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Abstract

Host cell proteases such as TMPRSS2 are critical determinants of severe acute

respiratory syndrome coronavirus 2 (SARS‐CoV‐2) tropism and pathogenesis. Here,

we show that antithrombin (AT), an endogenous serine protease inhibitor regulating

coagulation, is a broad‐spectrum inhibitor of coronavirus infection. Molecular

docking and enzyme activity assays demonstrate that AT binds and inhibits

TMPRSS2, a serine protease that primes the Spike proteins of coronaviruses for

subsequent fusion. Consequently, AT blocks entry driven by the Spikes of

SARS‐CoV, MERS‐CoV, hCoV‐229E, SARS‐CoV‐2 and its variants of concern

including Omicron, and suppresses lung cell infection with genuine SARS‐CoV‐2.

Thus, AT is an endogenous inhibitor of SARS‐CoV‐2 that may be involved in

COVID‐19 pathogenesis. We further demonstrate that activation of AT by

anticoagulants, such as heparin or fondaparinux, increases the anti‐TMPRSS2 and

anti‐SARS‐CoV‐2 activity of AT, suggesting that repurposing of native and activated

AT for COVID‐19 treatment should be explored.
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1 | INTRODUCTION

The emergence and pandemic spread of the severe acute respiratory

syndrome coronavirus 2 (SARS‐CoV‐2) poses a major global health crisis.

Even though protective vaccines are available, there is still an urgent need

for the development of specific antivirals to prevent SARS‐CoV‐2 spread

into the lung or treat COVID‐19.1 SARS‐CoV‐2 infection is mediated by

the viral Spike (S) glycoprotein, which comprises two subunits, S1 and

S2.2,3 The S1 subunit harbors the receptor binding domain (RBD) and

binds to the cellular receptor ACE2, while the S2 subunit anchors the S

protein in the viral membrane and harbors determinants required for

virus‐cell fusion. Following engagement of ACE2, proteolytic cleavage of

the S2 subunit occurs by the cellular proteases transmembrane serine

protease serine subtype 2 (TMPRSS2), cathepsins B or L or furin at the

so‐called S2′ site.4,5 Cleavage is thought to prime the S protein for

membrane fusion by triggering conformational changes allowing viral

entry.3,5,6 Inhibitors of TMPRSS2 enzymatic activity such as camostat or

nafamostat prevent S protein priming and consequently viral

infection,5,7–11 and are currently in the clinical evaluation as COVID‐19

therapeutics.

Previous reports show that the serine protease inhibitor (serpin) α1‐

antitrypsin (α1AT, SERPINA1) is an endogenous inhibitor of TMPRSS2

activity and SARS‐CoV‐2 entry, with potential application for COVID‐19

treatment.12,13 Until today, 36 human serpins have been identified and

linked to the regulation of physiological processes such as hemostasis,

immunity, and inflammation.14,15 However, it remains largely unclear

which serpins can interfere with SARS‐CoV‐2 infection. The serpin

antithrombin (SERPINC1) is a serum protein with a physiological

concentration of ~0.15mg/ml, equivalent to ~2.6µM.16 Its main function

is the regulation of coagulation through inhibition of serine proteases

including factor IXa, Xa, and thrombin. However, it also displays affinity to

other proteases such as trypsin, papain, and cathepsin L.17–20 The target

protease recognizes and cleaves a distinct region of antithrombin (AT), the

so‐called reactive center loop (RCL). The subsequent formation of a

covalently bound acyl‐enzyme intermediate between serpin and protease

triggers conformational changes in the serpin, which physically disrupts

the protease reactive center and result in an irreversible inhibition.21,22

Herein, we investigated whether AT inhibits TMPRSS2 and consequently

SARS‐CoV‐2 infection.

2 | MATERIALS AND METHODS

2.1 | Computational modeling

For modeling the TMPRSS2‐AT interaction, a TMPRSS2 homology

model deposited in the SwissModel repository23 (UniProtKB ID:

O15393) was superimposed onto the crystal structure of the factor

IXa‐AT‐pentasaccharide complex (PDB ID: 3KCG).24 The initial

docking model was refined with HADDOCK,25 GalaxyRefineCom-

plex,26,27 and Rosetta.28 The 10 best‐scored solutions from each tool

were selected and applied to Rosetta's28 high‐resolution refinement

protocol. The best‐scored solution was refined in the presence of

explicit solvent and the system was neutralized with NaCl. To this

end, NPT unrestrained simulated annealing MD simulations were

performed (2 replicas) with the CHARMM36 force field29 and the

GROMACS simulation package.30 The initial reference temperature

was 300 K and the system was subjected to three 10 ns cycles of

heating to 320 K and stepwise cooling to 275 K.

2.2 | Reagents

Camostat mesylate (CM) (SML0057) and E64‐d (E8640) were

obtained from Merck. AT was obtained from CSL Behring (Kyber-

nin®) and Grifols (Anbinex®) and solubilized in ddH2O, Fondaparinux

(SML1240) and heparin (H3149) were obtained from Merck,

Boc‐Gln‐Ala‐Arg‐AMC peptide was obtained from Bachem (40170

19.0005), EK1 peptide (H2N‐SLDQINVTFLDLEYEMKKLEEAIKKLEE

SYIDLKEL‐COOH) was synthesized in‐house by solid phase synthe-

sis. Recombinant TMPRSS2 was obtained from CreativeBiomart

(TMPRSS2‐1856H) or LSBio (LS‐G57269).

2.3 | BCA assay

Protein concentration in the reconstituted AT preparations Anbinex

and Kybernin was determined with a commercially available

bicinchoninic acid (BCA) assay kit (Pierce™ BCA Protein Assay Kit;

Thermo Fisher Scientific) using a VERSAMax microplate reader with

SoftMax Pro 7.0.3 software.

2.4 | Filtration and gel electrophoresis

AT preparations were subjected to a 10 kDa centrifugal filter (Amicon

Ultra‐0.5ml Ultracel‐10k) at 14,000g. Retentate and flowthrough were

collected and adjusted to match the input volume. One microgram of

protein per sample was then applied to reduce sodium dodecyl sulfate

polyacrylamide gel electrophoresis on a 4%–12% Bis‐Tris protein gel

(NuPAGE™) with MES running buffer. Before electrophoresis, samples

were reduced with 50mM TCEP and heated for 10min at 70°C. The gel

was stained with Coomassie G‐250 (GelCode™ Blue Stain).

2.5 | Activation of AT

For the activation of AT, serial dilutions of heparin or FPX were mixed

with constant concentrations of AT and incubated for 1 h at 37°C

before use.

2.6 | TMPRSS2 activity assay

For analysis of purified TMPRSS2, serially diluted AT, activated AT,

CM, or E64‐d were mixed with 25 µl of 2 µg/ml recombinant
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TMPRSS2 in assay buffer (50mM Tris‐HCl, 0.154mM NaCl pH 8.0)

for 10min at 37°C, followed by addition of 50 µl of 20 µM BOC‐

QAR‐AMC protease substrate. Fluorescence intensity was recorded

at an excitation wavelength of 380 nm and emission wavelength of

460 nm immediately after addition of substrate and after 3 h at 37°C

in aTECAN Genios microplate reader with Magellan V6.4 software or

in a Synergy™ H1 microplate reader (BioTek) with Gen 5 3.04

software.

To assess the activity of cellular TMPRSS2, 20 000 HEK293T

cells were seeded in respective growth medium in a 96‐well flat

bottom plate. The next day, cells were transfected with 100 ng of

TMPRSS2 expression plasmid (addgene 53887, kindly provided by

Prof. Roger Reeves, Johns Hopkins University, Baltimore, United

States) per well using polyethyleneimine (PEI) transfection reagent.

Briefly, plasmid DNA was mixed with PEI in a 3:1 ratio in serum‐free

medium, incubated for 20min at RT, and added to cells dropwise. At

16 h post‐transfection, the medium was removed and 60 µl of serum‐

free medium was added followed by addition of serial dilutions of AT

preparations, activated AT or CM. After incubation for 15min at

37°C, 20 µl of 500 µM protease substrate (BOC‐QAR‐AMC) were

added. Fluorescence intensity was recorded at an excitation

wavelength of 380 nm and emission wavelength of 460 nm immedi-

ately after addition of substrate and after 2 h at 37°C in a Synergy™

H1 microplate reader (BioTek) with Gen 5 3.04 software.

2.7 | Cathepsin activity assay

Serial dilutions of AT, CM, or E64‐d were mixed with recombinant

cathepsin L (R & D, 952‐Cy) in assay buffer (50mM MES, 5mM DTT,

1 mM ethylenediamine tetraacetic acid [EDTA], 0.005% Brij35, pH 6)

or with cathepsin B from human placenta (Sigma Aldrich; C0150) in

assay buffer (105.6mM KH2PO4, 14.4 mM Na2HPO4, 1.2 mM EDTA,

0.07% Brij35, 2.4 mM L‐cysteine, pH 6). The protease‐inhibitor

mixtures were incubated for 10min at RT, before adding fluorogenic

reporter substrate Z‐Leu‐Arg‐AMC (for cathepsin L) or Z‐Arg‐Arg‐

AMC (for cathepsin B). Final concentrations were as follows:

cathepsin L 0.01 µg/ml, cathepsin B 1 µg/ml, Z‐Leu‐Arg‐AMC

40 µM or Z‐Arg‐Arg‐AMC 30 µM. Fluorescence intensity was

recorded at an excitation wavelength of 380 nm and emission

wavelength of 460 nm after 25min at 37°C (cathepsin L) or after

60min at 40°C (cathepsin B) in a Synergy™ H1 microplate reader

(BioTek) with Gen 5 3.04 software.

2.8 | Furin activity assay

Serial dilutions of AT were mixed with recombinant furin (R & D;

1503‐SE‐010) in assay buffer (25 mM Tris, 1 mM CaCl2, pH 9) for

10min at 37°C, followed by addition of 50 µl of 20 µM succinyl (Suc.)

modified QTNSPRRAR‐AMC protease substrate. The final concen-

tration of furin was 1.5 ng/µl. Fluorescence intensity was recorded at

2‐min intervals for 5 h at an excitation wavelength of 355 nm and

emission wavelength of 460 nm at 37°C in a Cytation 3 (BioTek)

microplate reader. The area under the curve values normalized to

furin control was plotted. The activity of activated AT on furin was

assessed as described above, using activated AT.

2.9 | Cell culture

Unless stated otherwise, HEK293T cells (ATCC, CRL‐3216) were

cultivated in dulbecco's modified eagle medium (DMEM) supplemented

with 10% fetal calf serum (FCS), 2mM L‐glutamine, 100U/ml penicillin

and 100μg/ml streptomycin. Caco2 cells (kindly provided by Prof.

Holger Barth, Ulm University, Ulm, Germany; ATCC, HTB‐37) were

cultivated in DMEM supplemented with 10% FCS, 2mM glutamine,

100U/ml penicillin, and 100µg/ml streptomycin, 1× non‐essential

amino acids (NEAA) and 1mM sodium pyruvate. Vero E6 cells (ATCC,

CRL‐1586) were cultivated in DMEM supplemented with 2.5% (FCS),

2mM L‐glutamine, 100U/ml penicillin, 100µg/ml streptomycin, 1×

NEAA and 1mM sodium pyruvate. Calu‐3 cells (ATCC, HTB‐55) were

cultivated in MEM supplemented with 10% FCS, 100U/ml penicillin and

100μg/ml streptomycin, 1x NEAA and 1mM sodium pyruvate.

2.10 | Cytotoxicity assay

To assess the cytotoxicity of AT preparations, heparin, Fondaparinux

(FPX), and CM, 10,000 Caco2 cells were seeded in respective growth

medium in a 96‐well flat bottom plate. The next day, the medium was

replaced by 80 µl of serum‐free medium, and cells were treated with

serial dilutions of AT, heparin, FPX, CM, or Phosphate‐buffered

saline (PBS) as control. After 16 h, cell viability was assessed by

measuring ATP levels in cell lysates with a commercially available kit

(CellTiter‐Glo®, Promega) in an Orion II microplate reader with

simplicity 4.2 software. The signal from PBS‐treated cells served as a

control and was used for normalization.

2.11 | Rhabdoviral pseudoparticles

For the generation of VSV‐based SARS‐CoV‐2 Spike (VSV

(Luc_eGFP)‐CoV‐2‐S) and VSV glycoprotein pseudoparticles (VSV

(Luc_eGFP)‐G), 10,000,000 HEK293T cells were seeded in respective

growth medium in a T175 cell culture flask. The next day, cells were

transfected with a total of 44 µg glycoprotein expression plasmid

using Transit‐LT‐1 (Mirus). Plasmid DNA and LT‐1 were mixed in 4ml

of OptiMEM at a 1:3 ratio, incubated for 20min at RT, and added to

cells dropwise. 24 h post‐transfection, the medium was replaced and

cells were transduced with VSV‐G pseudotyped VSV encoding a

luciferase and a green fluorescent protein reporter gene (kindly

provided by Gert Zimmer, Institute of Virology and Immunology,

Mittelhäusern, Switzerland31). At 3 h post‐transduction, cells were

washed three times with PBS and cultivated for 16 h in HEPES

buffered HEK293T medium. Virus‐containing supernatants were
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then harvested and clarified by centrifugation for 5min at 2000g.

Residual pseudoparticles harboring VSV‐glycoprotein were blocked

by addition of anti‐VSV‐G hybridoma supernatant at 1:10 volume

ratio (I1, mouse hybridoma supernatant from CRL‐2700; ATCC).

Virus stocks were aliquoted and stored at −80°C until use.

2.12 | Lentiviral pseudoparticles

For the generation of lentiviral SARS‐CoV‐2 Spike (LV(Luc)‐CoV‐2‐S)

pseudoparticles, 900 000 HEK293T cells were seeded in respective

growth mediums in a six‐well plate. The next day cells were transfected

with 0.49µg of pCMVdR8_91 (encoding a replication‐deficient lentivirus),

0.49µg of pSEW‐Luc2 (encoding a luciferase reporter gene, both kindly

provided by Prof. Christian Buchholz, Paul‐Ehrlich‐Institute, Germany),

and 0.02µg of either pCG1‐SARS‐2‐SΔ18 (WT), pCG1‐SARS‐2‐SΔ18

(B.1.1.7, Alpha), pCG1‐SARS‐2‐SΔ18 (B.1.351, Beta), pCG1‐SARS‐2‐

SΔ18 (B.1.1.28, P1, Gamma), pcDNA3_1 SARS‐CoV‐2‐S d19

B.1.617.2_4377 (B.1.617.2, Delta), or pCG1_SARS‐2‐SΔ18 (B.1.1.529,

Omicron) by mixing the plasmid DNAwith PEI at a 1:3 ratio in serum‐free

medium. After 20min incubation at RT, transfection mix was added to

cells dropwise. The cells were washed 8 h posttransfection and a growth

medium containing 2.5% FCS was added. At 48h pos‐ttransfection,

pseudoparticle containing supernatants were harvested and clarified by

centrifugation for 5min at 450g. Virus stocks were aliquoted and stored

at −80°C until use.

2.13 | Transduction of Caco2 cells

One day before transduction, 10 000 Caco2 cells were seeded in

respective growth medium in a 96‐well flat bottom plate. The next day

mediumwas replaced by 60µl serum‐free growth medium and cells were

treated with AT, filtered AT, CM, or EK1 for indicated times at 37°C

followed by transduction of cells with 20µl of rhabdoviral or lentiviral

pseudoparticles. To investigate AT treatment of cells posttransduction,

the medium was replaced by 80µl of the serum‐free growth medium,

and cells were transduced with 20µl of infectivity normalized pseudo-

particles. At indicated time points, cells were washed with 100µl PBS and

80µl serum‐free medium as well as 20µl of serially diluted AT were

added. Transduction rates were assessed by measuring luciferase activity

in cell lysates at 16h (rhabdoviral pseudoparticles) or 48 h (lentiviral

pseudoparticles) post‐transduction with a commercially available kit

(Luciferase Assay System; Promega) in an Orion II microplate reader

with simplicity 4.2 software. Values for untreated controls were set to

100% transduction.

2.14 | SARS‐CoV‐2 strains and propagation

SARS‐CoV‐2 isolates BetaCoV/Netherlands/01/NL/2020 (#010V‐

03903) (Wuhan‐Hu‐1, Spike mutation D614G) and hCoV‐19/

Netherlands/NoordHolland_20432/2020, VOC 202012/01, next

strain clade 20B (lineage B.1.1.7 or Alpha) were obtained from the

European Virus Archive global. The SARS‐CoV‐2 isolate of lineage

B.1.617.2 or Delta was kindly provided by Prof. Hendrik Streeck,

Bonn University Medical Center, Bonn, Germany. The virus lineage

B.1.617.2 (Delta) was isolated in Bonn from a throat swab of a patient

on Caco2 cells cultured in DMEM medium (10% FCS, 100 µg/ml

streptomycin, 100 U/ml penicillin, and 2.5 µg/ml amphotericin B).

The nature of the Delta variant was determined by melting curve

analyses of marker mutants (TIB MOLBIOL) and sequencing analyses

of amino acids 420‐719 of the Spike protein. The latter confirmed

mutations L452R, T478K, D614G, and P681R. For propagation of

SARS‐CoV‐2 strains, Caco2 cells were seeded to 70%–90%

confluency in a T175 cell culture flask and inoculated with respective

isolates at an multiplicity of infection (MOI) of 0.03–0.1 in 3.5 ml

serum‐free medium. After 2 h of incubation at 37°C, 20ml of growth

medium supplemented with 15mM HEPES were added. Upon the

occurrence of cytopathic effect (CPE), virus‐containing supernatants

were harvested and separated from cellular debris by centrifugation

for 5 min at 1000g. Virus stocks were aliquoted and stored at −80°C

until use. Infectious virus titer was determined as plaque‐forming

units (PFU) on VeroE6 cells and used to calculate MOI by dividing the

PFU by the number of cells (assuming a duplication of cell number

between seeding and infection).

2.15 | Infection of Caco2 cells with SARS‐CoV‐2

Twenty‐five thousand Caco2 cells were seeded in respective growth

medium in a 96‐well flat‐bottom plate. The next day, cells were

treated with serially diluted AT, activated AT, or CM for 1 h followed

by infection either with SARS‐CoV‐2 WT (D614G) at an MOI of

0.0002 for 2 days or with SARS‐CoV‐2 WT (D614G), B.1.1.7, or

B.1.617.2 at an MOI of 0.005 for 1 day. For analysis of infection

rates, cells were detached and fixed in 4% PFA for 30min, washed

with PBS, and stained for flow cytometry using a commercially

available buffer (Fix & Perm; MuBio Nordic). Briefly, cells were

incubated with SARS‐CoV‐2 nucleocapsid antibody (Sino Biological,

40143‐MM05) diluted 1:1000 in Buffer B for 30min at 4°C. Cells

were washed twice with FACS buffer (1% FCS in PBS), incubated

with AlexaFluor488 labeled anti‐mouse antibody (Thermo Fisher

Scientific; A32723) diluted 1:400 in FACS buffer for 30min at

4°C, and washed twice with FACS buffer. Analysis was performed

using a CytoflexLX flow cytometer (Beckmann Coulter) with

CytExpert 2.3 software. The signal from PBS‐treated, infected cells

served as control and was used for normalization. The gating strategy

is depicted in Supporting Information: Figure 8.

2.16 | Infection of Calu‐3 cells with SARS‐CoV‐2

One day before infection, 140 000 Calu‐3 cells were seeded in

respective growth medium in a 24‐well plate. The next day, the

medium was refreshed and cells were treated with AT, activated AT,
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or CM for 1 h followed by infection with SARS‐CoV‐2WT (D614G) at

an MOI of 0.001 for 3 h. At 3 hpi, cells were washed three times with

PBS, and a growth medium supplemented with compounds was

added. For treatment of cells postinfection, cells were infected for 3 h

as described, washed, and treated with AT, activated AT, or CM.

Supernatants were sampled after the washing step (Day 0) and at 1,

2, 3 dpi for further analysis. At each sampling time point, media were

removed completely and fresh media supplemented with compounds

were added.

2.17 | Reverse transcription‐quantitative
polymerase chain reaction (RT‐qPCR)

To analyze SARS‐CoV‐2 replication by quantification of viral genome

copies, viral RNA was isolated from supernatants of infected cells

using the QIAamp Viral RNA Mini Kit (Qiagen) according to the

manufacturer's instructions. A reaction mix consisting of 1× Fast

Virus 1‐Step Mastermix (Thermo Fisher Scientific; #4444436),

0.5 µM of each Taqman primer targeting SARS‐CoV‐2‐ORF1b‐

nsp14 (fwd. primer: 5′‐TGGGGYTTTACRGGTAACCT‐3′, rev. primer:

5′‐AACRCGCTTAACAAAGCACTC‐3′), 0.25 µM probe (5′‐FAM‐

GCAAATTGTGCAATTTG‐CGG‐TAMRA‐3′) and 5 μl of isolated viral

RNA were prepared and applied to the following cycling conditions: 1

cycle of reverse transcription (50°C, 300 s) and RT‐inactivation (95°C,

20 s); 40 cycles of denaturation (95°C, 5 s) and extension (60°C, 30 s)

in a Step One Plus qPCR cycler (AppliedBiosystems) with Step One

Software 2.3. An in‐house RNA standard based on a synthetic SARS‐

CoV‐2 RNA standard (Twist Bioscience; #102024) was used to

determine genome copies from Ct values.

2.18 | TCID50 analysis

Quantification of infectious SARS‐CoV‐2 titer from supernatants of

infected cells was performed by TCID50 analysis. To this end, 20,000

VeroE6 cells were seeded in 100 µl respective growth medium in

96‐well flat‐bottom plates. The next day, 62 µl of fresh medium were

added and cells were infected in triplicates with 18 µl of 10‐fold serial

dilutions of virus‐containing supernatants. Upon the presence of CPE

observed by light microscopy at 5–7 dpi, TCID50/ml was calculated

according to the Reed–Muench formula.32

2.19 | Nonlinear regression and statistics

Data analysis and statistics were performed using GraphPad Prism

version 9.0.2. Calculation of IC50 values via nonlinear regression was

performed using (normalized) response‐variable slope equation.

Statistical tests and p values are indicated in the respective figure

legends.

3 | RESULTS

Proper interaction between the serpin and the protease, as well as

the presence of a compatible scissile bond in the serpins RCL are

prerequisites for serpin‐induced protease inhibition.33 To gain insight

into the putative interactions of AT with TMPRSS2, we performed a

computational docking analysis using a hepsin‐based TMPRSS2

homology model and the crystal structure of AT (Figure 1A).

Subsequent structural refinement (Supporting Information:

F IGURE 1 Antithrombin inhibits TMPRSS2 protease activity. (A) Docking analysis of AT (orange, from PDB 3KCG) and TMPRSS2 (homology
model, UniProtKB O15393, green). The heparin pentasaccharide is shown as spheres and glycoside residues as sticks. The inset shows the
AT‐TMPRSS2 catalytic complex after structural refinement. The AT RCL is depicted in orange, TMPRSS2 residues in cyan; water molecules
(sticks) within a radius of 5Å and hydrogen bonds (blue lines) are shown. (B) Recombinant TMPRSS2 (residues 106–492) was incubated with two
commercially available formulations of AT (Anbinex, Kybernin) or the small molecule TMPRSS2 inhibitor CM, 1h before the addition of
fluorogenic TMPRSS2 substrate BOC‐QAR‐AMC. Data are shown as means ± SD derived from n = 2 experiments performed in triplicates.
(C) HEK293T cells expressing TMPRSS2 were incubated with AT or CM 1 h before the addition of fluorogenic TMPRSS2 substrate
BOC‐QAR‐AMC. Results were corrected for the signal of nontransfected HEK293T cells. Data are shown as means± SEM derived from n = 3
experiments performed in duplicates. AT, antithrombin; CM, camostat mesylate; RCL, reactive center loop; SD, standard deviation;
SEM, standard error of the mean.
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Figure S1a–e) revealed the formation of a hydrogen bond between

the catalytic S441 of TMPRSS2 and the L393 residue of the AT RCL.

This suggests that, in the AT‐TMPRSS2 complex, the scissile bond

in the RCL is located between residues S392 and L393, and implies an

AT‐mediated inhibition of TMPRSS2 (Figure 1A, inset).

To corroborate this finding, we used commercially available AT

formulations, Anbinex and Kybernin, which are derived from human

serum and are in clinical use for treatment of AT deficiency.34,35 Both

AT formulations inhibited recombinant TMPRSS2 activity in a dose‐

dependent manner, with IC50 values of 0.18 µM for Anbinex, and

0.15 µM for Kybernin, while camostat mesylate (CM) was active in

the nanomolar range (Figure 1B). The cathepsin inhibitor E64‐d had

no effect on TMPRSS2 activity (Supporting Information: Figure 2).

Anbinex, Kybernin, and CM also inhibited the protease activity of

TMPRSS2 expressed on HEK293T cells, with IC50 values of 0.29,

0.17, and 0.01 µM, respectively (Figure 1C). As previously

described,20 AT reduced the enzymatic activity of recombinant

cathepsin L, a protease involved in the endosomal activation of the

SARS‐CoV‐2 S protein. On the other hand, AT displayed only slight

activity against cathepsin B mediated cleavage (Figure 2), and did not

inhibit furin, a proprotein convertase responsible for the proteolytic

cleavage of the S protein at the S1/S2 and the S2' site4,5 (Supporting

Information: Figure 3).

We next analyzed whether AT may suppress SARS‐CoV‐2 Spike‐

driven pseudovirus entry. For this, Caco2 cells were exposed to serial

dilutions of Anbinex, Kybernin, and CM, and subsequently inoculated

with luciferase encoding rhabdoviral particles carrying the Wuhan/

Hu‐1 SARS‐CoV‐2 Spike. Both AT formulations suppressed Spike‐

driven entry with IC50 values of 0.42 µM (Anbinex) and 0.43 µM

(Kybernin), while CM displayed an IC50 of 0.05 µM (Figure 3A).

None of the inhibitors was cytotoxic at concentrations of up

to 30 µM (Supporting Information: Figure 4). AT (Anbinex) also

inhibited transduction by pseudoparticles carrying Spike proteins of

SARS‐CoV‐2 variants of concern (VoC), that is, Alpha, Beta, Gamma,

and Delta (IC50 values between 0.36 and 0.83 µM) (Figure 3B).

Importantly, AT also inhibited the transduction of pseudoparticles

carrying the Spike of the Omicron BA.1 variant, a VoC capable of

significant immune escape.36,37 Inhibitory effects on Spike‐driven

entry were also observed for the serpin α1AT, CM, and the pan‐

coronavirus fusion inhibitor EK138 (Supporting Information:

Figure 5A–C). Moreover, AT and CM also suppressed entry of

pseudoviruses carrying Spikes of SARS‐CoV, MERS‐ (middle east

respiratory syndrome) CoV, and common cold CoV 229E, while no

inhibitory effect was observed for the G protein of the vesicular

stomatitis virus (VSV), a virus that does not require proteolytic

activation for entry39 (Figure 3C, Supporting Information: Figure 5D).

Time of addition experiments further demonstrated that AT

(Anbinex) inhibited Spike‐mediated entry when added before or

simultaneously with the viral inoculum, but not after infection

(Supporting Information: Figure 6). To exclude that components

other than AT may account for the antiviral effect of Anbinex and

Kybernin, both AT concentrates were subjected to a 10 kDa cutoff

filter. The retentate (supposed to contain AT) and the flowthrough

(supposed to contain buffer constituents such as mannitol) were

collected and subsequently analyzed for protein content (Supporting

Information: Figure 7A) and antiviral activity (Supporting Information:

Figures 7B,C). Only the retentate but not the filtrate contained a

protein band matching the size of AT (58.2 kDa) and inhibited

transduction. Thus, AT inhibits SARS‐CoV‐2 Spike‐driven viral entry

at physiologically relevant concentrations.

To verify that AT also inhibits authentic SARS‐CoV‐2 infection,

Caco2 cells were treated with AT (Anbinex) and subsequently

exposed to a SARS‐CoV‐2 isolate Wuhan/Hu‐1 (Spike mutation

D614G). Flow cytometric analysis for expression of the viral

nucleocapsid (N) protein 1 day later revealed a dose‐dependent

antiviral effect of AT with an IC50 of 10.4 µM (Figure 4, Supporting

Information: Figure 8). About three‐fold enhanced antiviral activity of

AT was observed against SARS‐CoV‐2 VoC Alpha (IC50 3.1 µM),

F IGURE 2 Antithrombin inhibits activity of cathepsin L, while moderately affecting cathepsin B. Recombinant cathepsin L (A) or isolated
cathepsin B (B) were incubated with AT (Anbinex), small moleculeTMPRSS2 inhibitor CM or small molecule cathepsin inhibitor E64‐d, 1 h before
the addition of fluorogenic substrate Z‐L‐R‐AMC (for cathepsin L) or Z‐R‐R‐AMC (for cathepsin B). Data are shown as means ± SEM derived
from n = 3 experiments performed in triplicates. AT, antithrombin; CM, camostat mesylate; SEM, standard error of the mean.
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while VoC Delta was inhibited with an IC50 of 13.9 µM. About

10‐fold higher antiviral activities were observed for CM (IC50 values

of 1.5, 0.2, and 6.2 µM, respectively). Whether the differences in the

IC50s of CM and AT against the different SARS‐CoV‐2 strains are due

to different TMPRSS2 dependency or other factors remains to

be determined. Taken together, AT inhibits the activity of TMPRSS2

and prevents authentic SARS‐CoV‐2 infection.

AT‐mediated inhibition of target proteases (mainly factor Xa) is

potentiated by heparin or heparin‐derived agents such as the

pentasaccharide Fondaparinux (FPX).40,41 Heparin and FPX are in

routine clinical use as anticoagulant medication. Both molecules bind

to an allosteric site of AT and induce a more pronounced exposition

and flexibility of the AT RCL, leading to an increased antiprotease

activity.42 Indeed, incubation of AT with heparin or FPX enhanced

inhibition of recombinant TMPRSS2 enzyme activity (Figure 5A).

Interestingly, only FPX significantly increased inhibition of cell‐

associated TMPRRS2 activity by AT (Figure 5B). In contrast to

previously published data, activated AT had no effect on furin

activity43 (Supporting Information: Figure 9). Of note, heparin or

FPX alone neither affected cell‐free (Supporting Information:

Figure 10A) nor cell‐associated (Supporting Information:

Figure 10B) TMPRSS2 activity.

F IGURE 3 Antithrombin inhibits coronavirus Spike‐mediated entry. (A) Caco2 cells were treated with AT (Anbinex, Kybernin) or small
molecule inhibitor CM for 1h before transduction with rhabdoviral pseudoparticles carrying SARS‐CoV‐2Wuhan/Hu‐1 Spike. Data are shown as
means ± SEM derived from n = 3 independent experiments performed in triplicates. (B) Caco2 cells were treated with AT for 1 h before
transduction with lentiviral pseudoparticles carrying Spike proteins of SARS‐CoV‐2 VoC. Data are shown as means± SEM derived from n = 3
independent experiments performed in triplicates. (C) Caco2 cells were treated with AT for 1 h before transduction with rhabdoviral
pseudoparticles carrying the indicated glycoproteins. Data are shown as means ± SD derived from n = 2 experiments performed in
quadruplicates. Pseudoparticle entry rates were assessed by measuring luciferase activity in cell lysates at 48 h (lentiviral pseudoparticles) or at
16 h (rhabdoviral pseudoparticles) post transduction. AT, antithrombin; CM, camostat mesylate; SD, standard deviation; SEM, standard error of
mean; VoC, variants of concern.

F IGURE 4 Antithrombin reduces SARS‐CoV‐2 infection. Caco2 cells were treated with AT (Anbinex) or small molecule inhibitor CM for 1 h
before infection with SARS‐CoV‐2 isolates Wuhan/Hu‐1 (Spike mutation D614G) or VoC Alpha and Delta at an MOI of 0.005. Infection rates
were assessed by flow cytometric analysis of SARS‐CoV‐2 nucleocapsid (N) protein expression at 1 dpi. Signal from PBS‐treated, infected cells
served as control and was used for normalization. Data are shown as means± SEM derived from n = 3 independent experiments. AT,
antithrombin; CM, camostat mesylate; MOI, multiplicity of infection; PBS, phosphate‐buffered saline; SEM, standard error of the mean; VoC,
variants of concern.
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We then studied whether heparin and FPX may confer antiviral

activity to an Anbinex concentration otherwise insufficient to reduce

authentic SARS‐CoV‐2 infection (Figure 5). Flow cytometric quantifi-

cation of N‐positive cells revealed ~45% reduced infection rates for the

maximum heparin concentration applied (22.2 µM). In comparison,

activation with ≥9.3 µM of FPX inhibited genuine SARS‐CoV‐2 infection

almost entirely (Figure 5C). Heparin or FPX alone did not reduce SARS‐

CoV‐2 infection (Supporting Information: Figure 10C). Similarly, activa-

tion of a non‐antiviral Kybernin concentration by FPX but not heparin

resulted in almost complete inhibition of SARS‐CoV‐2 infection

(Supporting Information: Figure 11). As shown in Figure 5D, FPX also

increased the antiviral activity of AT against SARS‐CoV‐2 VOCs Alpha

and Delta. These data show that activated AT is a highly potent inhibitor

of SARS‐CoV‐2 infection. Thus, FPX‐mediated activation of AT boosts

the inhibitory effect on SARS‐CoV‐2 infection.

To determine whether AT also inhibits SARS‐CoV‐2 replication

(i.e., multiple rounds of infection) in human lung cells, Calu‐3 cells

were treated with AT (13.8 µM), FPX‐activated AT (13.8 µM), FPX

alone, or CM (100 µM) and then infected with a low MOI of SARS‐

CoV‐2 (day 0, inoculum). The entire supernatants were collected on

Days 1, 2, and 3 and replaced by fresh medium containing the

respective compounds. Viral RNA copies were determined by qPCR

and revealed an exponential growth in the mock control from 105

RNA copies (inoculum) to more than 109 RNA copies on Day 3 post‐

infection (Figure 6A). AT (Anbinex) and CM markedly reduced SARS‐

CoV‐2 replication (Figure 6A). Notably, FPX‐activated AT prevented

viral replication almost entirely, while FPX alone displayed no

antiviral activity (Figure 6A). Analysis of cumulative viral RNA copy

production revealed a more than 340‐ (>99.7%) and 2400‐fold

(>99.99%) reduction by AT or activated AT, respectively. In

(A) (B)

(C) (D)

F IGURE 5 Activation of antithrombin increases anti‐TMPRSS2 and anti‐SARS‐CoV‐2 activity. (A) Heparin (Hep)‐ and Fondaparinux
(FPX)‐activated antithrombin (Anbinex, 0.0137 µM) was incubated with recombinant TMPRSS2 enzyme before the addition of fluorogenic
TMPRSS2 substrate BOC‐QAR‐AMC. Data are shown as means ± SEM derived from n = 3 experiments performed in triplicates. (B) HEK293T
cells expressingTMPRSS2 were incubated with Hep‐ or FPX‐activated Anbinex (0.17 µM) before the addition of fluorogenicTMPRSS2 substrate
BOC‐QAR‐AMC. Results were corrected for the signal of nontransfected HEK293T cells. Data are shown as means± SEM derived from n = 3
experiments performed in duplicates. (C) Caco2 cells were treated with Hep‐ or FPX‐activated Anbinex (13.75 µM) for 1 h before infection of
cells with SARS‐CoV‐2 isolate Wuhan/Hu‐1 (Spike mutation D614G) at an MOI of 0.0002. Data are shown as means ± SD derived from n = 2
experiments performed in triplicates. (D) Caco2 cells were treated with FPX‐activated Anbinex (13.75 µM) for 1 h before infection of cells with
the indicated SARS‐CoV‐2 isolates at an MOI of 0.005. Data are shown as means ± SEM derived from n = 3 experiments. Infection rates of
(C) and (D) were assessed by flow cytometric analysis of SARS‐CoV‐2 nucleocapsid (N) protein expression in single cells at 2 dpi (C) or 1 dpi (D).
Maximum final concentrations of Hep and FPX on cells were 0.4 mg/ml, corresponding to 22.2 or 232 µM, respectively. *p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001, assessed by two‐way analysis of variance with Dunnett's multiple comparisons test. MOI, multiplicity of infection; SD, standard
deviation; SEM, standard error of the mean.
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comparison, CM reduced viral RNA by ~45‐fold (97.8%) (Figure 6B).

Accordingly, the infectious titers in the supernatants of mock‐ or

FPX‐treated cells peaked at 3 dpi and were reduced by AT and FPX‐

activated AT and—to a lesser extent—by CM (Figure 6C). Overall, the

infectious titer was reduced by 5‐fold (79.1%) by CM, 1800‐fold

(99.94%) by AT alone, and 200‐fold (99.5%) through FPX‐activated

AT (Figure 6D). Similar results were obtained in a more therapeutic

setting when Calu‐3 cells were treated with the respective

compounds after infection with SARS‐CoV‐2 (Supporting Informa-

tion: Figure 12). Thus, AT inhibits SARS‐CoV‐2 infection and

replication in lung epithelial cells.

4 | DISCUSSION

TMPRSS2 has been established as a critical determinant of SARS‐

CoV‐2 tropism and pathogenesis.44 The physiological concentration

of AT in plasma is ~2.6 µM.16 This concentration is well sufficient to

block Spike‐driven entry of pseudoparticles (IC50 of ~ 0.4 µM). AT

concentrations required to prevent authentic SARS‐CoV‐2 infection

and replication were higher, with IC50 values around 3 µM. In most

infected individuals, SARS‐CoV‐2 mainly replicates in the upper and

lower respiratory tract.45 Since AT is largely absent from the airways,

it does most likely not protect against the acquisition of SARS‐CoV‐2.

However, systemic concentrations of AT may limit the extrapulmon-

ary spread of SARS‐CoV‐2 to distinct organs and hence prevent

severe COVID‐19. It would thus be intriguing to investigate whether

serum AT levels and viral loads are inversely correlated to reveal a

potential role of AT in the extrapulmonary spread of SARS‐CoV‐2.

Moreover, AT binds to heparin or heparan sulfate‐containing

glycosaminoglycans (GAGs), which are present on the surface of

most cells. AT–GAG interaction results in increased anti‐proteolytic

activity of AT46–50 which may also result in an increased anti‐

TMPRRS2 and consequently anti‐SARS‐CoV‐2 activity. Our finding

that AT is a potent inhibitor of TMPRSS2 activity and SARS‐CoV‐2

entry is in accordance with recently published data showing activity

of SerpinA1, SerpinC1 (AT), and SerpinE1 on SARS‐CoV‐2 Spike

cleavage and entry51 and suggests that this endogenous serpin may

play a role in SARS‐CoV‐2 systemic spread and disease progression

in vivo.

Molecular modeling and biochemical experiments with recombi-

nant and cell‐associated TMPRSS2 demonstrated that AT is an

inhibitor of TMPRSS2, a serine protease that is involved in the

regulation of several signaling molecules and receptors but of

unknown physiological function.52–55 Many viral pathogens utilize

TMPRSS2 as an entry cofactor and exploit its proteolytic activity to

prime their glycoproteins for subsequent fusion. Consequently,

inhibition of TMPRSS2 enzyme activity by, for example, CM or

α1AT prevents processing of viral glycoprotein and subsequent

infection.12,56–58 Likewise, AT suppressed SARS‐CoV‐2, SARS‐CoV,

MERS‐CoV, and common cold CoV‐229E Spike‐driven entry, as

shown herein. TMPRSS2 is also utilized by other coronaviruses, but

also certain influenza A virus strains, as well as parainfluenza‐,

metapneumo‐ and sendaiviruses.59–68 Intriguingly, AT also inhibits

cathepsin L, a lysosomal and cell‐free cysteine protease shown to

prime SARS‐CoV‐2 Spike and promote cell‐cell fusion.69 Thus, it is

plausible to speculate that AT may act as a broad‐spectrum inhibitor

against different viral pathogens by blocking essential host cell

proteases. Testing the antiviral efficacy of native or activated AT

against respiratory viruses in vitro and in vivo is highly warranted.

F IGURE 6 Activated antithrombin reduces SARS‐CoV‐2 replication in human lung cells. Calu‐3 cells were treated with AT (Anb, Anbinex, 13.
75 µM), FPX activated AT, FPX or small molecule inhibitor CM (100 µM) for 1h before infection with SARS‐CoV‐2 isolate Wuhan/Hu‐1 (Spike
mutation D614G) at an MOI of 0.001. 3 h later, the inoculum was removed, cells were washed and fresh medium supplemented with respective
compounds was added. Complete supernatants were sampled at 0, 24, 48, and 72 h postinfection (hpi) and fresh medium with compound added
after sampling. (A) RT‐qPCR targeting SARS‐CoV‐2 ORF1b nsp14 of harvested supernatants. (B) Cumulative SARS‐CoV‐2 RNA copies until 3 dpi
assessed by area under the curve analysis from (A). (C) TCID50 analysis of harvested supernatants. (D) Cumulative infectious virus yield assessed
by area under the curve analysis of timepoints until 3 dpi from (C). Gray areas indicate the limit of quantification. Data are shown as means± SD
from n = 2 experiments performed in duplicates. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, assessed by ordinary one‐way analysis of variance with
Dunnett′s multiple comparisons test. AT, antithrombin; CM, camostat mesylate; FPX, fondaparinux; MOI, multiplicity of infection, RT‐qPCR,
reverse transcription‐quantitative polymerase chain reaction; SARS‐CoV‐2, severe acute respiratory syndrome coronavirus 2; SD, standard
deviation.
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AT is a clinically approved anticoagulant in patients with

hereditary and acquired antithrombin deficiency70 suggesting that

repurposing AT for therapy of SARS‐CoV‐2/COVID‐19 should be

considered. AT as a drug is available as purified protein from human

plasma (e.g., Anbinex or Kybernin used herein),71 and is adminis-

tered intravenously. COVID‐19 is associated with coagulation

abnormalities and often results in coagulopathy associated with

severe disease.72–76 Of note, previous studies reported that severe

or fatal COVID‐19 is linked with decreased AT levels.77–84 The

interrelation of AT levels, coagulation parameters, and COVID‐19

severity is the subject of a recently initiated, retrospective clinical

trial comparing COVID‐19 patients who received AT supplemen-

tation to those that did not (NCT04651400). AT augmentation

therapy of COVID‐19 patients may on the one hand directly

interfere with SARS‐CoV‐2 replication due to its antiviral activity

and on the other hand, reduce coagulopathy. Currently, a clinical

trial (NCT04745442) is investigating whether intravenous AT

supplementation attenuates or even curbs COVID‐19‐related

inflammation and coagulopathy. Our results strongly suggest that

increased AT levels will also exert beneficial effects by direct

inhibition of SARS‐CoV‐2 replication.

Our data further suggest that activation of AT with the synthetic

pentasaccharide FPX and—to a lesser extent—heparin increases its

anti‐TMPRSS2 and antiviral activity. Mechanistically, this infers that

the expulsion of the AT RCL, rather than the formation of the ternary

complex between protease, antiprotease, and its activator, is

responsible for this effect. A recent study described a reduction of

electrostatic repulsions between the serpin α1AT and the low

molecular weight heparin (LMWH) enoxaparin,85 which might also

contribute to the activation of AT. Heparin or LMWH are

administered as the standard of care in the majority of COVID‐19

patients at daily intravenous doses of several thousand international

units (IU), while FPX is administered at 2.5 mg, respectively.74,80,86

Although previous reports on the use of AT in patients unresponsive

to escalated doses of heparin showed favorable outcomes,87–94 it

remains to be clarified how the presence of anticoagulants affects the

activity of supplemented AT with respect to a potential treatment of

COVID‐19. Inhalative administration of native or activated AT early

during infection might be superior to systemic application for

treatment of COVID‐19 since it directly targets the main replication

site of the virus and circumvents a potential risk of systemic

bleeding. Application of nebulized AT alone or in combination with

heparin has been described in a rat model of acute lung injury and

was found to reduce lung permeability, inflammation and attenu-

ate pulmonary coagulopathy.95,96 In conclusion, the antiviral effect

of AT described herein, together with the well‐described antic-

oagulant and anti‐inflammatory properties, strengthens the call for

clinical studies on therapeutic AT for treatment of COVID‐1997

and other respiratory pathogens.
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