to determine whether
NBCoV1 has any inhibitory effects on this subfamily of enzymes that may cause potential drug-
drug interactions (DDI) when co-administered with other treatment agents. DDI is a potential
concern for pharmaceutical companies developing drugs and regulatory agencies such as the

FDA.

Often the following guideline is used for the CYP inhibition assessment:

ICso > 10 uM (CYP inhibition low)
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<10 uM (CYP inhibition moderate)

< 3 uM (CYP inhibition high)

Based on the above classification, NBCoV1 showed low inhibition against CYP2D6,
CYP3A, moderate inhibition against CYP1A2, CYP2B6, CYP2C9, and CYP2C19, and high
inhibition against only CYP2C8 enzyme (Table 7). However, it is worth noting that Walsky et al.
reported the inhibition of 209 drugs, and they classified high inhibition when 1Cso < 1 uM and
ICs0> 10 uM as moderate inhibition. In addition, this group listed felodipine, a hypertensive drug,

along with five others as highly potent inhibitors”.

In vivo pharmacokinetics (PK) of NBCoV1 and NBCoV2

Successful drug discovery depends not only on the preclinical efficacy and toxicity profile
of a compound but also on the selection of the right candidate with good in vivo
pharmacokinetics in animals (rat, dog, etc.) using appropriate dosing routes, such as oral (PO)

and intravenous (V).

We evaluated the PK parameters of two of the most active inhibitors in rats (Table 8) by
PO and IV routes. The half-life (t12) by PO of NYBCoV1 was 11.3 hours, and IV was 3.57 hours.
NBCoV1 dosed via IV showed Tmax at 0.25 hours and PO at 2 hours, suggesting normal
Clearance. The Cmax, Which measures the highest drug concentration in the blood or target
organ for NBCoV1 and NBCoV2, was 1499 ng/mL and 2219 ng/mL, respectively. NBCoV1 also
showed an excellent mean residence time (MRT) of 14 hours. MRT measures the average time
a drug molecule spends in the body and is critically important for a drug to elicit its action. The
oral bioavailability of NBCoV1 was reasonably good (F%: 20) for initiating further pre-clinical
studies. However, its bioavailability can be further improved through proper dosing, salt
formation, or proper clinical formulation. NBCoV2 showed poor oral availability at 0.9% and half-

life by PO and IV at 3.5 to 3.9 hours. NBCoV2 dosed via IV showed Cmax is at 2 hours,
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suggesting compound potentially precipitated after injection and redissolved to delay maximum
blood levels. This suggests that the PK studies should be further evaluated by lowering the dose

(1-3 mg/Kg body weight).

Table 8. In vivo PK parameters in rats of the two most active inhibitors, NBCoV1 and NBCoV2.

NBCoV1 NBCoV2
Parameters?® UNITS
PO \% PO \%
Dose 10 5 10 5 mg/kg
tiz 11.32 3.57 3.96 3.52 h
Trax 2 0.25 4 2 h
Crmax 1499.76 | 7815.76 30.12 2219.45 ng/mL
Co - 7407.25 - 1710.87 ng/mL
AUCo. 12023.00 | 37515.91 | 318.78 | 18074.45 ng/mL*h
MRTo.inf_obs 14.34 4.02 7.28 5.09 h
CLobs - 0.00013 - 0.00027 (mg/kg)/(ng/mL)/h
VSS_obs - 0.00053 - 0.00140 (mg/kg)/(ng/mL)
VZ/F _obs 0.01078 - 0.17593 - (mg/kg)/(ng/mL)
CL/F_obs 0.00066 - 0.03082 - (mg/kg)/(ng/mL)/h
F% 20.1 - 0.9 - 100 * AUC(PO)/AUC(IV)

2Asingle oral (PO) or IV dose; t,,,, apparent terminal elimination half-life; t,,,, time to peak concentration; C
maximum measured plasma concentration; C,, initial measured plasma concentration; AUC, area under the
concentration time curve; MRT, mean residence time; CL, clearance rate of the analyte (IV only); V,,, volume of
distribution of the analyte in the test system estimated at steady state (IV only); VZ/F, apparent volume of
distribution; CL/F, apparent oral clearance; F%, bioavailability, represents the fraction of a dose reaching systemic
circulation intact; i.e. fraction of dose absorbed.

Do the ene-rhodanines PAINS or a part of GAINS (Genuinely Active INhibitorS) in the

max’

context of pancoronavirus inhibition?

Since the publication on PAINS by Baell and Holloway’ and colloidal aggregators by
McGovern et al. as frequent hitters or promiscuous inhibitors™ in high throughput screening
(HTS) campaign, the awareness of these categories of compounds became part of the equation
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in drug discovery. However, several publications made counterarguments that all frequent
hitters should not be randomly discarded without validating whether they are target-specific or
true promiscuous*’-7#77_ In a recent Editorial, Bajorath mentioned that the chemical integrity and
specific biological activity of compounds containing PAINS substructure should be considered
in the context of the whole compounds and how they are embedded in the structure. He also
argued that "PAINS-induced activity artifacts cannot be generalized but require careful
assessment on a case-by-case basis"’4. Based on the legitimate concerns on PAINS and
colloidal aggregates, nine American Chemical Society (ACS) editors outlined necessary steps
to rule out any artifactual assay activity’®. The goal of this concerted effort in authors term "not
to eliminate a priori all compounds that may resemble PAINS or colloidal aggregators" but to

ensure that the compounds' "behavior is well-vetted before publication."

Ene-rhodanines have been designated as frequent hitters and speculated that the most
likely activity of this series of compounds is not due to the actual target. On the contrary,
Mendgen et al. in 2012 conclusively demonstrated that rhodanines and thiohydantoins possess
distinct molecular interaction patterns governed by their electronic and hydrogen bonding
properties and not related to promiscuous binding or aggregation. Therefore, the authors
suggested not to coin these scaffolds as problematic or promiscuous binders*’. We respect both
views. Thus, in the spirit of the suggestions made by the ACS Editors’® and others’™ 7°, we

decided to validate the antiviral activity of the set of rhodanines that we presented here.

a) Antiviral activity of ene-rhodanine derivatives: Is the activity due to inhibition of

luciferase or direct interference with the luminescence measurement?

Initial identification of antiviral activity was performed against a lentiviral-based
pseudotyped virus with spike protein from SARS-CoV-2 using a NanoLuc (luciferase-based)
assay. One of the possibilities is that the ene-rhodanines used may directly inhibit the luciferase
enzyme. This possibility can be ruled out as out of fourteen compounds tested, only 3-4 showed

29


https://doi.org/10.1101/2021.09.03.458877

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.03.458877; this version posted September 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

antiviral potency, although all the compounds contain the same ene-rhodanine scaffold. In
neutralization assays, we pre-treated the pseudoviruses with the small molecules for 30 min
before the cell infection as the target of our study is the spike protein of SARS-CoV-2. By
contrast, when we pre-treated the cells rather than the viruses, we did not detect any inhibition
at the higher doses used in the assay (2000 nM) (Table S1). These experiments suggest that
1) our compounds are not affecting the NanoLuc activity and 2) the target of these compounds
is virus-related and not cell-related. In 2008, Auld et al. reported the luciferase inhibitory activity
of >72,000 diverse molecules collected from a diverse chemical repository. Twenty-six
rhodanines were also tested against the luciferase enzyme, and none showed any inhibitory
activity®. In this work, to explicitly rule out that the antiviral activity of our small molecules was
due to the direct inhibition of the NanoLuc and the FLuc reporters, we expressed these enzymes
in 293T/17 cells. We incubated the cells lysates with 2000 nM of NBCoV small molecules (4
small molecules with the highest inhibitory activity NBCoV1-4 and two inactive compounds
NBCoV5 and NBCoV34) for 10 minutes at 25 °C. As a control, lysates were untreated or treated
with the Intracellular TE Nano-Glo® Substrate/Inhibitor (for the NanoLuc reporter) and 100 uM
resveratrol®! (for the FLuc reporter). We found that while the Nanoluc inhibitor (Figure S1a) and
the FLuc inhibitor (Figure S1b) completely blocked the activity of the respective luciferase
enzymes, the NBCoV compounds did not affect the activity of these two enzymes (Figure S1 a
and b). No significant differences were detected between the untreated controls and the

samples treated with the NBCoV small molecules.

The second concern could be that the rhodanines may interfere with the luminescence-
based measurements. However, this possibility in our case can be ruled out because we used
the same luciferase enzyme in the control experiment with A-MLV-based pseudovirus as we

did with cell-cell fusion assay. However, none of the rhodanine derivatives were active against
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A-MLV pseudovirus. On the contrary, the most active leads in the SARS-CoV-2 pseudovirus

assay also showed activity against cell-cell fusion assay.

The most intriguing argument can be made with the assay results with the authentic
SARS-CoV-2 virus, where no luciferase was used. The cells (Vero) were also different from
those used in a pseudovirus inhibition assay. In addition, in the authentic virus assay, a
microscope was used to determine the CPE, a completely different readout method. Also, in
this case, when the cells (rather than the virus) were pretreated for 2 hr before infection,
compounds did not confer any protection against SARS-CoV-2 infection at the higher dose used
in the assay (10 uM) (Table S1). All these concurrent assays firmly establish that the target of

the rhodanines is not random but more specific to the spike protein of SARS-CoV-2.

b) Target specificity measured by a direct binding study by SPR

As suggested by the ACS Editors’®, we went a step further by measuring the direct
binding of the most active inhibitors to the target SARS-CoV-2 spike protein by surface plasmon
resonance (SPR) method. Since we hypothesized that these inhibitors are expected to bind the
HR1 domain of the spike protein and prevent the six-helix bundle formation similar to HIV-1 or
other Class | fusion proteins of enveloped viruses, we used a SARS-CoV-2 prefusion S trimer.
Both NBCoV1 and NBCoV2 showed low uM Kp. Thus, although these inhibitors showed some
binding to the S1 domain, the Kp values were 5-9-fold higher. Therefore, this critical study
demonstrated that these inhibitors were preferentially bound to the Spike protein's prefusion
state and supported our hypothesis. Admittedly, we do not know the exact binding location, but
future x-ray or Cryo-EM structure determination with the inhibitors will undoubtedly provide us

with a wealth of information.

c) Do the inhibitors bind specifically to the virus spike protein or promiscuously to

some cellular proteins?
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In 2014, Baell and Walters, in their comments published in Nature, coined ene-
rhodanines as one of the "most insidious" offenders®2. They also mentioned that this scaffold
primarily works through covalent modification and metal complexation. We do not know whether
our inhibitors participate through any such mechanisms without any structural information.
However, we will present some experimental evidence to show that the inhibitors bind to the
virus part, not the cellular component, most likely not through the ene-rhodanine scaffold. To

accomplish our goal, we used two-prong approaches.

1) The time of addition of compounds is critical for their antiviral activity.

- Pseudovirus-base inhibition assay: Entry/fusion inhibitors that target the virus
envelope/spike proteins do not show inhibition if added to the cell first, followed by virus
addition. We successfully demonstrated that when we incubated compounds with the cells
first and then added pseudovirus, none of the compounds showed any inhibition (Table S1).
However, if we reverse the sequence by pre-incubating the virus with the compound before

adding it to the cells, compounds show dose-response inhibition (Tables 1, 2, 3 and 6).

- Authentic live SARS-CoV-2 virus: We demonstrated a similar effect with live virus assay
(Table 5). None of the compounds tested showed any inhibition when first added to the cells

(Table S1).

The above experiments conclusively established that the target of the inhibitors was not the

cellular components but the virus itself.

2) Cellular toxicity vs. antiviral activity.

During pseudovirus-based inhibition assay, cellular toxicity was also assessed for each
compound without adding any virus. The data in Table 1 and Table 3 indicate all active
compounds have low cytotoxicity making the Sl values anywhere from >586 to 4000. If the

compounds target the cellular component, then the Sl values would have been much lower.
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Based on the ACS Editors' recommendation, we demonstrated that "the compound is active at

a concentration substantially lower than those producing cellular toxicity"’8.

d) Are the NBCoV small molecules promiscuous aggregation-based inhibitors?

Based on the steps outlined by the nine American Chemical Society (ACS) editors to
rule out inhibitory activity due to colloidal aggregation”®, we decided to investigate these
compounds further. Based on one of the suggestions by the Editors to use the publicly available
filters, we used the online software, Advisor, developed by Shoichet's team at UCSF

(http://advisor.bkslab.org/). The software returned with a message that none of the compounds

were like any known aggregator in their database (Supporting Information, Figure S2).
However, it also alerted that since the molecules are hydrophobic, other appropriate tests
should be performed. The authors suggested that if the activity of the aggregation-based
inhibitor can be attenuated by small concentrations of nonionic detergent (0.025% Tween-80),
the compound is likely an aggregator 8384, Also, a colloidal aggregator mostly exhibits a steep
dose-response curve, and it may be precipitated by centrifugation 88, Due to the different
sensitivity of the cells to detergents, we initially performed a cytotoxicity assay with 293T/ACE2
cells in the presence and absence of 0.025% of Tween-80. Unfortunately, we found that even
such a low concentration of Tween-80 was inducing significant cytotoxicity (Figure S3a).
Moreover, in the presence of 0.025% Tween-80, the infection of 293T/ACE2 cells with SARS-
CoV2 pseudovirus was dramatically decreased (Figure S3b) compared to the infection done in
the absence of Tween-80, suggesting that 0.025% of Tween-80 may also be affecting the viral
viability along with the cell viability. Then, we decided to perform the neutralization assay using
the supernatant of aliquots of NBCoV1, which were centrifuged to eliminate ‘eventual’ colloidal
aggregations. The dose-response obtained with the centrifuged NBCoV1 was very similar to

that obtained with the not-centrifuged NBCoV1 (NBCoV1-control) (Figure S3c). There was no
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difference in the calculated I1Csps, which were 50 nM for the NBCoV1-control and 45 nM for the

NBCoV1-centrifuged, suggesting that NBCoV1 activity was not due to colloidal aggregation.

Additionally, in 2003 Seidler et al. & suggested that potential aggregators can be
screened for inhibition of three unrelated enzymes, specifically, 3-lactamase, trypsin, and
malate dehydrogenase (MDH), which are highly sensitive to compound aggregation. One of
their criteria suggested that it can be considered promiscuous if the compound inhibits all three
enzymes. To this end, we evaluated the activity of 6 NBCoV compounds (4 compounds with the
highest inhibitory activity NBCoV1-4 and two inactive compounds NBCoV5 and NBCoV34) at
2000 nM against those three enzymes using a colorimetric assay. As shown in Table S$2, we
found that the NBCoV compounds had no inhibitory activity against the three enzymes R-
lactamase, trypsin, and MDH, indicating that these compounds should not be considered further

as aggregators.

Furthermore, as per the ACS editors recommendation’®, we demonstrated through high
Sl values that antiviral activity of the most potent inhibitors is due to actual inhibition of the virus

infection to cells, not due to cellular toxicity.

Therefore, we demonstrated through a series of rationale and control experiments as
per the ACS Editors' and others' 7 recommendations that the pancoronavirus inhibitors
presented in this article genuinely target the viral component, specifically the spike protein, and

elicit true antiviral potency.

CONCLUSIONS

Based on the remarkable similarity in the mechanism of fusion of coronaviruses spike
protein and envelope glycoproteins of HIV-1, we have discovered a series of pancoronavirus
fusion inhibitors, which also show potent inhibition against the COVID-19 variants recently

identified in the UK (Alpha), South Africa (Beta), and India (Delta). Out of thirteen compounds
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tested, we found at least three of them showed low nM ICs in a pseudovirus-based inhibition
assay. These molecules also showed complete inhibition of CPE (IC100) against an authentic
live virus, SARS-CoV-2 (US_WA-1/2020), tested in Vero cells. Although limited, the SAR
indicates that a balance of electrostatic and hydrophobic interactions is needed for optimum
antiviral activity. For example, when phenylethyl moiety was replaced by H or smaller
hydrophobic groups, the inhibitory activity of those compounds disappeared. The SAR also
shows that there is room for further derivatization of the phenylethyl moiety. The direct binding
study by SPR confirmed that these molecules bind to the prefusion trimer of the spike protein
of SARS-CoV-2 more tightly than the S1 subdomain of the spike protein. Subsequent cell-to-
cell fusion assay confirmed that these inhibitors efficiently prevent virus-mediated cell-to-cell
fusion. We also demonstrated through a series of rationally designed experiments that these
inhibitors are not promiscuous but true pancoronavirus inhibitors despite the presence of ene-
rhodanine scaffold, which was termed by some as “frequent hitters”. As part of our early drug
discovery protocol, we also performed the ADME study. It indicated that the solubility of these
inhibitors needs further improvement either through chemical modifications or through salt
formation. All other ADME properties measured showed drug-like characteristics. Furthermore,
the pharmacokinetic (PK) study in rats demonstrated that NBCoV1 has all the desirable
features, including 20% oral availability to be considered for further pre-clinical assessments.
Overall, we discovered a set of novel small-molecule pancoronavirus fusion inhibitors, which
are likely candidates with great potential to be developed as therapy of COVID-19 and related

coronavirus diseases.

EXPERIMENTAL SECTION

Cells and plasmids

The MRC-5, A549, HT-1080, HeLa, HEK293T, and HEK293T/17 cells were purchased

from ATCC (Manassas, VA). The Human Lung carcinoma (A549) cells expressing Human
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Angiotensin-Converting Enzyme 2 (HA FLAG) (Catalog No. NR-53522) were obtained from BEI
Resources, NIAID, NIH. The Human T-Cell Lymphoma Jurkat (E6-1) cells were obtained
through the NIH ARP. The HuH-7 (JCRB0403) cells were obtained from JCRB Cell Bank
(Osaka, Japan). The HT1080/ACE2 (human fibrosarcoma) cells, the 293T/ACE2 cells, and the
two plasmids pNL4-3AEnv-NanoLuc and pSARS-CoV-2-Saig were kindly provided by Dr.
P.Bieniasz of Rockefeller University*®. The pSV-A-MLV-Env (envelope) expression vector % '
and the Env-deleted proviral backbone plasmids pNL4-3.Luc.R-E- DNA °2 % were obtained
through the NIH ARP. The two plasmids pSARS-CoV and pMERS-Cov were kindly provided
by Dr. L. Du of New York Blood Center. The expression vector containing SARS-CoV-2 full
Spike wild-type (WT) gene from Wuhan-Hu-1 isolate (pUNO1-SARS-S) was purchased from
InvivoGen (San Diego, CA). The pFB-Luc plasmid vector was purchased from Agilent

Technologies (Santa Clara, CA).
Small Molecules

We screened a set of nine 3-(5-((4-oxo-3-phenethyl-2-thioxothiazolidin-5-
ylidene)methyl)furan-2-yl)benzoic acids from our stock (NYBC). The details of the synthesis,
purification and analytical characterization were published earlier*?. We also purchased
NBCoV1 from Sigma-Aldrich (St. Louis, MO) in larger quantities. This compound was purified
and characterized thoroughly by our group (compounds purity is >95%) - details are in the
Supporting Information). We also purchased one control analog without the COOH group, 5-
((5-(4-chlorophenyl)furan-2-yl)methylene)-3-phenethyl-2-thioxothiazolidin-4-one  (NBCoV15),
and NBCoV17, NBCoV28 and NBCoV34 from Chembridge Corporation (San Diego, CA). (All
purchased compounds purity is >95% -details of the analyses are reported in the Supporting

Information)

Pseudoviruses preparation
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To prepare pseudoviruses capable of single-cycle infection, 8x108 HEK293T/17 cells
were transfected with a proviral backbone plasmid and an envelope expression vector by using

FuGENE HD (Promega, Madison, WI) and following the manufacturer's instructions. To obtain

the SARS-CoV-2, SARS-CoV and the MERS-CoV pseudoviruses, the cells were transfected
with the HIV-1 Env-deleted proviral backbone plasmid pNL4-3AEnv-NanoLuc DNA and the
pSARS-CoV-2-Sa19*8, pSARS-CoV and pMERS-CoV Env plasmids, respectively. For the A-
MLV pseudovirus, the cells were transfected with the Env-deleted proviral backbone plasmids
pNL4-3.Luc.R-.E- DNA and the pSV-A-MLV-Env expression vector. Pseudovirus-containing
supernatants were collected two days after transfection, filtered, tittered, and stored in aliquots
at —80 °C. Pseudovirus titers were determined to identify the 50% tissue culture infectious dose
(TCIDso) by infecting the different cell types. For the titers in HT1080/ACE2 cells, 2x10* cells
were added to 100-pL aliquots of serial 2-fold dilutions of pseudoviruses in a 96-well plate and
incubated for 24 h. For the titers in A549/ACE2 cells, 1x10* cells were added to 100-pL aliquots
of serial 2-fold dilutions of pseudoviruses in a 96-well plate and incubated for 48 h. For the titers
in 293T/ACE2, MRC-5, and HuH-7 cells, 1x10* cells/well were plated in a 96-well plate and
incubated overnight before adding the 100-puL aliquots of serial 2-fold dilutions of pseudoviruses
and incubated for 48h. Following the incubation time, the cells were washed with PBS and lysed

with 50 pL of the cell culture lysis reagent (Promega, Madison, WI). For the SARS-CoV-2 titers,

25 pL of the lysates were transferred to a white plate and mixed with the same volume of Nano-
Glo® Luciferase reagent (Promega). For the A-MLYV titers, 25 uL of the lysates were transferred
to a white plate and mixed with 50uL of luciferase assay reagent (Luciferase assay system,
Promega). We immediately measured the luciferase activity with a Tecan SPARK
multifunctional microplate reader (Tecan, Research Triangle Park, NC). The wells producing
relative luminescence unit (RLU) levels 10 times the cell background was scored as positive.

We calculated the TCIDs according to the Spearman-Karber method®.
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Analysis of the incorporation of the spike proteins into SARS-CoV-2, SARS-CoV, and

MERS-CoV pseudoviruses

To confirm the incorporation of the respective spike proteins into the SARS-CoV-2,
SARS-CoV, and MERS-CoV pseudoviruses, 2 mL of the pseudovirus-containing supernatants
were ultra-centrifuged for 2 h at 40,000 rpm on a 20 % sucrose cushion to concentrate the viral
particles. Viral pellets were lysed and processed for protein analysis. The viral proteins were

resolved on a NUPAGE Novex 4-12 % Bis-Tris Gel (Invitrogen, Carlsbad, CA). The SARS-CoV-

2 and SARS-CoV viral lysates were immuno-detected with a SARS spike protein antibody (NB-

100-56578, Novus Biological, Littleton, CO), followed by an anti-rabbit-IlgG HRP linked whole

antibody (GE Healthcare, Chicago, IL). The MERS-CoV viral lysate was immuno-detected with
a MERS-coronavirus spike protein S2 polyclonal antibody (Invitrogen, Carlsbad, CA) followed
by a donkey anti-rabbit IgG (H+L), HRP secondary antibody. Proteins were visualized using

chemiluminescence.

Evaluation of the ACE2 and CD26 (DPP4) expression

The expression of the ACE2 receptor and the DDP4 receptor in the different cell lines
was evaluated by Western Blot to find a correlation with the infection levels detected in the
different cell lines (HT-1080\ACE2 and HT-1080, A549\ACE2, A549, 293T/ACE2, HEK293T
and Hela for SARS-CoV-2 and SARS-CoV and HuH-7, MRC-5 and HelLa for MERS-CoV). Cell
pellets were lysed and processed for protein analysis. For Blot 1 we loaded 50 ug of proteins
(293T/ACE2, HEK293T, HT1080/ACE2, HT1080, and HelLa), and for Blot 2, we loaded 75 ug
of proteins (A549/ACE2, A549, and Hela). For Blot 3 we loaded 50 ug of proteins (MRC-5,
HuH-7, and HelLa). The proteins were resolved on a NUPAGE Novex 4-12 % Bis-Tris Gel. Blot
1 and Blot 2 were immuno-detected with a human anti-ACE2 mAb (AC384) (Adipogen Life
Sciences, San Diego, CA). The ECL Mouse IgG, HRP-linked whole Ab (from sheep)
(Amersham, Little Chalfont, UK) was used as a secondary antibody. Blot 3 was immuno-
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detected with a human DPP4 Monoclonal Antibody (OTI11D7), TrueMAB™ (Invitrogen),
followed by the ECL Mouse IgG, HRP secondary antibody. Cell lysates were also immuno-
detected with the housekeeping gene B-actin as a loading control. Proteins were visualized

using chemiluminescence.

Additionally, the correlation of the pseudovirus SARS-CoV-2 and SARS-CoV with the
expression of the ACE2 receptor was analyzed by infecting cells expressing different amounts
of the ACE2 receptor with the same volume of the pseudovirus-containing supernatant. Briefly,
50 pyL of SARS-CoV-2 and SARS-CoV diluted with 50 yL serum-free medium was added to
wells of a 96-well cell culture plate. Next, the cells were added as follow: HT-1080\ACE2 and
HT-1080 cells were added to the respective wells at the concentration of 2x10* cells/well and
incubated for 24 h at 37°C; A549\ACE2, A549, and Hela cells were added to the respective
wells at a concentration of 1x10* cells/well and incubated for 48 h at 37°C. For the 293T/ACE2
and 293T, 1x10* cell/well were plated the day before, then infected with the same volume of

SARS-CoV-2 and SARS-CoV. Uninfected cells for all cell lines were used as a negative control.

The correlation of infection of the MERS-CoV pseudovirus with the expression of the
CD26 (DPP4) receptor was analyzed by infecting three different cell types (MRC-5, HuH-7, and
HelLa cells) with the same volume of the MERS-CoV pseudovirus-containing supernatant.
Uninfected cells for all cell lines were used as a negative control. Following the incubation time,
the cells were washed with PBS and lysed with 50 pL of the cell culture lysis reagent. Twenty-
five uL of the lysates were transferred to a white plate and mixed with the same volume of Nano-
Glo® Luciferase reagent. The luciferase activity was immediately measured with a Tecan

SPARK. Measurement of antiviral activity

The antiviral activity of the NBCoV small molecules was evaluated in a single-cycle
infection assay by infecting different cell types with the SARS-CoV-2, SARS-CoV, or MERS-
CoV pseudoviruses as previously described with minor modifications 27-4°.
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HT1080/ACE2 cells. Briefly, in 96-well culture plates, aliquots of SARS-CoV-2 or SARS-CoV
at about 3000 TCIDso/well at a multiplicity of infection (MOI) of 0.1 were pre-incubated with
escalating concentrations of the NBCoV small molecules for 30 min. Next, 2x10* cells were
added to each well and incubated at 37°C. HT1080/ACE2 cells cultured with medium with or
without the SARS-CoV-2 or SARS-CoV pseudoviruses were included as positive and negative
controls, respectively. Following 24 h incubation, the cells were washed with 200 pL of PBS and
lysed with 50 pL of lysis buffer. 25 pL of the lysates were transferred to a white plate and mixed
with the same volume of Nano-Glo® Luciferase reagent. The luciferase activity was measured
immediately with the Tecan SPARK. The percent inhibition by the small molecules and the 1Cso
(the half-maximal inhibitory concentration) values were calculated using the GraphPad Prism

9.0 software (San Diego, CA).

A549/ACE2 cells. For the evaluation of the antiviral activity in A549/ACE2 cells, aliquots of the
pseudovirus SARS-CoV-2 or SARS-CoV at about 1500 TCIDse/well at an MOI of 0.1 were pre-
incubated with escalating concentrations of the NBCoV small molecules for 30 min. Next, 1x10*
cells were added to each well and incubated. A549/ACE2 cells cultured with medium with or
without the SARS-CoV-2 or SARS-CoV pseudoviruses were included as positive and negative
controls, respectively. Following 48 h incubation, the cells were washed with PBS and lysed
with 50 uL of lysis buffer. Twenty-five yL of the cell lysates were processed as reported above
to measure the luciferase activity and calculate the percent inhibition by the NBCoV small

molecules and the ICso.

293T/ACE2 cells. We evaluated the antiviral activity of NBCoV small molecules in 293T/ACE2
cells infected with pseudoviruses SARS-CoV-2 and SARS-CoV. Briefly, 96-well plates were
coated with 50 yL of poly-I-Lysine (Sigma-Aldrich, St. Louis, MO) at 50 uyg/mL. Following 3 h
incubation at 37°C, the plates were washed with PBS and let to dry. The 293T/ACE2 cells were

then plated at 1x10%well and incubated overnight. On the following day, the aliquots of the
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pseudoviruses at about 1500 TCIDso/well at an MOI of 0.1 were pretreated with graded
concentrations of the NBCoV small molecules for 30 min and added to the cells. 293T/ACE2
cells cultured with medium with or without the SARS-CoV-2 or SARS-CoV pseudoviruses were
included as positive and negative controls, respectively. Additional experiments were performed
by pre-treating the cells rather than the virus, with escalating concentration of NBCoV small
molecules for 30 min before infection with pseudoviruses SARS-CoV-2. After 48 h incubation,
the cells were washed with PBS and lysed with 50 L of lysis buffer. Twenty-five uL of the cell
lysates were processed as reported above to measure the luciferase activity and calculate the
percent inhibition by the NBCoV small molecules and the I1Cso. Additionally, to test the specificity
of the small molecules, we evaluated their activity against pseudovirus A-MLV at about 1500
TCIDso/well at an MOI of 0.1 by following the infection protocol described above. Following 48
h incubation, 25 L of the lysates were transferred to a white plate and mixed with 50 pL of a

luciferase assay reagent. The luciferase activity was immediately measured.

MRC-5 and HuH-7 cells. For the neutralization assay in MRC-5 and HuH-7 cells, 1x10*
cells/well were plated in a 96-well cell culture plate and incubated overnight. On the following
day, aliquots of the MERS-CoV pseudovirus at about 1500 TCIDs¢/well at an MOI of 0.1 were
pretreated with graded concentrations of the small molecules for 30 min and added to the cells.
MRC-5 and HuH-7 cells cultured with medium with or without the SARS-CoV-2 or SARS-CoV
pseudoviruses were included as positive and negative controls, respectively. After 48 h
incubation, the cells were washed and lysed with 50 uL of lysis buffer (Promega). Twenty-five
MLs of the cell lysates were processed as reported above to measure the luciferase activity and

calculate the percent inhibition by the NBCoV small molecules and the [Cso.

SARS-CoV-2 Microneutralization Assay

The standard live virus-based microneutralization (MN) assay was used °-%7. Briefly,
serially two-fold and duplicate dilutions of individual NBCoV small molecules were incubated
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with 120 plaque-forming unit (PFU) of SARS-CoV-2 (US_WA-1/2020) at room temperature for
1 h before transferring into designated wells of confluent Vero E6 cells (ATCC, CRL-1586)
grown in 96-well cell culture plates. Vero E6 cells cultured with medium with or without the same
amount of virus were included as positive and negative controls, respectively. Additional
experiments were performed by pre-treating the Vero cells, with an escalating concentration of
NBCoV small molecules for 2 h before infection with SARS-CoV-2. After incubation at 37°C for
3 days, individual wells were observed under the microscope to determine the virus-induced
formation of cytopathic effect (CPE). The efficacy of individual drugs was expressed as the

lowest concentration capable of completely preventing virus-induced CPE in 100% of the wells.

Evaluation of cytotoxicity

The evaluation of the cytotoxicity of NBCoV small molecules in the different cell types was
performed in parallel with the antiviral activity assay and measured by using the colorimetric

CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) (Promega, Madison, WI)

following the manufacturer's instructions.

HT1080/ACE2 cells. Briefly, aliquots of 100 uL of the NBCoV small molecules at graded
concentrations were incubated with 2x10*/well HT1080/ACE2 cells and cultured at 37 °C.
Following 24 h incubation, the MTS reagent was added to the cells and incubated for 4 h at 37
°C. The absorbance was recorded at 490 nm. The percent of cytotoxicity and the CCso (the

concentration for 50 % cytotoxicity) values were calculated as above.

A549/ACE2 cells. For the cytotoxicity assay in A549/ACE2 cells, aliquots of escalating
concentrations of the small molecules were incubated with 1x104well A549/ACE2 cells and
cultured at 37 °C. Following 48 h incubation, the MTS reagent was added to the cells and
incubated for 4 h at 37 °C. The absorbance was recorded, and the percent of cytotoxicity and

the CCso values were calculated as above.
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HuH-7, MRC-5 and 293T/ACE2 cells. For the cytotoxicity assay in HuH-7, MRC-5, and
293T/ACE2 cells, 1x10%well cells were plated in a 96-well cell culture plate and incubated
overnight. The following day, aliquots of escalating concentrations of the NBCoV compounds
were added to the cells and incubated at 37 °C. Following 48 h incubation, the MTS reagent
was added to the cells and incubated for 4 h at 37 °C. The absorbance was recorded at 490

nm. The percent of cytotoxicity and the CC50 values were calculated as above.
Drug sensitivity of spike-mutated pseudovirus

Amino acid substitutions or deletions were introduced into the pSARS-CoV-2-Sirunc
expression vector by site-directed mutagenesis (Stratagene, La Jolla, CA) using mutagenic

oligonucleotides as follow:

SaCoV2-E484K-F: ACCCCTTGTAACGGCGTGAAAGGCTTCAACTGCTACTTCCCA

SaCoV2-E484K-REV: TGGGAAGTAGCAGTTGAAGCCTTTCACGCCGTTACAAGGGG
SaCoV2-N501Y-F: TCCTACGGCTTTCAGCCCACATATGGCGTGGGCTATCAGCCC
SaCoV2-N501Y-REV: GGGCTGATAGCCCACGCCATATGTGGGCTGAAAGCCGTAGGA
SaCoV2-D614G-F: CAGGTGGCAGTGCTGTACCAGGGCGTGAACTGTACCGAAGTG
SaCoV2-D614G-REV: CACTTCGGTACAGTTCACGCCCTGGTACAGCACTGCCACCTG

SaCoV2-P681H-F: CAGACACAGACAAACAGCCACAGACGGGCCAGATCTGTG

SaCoV2-P681H-REV: CACAGATCTGGCCCGTCTGTGGCTGTTTGTCTGTGTCTG

SaCoV2-P681R-F: CAGACACAGACAAACAGCCGCAGACGGGCCAGA TCTGTG

SaCoV2-P681R-REV: CACAGATCTGGCCCGTCTGCGGCTGTTTGTCTGTGTCTG

SaCoV2-D950N-F: GCCCTGGGAAAGCTGCAGAACGTGGTCAACCAGAATGCC

SaCoV2-D950N-REV: GGCATTCTGGTTGACCACGTTCTGCAGCTTTCCCAGGGC

SaCoV2-A(69-70)-S: GTGACCTGGTTCCACGCCATCTCCGGCACCAATGGCA CCAAG
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SaCoV2-A(69-70)-REV: CTTGGTGCCATTGGTGCCGGAGATGGCGTGGAACCAGGTCAC
and following the manufacturer's instructions. Site mutations were verified by sequencing the
entire spike gene of each construct. To obtain the SARS-CoV-2 pseudovirus carrying the amino
acid substitutions, the cells were transfected with the HIV-1 Env-deleted proviral backbone
plasmid pNL4-3AEnv-NanoLuc DNA and the mutant pSARS-CoV-2-Sa1g as described above.
Pseudoviruses were tittered by infecting 293T/ACE2 cells as described above. To measure the
activity of the compounds against the pseudoviruses expressing different point mutations,
293T/ACE2 cells were infected with the ENV-mutated pseudoviruses pretreated for 30 min with
different concentrations of the NBCoV compounds and incubated for 2 days, as described
above. Cells were washed with PBS and lysed with 50 uL of cell culture lysis reagent. Twenty-
five uL of the cell lysates were processed as reported above to measure the luciferase activity

and calculate the percent inhibition and the 1Cso.

Cell-to-Cell fusion inhibition assay.

For the SARS-CoV-2 mediated cell-to-cell fusion assay, we used Jurkat cells which
transiently expressed the luciferase gene and stably expressed the SARS-CoV-2 full Spike wild-
type (WT) gene from Wuhan-Hu-1 isolate as donor cells and the 293T/ACE2 as acceptor cells.
Briefly, Jurkat cells at 2x10%/mL were transfected with 1 pg/mL of SARS-CoV-2 WT expression
vector by using 5 yL/mL of FuGene HD and following the manufacturer's instructions. Following
24 h incubation, transfected Jurkat cells were washed and selected for the SARS-CoV-2 spike
expression using Blasticidin at a concentration of 10 ug/mL. To rule out cell resistance to the
antibiotic, Jurkat cells that were not transfected with the SARS-CoV-2 spike were exposed to
the same concentration of Blasticidin in parallel; the culture was depleted entirely in about 14
days. The antibiotic was replaced every four days, and the selection lasted for about 20 days.
On the day before the assay, the 293T/ACE2 were plated in a 96-well cell culture plate at

8x10%well, while the Jurkat cells were washed with PBS to remove the Blasticidin, resuspended
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at 2x10%/mL, and transfected with 1 ug/mL of pFB-Luc expression plasmid DNA using 5 yL/mL
of FuGene HD. Following 20 h incubation, the Jurkat cells were washed with PBS, and aliquots
of 8x10%well were incubated with escalating concentrations of the NBCoV compounds for 1 h.
Finally, the Jurkat cells were transferred to the respective wells containing the 293T/ACE2 cells.
Additionally, 293T/ACE2 cells cultured with medium with or without the Jurkat cells were
included as positive and negative controls, respectively. As an additional control, a set of
293T/ACE2 cells were incubated with Jurkat cells expressing the luciferase gene only (Jurkat-
Luc). The plate was spun for 5 minutes at 1500 rpm then incubated for 4 h at 37°C. The wells
were carefully washed twice with 200 pyL of PBS to remove the Jurkat cells that did not fuse with
the 293T/ACEZ2 cells. Finally, the cells were lysed to immediately measure the luciferase activity

to calculate the percentage of inhibition of the SARS-CoV-2 mediated cell-to-cell fusion.

Binding analysis by SPR

The binding study of two of the most active small-molecule inhibitors was performed by
Profacgen, New York, NY. The bare gold-coated (thickness 47 nm) PlexArray Nanocapture
Sensor Chip (Plexera Bioscience, Seattle, WA, US) was prewashed with 10x PBST for 10 min,
1x PBST for 10 min, and deionized water twice for 10 min before being dried under a stream of
nitrogen prior to use. Various concentrations of biotinylated proteins dissolved in water were
manually printed onto the Chip with Biodo bioprinting at 40% humidity via biotin-avidin
conjugation. Each concentration was printed in replicate, and each spot contained 0.2 yL of
sample solution. The chip was incubated in 80% humidity at 4°C overnight and rinsed with 10x
PBST for 10 min, 1x PBST for 10 min, and deionized water twice for 10 min. The chip was then
blocked with 5% (w/v) non-fat milk in water overnight and washed with 10x PBST for 10 min,
1x PBST for 10 min, and deionized water twice for 10 min before being dried under a stream of
nitrogen prior to use. SPRi measurements were performed with PlexAray HT (Plexera

Bioscience, Seattle, WA, US). Collimated light (660 nm) passes through the coupling prism,
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reflects off the SPR-active gold surface, and is received by the CCD camera. Buffers and
samples were injected by a non-pulsatile piston pump into the 30 pL flowcell that was mounted
on the coupling prism. Each measurement cycle contained four steps: washing with PBST
running buffer at a constant rate of 2 uL/s to obtain a stable baseline, sample injection at 5 uL/s
for binding, surface washing with PBST at 2 uL/s for 300 s, and regeneration with 0.5% (v/v)
H3PO4 at 2 pL/s for 300 s. All the measurements were performed at 25°C. The signal changes

after binding and washing (in AU) are recorded as the assay value.

Selected protein-grafted regions in the SPR images were analyzed, and the average
reflectivity variations of the chosen areas were plotted as a function of time. Real-time binding
signals were recorded and analyzed by Data Analysis Module (DAM, Plexera Bioscience,
Seattle, WA, US). Kinetic analysis was performed using BlAevaluation 4.1 software (Biacore,

Inc.).

In vitro ADME Study. Details of the in vitro ADME study and data analyses can be found in the

Supporting Information.

In vivo pharmacokinetics in rats. We selected two of the most active inhibitors, NBCoV1 and
NBCoV2, to evaluate the pharmacokinetics (PK) in rats. Rats were 11 weeks and 1 day old and
weighed between 200-250 grams. A total of twelve (12) Female Sprague Dawley (SD) rats
(Charles River Laboratory, USA) were implanted with a jugular vein catheter and were assigned
to the study following acclimation for seven (7) days. Rats were divided into four (4) treatment
groups consisting of three (3) rats each. On Day 0, 10mg/kg/animal was administered via oral
gavage for groups 1 and 3. On Day 0, 5 mg/kg/animal was administered via tail vein injection
based on their body weights for groups 2 and 4. All animals underwent blood collection for
plasma at 5 minutes, 15 minutes, 30 minutes, 1 hour, 2 hours, 4 hours, 8 hours, and 24 hours
post-dosing. At 24-hour post-dosing, all animals were euthanized post terminal blood collection
without performing a necropsy. The study was conducted under BSL-1 safety conditions.
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The concentrations of the Test Article in plasma were determined using high-performance liquid
chromatography with tandem mass spectrometric detection (LC-MS/MS). Test Agent was
isolated by liquid-liquid extraction. A partial aliquot of the supernatant was transferred to a clean
96-well collection plate, evaporated to dryness under nitrogen, and reconstituted with water.
The extracted samples were analyzed using a Sciex 5500 mass spectrometer. The quantitative

range of the assay was from 1-2,000 ng/mL.

Analysis of pharmacokinetic parameters — pharmacokinetic parameters were calculated

using PkSolver®. Graphs were generated using PkSolver.

Additional Methods: (1) Enzyme inhibition assay, (2) Fluorescence/luminescence interference

test, and (3) Colloidal aggregation study can be found in the Supporting Information.

ASSOCIATED CONTENT

Supporting Information

Molecular formula strings; Purification and characterization of all newly synthesized and
purchased compounds (S1-S24); in vitro ADME (S25-S34); Additional Methods: Enzyme assay
S35-5836); Colloidal aggregation study (S36-S37); Table S1 and S2 (S38); Figure S1 (S39);

Figure S2 (S40); Figure S3 (S41).

AUTHOR INFORMATION

Corresponding Authors

Francesca Curreli- Laboratory of Molecular Modeling & Drug Design, Lindsley F. Kimball
Research Institute, New York Blood Center, New York, New York, USA; Phone: +1-212-570-

3102; Emaiil: fcurreli@nybc.org

47


https://doi.org/10.1101/2021.09.03.458877

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.03.458877; this version posted September 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Asim K Debnath- Laboratory of Molecular Modeling & Drug Design, Lindsley F. Kimball
Research Institute, New York Blood Center, New York, New York, USA; Phone: +1-212-570-

3373; Email: adebnath@nybc.org

Authors

Shahad Ahmed - Laboratory of Molecular Modeling & Drug Design, Lindsley F. Kimball

Research Institute, New York Blood Center, New York, New York, USA

Sofia M. B. Victor - Laboratory of Molecular Modeling & Drug Design, Lindsley F. Kimball

Research Institute, New York Blood Center, New York, New York, USA

Aleksandra Drelich - Department of Microbiology and Immunology, The University of Texas

Medical Branch, Galveston, Texas, USA

Andrea Altieri - EDASA Scientific, Scientific Campus, Moscow State University, Leninskie Gory

Bld. 75, 77-101b, Moscow 119992, Russia

Alexander V. Kurkin - EDASA Scientific, Scientific Campus, Moscow State University,

Leninskie Gory BId. 75, 77-101b, Moscow 119992, Russia

Chien-Te K. Tseng - Department of Microbiology and Immunology, The University of Texas
Medical Branch, Galveston, Texas, USA and Center of Biodefense and Emerging Disease, The

University of Texas Medical Branch, Galveston, Texas, USA

Christopher D. Hillyer - Lindsley F. Kimball Research Institute, New York Blood Center, New

York, New York, USA

48


https://doi.org/10.1101/2021.09.03.458877

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.03.458877; this version posted September 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

ACKNOWLEDGMENT

The study was supported by an intramural fund to Asim K Debnath (AKD) from the New York
Blood Center. We gratefully acknowledge the generous gift of cells (highly expressed ACE2)

and several plasmids to create the pseudovirus from Dr. Paul Bieniasz of Rockefeller University.

ABBREVIATIONS USED

ACE2, Angiotensin-Converting Enzyme 2; ADME, Absorption, Distribution, Metabolism and
Excretion; COVID-19, coronavirus disease 2019; CPE, Cytopathic Effect; HR1, Heptad Repeat
1; HR2, Heptad Repeat 2; MERS-CoV, Middle East Respiratory Syndrome-Corona Virus; RBD,
Receptor Binding Domain; PFU, Plaque-Forming Unit; SARS-CoV, Severe Acute Respiratory

Syndrome-Corona Virus.

49


https://doi.org/10.1101/2021.09.03.458877

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.03.458877; this version posted September 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

REFERENCES

1. Phelan, A. L.; Katz, R.; Gostin, L. O., The Novel Coronavirus Originating in Wuhan,
China: Challenges for Global Health Governance. JAMA 2020, 323, 709-710.

2. Koslap-Petraco, M., Vaccine hesitancy: Not a new phenomenon, but a new threat. J.
Am. Assoc. Nurse Pract. 2019, 31, 624-626.

3. Silveira, M. F.; Buffarini, R.; Bertoldi, A. D.; Santos, |I. S.; Barros, A. J. D.;
Matijasevich, A.; Menezes, A. M. B.; Goncalves, H.; Horta, B. L.; Barros, F. C.; Barata, R.
B.; Victora, C. G., The emergence of vaccine hesitancy among upper-class Brazilians: Results
from four birth cohorts, 1982-2015. Vaccine 2020, 38, 482-488.

4, The Lancet Child Adolescent, H., Vaccine hesitancy: a generation at risk. Lancet Child
Adolesc. Health 2019, 3, 281.

5. Butt, A. A;; Khan, T.; Yan, P.; Shaikh, O. S.; Omer, S. B.; Mayr, F., Rate and risk
factors for breakthrough SARS-CoV-2 infection after vaccination. J. Infect. 2021, 83, 237-279.
6. Shastri, J.; Parikh, S.; Aggarwal, V.; Agrawal, S.; Chatterjee, N.; Shah, R.; Devi, P;
Mehta, P.; Pandey, R., Severe SARS-CoV-2 Breakthrough Reinfection With Delta Variant
After Recovery From Breakthrough Infection by Alpha Variant in a Fully Vaccinated Health
Worker. Front Med (Lausanne) 2021, 8, 737007.

7. Chen, R. E.; Zhang, X.; Case, J. B.; Winkler, E. S.; Liu, Y.; VanBlargan, L. A.; Liu,
J.; Errico, J. M.; Xie, X.; Suryadevara, N.; Gilchuk, P.; Zost, S. J.; Tahan, S.; Droit, L.;
Turner, J. S.; Kim, W.; Schmitz, A. J.; Thapa, M.; Wang, D.; Boon, A. C. M.; Presti, R. M,;
O'Halloran, J. A.; Kim, A. H. J.; Deepak, P.; Pinto, D.; Fremont, D. H.; Crowe, J. E., Jr;
Corti, D.; Virgin, H. W.; Ellebedy, A. H.; Shi, P. Y.; Diamond, M. S., Resistance of SARS-
CoV-2 variants to neutralization by monoclonal and serum-derived polyclonal antibodies. Nat.

Med. 2021, 27, 717-726.

50


https://doi.org/10.1101/2021.09.03.458877

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.03.458877; this version posted September 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

8. Diamond, M.; Chen, R.; Xie, X.; Case, J.; Zhang, X.; VanBlargan, L.; Liu, Y.; Liu,
J.; Errico, J.; Winkler, E.; Suryadevara, N.; Tahan, S.; Turner, J.; Kim, W.; Schmitz, A;;
Thapa, M.; Wang, D.; Boon, A.; Pinto, D.; Presti, R.; O'Halloran, J.; Kim, A.; Deepak, P.;
Fremont, D.; Corti, D.; Virgin, H.; Crowe, J.; Droit, L.; Ellebedy, A.; Shi, P.Y.; Gilchuk, P.,
SARS-CoV-2 variants show resistance to neutralization by many monoclonal and serum-
derived polyclonal antibodies. Res Sq 2021.

9. Focosi, D.; Maggi, F., Neutralising antibody escape of SARS-CoV-2 spike protein: Risk
assessment for antibody-based Covid-19 therapeutics and vaccines. Rev. Med. Virol. 2021, 1
-21.

10. Weisblum, Y.; Schmidt, F.; Zhang, F.; DaSilva, J.; Poston, D.; Lorenzi, J. C;
Muecksch, F.; Rutkowska, M.; Hoffmann, H. H.; Michailidis, E.; Gaebler, C.; Agudelo, M;
Cho, A.; Wang, Z.; Gazumyan, A.; Cipolla, M.; Luchsinger, L.; Hillyer, C. D.; Caskey, M.;
Robbiani, D. F.; Rice, C. M.; Nussenzweig, M. C.; Hatziioannou, T.; Bieniasz, P. D., Escape
from neutralizing antibodies by SARS-CoV-2 spike protein variants. Elife 2020, 9, e61312.
11. Mahase, E., Delta variant: What is happening with transmission, hospital admissions,
and restrictions? BMJ 2021, 373, n1513.

12. Reardon, S., How the Delta variant achieves its ultrafast spread. Nature 2021.

13. Li, F., Structure, function, and evolution of coronavirus spike proteins. Annu. Rev.
Virol. 2016, 3, 237-261.

14. Letko, M.; Marzi, A.; Munster, V., Functional assessment of cell entry and receptor
usage for SARS-CoV-2 and other lineage B betacoronaviruses. Nat Microbiol 2020, 5, 562-
569.

15. Zamorano Cuervo, N.; Grandvaux, N., ACE2: Evidence of role as entry receptor for
SARS-CoV-2 and implications in comorbidities. eLife 2020, 9, €61390.

16. Shang, J.; Wan, Y.; Luo, C.; Ye, G.; Geng, Q.; Auerbach, A; Li, F., Cell entry
mechanisms of SARS-CoV-2. Proc. Natl. Acad. Sci. U. S. A. 2020, 117, 11727-11734.

51


https://doi.org/10.1101/2021.09.03.458877

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.03.458877; this version posted September 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

17. Gao, J.; Lu, G;; Qi, J.; Li,Y.; Wu,Y.; Deng,Y.; Geng, H.; Li, H.; Wang, Q.; Xiao,
H.; Tan, W.; Yan, J.; Gao, G. F., Structure of the fusion core and inhibition of fusion by a
heptad repeat peptide derived from the S protein of Middle East respiratory syndrome
coronavirus. J. Virol. 2013, 87, 13134-40.

18. Xia, X., Domains and functions of spike protein in SARS-Cov-2 in the context of
vaccine design. Viruses 2021, 13, 109.

19. Bosch, B. J.; van der Zee, R.; de Haan, C. A_; Rottier, P. J., The coronavirus spike
protein is a class | virus fusion protein: structural and functional characterization of the fusion
core complex. J. Virol. 2003, 77, 8801-11.

20. Gangadevi, S.; Badavath, V. N.; Thakur, A.; Yin, N.; De Jonghe, S.; Acevedo, O,;
Jochmans, D.; Leyssen, P.; Wang, K.; Neyts, J.; Yujie, T.; Blum, G., Kobophenol A inhibits
binding of host ACE2 receptor with spike RBD domain of SARS-CoV-2, a lead compound for
blocking COVID-19. J. Phys. Chem. Lett. 2021, 12, 1793-1802.

21. Larue, R. C.; Xing, E.; Kenney, A. D.; Zhang, Y.; Tuazon, J. A.; Li, J.; Yount, J. S,;
Li, P. K.; Sharma, A., Rationally designed ACE2-derived peptides inhibit SARS-CoV-2.
Bioconjug. Chem. 2021, 32, 215-223.

22. Linsky, T. W.; Vergara, R.; Codina, N.; Nelson, J. W.; Walker, M. J.; Su, W;
Barnes, C. O.; Hsiang, T.Y.; Esser-Nobis, K.; Yu, K.; Reneer, Z. B.; Hou, Y. J.; Priya, T.;
Mitsumoto, M.; Pong, A.; Lau, U.Y.; Mason, M. L.; Chen, J.; Chen, A.; Berrocal, T.; Peng,
H.; Clairmont, N. S.; Castellanos, J.; Lin, Y. R.; Josephson-Day, A.; Baric, R. S.; Fuller, D.
H.; Walkey, C. D.; Ross, T. M.; Swanson, R.; Bjorkman, P. J.; Gale, M., Jr.; Blancas-Mejia,
L. M.; Yen, H. L.; Silva, D. A., De novo design of potent and resilient hAACE2 decoys to
neutralize SARS-CoV-2. Science 2020, 370, 1208-1214.

23. Sitthiyotha, T.; Chunsrivirot, S., Computational design of 25-mer peptide binders of

SARS-CoV-2. J. Phys. Chem. B 2020, 124, 10930-10942.

52


https://doi.org/10.1101/2021.09.03.458877

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.03.458877; this version posted September 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

24. Yang, J.; Petitjean, S. J. L.; Koehler, M.; Zhang, Q.; Dumitru, A. C.; Chen, W.;
Derclaye, S.; Vincent, S. P.; Soumillion, P.; Alsteens, D., Molecular interaction and inhibition
of SARS-CoV-2 binding to the ACE2 receptor. Nat. Commun. 2020, 11, 4541.

25. Xia, S.; Liu, M.; Wang, C.; Xu, W.; Lan, Q.; Feng, S.; Qi, F.; Bao, L.; Du, L.; Liu,
S.; Qin, C.; Sun, F.; Shi, Z.; Zhu, Y.; Jiang, S.; Lu, L., Inhibition of SARS-CoV-2 (previously
2019-nCoV) infection by a highly potent pan-coronavirus fusion inhibitor targeting its spike
protein that harbors a high capacity to mediate membrane fusion. Cell Res. 2020, 30, 343-
355.

26. Xia, S.; Zhu, Y.; Liu, M.; Lan, Q.; Xu, W.; Wu, Y.; Ying, T.; Liu, S.; Shi, Z.; Jiang,
S.; Lu, L., Fusion mechanism of 2019-nCoV and fusion inhibitors targeting HR1 domain in
spike protein. Cell. Mol. Immunol. 2020, 17, 765-767.

27. Curreli, F.; Victor, S. M. B.; Ahmed, S.; Drelich, A.; Tong, X.; Tseng, C. K.; Hillyer,
C. D.; Debnath, A. K., Stapled peptides based on human angiotensin-converting enzyme 2
(ACE2) potently inhibit SARS-CoV-2 infection in vitro. mBio 2020, 11.

28. Cao, L.; Goreshnik, I.; Coventry, B.; Case, J. B.; Miller, L.; Kozodoy, L.; Chen, R.
E.; Carter, L.; Walls, A. C.; Park, Y. J.; Strauch, E. M.; Stewart, L.; Diamond, M. S.;
Veesler, D.; Baker, D., De novo design of picomolar SARS-CoV-2 miniprotein inhibitors.
Science 2020, 370, 426-431.

29. Tang, T.; Bidon, M.; Jaimes, J. A.; Whittaker, G. R.; Daniel, S., Coronavirus
membrane fusion mechanism offers a potential target for antiviral development. Antiviral Res.
2020, 7178, 104792.

30. Ou, X.; Liu, Y.; Lei, X.; Li, P.; Mi,D.; Ren, L.; Guo, L.; Guo, R.; Chen, T.; Hu, J.;
Xiang, Z.; Mu, Z.; Chen, X.; Chen, J.; Hu, K.; Jin, Q.; Wang, J.; Qian, Z., Characterization
of spike glycoprotein of SARS-CoV-2 on virus entry and its immune cross-reactivity with

SARS-CoV. Nat. Commun. 2020, 11, 1620.

53


https://doi.org/10.1101/2021.09.03.458877

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.03.458877; this version posted September 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

31. Klasse, P. J.; Moore, J. P., Antibodies to SARS-CoV-2 and their potential for
therapeutic passive immunization. Elife 2020, 9, e57877.

32. Shah, M.; Ahmad, B.; Choi, S.; Woo, H. G., Mutations in the SARS-CoV-2 spike RBD
are responsible for stronger ACE2 binding and poor anti-SARS-CoV mAbs cross-
neutralization. Comput. Struct. Biotechnol. J. 2020, 18, 3402-3414.

33. Li, Q.; Wu, J.; Nie, J.; Zhang, L.; Hao, H.; Liu, S.; Zhao, C.; Zhang, Q.; Liu, H;
Nie, L.; Qin, H.; Wang, M.; Lu, Q.; Li, X.; Sun, Q.; Liu, J.; Zhang, L.; Li, X.; Huang, W.;
Wang, Y., The impact of mutations in SARS-CoV-2 spike on viral infectivity and antigenicity.
Cell 2020, 182, 1284-1294 €9.

34. Williams, T. C.; Burgers, W. A., SARS-CoV-2 evolution and vaccines: cause for
concern? Lancet Respir. Med. 2021, 9, 333-335.

35. Starr, T. N.; Greaney, A. J.; Addetia, A.; Hannon, W. W.; Choudhary, M. C,;
Dingens, A. S.; Li, J. Z.; Bloom, J. D., Prospective mapping of viral mutations that escape
antibodies used to treat COVID-19. Science 2021, 371, 850-854.

36. Chan, D. C.; Fass, D.; Berger, J. M.; Kim, P. S., Core structure of gp41 from the HIV
envelope glycoprotein. Cell 1997, 89, 263-273.

37. Melikyan, G. B.; Markosyan, R. M.; Hemmati, H.; Delmedico, M. K.; Lambert, D. M.;
Cohen, F. S., Evidence that the transition of HIV-1 gp41 into a six-helix bundle, not the bundle
configuration, induces membrane fusion. J. Cell. Biol. 2000, 151, 413-424.

38. Liu, S.; Xiao, G.; Chen, Y.; He, Y.; Niu, J.; Escalante, C. R.; Xiong, H.; Farmar, J;
Debnath, A. K.; Tien, P.; Jiang, S., Interaction between heptad repeat 1 and 2 regions in
spike protein of SARS-associated coronavirus: implications for virus fusogenic mechanism
and identification of fusion inhibitors. Lancet 2004, 363, 938-47.

39. Duquerroy, S.; Vigouroux, A.; Rottier, P. J.; Rey, F. A.; Bosch, B. J., Central ions and
lateral asparagine/glutamine zippers stabilize the post-fusion hairpin conformation of the
SARS coronavirus spike glycoprotein. Virology 2005, 335, 276-85.

54


https://doi.org/10.1101/2021.09.03.458877

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.03.458877; this version posted September 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

40. Lu, L.; Liu, Q.; Zhu,Y.; Chan, K. H.; Qin, L.; Li,Y.; Wang, Q.; Chan, J. F.; Du, L,
Yu, F.; Ma, C.; Ye, S.; Yuen, K.Y.; Zhang, R.; Jiang, S., Structure-based discovery of
Middle East respiratory syndrome coronavirus fusion inhibitor. Nat Commun 2014, 5, 3067.
41. He, Y.; Liu, S.; Li, J.; Lu, H.; Qi, Z.; Liu, Z.; Debnath, A. K.; Jiang, S., Conserved
salt bridge between the N- and C-terminal heptad repeat regions of the human
immunodeficiency virus type 1 gp41 core structure is critical for virus entry and inhibition. J.
Virol. 2008, 82, 11129-39.

42. Katritzky, A. R.; Tala, S. R.; Lu, H.; Vakulenko, A. V.; Chen, Q. Y.; Sivapackiam, J.;
Pandya, K.; Jiang, S.; Debnath, A. K., Design, synthesis, and structure-activity relationship of
a novel series of 2-aryl 5-(4-oxo-3-phenethyl-2-thioxothiazolidinylidenemethyl)furans as HIV-1
entry inhibitors. J. Med. Chem. 2009, 52, 7631-76309.

43. Yu, D.; Zhu, Y.; Yan, H.; Wu, T.; Chong, H.; He, Y., Pan-coronavirus fusion
inhibitors possess potent inhibitory activity against HIV-1, HIV-2, and simian
immunodeficiency virus. Emerg. Microbes Infect. 2021, 1-31.

44, Tomasic, T.; Peterlin Masic, L., Rhodanine as a scaffold in drug discovery: a critical
review of its biological activities and mechanisms of target modulation. Expert Opin. Drug.
Discov. 2012, 7, 549-60.

45. Jasial, S.; Gilberg, E.; Blaschke, T.; Bajorath, J., Machine learning distinguishes with
high accuracy between pan-assay interference compounds that are promiscuous or represent
dark chemical matter. J. Med. Chem. 2018, 61, 10255-10264.

46. Bolz, S. N.; Adasme, M. F.; Schroeder, M., Toward an understanding of pan-assay
interference compounds and promiscuity: a structural perspective on binding modes. J. Chem.
Inf. Model. 2021, 61, 2248-2262.

47. Mendgen, T.; Steuer, C.; Klein, C. D., Privileged scaffolds or promiscuous binders: a
comparative study on rhodanines and related heterocycles in medicinal chemistry. J. Med.
Chem. 2012, 55, 743-53.

55


https://doi.org/10.1101/2021.09.03.458877

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.03.458877; this version posted September 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

48. Schmidt, F.; Weisblum, Y.; Muecksch, F.; Hoffmann, H. H.; Michailidis, E.; Lorenzi,
J. C. C.; Mendoza, P.; Rutkowska, M.; Bednarski, E.; Gaebler, C.; Agudelo, M.; Cho, A;
Wang, Z.; Gazumyan, A.; Cipolla, M.; Caskey, M.; Robbiani, D. F.; Nussenzweig, M. C.;
Rice, C. M.; Hatziioannou, T.; Bieniasz, P. D., Measuring SARS-CoV-2 neutralizing antibody
activity using pseudotyped and chimeric viruses. J. Exp. Med. 2020, 217.

49. Nie, J.; Li, Q.; Wu, J.; Zhao, C.; Hao, H.; Liu, H.; Zhang, L.; Nie, L.; Qin, H.;
Wang, M.; Lu, Q.; Li, X.; Sun, Q.; Liu, J.; Fan, C.; Huang, W.; Xu, M.; Wang, Y.,
Establishment and validation of a pseudovirus neutralization assay for SARS-CoV-2. Emerg.
Microbes Infect. 2020, 9, 680-686.

50. Smith, T. R. F.; Patel, A.;; Ramos, S.; Elwood, D.; Zhu, X.; Yan, J.; Gary, E. N_;
Walker, S. N.; Schultheis, K.; Purwar, M.; Xu, Z.; Walters, J.; Bhojnagarwala, P.; Yang, M.;
Chokkalingam, N.; Pezzoli, P.; Parzych, E.; Reuschel, E. L.; Doan, A.; Tursi, N.; Vasquez,
M.; Choi, J.; Tello-Ruiz, E.; Maricic, I.; Bah, M. A.; Wu, Y.; Amante, D.; Park, D. H.; Dia,
Y.; Ali, A. R.; Zaidi, F. l.; Generotti, A.; Kim, K. Y.; Herring, T. A.; Reeder, S.; Andrade, V.
M.; Buttigieg, K.; Zhao, G.; Wu, J. M.; Li, D.; Bao, L.; Liu, J.; Deng, W.; Qin, C.; Brown,
A. S.; Khoshnejad, M.; Wang, N.; Chu, J.; Wrapp, D.; McLellan, J. S.; Muthumani, K.;
Wang, B.; Carroll, M. W.; Kim, J. J.; Boyer, J.; Kulp, D. W.; Humeau, L.; Weiner, D. B.;
Broderick, K. E., Immunogenicity of a DNA vaccine candidate for COVID-19. Nat Commun
2020, 71, 2601.

51. Whittaker, G. R.; Millet, J. K., Biochemical characterization of middle east respiratory
syndrome coronavirus spike protein proteolytic processing. Methods Mol. Biol. 2020, 2099,
21-37.

52. Rasmussen, |.; Vilhardt, F., Macropinocytosis is the entry mechanism of amphotropic
murine leukemia virus. J. Virol. 2015, 89, 1851-1866.

53. Smith, E. C.; Denison, M. R., Coronaviruses as DNA wannabes: a new model for the
regulation of RNA virus replication fidelity. PLoS Pathog 2013, 9, e1003760.

56


https://doi.org/10.1101/2021.09.03.458877

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.03.458877; this version posted September 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

54, McCarthy, K. R.; Rennick, L. J.; Nambulli, S.; Robinson-McCarthy, L. R.; Bain, W.
G.; Haidar, G.; Duprex, W. P., Recurrent deletions in the SARS-CoV-2 spike glycoprotein
drive antibody escape. Science 2021, 371, 1139-1142.

55. Plante, J. A.; Mitchell, B. M.; Plante, K. S.; Debbink, K.; Weaver, S. C.; Menachery,
V. D., The variant gambit: COVID-19's next move. Cell Host Microb. 2021, 29, 508-515.

56. Xie, X.; Liu, Y.; Liu, J.; Zhang, X.; Zou, J.; Fontes-Garfias, C. R.; Xia, H.;
Swanson, K. A.; Cutler, M.; Cooper, D.; Menachery, V. D.; Weaver, S. C.; Dormitzer, P. R;;
Shi, P. Y., Neutralization of SARS-CoV-2 spike 69/70 deletion, E484K and N501Y variants by
BNT162b2 vaccine-elicited sera. Nat. Med. 2021, 27, 620-621.

57. Planas, D.; Veyer, D.; Baidaliuk, A.; Staropoli, I.; Guivel-Benhassine, F.; Rajah, M.
M.; Planchais, C.; Porrot, F.; Robillard, N.; Puech, J.; Prot, M.; Gallais, F.; Gantner, P.;
Velay, A.; Le Guen, J.; Kassis-Chikhani, N.; Edriss, D.; Belec, L.; Seve, A.; Courtellemont,
L.; Pere, H.; Hocqueloux, L.; Fafi-Kremer, S.; Prazuck, T.; Mouquet, H.; Bruel, T.; Simon-
Loriere, E.; Rey, F. A.; Schwartz, O., Reduced sensitivity of SARS-CoV-2 variant Delta to
antibody neutralization. Nature 2021, 596, 276-280.

58. Mothes, W.; Sherer, N. M.; Jin, J.; Zhong, P., Virus cell-to-cell transmission. J. Virol.
2010, 84, 8360-8.

59. Wang, L.; Zhao, J.; Nguyen, L. N. T.; Adkins, J.L.; Schank, M.; Khanal, S;
Nguyen, L. N.; Dang, X.; Cao, D.; Thakuri, B. K. C.; Lu, Z.; Zhang, J.; Zhang, Y.; Wu, X.
Y.; El Gazzar, M.; Ning, S.; Moorman, J. P.; Yao, Z. Q., Blockade of SARS-CoV-2 spike
protein-mediated cell-cell fusion using COVID-19 convalescent plasma. Sci. Rep. 2021, 11,
5558.

60. Hornich, B. F.; Grosskopf, A. K.; Schlagowski, S.; Tenbusch, M.; Kleine-Weber, H.;
Neipel, F.; Stahl-Hennig, C.; Hahn, A. S., SARS-CoV-2 and SARS-CoV spike-mediated cell-
cell fusion differ in their requirements for receptor expression and proteolytic activation. J.
Virol. 2021, 95, e00002-21.

57


https://doi.org/10.1101/2021.09.03.458877

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.03.458877; this version posted September 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

61. Waring, M. J.; Arrowsmith, J.; Leach, A. R.; Leeson, P. D.; Mandrell, S.; Owen, R.
M.; Pairaudeau, G.; Pennie, W. D.; Pickett, S. D.; Wang, J.; Wallace, O.; Weir, A., An
analysis of the attrition of drug candidates from four major pharmaceutical companies. Nat.
Rev. Drug Discov. 2015, 14, 475-486.

62. Kennedy, T., Managing the drug discovery/development interface. Drug Discov. Today
1997, 2, 436-444.

63. Bharate, S. S., Recent developments in pharmaceutical salts: FDA approvals from
2015 to 2019. Drug Discov. Today 2021, 26, 384-398.

64. Gupta, D.; Bhatia, D.; Dave, V.; Sutariya, V.; Varghese Gupta, S., Salts of
therapeutic agents: chemical, physicochemical, and biological considerations. Molecules
2018, 23, 1719.

65. Smith, D. A.; Di, L.; Kerns, E. H., The effect of plasma protein binding on in vivo
efficacy: misconceptions in drug discovery. Nat. Rev. Drug Discov. 2010, 9, 929-939.

66. Tang, C.; Lin, J. H.; Lu, A. Y., Metabolism-based drug-drug interactions: what
determines individual variability in cytochrome P450 induction? Drug. Metab. Dispos. 2005,
33, 603-613.

67. Zanger, U. M.; Schwab, M., Cytochrome P450 enzymes in drug metabolism: regulation
of gene expression, enzyme activities, and impact of genetic variation. Pharmacol. Ther.
2013, 138, 103-141.

68. Backman, J. T.; Filppula, A. M.; Niemi, M.; Neuvonen, P. J., Role of Cytochrome
P450 2C8 in Drug Metabolism and Interactions. Pharmacol. Rev. 2016, 68, 168-241.

69. Turpeinen, M.; Zanger, U. M., Cytochrome P450 2B6: function, genetics, and clinical
relevance. Drug Metabol. Drug Interact. 2012, 27, 185-97.

70. Di, L.; Kerns, H. E., Cytochrome P450 inhibition. In Drug-like Properties: Concepts,

Structure Design, and Method's

58


https://doi.org/10.1101/2021.09.03.458877

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.03.458877; this version posted September 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Associated Press: San Diego, California, USA, 2016; pp 229-242.

71. Walsky, R. L.; Gaman, E. A.; Obach, R. S., Examination of 209 drugs for inhibition of
cytochrome P450 2C8. J. Clin. Pharmacol. 2005, 45, 68-78.

72. Baell, J. B.; Holloway, G. A., New substructure filters for removal of pan assay
interference compounds (PAINS) from screening libraries and for their exclusion in bioassays.
J. Med. Chem. 2010, 53, 2719-40.

73. McGovern, S. L.; Caselli, E.; Grigorieff, N.; Shoichet, B. K., A common mechanism
underlying promiscuous inhibitors from virtual and high-throughput screening. J. Med. Chem.
2002, 45, 1712-1722.

74. Bajorath, J., Evolution of assay interference concepts in drug discovery. Expert Opin.
Drug Discov. 2021, 16, 719-721.

75. Sun, J.; Zhang, Y.; Ruan, Q.; Tang, S.; Sun, Z.; Zeng, R., Gains from the separation
of conjoined twins. Plast. Reconstr. Surg. 2008, 122, 87e-88e.

76. Reker, D.; Bernardes, G. J. L.; Rodrigues, T., Computational advances in combating
colloidal aggregation in drug discovery. Nat. Chem. 2019, 11, 402-418.

77. Sun, J.; Zhong, H.; Wang, K.; Li, N.; Chen, L., Gains from no real PAINS: Where
‘Fair Trial Strategy’ stands in the development of multi-target ligands. Acta Pharmaceutica
Sinica B 2021.

78. Aldrich, C.; Bertozzi, C.; Georg, G. |.; Kiessling, L.; Lindsley, C.; Liotta, D.; Merz, K.
M., Jr.; Schepartz, A.; Wang, S., The ecstasy and agony of assay interference compounds.
ACS Med. Chem. Lett. 2017, 8, 379-382.

79. Dahlin, J. L.; Auld, D. S.; Rothenaigner, |.; Haney, S.; Sexton, J. Z.; Nissink, J. W.
M.; Walsh, J.; Lee, J. A.; Strelow, J. M.; Willard, F. S.; Ferrins, L.; Baell, J. B.; Walters, M.
A.; Hua, B. K.; Hadian, K.; Wagner, B. K., Nuisance compounds in cellular assays. Cell

Chem. Biol. 2021, 28, 356-370.

59


https://doi.org/10.1101/2021.09.03.458877

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.03.458877; this version posted September 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

80. Auld, D. S.; Southall, N. T.; Jadhav, A.; Johnson, R. L.; Diller, D. J.; Simeonov, A;
Austin, C. P.; Inglese, J., Characterization of chemical libraries for luciferase inhibitory activity.
J. Med. Chem. 2008, 51, 2372-86.

81. Bakhtiarova, A.; Taslimi, P.; Elliman, S. J.; Kosinski, P. A.; Hubbard, B.; Kavana,
M.; Kemp, D. M., Resveratrol inhibits firefly luciferase. Biochem. Biophys. Res. Commun.
2006, 357, 481-4.

82. Baell, J.; Walters, M. A., Chemistry: Chemical con artists foil drug discovery. Nature
2014, 513, 481-3.

83. Feng, B. Y.; Shoichet, B. K., A detergent-based assay for the detection of promiscuous
inhibitors. Nat. Protoc. 2006, 71, 550-3.

84. Ryan, A. J.; Gray, N. M.; Lowe, P. N.; Chung, C. W., Effect of detergent on
"promiscuous” inhibitors. J. Med. Chem. 2003, 46, 3448-51.

85. Coan, K. E.; Shoichet, B. K., Stoichiometry and physical chemistry of promiscuous
aggregate-based inhibitors. J. Am. Chem. Soc. 2008, 130, 9606-12.

86. McGovern, S. L.; Helfand, B. T.; Feng, B.; Shoichet, B. K., A specific mechanism of
nonspecific inhibition. J. Med. Chem. 2003, 46, 4265-72.

87. Sassano, M. F.; Doak, A. K.; Roth, B. L.; Shoichet, B. K., Colloidal aggregation
causes inhibition of G protein-coupled receptors. J. Med. Chem. 2013, 56, 2406-14.

88. Shoichet, B. K., Interpreting steep dose-response curves in early inhibitor discovery. J.
Med. Chem. 2006, 49, 7274-7.

89. Seidler, J.; McGovern, S. L.; Doman, T. N.; Shoichet, B. K., Identification and
prediction of promiscuous aggregating inhibitors among known drugs. J. Med. Chem. 2003,
46, 4477-86.

90. Chang, L. J.; Urlacher, V.; lwakuma, T.; Cui, Y.; Zucali, J., Efficacy and safety
analyses of a recombinant human immunodeficiency virus type 1 derived vector system. Gene
Ther. 1999, 6, 715-28.

60


https://doi.org/10.1101/2021.09.03.458877

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.03.458877; this version posted September 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

91. Landau, N. R.; Page, K. A;; Littman, D. R., Pseudotyping with human T-cell leukemia
virus type | broadens the human immunodeficiency virus host range. J. Virol. 1991, 65, 162-9.
92. Connor, R. I.; Chen, B. K.; Choe, S.; Landau, N. R, Vpr is required for efficient
replication of human immunodeficiency virus type-1 in mononuclear phagocytes. Virol. 1995,
206, 935-944.

93. He, J.; Choe, S.; Walker, R.; di, M. P.; Morgan, D. O.; Landau, N. R., Human
immunodeficiency virus type 1 viral protein R (Vpr) arrests cells in the G2 phase of the cell
cycle by inhibiting p34cdc2 activity. J.Virol. 1995, 69, 6705-6711.

94. Karber, G., Beitrag zur kollektiven Behandlung pharmakologischer Reihenversuche.
Naunyn Schmiedebergs Arch. Exp. Pathol. Pharmakol. 1931, 162, 480-483.

95. Li, W.; Schafer, A.; Kulkarni, S. S.; Liu, X.; Martinez, D. R.; Chen, C.; Sun, Z.;
Leist, S. R.; Drelich, A.; Zhang, L.; Ura, M. L.; Berezuk, A.; Chittori, S.; Leopold, K;
Mannar, D.; Srivastava, S. S.; Zhu, X.; Peterson, E. C.; Tseng, C. T.; Mellors, J. W;
Falzarano, D.; Subramaniam, S.; Baric, R. S.; Dimitrov, D. S., High potency of a bivalent
human VH domain in SARS-CoV-2 animal models. Cell 2020, 183, 429-441 e16.

96. Du, L.; Zhao, G.; Yang, Y.; Qiu, H.; Wang, L.; Kou, Z.; Tao, X.; Yu, H.; Sun, S
Tseng, C. T.; Jiang, S.; Li, F.; Zhou, Y., A conformation-dependent neutralizing monoclonal
antibody specifically targeting receptor-binding domain in Middle East respiratory syndrome
coronavirus spike protein. J. Virol. 2014, 88, 7045-53.

97. Agrawal, A. S.; Ying, T.; Tao, X.; Garron, T.; Algaissi, A.; Wang, Y.; Wang, L.;
Peng, B. H.; Jiang, S.; Dimitrov, D. S.; Tseng, C. T., Passive transfer of a germline-like
neutralizing human monoclonal antibody protects transgenic mice against lethal middle east
respiratory syndrome coronavirus infection. Sci. Rep. 2016, 6, 31629.

98. Zhang, Y.; Huo, M.; Zhou, J.; Xie, S., PKSolver: An add-in program for
pharmacokinetic and pharmacodynamic data analysis in Microsoft Excel. Comput. Methods
Programs Biomed. 2010, 99, 306-14.

61


https://doi.org/10.1101/2021.09.03.458877

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.03.458877; this version posted September 17, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Table of Contents Graphics

Cl S)LN
0, / o
|/
NBCoV1

Authentic SARS-CoV-2 (US_WA-1/2020) CPE assay

ECyqo: 1-25 M
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In vivo Rat PK: t,,= 11.3 h; F%= 20
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Pseudovirus-based assay

Coronavirus ICso range Selectivity
(nM) Index (SI)

SARS-CoV-2 323-63.6 755 — 2755
SARS-CoV 17 -98 878 -2282

MERS-CoV 76.5 -95 902 - 1053

Inhibitory activity of NBCoV1 against COVID-
19 Variants of Concerns (VOCs), nM

SARS-CoV-2 (WT) 5117

B.1.1.7 UK (Alpha) 57+0.5
N501Y/A69-70/P681H

B.1.351 RSA (Beta) 45+2
E484K/N501Y/D614G
B.1.617.2 India (Delta) 58+7
D614G/P681R/D950N
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