
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

ug
us

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
1/

1/
20

25
 4

:1
0:

37
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Synergistic inhib
aDepartment of Mathematics and Computer

Germany. E-mail: frank.noe@fu-berlin.de
bDepartment of Physics, Freie Universität Be
cInfection Biology Unit, German Primate

Research, Göttingen, Germany
dNational Center for Advancing Translation

Rockville, MD, USA
eFraunhofer Institute for Toxicology and Ex

Research in Endstage and Obstructive Lung

the German Center for Lung Research (DZ

Consortium for Anti-Infective Research (iCA
fInstitute of Pathology, Hannover Medical S

and Obstructive Lung Disease Hannover (BR
gFaculty of Biology and Psychology, Universi
hDepartment of Chemistry, Rice University,

† Electronic supplementary informa
10.1039/d1sc01494c

‡ Equal contribution.

Cite this: Chem. Sci., 2021, 12, 12600

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 15th March 2021
Accepted 20th July 2021

DOI: 10.1039/d1sc01494c

rsc.li/chemical-science

12600 | Chem. Sci., 2021, 12, 12600–
ition of SARS-CoV-2 cell entry by
otamixaban and covalent protease inhibitors: pre-
clinical assessment of pharmacological and
molecular properties†
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Jonathan H. Shrimp,d Olga Danov,e Danny Jonigk,ef Armin Braun,e Min Shen,d

Matthew D. Hall,d Stefan Pöhlmann,cg Markus Hoffmann cg and Frank Noé *abh

SARS-CoV-2, the cause of the COVID-19 pandemic, exploits host cell proteins for viral entry into human

lung cells. One of them, the protease TMPRSS2, is required to activate the viral spike protein (S). Even

though two inhibitors, camostat and nafamostat, are known to inhibit TMPRSS2 and block cell entry of

SARS-CoV-2, finding further potent therapeutic options is still an important task. In this study, we report

that a late-stage drug candidate, otamixaban, inhibits SARS-CoV-2 cell entry. We show that otamixaban

suppresses TMPRSS2 activity and SARS-CoV-2 infection of a human lung cell line, although with lower

potency than camostat or nafamostat. In contrast, otamixaban inhibits SARS-CoV-2 infection of

precision cut lung slices with the same potency as camostat. Furthermore, we report that otamixaban's

potency can be significantly enhanced by (sub-) nanomolar nafamostat or camostat supplementation.

Dominant molecular TMPRSS2-otamixaban interactions are assessed by extensive 109 ms of atomistic

molecular dynamics simulations. Our findings suggest that combinations of otamixaban with

supplemental camostat or nafamostat are a promising option for the treatment of COVID-19.
1 Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection causes coronavirus disease 2019 (COVID-19), a poten-
tially fatal respiratory condition. The rst cases of this illness
were reported in late December 2019 in Wuhan, China. Due to
the high human-to-human transmission rate of SARS-CoV-2,
the World Health Organization declared the outbreak
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12609
a pandemic.1 By early March 2021, the virus has infected more
than 116.1 million and killed more than 2.5 million people
worldwide.2 With no robust therapeutic options available at
present, the development of new antivirals against SARS-CoV-2
is of imminent importance.

SARS-CoV-2 exploits two membrane-bound host proteins for
cell entry – angiotensin-converting enzyme 2 (ACE2) and
transmembrane serine protease 2 (TMPRSS2)4 (Fig. 1). Speci-
cally, the spike (S) protein of SARS-CoV-2 binds to ACE2 and is
subsequently cleaved by the transmembrane serine protease
TMPRSS2, allowing membrane fusion and cell entry. The low
risk of SARS-CoV-2 infection in groups with decreased levels of
Fig. 1 Overview of SARS-CoV-2 cell entry (reproduced from ref. 3
with permission from the Royal Society of Chemistry.).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Otamixaban chemical structure and antiviral activity. (a)
TMPRSS2 enzyme activity assays. NIH/NCATS high throughput
screening assay (light blue, room temperature, one replicate); Hit
confirmation assay (dark blue, physiological temperature, multiple
replicates). IC50 estimates for either assay are printed using the same
color code. (b) Chemical structure of otamixaban at pH ¼ 7.4 (blood).
(c) Dose–response curves in Calu-3 cells with their respective IC50

estimates. Inhibition of entry driven by SARS-2-S (solid lines) or VSV-G
(control, dashed lines) was analyzed using VSV pseudotyped particles.
The average of three biological replicates � SD is shown. (d) Inhibition
of SARS-CoV-2 infection by otamixaban (blue), camostat (green) and
nafamostat (orange) in precision cut human lung slices (PCLS). For
clarity, PCLS from a single donor are shown; confirmatory results from
an independent second donor are presented in Fig. S2.† The results
(mean) of three technical replicates are shown. Error bars indicate SD.
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TMPRSS2, such as infants/children5 and androgen-deprived
prostate cancer patients,6 is consistent with the suggested
SARS-CoV-2 dependence on TMPRSS2. The S protein depends
on TMPRSS2 for priming (proteolytic separation of its subunits)
in human airway cells (primary targets of the virus),4,7 even
though it also relies on the endosomal cysteine protease
cathepsin L for entry into some cell lines.4,8 Additionally, recent
evidence suggests that coagulation factors such as factor Xa
(fXa) can directly cleave S and facilitate SARS-CoV-2 cell entry.9

TMPRSS2 also activates other coronaviruses,10–16 as well as
several strains of the inuenza A virus.17–19 TMPRSS2 is
dispensable for normal development and homeostasis in
mice,20 suggesting that blockade of this protease might not be
associated with substantial unwanted side effects.

Two synthetic serine protease inhibitors, camostat and
nafamostat, approved in Japan for treatment of pancreatitis,
inhibit TMPRSS2 and block SARS-CoV-2 infection.4,21,22 Besides
these small molecules, protein-based inhibitors such as alpha-
1-antitrypsin23 and aprotinin (BPTI),24 have been proposed as
potential treatment options. However, demand for potent and
easily administrable TMPRSS2 inhibitors still exists.

Otamixaban is a potent non-covalent synthetic inhibitor of
factor Xa,25 investigated as an anticoagulant for managing acute
coronary syndrome. It entered phase III clinical trials but was
deemed inferior to unfractionated heparin combined with
eptibatide for reducing ischaemic events.26

Rensi et al.27 rst identied otamixaban as a potential
TMPRSS2 inhibitor in their virtual screening. We corroborated
this hit computationally by docking the compound against
several protein conformations extracted from extensive molec-
ular dynamics simulations.3 Otamixaban was experimentally
identied by the screening pipelines of both, the NIH/NCATS
Cheminformatics group led by Shen28 and the Noé lab, using
the NIH/NCATS TMPRSS2 high throughput screening (HTS)
assay.29 It was most recently found to have an inhibitory effect in
ref. 9.

Here we present TMPRSS2 enzyme activity assay results,
SARS-CoV-2 S-driven cell entry in a human lung cell line (Calu-
3), and precision cut human lung slices (PCLS). Based on
extensive 109 ms in silico molecular dynamics simulations, we
study the structural basis of TMPRSS2 inhibition via otamix-
aban and highlight interactions that could be exploited for
increasing drug potency.

Under in vitro conditions, we nd otamixaban to be a weak
inhibitor of TMPRSS2 with an IC50 value 2–3 orders of magni-
tude above that of more established TMPRSS2 inhibitors –

camostat and nafamostat. However, our PCLS experiment
suggests that in lung tissue, the otamixaban treatment is as
potent as the camostat standard.

Otamixaban is additionally known to act on a SARS-CoV-2
entry-related protease that is orthogonal to TMPRSS2, otamix-
aban's primary target fXa.29 This renders combination prepa-
rations with camostat or nafamostat a promising option.30

Furthermore, we observe strong synergistic effects when ota-
mixaban is combined with these drugs in Calu-3 cells, which
indicates that there is an additional, yet unknown, target
involved in SARS-CoV-2 cell entry. We, therefore, suggest that
© 2021 The Author(s). Published by the Royal Society of Chemistry
otamixaban, most likely in a combination preparation with
camostat or nafamostat, should be considered as a therapeutic
strategy against COVID-19.
2 Results
Otamixaban inhibits TMPRSS2 and suppresses SARS-CoV-2
entry

We identify otamixaban as a potential TMPRSS2 inhibitor in the
NIH/NCATS TMPRSS2 high throughput screening (HTS) assay.29

This is a single replicate experiment conducted at room
temperature which is easily scalable to large amounts of
different drug candidates (1536-well plates). The HTS assay
indicates that otamixaban shows inhibitory activity against
TMPRSS2 (Fig. 2a). We subsequently perform activity conr-
mation in a different facility (cf. Materials and methods) at
physiological temperature with multiple replicates, using
a similar, although low throughput, TMPRSS2 activity assay. We
nd that, as expected, both assays yield comparable results
(Fig. 2a).

We next test otamixaban in the Calu-3 cell line where we nd
it to inhibit SARS-CoV-2 S-mediated viral entry, but not entry
driven by vesicular stomatitis virus (VSV) glycoprotein (VSV-G),
which does not require TMPRSS2 activity to mediate cell
entry. Inhibition of SARS-2-S-driven cell entry by otamixaban is
Chem. Sci., 2021, 12, 12600–12609 | 12601
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much less potent compared to camostat and nafamostat
(Fig. 2c). Being in the lower mm range, otamixaban's IC50 is 2 or
3 orders of magnitude larger than the IC50 of camostat or
nafamostat, respectively (cf. Table 1). However, in human PCLS,
inhibitory effects of otamixaban and camostat are comparable
(Fig. 2d and S2†).
Fig. 3 Synergistic antiviral activity of otamixaban combined with
camostat and nafamostat. (a) Antiviral activity of otamixaban in
combination with 1 nm camostat (green) or 0.1 nm nafamostat
(orange) compared with otamixaban alone (grey) was analyzed using
Calu-3 cells and VSV pseudotypes harboring either SARS-2-S (solid
lines) or VSV-G (dashed lines) as described for Fig. 2b. Corresponding
IC50 values are highlighted with dotted lines and annotated on the left.
The average of three biological replicates � SD is shown. (b) Combi-
nation index as a function of inhibition strength. The dashed line at CI
¼ 1.0 indicates additivity (neither synergism nor antagonism); combi-
nation indices below the dotted line indicate synergism (CI < 1). Inhi-
bition range with strong synergism (IC < 0.3) is marked by shaded
areas.
Otamixaban shows a strong synergistic effect when combined
with camostat or nafamostat

In a subsequent step, we test otamixaban in the Calu-3 cell line
in a combination preparation with constant small doses of
camostat (1 nm) or nafamostat (0.1 nm), which are two orders of
magnitude below their IC50 values (Table 1). We nd that the
dose–response behavior of otamixaban in combination with
either drug is signicantly enhanced, e.g. at a drug concentra-
tion of 10 mm, SARS-CoV-2 cell entry is inhibited by 80% using
otamixaban with a camostat or nafamostat supplement
compared to only 36% inhibition without the supplement.

To quantify potential synergistic effects between the drugs,
we use the combination index (CI) by Chou and Talalay,31 which
classies drug interactions into additive (CI ¼ 1), synergistic (CI
< 1), and antagonistic (CI > 1). We nd that, at 50% inhibition,
the CI is signicantly smaller than 0.1 for both tested drug
combinations (Table 1), indicating that otamixaban and
camostat (or nafamostat) show very strong synergism.32

A simulation of the CI in the range between 10 and 95%
inhibition (Fig. 3b) shows that the majority of predicted CI
values can be considered strongly synergistic (<0.3), following
the classication dened by Chou.32 Please note that the CI
simulation depends on the learned parameters from the dose–
response data, i.e. we expect prediction quality to be high
around 50% inhibition. Peripheral deviations between camo-
stat and nafamostat supplementation might therefore be an
artifact of sparse sampling in that area.

Due to this unprecedented synergistic effect, the dose of
otamixaban can be signicantly reduced when used in combi-
nation with camostat or nafamostat. Specically, the dose
reduction index (DRI) of otamixaban at 50% inhibition is 24.7
and 25.7, for the two combination preparations, respectively. In
other words, to achieve 50% inhibition, only �1/25 (�1/26) of
the pure otamixaban concentrations are necessary when
Table 1 IC50s and combination indices with uncertainty estimates for
single and combination preparations of otamixaban, camostat, and
nafamostat in Calu-3 cells. Combination indices are computed at 50%
inhibition; experiments are conducted at constant supplemental drug
concentration

Drug(s) IC50 nm DIC50 nm CI DCI

OTA 18.7 � 103 562.1
CAM 151.1 12.1
NAF 11.8 1.2
OTA + CAMa 758.2 192.4 0.040 0.010
OTA + NAFb 728.5 115.7 0.039 0.006

a 1 nm [camostat]. b 0.1 nm [nafamostat].

12602 | Chem. Sci., 2021, 12, 12600–12609
supplemented with nanomolar (sub-nanomolar) concentra-
tions of camostat (nafamostat).

To shed light on the origin of the observed synergistic effect,
we perform additional experiments in the HTS assay with
supplemental drug concentrations, two orders of magnitude
below their IC50 values (0.01 nm of camostat or 0.001 nm of
nafamostat). We nd that the dose–response curves of the
combination preparations behave identically to otamixaban
alone (Fig. S1,† CIsz 0.9 at 50% inhibition). In other words, no
synergistic effect is observed in the HTS assay.
Structural basis of TMPRSS2 inhibition by otamixaban

Analysis of our MD simulations, a set of 109 trajectories of 1 ms
each, reveals that otamixaban binds TMPRSS2 with multiple
metastable binding modes. We nd three dominant metastable
binding poses that make up for 60% of the observed simulation
ensemble (Fig. S5†). Briey, they are (a) a TMPRSS2-specic
pose (42% of the total observed population), (b) similar to the
crystal conguration observed with otamixaban's original target
(18%), and (c) a pre-bound state with catalytic triad interactions
(13%).

In the most populated state, otamixaban is bound to the S1
pocket (Fig. S3a†) with the charged benzamidine moiety inter-
acting with Asp435 (Fig. 4b). This interaction is fundamental for
the recognition of natural substrates and is typically exploited
by several serine protease inhibitors, among which we nd
camostat and nafamostat, both with a charged guanidino-
benzoyl group instead of the benzamidine group of otamix-
aban.3 Hence, the binding site is shared among the two drugs in
the tested combination preparations, indicating that the
synergistic effects described above are not likely to arise from
simultaneous binding. At the opposite side of the benzamidine
group, otamixaban has a long, hydrophobic pyridine-N-oxide
moiety, with a polar head that is neutral at physiological pH
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Otamixaban binding modes; the drug is depicted in yellow
licorice representation. (a) Contact frequency analysis of the full drug
to TMPRSS2. Residue contact frequency is color-coded as shown in
the color bar. (b) Highest populated state observed in our MD simu-
lations. Catalytic triad residues are depicted in black.
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(cf. Fig. 2b). We nd this moiety mainly interacting with the
hydrophobic CH2 chains of Glu299 and Lys300, as well as the
catalytic His296.

The second state is comparable to the crystal structure of
otamixaban with its original target, the coagulation factor Xa
(fXa)25,33 (Fig. S3b†). We nd that the S1 interactions with the
benzamidine moiety (in particular with Asp435) are equivalent,
with a subtle difference in the amidinium ring conformation
(Fig. S4a†). Furthermore, the interactions of the opposite head
differ as this moiety is designed to bind the fXa S4 pocket,
a hydrophobic cavity formed by residues Tyr99, Phe174, and
Trp215. In TMPRSS2, however, this cavity is less dened since
the residue equivalent to Tyr99 is charged (Lys342), and the loop
containing the residue equivalent to Phe174 is two amino acids
longer and highly exible (Tyr416–Asp417–Asn418; see align-
ment in Fig. S4b†). These differences may explain why small
modications in the pyridine-N-oxide moiety can exert a large
impact on drug's selectivity across different serine proteases.34

We further analyzed the contacts that otamixaban forms with
TMPRSS2, nding that it mainly blocks the catalytic region,
impeding the binding of any substrate that could be processed
(Fig. 4a).
© 2021 The Author(s). Published by the Royal Society of Chemistry
In the pre-bound metastable state (Fig. S5b†), the drug is
within the active site but outside the S1 pocket. It interacts with
catalytic residues His296 and Asp345, mainly mediated by
Coulomb interactions between its amidinium head and the
aspartate.

Finally, it is interesting to note that otamixaban has two
potential hydrolyzable centers, an ester and an amide, that could
be in principle digested by TMPRSS2. Nonetheless, otamixaban is
known to be a reversible non-covalent inhibitor, with the two
chemical groups being stable in blood and urine.34,35 This
prompts the question of why these two chemical groups are
stable within the active site of the enzyme. To address this
question, we searched for conformations fullling certain struc-
tural criteria that are suitable for catalysis, including the integrity
of the catalytic machinery (Ser441-His296 h-bond), the nucleo-
philic attack (Ser441-reactive center), and the position of part of
the substrate inside the oxyanion hole (formed by Gly439 and
Ser441 NH groups). For the amide group, we found that it is never
near the catalytic serine at the same time that it places its
carboxylic group inside the oxyanion hole, two factors that are
crucial to enhance the enzymatic activity.36 Even if these two
criteria were met, we note that the N end of the amide is placed
within the S1 pocket, inverted with respect to the orientation of
natural substrates, which may further slow down a potential
reaction. For the ester group, instead, we nd reactive confor-
mations, but just a very small fraction (0.13%) of the total, sug-
gesting that hydrolysis could be possible, but it will be minor.
These factors may explain why these two chemical groups of
otamixaban are preserved within the enzymatic cavity, rendering
a stable, non-covalent reversible inhibitor.

3 Discussion

The ongoing COVID-19 pandemic requires the development of
potent drugs against SARS-CoV-2. A possible treatment strategy
is to target the host cell protease TMPRSS2, an essential
compound for viral host cell entry. In this work we identify
otamixaban, a drug candidate admitted to phase III clinical
trials, as a potential TMPRSS2 inhibitor.

We show that even though otamixaban is only a weak
TMPRSS2 inhibitor in cell culture, it is as potent as camostat in
human lung tissue. One could argue that this intriguing result
may arise from the fact that camostat is rapidly converted to
a metabolite (GBPA) in the human body, which is slightly less
potent.21 However, the difference in potency between camostat
and its metabolic product is likely not large enough to explain
the leveling out of otamixaban and camostat observed in lung
tissue. Thus, it seems more plausible to hypothesize that the
presence of otamixaban's primary target fXa, in PCLS but not in
Calu-3 cells, might be at the root of the observed differences.

As otamixaban was originally developed for inhibiting fXa,
a protease that was also reported to cleave the S protein,9 it is
promising to combine otamixaban with known potent
TMPRSS2 inhibitors.30 Furthermore, our experiments in Calu-3
cells reveal that otamixaban shows strong synergistic effects
with camostat or nafamostat. This implies that there is another,
yet unknown, protease that might contribute to SARS-CoV-2 cell
Chem. Sci., 2021, 12, 12600–12609 | 12603
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entry. As a result, otamixaban doses can be signicantly lowered
by adding (sub-) nanomolar concentrations of known TMPRSS2
inhibitors camostat or nafamostat.

Given that these three drugs bind to the S1 pocket of
TMPRSS2 (as shown above and in ref. 3), it seems unlikely that
they have a cooperative mechanism towards the same target.

We did not observe synergy between drugs when we
combined otamixaban with supplemental doses of camostat/
nafamostat in our HTS assay (Fig. S1†). These observations
suggest that the synergistic effect between otamixaban and
camostat/nafamostat in Calu-3 cells is likely not due to drug–
drug interactions or TMPRSS2 allosteric effects. Instead, it
could be explained by a secondary target. Additional investiga-
tion is necessary to shed light upon the precise mechanism of
synergy between the drugs.

Otamixaban's potency in combination preparations is also
encouraging from a therapeutic point of view: COVID-19
patients oen suffer from hypercoagulation37 and otamixaban
was originally optimized for inhibiting coagulation factor Xa.25

It might thus inhibit a suitable target orthogonal to TMPRSS2,
possibly mitigating severe symptoms of COVID-19.

Having arrived at the phase III of clinical trials, the safety
and pharmacokinetics of otamixaban have already been char-
acterized. Across a 100-fold dose range, otamixaban has proven
to be well tolerated in a cohort of healthy subjects.38 It also
showed rapid plasma distribution and elimination, with low
variability of plasma exposure across subjects.35

The availability of clinical data alongside the synergistic
effects described in this manuscript suggests that otamixaban
in combination with nafamostat or camostat is a promising
candidate for COVID-19 clinical trials.

4 Materials and methods
High throughput TMPRSS2 activity assay

A high throughput activity assay has been developed to test
potential inhibitors of TMPRSS2.29 The experiment was per-
formed in a 1536-well black plate according to the published
protocol: Boc–Gln–Ala–Arg–AMC substrate (20 nl) and test
compound (20 nl in DMSO) were added using an ECHO 655
acoustic dispenser (LabCyte). TMPRSS2 (150 nl) diluted in assay
buffer (50 mM Tris pH 8, 150 mM NaCl, 0.01% Tween20) was
dispensed to that, using a BioRAPTR (Beckman Coulter), for
a total assay volume of 5 ml. Aer incubation at room temper-
ature for 1 h, uorescence was measured.

To detect inhibitors causing uorescence quenching (those
having a concentration-dependent decrease on AMC uores-
cence), a counter-assay was performed as previously
described.29 7-Amino-4-methylcoumarin (20 nl) and inhibitor or
DMSO (20 nl) were added using an ECHO 655 acoustic
dispenser (LabCyte). Assay buffer (50 mM Tris pH 8, 150 mM
NaCl, 0.01% Tween20) was added to that, for a total reaction
volume of 5 ml.

PHERAstar with excitation at 340 nm and emission at
440 nmwas used for detection and uorescence was normalized
relative to substrate alone (negative control) and substrate with
1 mm of nafamostat (positive control).
12604 | Chem. Sci., 2021, 12, 12600–12609
Hit conrmation TMPRSS2 activity assay

Compound dilutions ranging from 100 pm to 100 mm were
prepared in assay buffer (50 mM Tris–HCl pH 8.0, 154 mM
NaCl) containing a nal DMSO concentration of 1%. In addi-
tion, recombinant TMPRSS2 (LifeSpan Biosciences, cat. no. LS-
G57269) and the peptide substrate Boc–GlnAla–Arg–MCA
(Peptide Institute, Inc., cat. no. 3135-v) were reconstituted in
assay buffer, yielding concentrations of 2 mg ml�1 and 100 mM,
respectively. Compound dilutions (25 ml per well, nal
concentration ranging from 50 pm to 50 mm) and recombinant
TMPRSS2 (25 ml per well, nal concentration of 1 mg ml�1) were
mixed in black 96-well plates and incubated for 10 min. Next,
assay buffer containing 20 mM Boc–Gln–Ala–Arg–MCA peptide
substrate (50 ml per well, nal concentration 10 mM) was added
and samples were incubated for 3 h at 37 �C before uorescence
intensity was recorded using the Tecan Genios plate reader and
the Magellan V6.4 Soware (Tecan; excitation: 360 nm, emis-
sion: 465 nm).

To dene the upper and lower limits of the assay, the
following controls were used: (i) to determine maximum
TMPRSS2 enzyme activity, recombinant TMPRSS2 (25 ml per
well, nal concentration of 1 mg ml�1) was preincubated with
assay buffer containing 1% DMSO but no compound (25 ml per
well) before the peptide substrate (50 ml per well, nal concen-
tration of 10 mM) was added; (ii) to determine the unspecic
background of the assay, peptide substrate (50 ml per well, nal
concentration of 10 mM) was incubated with assay buffer con-
taining 0.5% DMSO (50 ml per well) in the absence of both
recombinant TMPRSS2 and compound.
Cell culture

All cell lines were incubated at 37 �C in a humidied atmo-
sphere with 5% CO2. Vero E6 (African green Monkey kidney;
ATCC no. CRL-1586; kindly provided by Marcel A. Müller and
Christan Drosten, Institute of Virology, Charité – Uni-
versitätsmedizin Berlin, Germany) and HEK-293T (human
embryonic kidney; DSMZ no. ACC 635) cells were cultivated in
Dulbecco's modied Eagle medium containing 10% fetal
bovine serum (FCS, Biochrom), 100 U ml�1 of penicillin and
0.1 mg ml�1 of streptomycin (PAN-Biotech), while Calu-3 cells
(human lung adenocarcinoma; kindly provided by Stephan
Ludwig, Institute of Virology, University of Münster, Germany)
were cultivated in minimum essential medium supplemented
with 10% FCS, 100 U ml�1 of penicillin and 0.1 mg ml�1 of
streptomycin (PAN-Biotech), 1� non-essential amino acid
solution (from 100� stock, PAA) and 1 mM sodium pyruvate
(Thermo Fisher Scientic). Transfection of HEK-293T was
carried out by calcium-phosphate precipitation.
Plasmids

The expression plasmids for severe acute respiratory syndrome
coronavirus 2 spike glycoprotein (SARS-2-S) and vesicular
stomatitis virus glycoprotein (VSV-G) that were used to generate
VSV pseudotype particles harboring the respective viral proteins
have been described elsewhere.4,39 Further, an empty pCG1
© 2021 The Author(s). Published by the Royal Society of Chemistry
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expression plasmid (kindly provided by Roberto Cattaneo, Mayo
Clinic College of Medicine, Rochester, MN, USA) was used for
the production of VSV particles bearing no viral protein.

Reconstitution of compounds and storage

Camostat mesylate (Tocris, cat. no. 3193), nafamostat mesylate
(Tocris, cat. no. 3081) and otamixaban (AdooQ BioScience, cat.
no. A11517) were reconstituted in dimethyl sulfoxide (DMSO),
yielding stock concentrations of 10 mM. For each compound
stock, multiple small volume aliquots were prepared and stored
at �20 �C. Of note, in order to avoid changes in compound
activity due to multiple freeze–thaw cycles, residual material
from thawed stocks was discarded. Please note that compounds
for the high throughput activity assay were treated in a separate
facility (cf. high throughput TMPRSS2 activity assay).

Analysis of SARS-2-S-driven cell entry using VSV pseudotypes

VSV pseudotype particles bearing SARS-2-S, VSV-G or no viral
protein (negative control) were produced according to an estab-
lished protocol.40 In brief, HEK-293T cells transfected to express the
respective viral protein or no viral protein were inoculated with
a replication-decient VSV vector that lacks the genetic information
for VSV-G and instead possesses individual open reading frames for
an enhanced green uorescent protein and rey luciferase (FLuc),
VSVDG-FLuc (kindly provided by Gert Zimmer, Institute of Virology
and Immunology, Mittelhäusern, Switzerland).41 Following an
incubation period of 1 h at 37 �C, the cells were washed and
received a fresh culture medium. In the case of cells transfected
with SARS-2-S expression vector or empty plasmid, themediumwas
further supplemented with anti-VSV-G antibody (culture superna-
tant from I1-hybridoma cells; ATCC no. CRL-2700). At 16–18 h post-
inoculation, the culture supernatant containing the VSV pseudo-
type particles was collected, claried from cellular debris by
centrifugation (2000�g, 10 min, room temperature) and stored at
�80 �C until further use. In order to analyze the effects of the tested
compounds on SARS-2-S-driven VSV pseudotype entry into target
cells, Calu-3 cells, which were grown in 96-well plates, were incu-
bated for 1 h at 37 �C in the presence of different concentrations of
the respective compounds or solvent (DMSO) diluted in culture
medium (50 ml per well). Next, VSV pseudotypes were added (50 ml
per well) and cells were further incubated for 16–18 h before the
efficiency of pseudotype entry was assessed. For this, the culture
supernatant was aspirated and cells were lysed by incubation with
1� cell culture lysis reagent (produced from 5-fold concentrated
stock, Promega) for 30min at room temperature. Thereaer, lysates
were transferred into white 96-well plates. Finally, FLuc activity was
recorded using a Hidex Sense plate luminometer (Hidex) following
the addition of a commercial substrate (Beetle-Juice, PJK).

Infection of ex vivo human lung cultures with authentic SARS-
CoV-2 and quantication of viral titer

Experiments with human lung tissue were approved by the
Ethics Committee of the Hannover Medical School (MHH,
Hannover, Germany) and are in compliance with The Code of
Ethics of the World Medical Association (number 2701-2015).
All patients or their next of kin gave written informed consent
© 2021 The Author(s). Published by the Royal Society of Chemistry
for the use of lung tissue for research. Ex vivo human lung
cultures (precision cut lung slices, PCLS) were prepared
according to a published protocol.42 Only macroscopically
disease-free parts of lung tissue obtained from lung cancer
patients that underwent lobe resection at the Hannover
Medical School (MHH, Hannover, Germany) were used for
experiments. First, the lung lobe was inated with DMEM/F-12
medium containing 2% agarose. Following agarose polymeri-
zation, the tissue was cut into slabs and tissue cores of 8 mm in
diameter were cut into 300 mm thin slices. Cultivation of PCLS
was carried out at 37 �C and 5% CO2 using Ham's F-12 medium
containing 0.1 mg ml�1 streptomycin, 10 U ml�1 penicillin,
0.05 mg ml�1 gentamicin and 0.01 mg ml�1 enrooxacin. For
infection experiments, only PCLS with a ciliary activity of 75%
or higher were used. The PCLS were placed into 48-well plates
and incubated for 1 h at 37 �C and 5% CO2 in the presence of
different concentrations of the respective compounds (PCLS
treated with DMSO served as a control). Next, the culture
medium was removed and PCLS were inoculated with SARS-
CoV-2 isolate hCoV-19/Germany/FI1103201/2020 (kindly
provided by Stephan Ludwig, Institute of Virology, University
of Münster, Germany) using an infectious dose of 4 � 105 pfu
ml�1 (250 ml per well). At 1 h post-inoculation, the inoculum
was removed and PCLS were washed three times with
phosphate-buffered saline (PBS) before culture medium (500
ml per well) containing the respective inhibitor or DMSO was
added. Samples (100 ml) were collected at 1 h (washing control)
and 24 h (end point) post-infection and stored at �80 �C for
virus titration. Viral titers were determined by plaque titration.
For this, Vero E6 cells that were grown in 12-well plates were
inoculated with serial dilutions of supernatant (inoculum ¼
850 ml) and incubated for 1 h at 37 �C and 5% CO2. Thereaer,
the inoculum was removed and cells were washed with PBS.
Next, cells were overlaid with Eagle's minimal essential
medium without phenol red (Lonza) containing 1% plaque
agarose (Biozym) and incubated for 72 h at 37 �C and 5% CO2,
before plaques were counted to determine viral titers (given as
plaque-forming units per ml, pfu ml�1).
Docking

Due to the lack of a crystal structure for TMPRSS2, we manually
extracted 10 representative frames from a precursive MD data-
set3 which was originally seeded with a homology model.27 Our
MD construct includes only the protease domain (amino acids
256 to 491). We note that even though TMPRSS2 has a trans-
membrane domain, the catalytic domain (i.e. our MD setup)
itself is not embedded or directly linked to the membrane, nor
is there evidence of lipids playing a role in catalysis. We,
therefore, assume that a simulation in the solvent is a realistic
model.

For the ligand structure, we downloaded the three-
dimensional representation of the reference molecule from
the ZINC database (ZINC ID: ZINC000001908051).43 We
prepared both the receptor and the ligand structures with
MGLTools.44
Chem. Sci., 2021, 12, 12600–12609 | 12605
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We performed protein–ligand docking using smina,45 a fork
of AutoDock Vina.46 The search space was dened as a box of 30
Å3 centered on the Ca atom of the catalytic serine (Ser441). We
identied ve important residues whose rigidity could nega-
tively inuence ligand binding into the S1 pocket, namely:
Glu299, Lys300, Asp435, Gln438 and Trp461. The side-chains of
these residues were kept exible throughout the run to explore
their different conformations. We used the Vinardo scoring
function47 and the default exhaustiveness of 10.

For each receptor structure docked against the ligand, we
took the single highest-scored binding pose. Finally, we used
the SMILES to determine the positions of missing hydrogens
(omitted by smina) and added them back to the docking poses.
Molecular dynamics simulations

MD simulations were run with OpenMM 7.4.0 (ref. 48) with the
amber14SB forceeld49 for protein and openff-1.1.0 (ref. 50) for
the ligand parameters. We initiate a simulation box of side
length 7.2 nm, use the TIP3P water model51 with a NaCl ion
concentration of 0.1 mol l�1 at a neutral charge. The setups
contain between 10 354 and 10 429 water molecules, depending
on the docking pose and TMPRSS2 conformation.

We run simulations in the NPT ensemble. The temperature
is kept at 310 K (physiological temperature) and the pressure at
1 bar. Rigid water molecules, PME electrostatics, and a 1 nm
cutoff for nonbonded interactions are used. We further applied
a Langevin integrator with 4 fs integration step using hydrogen
mass repartitioning (HMR, 4 amu hydrogen mass). HMR slows
down covalent hydrogen bond vibrations such that a larger
integration step is possible while conserving the thermody-
namics and kinetics.52,53 Our trajectories accumulate to 109 ms,
each containing a simulation time of 1 ms. VMD54 was used to
visualize structures.

MD simulations were seeded from the docked structures, as
described above. More specically, we selected as starting
complexes the four docking poses where the ligand had iden-
tical chirality to the molecule in the ZINC database (ZINC ID:
ZINC000001908051). Please note, again, that our protein
structures are based on a homology model27 as detailed in ref. 3.

We analyzed MD simulations by using inverse minimal
distances between the different drug groups (benzamidine-
group, methyl-ester, pyridine-N-oxid, methyl-group) to each
protein residue with PyEMMA 2.5.7.55 We further performed
a linear VAMP56 dimension reduction operation with a lag time
of 5 ns, used 10 dimensions with the highest kinetic variance,
and performed a regular spatial clustering with a minimal
distance of 0.9. The discrete state with the most population was
subsequently estimated by the argmax of a histogram.

Based on the same VAMP projection, we used a different dis-
cretization (k-means algorithm with 300 cluster centers) to estimate
a 16 state hidden Markov model57 (HMM) at a lag time of 2 ns. The
HMM model is used to assign metastable states (binding modes)
and to extract metastable trajectories (Viterbi algorithm58). We use
the metastable trajectories to verify that the model captures the
metastable dynamics (Fig. S6†) and to assess empirical state prob-
abilities through histogram counting.
12606 | Chem. Sci., 2021, 12, 12600–12609
Dose–response curve tting

We normalized the inhibition efficiency against the respective
control(s) for each of the experiments. We then used the
generalized four-parameter log-logistic model to t the dose–
response curves on the normalized data. The model is dened
as:

fðx; ðb; c; d; eÞÞ ¼ cþ d � c

1þ expðb$ðlnðxÞ � lnðeÞÞÞ (1)

where x is the concentration of the inhibitor, b is the Hill slope,
c and d are the lower and the upper limit, respectively, and e is
the IC50 value. The upper and the lower limit were set to 0 and
100, respectively. We used the curve tting algorithm present in
the scipy package59 to obtain the Hill slope and the IC50 value,
with their associated error estimates.
Drug combination analysis

The combination index (CI) for two mutually exclusive drugs is
computed using the following equation31

CI ¼ ½D�1
½Dx�1

þ ½D�2
½Dx�2

; (2)

where [Dx]i and [D]i are the concentrations of drug i when acting
alone and in combination preparation, respectively. It is eval-
uated for a given percentage of inhibition (of single and
combination preparations) and quanties how potent the drug
combinations are with respect to the sum of their constituents.
We use Gaussian error propagation to estimate the uncertainty
of this quantity.

We further note that, since it is a priori unclear whether the
drugs in the combination preparations are mutually exclusive
or not, we have computed the correction terms for mutually

non-exclusive drugs,
½D�1½D�2
½Dx�1½Dx�2

, and found them to be negligibly

small for both combination preparations.
To estimate the CI for different inhibition values, we have

analytically inverted the dose–response function (eqn (1)). It is
evaluated from 10 to 95% inhibition, i.e. in the range in which
the experimental measurements allow a reasonable curve t.

The dose reduction index (DRI) for drug i is calculated as:32

DRIi ¼ ½Dx�i
½D�i

: (3)
Data availability

Structures of otamixaban in complex with TMPRSS2 are pub-
lished online at https://github.com/noegroup/
tmprss2_structures.
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combination experiments and analyzed drug combination data.
Markus Hoffmann, Nadine Krüger, Stephan Pöhlmann con-
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Pöhlmann, Markus Hoffmann, Frank Noé wrote the
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