S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Biomedicine & Pharmacotherapy 146 (2022) 112513

Contents lists available at ScienceDirect

Biomedicine & Pharmacotherapy

biomsdiigie
journal homepage: www.elsevier.com/locate/biopha

ELSEVIER

Check for

In vitro interaction of potential antiviral TMPRSS2 inhibitors with human  [&&&
serum albumin and cytochrome P 450 isoenzymes

Erzsébet Paszti-Gere ™, Anna Szentkiralyi®, Zsofia Fedor®, Gabor Nagy “, Zoltan Szimrok *,
Zoltan Pészti °, Anna Pészti ?, Oliver Pilgram °, Torsten Steinmetzer °, Sldvka Bodnarova de
Eszter Fliszar-Nyual ¢, Miklés Po6r "

@ Department of Pharmacology and Toxicology, University of Veterinary Medicine, Istvan utca 2, Budapest H-1078, Hungary

Y Institute of Materials and Environmental Chemistry, Research Centre for Natural Sciences, Magyar tudésok koritja 2, Budapest H-1117, Hungary
¢ Institute of Pharmaceutical Chemistry, Faculty of Pharmacy, Philipps University Marburg, Marbacher Weg 6-10, Marburg 35037, Germany

4 Department of Pharmacology, Faculty of Pharmacy, University of Pécs, Rokus u. 2, Pécs H-7624, Hungary

€ Lab-on-a-Chip Research Group, Janos Szentagothai Research Centre, University of Pécs, Ifjiisag titja 20, Pécs H-7624, Hungary

ARTICLE INFO ABSTRACT

Keywords:

3-amidinophenylalanine
Trypsin-like serine proteases
TMPRSS2

SARS-CoV-2, human serum albumin
Cytochrome P450 enzymes

The interactions of four sulfonylated Phe(3-Am)-derived inhibitors (MI-432, MI-463, MI-482 and MI-1900) of
type II transmembrane serine proteases (TTSP) such as transmembrane protease serine 2 (TMPRSS2) were
examined with serum albumin and cytochrome P450 (CYP) isoenzymes. Complex formation with albumin was
investigated using fluorescence spectroscopy. Furthermore, microsomal hepatic CYP1A2, 2C9, 2C19 and 3A4
activities in presence of these inhibitors were determined using fluorometric assays. The inhibitory effects of
these compounds on human recombinant CYP3A4 enzyme were also examined. In addition, microsomal stability
assays (60-min long) were performed using an UPLC-MS/MS method to determine depletion percentage values of
each compound. The inhibitors showed no or only weak interactions with albumin, and did not inhibit CYP1A2,
2C9 and 2C19. However, the compounds tested proved to be potent inhibitors of CYP3A4 in both assays per-
formed. Within one hour, 20%, 12%, 14% and 25% of inhibitors MI-432, MI-463, MI-482 and MI-1900,
respectively, were degraded. As essential host cell factor for the replication of the pandemic SARS-CoV-2, the
TTSP TMPRSS2 emerged as an important target in drug design. Our study provides further preclinical data on the
characterization of this type of inhibitors for numerous trypsin-like serine proteases.

1. Introduction TMPRSS2 has also been described as a potential target in the treat-

ment of seasonal flu, because proteolytic cleavage of influenza virus

Type II transmembrane trypsin-like serine proteases (TTSPs)
including the human airway trypsin-like protease (HAT)/ differentially
expressed in squamous cell carcinoma (DESC), the hepsin/trans-
membrane protease serine (TMPRSS), the matriptase and the corin
subfamilies are responsible for the activation or degradation of
numerous proteins. Due to its involvement in the activation of the SARS-
CoV-2 spike (S) protein, the TTSP TMPRSS2 in particular has come into
the focus of numerous studies during the last few months. Similarly to
other TTSPs, it contains an extracellularly located C-terminal serine
protease domain as well as a stem region containing a group A scavenger
receptor cysteine-rich domain (SRCR) and a low-density lipoprotein
receptor class A domain (LDLRA) [1-3].

* Corresponding author.

hemagglutinin (HA) by host cell proteases is a requirement for virus
replication. Knockout of TMPRSS2 could strongly suppress the spread of
H1N1 and H7N9 viruses into the lungs of mice; however, it has little
effect on H3N2 infections [4,5]. Cleavage of spike protein (S) of
SARS-CoV and MERS-CoV is accomplished by cellular serine proteases
such as furin and TMPRSS2 and this proteolytic priming contributes
greatly to viral entry into target cells thus propagation of infectivity in
the host [6,7].

The novel severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2), caused coronavirus disease 2019 (COVID-19), has become a
global public health challenge recently (more than 257 million
confirmed global cases and 5.1 million deaths until November, 2021;
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https://covid19.who.int). Despite numerous successful vaccine de-
velopments, there is an urgent demand to develop efficient antiviral
drugs, which have to be further characterized in appropriate animal
models. The resistance of mice to SAR-CoV-2 can be eliminated via
exogenous delivery of human angiotensin-converting enzyme 2 (ACE2)
with a replication-deficient adenovirus (Ad5-hACE2). This murine
model is suited for in vivo investigation of COVID-19 pathogenesis and
to assess the efficacy of new or repurposed drugs against SARS-CoV-2
infections [8,9]. TMPRSS2 was reported to be co-expressed with the
SARS-CoV receptor ACE2 on type II pneumocytes suggesting that pro-
teolytic processing of S protein via TMPRSS2 function can regulate viral
replication and spread in infected host [10,11]. Recent studies suggest
that S protein of SARS-CoV-2 is proteolytically processed at two sites
(S1/S2 and S2¢) by host-derived proteases [12-14]. In Calu-3 cells, furin
cleaves the S protein at its S1/S2 site and TMPRSS2 at the S2' site,
thereby liberating the S2 subunit with its N-terminal fusion peptide,
which enables the fusion of viral and cellular membranes. The
involvement of these cellular serine proteases in the viral replication
cycle makes these enzymes promising drug targets to block virus-host
cell membrane fusion, and thus cellular entry of SARS-CoV-2 [15].

One strategy for drug design is the repurposing of already authorized
serine protease inhibitors such as camostat mesylate (applied in the
therapy of pancreatitis in Japan), gabexate mesylate (FOY), or nafa-
mostat mesylate (an investigational drug regarding the treatment of
COVID-19; ClinicalTrials.gov). There are promising in vitro results with
nafamostat mesylate, as it could block successfully the S protein-
mediated fusion and SARS-CoV-2 into human lung epithelium-derived
Calu-3 cells [13,14,16]. In the same in vitro model, SARS-CoV-2 titers
decreased in a dose-dependent manner after treatment with the Phe
(3-Am)-derived inhibitors MI-432 and MI-1900, most likely via the
suppression of TMPRSS2 [12]. These results suggest that inhibitors of
trypsin-like serine proteases such as TMPRSS2 could be potential drugs
for the treatment of SARS-CoV-2 infections. Therefore, the character-
ization of the Phe(3-Am)-type inhibitors, including the assessment of
their drug interaction potential and biotransformation pathways, is of
high interest.

Human serum albumin (HSA) is the most abundant plasma protein in
the human circulation. It maintains the oncotic pressure and has anti-
oxidant, buffer, and enzymatic functions in the blood [17]. In addition,
HSA can entrap certain drugs and xenobiotics in the intravascular space,
thereby affecting the tissue distribution of these compounds and/or their
elimination rate [18]. Cytochrome P450 (CYP) isoenzymes are
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heme-containing proteins playing a key role in the biotransformation of
numerous endogenous molecules, drugs, and xenobiotics in microsomes
[19]. Both, the inhibition and induction of CYP enzymes, can signifi-
cantly influence the pharmacokinetic behavior of numerous drugs,
which are biotransformed by these proteins [20].

In this study, we evaluated the interactions of four sulfonylated Phe
(3-Am)-derivatives (Fig. 1) with HSA and four CYP enzymes. Albumin-
ligand interactions were investigated with fluorescence spectroscopy,
while the inhibitory effect of these compounds on CYP enzymes was
examined in human hepatic microsomes and employing the CypExpress
CYP3A4 kit. In addition, depletion rates of the compounds were quan-
tified in 60-min long microsomal stability assays by an UPLC-MS/MS
method.

2. Materials and methods
2.1. Reagents

All reagents were analytical or HPLC grade. Inhibitors MI-432, MI-
463, MI-482 and MI-1900 were synthesized as it has been reported [21].
Human serum albumin (HSA), racemic warfarin, CypExpress™ 3A4
Cytochrome P450 human kit, testosterone, 6f-hydroxytestosterone and
ketoconazole were purchased from Merck (Darmstadt, Germany). To
mimic extracellular physiological conditions, fluorescence spectroscopic
measurements were performed in phosphate-buffered saline (PBS;
8.00 g/L NaCl, 0.20 g/L KCl, 1.81 g/L NapgHPO4 x 2 H30, 0.24 g/L
KH,POy; pH 7.4).

2.2. Spectroscopic studies

Fluorescence emission and UV-vis absorption spectra were recorded
at 25°C applying a Hitachi F-4500 fluorescence spectrophotometer
(Tokyo, Japan) and a Jasco-V730 UV-vis spectrophotometer (Tokyo,
Japan), respectively. The inner-filter effects of the inhibitors were cor-
rected in each experiment, as described previously [22,23].

In quenching studies, we recorded the fluorescence emission spec-
trum of HSA (2 pM; Aex = 295 nm) without and with the ligands
examined (0-10 pM) in PBS (pH 7.4). Changes in the emission signal of
HSA were evaluated at 340 nm [24,25].

Furthermore, we tested the displacing ability of the protease in-
hibitors vs. the Sudlow’s site I marker warfarin. Since the complex for-
mation of warfarin with HSA strongly increases the emission signal of
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Fig. 1. Chemical structures of the examined Phe(3-Am)-derived inhibitors [21].
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the site marker, the decrease in its emission intensity indicates the
displacement of warfarin from the protein [24,25]. Therefore,
increasing amounts of the inhibitors (final concentrations: 0-10 pM)
were added to standardized warfarin and HSA concentrations (1 pM and
3.5 pM, respectively), then emission spectra of these samples were
recorded (Aex = 317 nm). Changes in the emission signal of warfarin
were evaluated at 379 nm.

2.3. Application of the Phe(3-Am)-derived inhibitors in microsomal
activity and stability assays

Stock solutions of the inhibitors were prepared in dimethylsulfoxide
(DMSO) and kept at — 20 °C, working solutions were prepared freshly
from the stock solutions by dilution with the appropriate buffers prior to
each experiment. After incubation of the microsomes with the inhibitors
at 37 °C (using untreated samples as controls), the solutions were sub-
jected to the subsequent fluorometric or UPLC/MS-MS procedures.

2.4. Effects on CYP activity of human liver microsomes

The Biovision CYP assays (BioVision, Inc, Kampenhout, Belgium)
utilize non-fluorescent CYP1A2, 2C9, 2C19, or 3A4 substrates capable of
transforming into a detectable highly fluorescent metabolite. In these
experiments, a-naphthoflavone (a-NF; CYP1A2, 6 uM), tienilic acid (TA;
CYP2C9, 60 pM), (+)-N-3-benzylnirvanol (BN; CYP2C19, 30 uM), and
ketoconazole (CYP3A4, 30 uM) were used as inhibitors.

Preparation of suspensions for purchased human hepatic microsomes
(Gibco, Biocenter, Szeged, Hungary, protein concentration: 20 mg/mL)
were made separately by mixing 25 uL with 2425 uL assay buffer and
with 50 uL. NADPH generating system (100 x). Aliquots of 50 uL
microsomal suspensions were treated with the protease inhibitors (each
20 L, 0-250 pM, except MI-1900 where the maximal concentration was
50 uM), known reference inhibitors (each 20 uL; o-naphthoflavone,
30 uM; tienilic acid, 300 pM; (4)-N-3-benzylnirvanol, 150 uM; ketoco-
nazole, 150 uM), or 20 pL assay buffer without test compounds as
background control for 15 min at 37 °C (in CYP2C19 assay, 30 min in-
cubation was applied), after which 30 uL of the appropriate CYP sub-
strate/NADP"' mixture was added to each well yielding a final reaction
volume of 100 pL/well.

The protein content of the obtained microsomes was determined
using the bicinchoninic acid protein assay kit (Pierce BCA kit, Thermo
Fisher Scientific, Waltham, MA, US). The final microsomal protein
concentration was 10 ug/well in each assay. The used solvents (< 0.5%
DMSO and < 1% acetonitrile) did not cause any significant inhibition of
CYP enzymes examined.

The fluorescence intensities were measured with a fluorometer
(Victor X2 2030, Perkin Elmer, Waltham, MA, US) using Aex/em= 406/
468 nm for CYP1A2, Aex/em= 415/502 nm for CYP2C9, Aex/em= 406/
468 nm for CYP2C19, and Aex/em= 535/587 nm for CYP3A4 assays. ICsq
values were determined by sigmoidal fitting using the OriginPro8 soft-
ware (OriginLab Corporation; Northampton, MA, US).

2.5. Effects on CYP3A4-catalyzed testosterone oxidation

The inhibitory effect of the protease inhibitors on CYP3A4 was also
examined employing testosterone, a FDA-recommended substrate. In-
cubations were performed using CypExpress™ 3A4 Cytochrome P450
human kit as described previously, without modificantions [26,27].

After incubation, testosterone and its metabolite (6f-hydrox-
ytestosterone) were quantified by HPLC. The integrated HPLC system
(Jasco, Tokyo, Japan) used was built up of an autosampler (AS-4050), a
binary pump (PU-4180), and an UV-Vis detector (UV-975). Chromato-
grams were evaluated with the ChromNAV software.

The protease inhibitors were analyzed with the previously reported
HPLC method [26,27] using minor modifications. Samples injected
(20 uL) were driven through a Phenomenex Security Guard column
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(C18, 4.0 x 3.0 mm) linked to a Kinetex EVO-C18 (150 x 4.6 mm, 5 pm;
Phenomenex, Torrance, CA, US) analytical column. Isocratic elution was
performed using 1.2 mL/min flow rate at room temperature. Testos-
terone and its hydroxylated metabolite were detected at 240 nm.
Regarding inhibitors MI-432, MI-463, and MI-1900, the mobile phase
consisted of methanol, water, and acetic acid (53:46:1 v/v%). Since
compound MI-482 was co-eluted with 6p-hydroxytestosterone, a modi-
fied mobile phase was applied, which contained sodium acetate buffer
(6.9 mM, pH 4.0) and acetonitrile (65:35 v/v%; other experimental
conditions were the same as above).

Each experiment was performed at least in triplicates, the results are
provided as mean + SD values. ICsy values of the inhibitors were
determined by sigmoidal fitting using the OriginPro8 software (Origin-
Lab Corporation; Northampton, MA, US).

2.6. UPLC-MS/MS method for the determination of the inhibitor
degradation

Human liver microsomes (Gibco, Biocenter, Szeged, Hungary, final
concentration after dilution: 1 mg/mL) were exposed to the four pro-
tease inhibitors at 50 uM for 60 min. The reaction buffer (100 mM
phosphate buffer, pH 7.4) contained 1 mM NADPH, 5mM MgCl,,
10 mM glucose-6-phosphate, and 2 IU/mL glucose-6-phosphate dehy-
drogenase. The reaction was stopped with a two-fold volume of ice-cold
acetonitrile. Samples were centrifuged for 10 min at 10,000 g at room
temperature, then the supernatants were directly analyzed by UPLC-
MS/MS. Controls without human microsomes were also tested. In the
absence of CYP enzymes, the decomposition rates of the inhibitors were
less than 0.5%. All experiments were performed in triplicates. The rates
of metabolic degradation were determined for each inhibitor applied.

Determination of analytes was carried out using an UPLC/MS/MS
system, which consisted of an HPLC (SCIEX ExionLC™ UPLC, Framig-
ham, Massachusetts, US) including a SCIEX ExionL.C™ AD controller, a
binary SCIEX ExionLC™ pump and a SCIEX ExionLC™ degasser, and a
SCIEX Qtrap 4500 triple-quadrupole mass spectrometer (Framigham,
Massachusetts, US) equipped with SCIEX Turbo V electrospray ioniza-
tion source. The HPLC columns used were LiChrospher RP Select B
(125 x 4.0 mm, 5.0 ym, C8). For chromatographic separation, tri-
fluoroacetic acid (0.1%) in ultrapurified water (A) and acetonitrile (B)
were used as the components of the mobile phase, applying a gradient
elution. The gradient program was the following: between 0 and 10 min
70% A and 30% B, from 10 to 20 min linear increase to 50% A and 50%
B, from 20 to 21 min keeping at 50% A and 50% B, from 21 to 22 min
linear change to 70% A and 30% B, and from 22 to 30 min kept 70% A
and 30% B. The run time was 30 min, column temperature was adjusted
to 35 °C, the flow rate was 1.0 mL/min.

The ion transitions shown in Table 1 are of two varieties. The bolded
ones are the quantifier ions, which are the primary identifiers of the
compounds they belong to and are used in quantification calculations.
The non-bolded ones are called qualifier ions, which prove that the peak
belonging to the quantifier is derived from impurities or another com-
pound. Since compounds having low mass to charge fragments, it was
prudent to place one more qualifier ion to each. The ion source and ion
focus conditions were the followings: curtain gas (N5): 40 psi, ion source
potential: 5500V, ion source temperature: 650 °C, source gas (Ng2):
40 psi. The entrance potential is either + 10 V or —10 V depending to
the ionization mode.

2.7. Statistical analyses

For statistical evaluation, the R 2.11.1 software package (2010) was
applied (*p < 0.05, **p < 0.01, ***p < 0.001). Differences between
absolute means were evaluated by one-way analysis of variance (one-
way ANOVA) with post-hoc Tukey test, where data were of normal
distribution and homogeneity of variances was confirmed.
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Table 1
The optimised multiple reaction monitoring (MRM) transitions and values (bold: quantifier ion). Q;/Q3 mass — the mass per charge ratio (molecule-ion mass) let
through the first/third quadrupole.

Q; mass / Da Q3 mass / Da Dwell time / msec Identifier Declustering potential / V Collision energy / V Collision cell exit potential / V
601.990 186.0 80 MI-432-1 166 95 12
601.990 117.0 80 MI-432-2 166 131 8
601.990 112.0 80 MI-432-3 166 59 8
676.991 198.1 80 MI-1900-1 181 93 8
676.991 182.9 80 MI-1900-2 181 133 12
676.991 117.0 80 MI-1900-3 181 145 18
691.117 117.0 80 MI-463 1 101 143 8
691.117 183.0 80 MI-463 2 101 131 12
691.117 198.0 80 MI-463 3 101 97 8
723.118 112.0 80 MI-482 1 156 105 8
723.118 117.0 80 MI-482 2 156 169 10
723.118 152.0 80 MI-482 3 156 157 10
3. Results
3.1. Interaction of the inhibitors with HSA
To test the potential interactions of the protease inhibitors with HSA,
fluorescence quenching studies were performed. Under the applied
conditions, the ligands caused only a minor decrease in the emission £
signal of HSA (Fig. 2A), without statistically significant effects :
(p < 0.05). Among the examined compounds, inhibitor MI-482 induced 0
the largest (approximately 8%) decrease. These observations suggest ,.uz
negligible or weak interactions of these ligands with the HSA. ©
To confirm the results of quenching studies, the displacing ability of E
the four inhibitors vs. the Sudlow’s site I marker warfarin was also 14
examined. In agreement with quenching experiments, the inhibitors MI-
432, MI-463, and MI-1900 did not modify significantly the emission
signal of warfarin, while compound MI-482 caused a slight but statis-
tically significant decrease (approximately 10% at 10 uM concentration;
Fig. 2B). Therefore, it is reasonable to hypothesize that inhibitor MI-482
forms poorly stable complex with HSA, and the affinity of analogues MI- N
- _ . . . : o
432, MI-463, and MI-1900 toward this protein is even lower o\‘o @9 @QQ §Q° §Q°
& O NP
3.2. Inhibitory effects on CYP1A2, 2C9, 2C19, and 3A4 @" é\' @\'

Since inhibitor MI-1900 possessed autofluorescence at higher con-
centrations (explaining the elevation in fluorescence intensities when
exposed with microsomes), it was only used up to 10 uM for ICsg
determination (Fig. 3). However, none of the compounds inhibited
human microsomal CYP1A2, 2C9 and 2C19 (Fig. 4).

Fig. 3. Autofluorescence signals produced by inhibitor MI-1900 (10, 50 and
100 pM) in absence of CYP3A4 (hex/em=535/587 nm). Data are presented as
means + SD (***p < 0.001; n = 3).
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Fig. 2. Relative changes in the fluorescence emission signal of HSA (A; 2.0 pM, Aex = 295 nm, Aey = 340 nm) and warfarin-HSA system (B; 1.0 uM warfarin, 3.5 pM
HSA, hex = 317 nm, Aep, = 379 nm) in the presence of increasing inhibitor concentrations (0-10 pM) in PBS (pH 7.4; **p < 0.01; n = 3).
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Fig. 4. Lack of inhibitory effects of the protease inhibitors on CYP1A2 (A), CYP2C9 (B) and CYP2C19 (C) activities. The reference compound a-naphthoflavone
(a-NF) at 6 uM suppressed significantly CYP1A2 function (***p < 0.001); however, neither of the protease inhibitors at 50 uM altered CYP1A2 activity in human
hepatic microsomes. The reference compounds tienilic acid (TA) at 60 uM and (+)-N-3 benzylnirvanol (BN) at 30 uM inhibited the functions of CYP2C9 and

CYP2C19, respectively (***p < 0.001). In contrast, the protease inhibitors did also not affect CYP2C9 and CYP2C19 activities. Fluorescence intensity data
(Aex/em=406/468 nm for CYP1A2, Aey/em=415/502 nm for CYP2CO, Aex/em=406/468 nm for CYP2C19) are presented as means + SD (n = 3).

However, each substance showed strong, concentration-dependent
inhibitory effects on the human microsomal CYP3A4 isoenzyme
(Fig. 5A). Inhibitor MI-463 (IC59 = 0.21 + 0.03 uM) proved to be the
most potent among the tested compounds, followed by analogues MI-
482 (ICso = 0.30 £ 0.07 pM), MI-432 (ICsp = 0.39 &+ 0.09 uM) and
MI-1900 (ICs9 = 0.63 £ 0.04 puM).

The inhibitory effect on CYP3A4 was also tested employing the FDA-
recommended substrate testosterone using the CypExpress™ 3A4 Cy-
tochrome P450 human kit. In agreement with the experiments per-
formed on microsomes, each protease inhibitor caused a significant
decrease in CYP3A4-catalyzed testosterone metabolite formation
(Fig. 5B). In this assay, the strongest inhibitor was also compound MI-
463 (ICso = 2.0 + 0.3 pM), followed by MI-482 (ICso = 4.6 + 0.6 M),
MI-1900 (IC59 = 6.2 + 1.7 pM) and MI-432 (ICso = 11.8 + 2.3 uM).
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3.3. Depletion of the protease inhibitors in microsomal preparations

Based on 60-min microsomal stability data, each protease inhibitor
was decomposed during the exposure to hepatic microsomal CYP iso-
enzymes; however, this degradation occurred to different degrees
(Fig. 6). Compounds MI-432 and MI-1900 were degraded to the highest
extent. The depletion values were 20.2 +2.1%, 11.54+ 3.6%,
14.3 + 2.5% and 24.5 + 6.7% for compounds MI-432, MI-463, MI-482
and MI-1900, respectively. Significant differences were found between
the metabolization of inhibitors MI-1900 and MI-463 (p = 0.0099), as
well as between the degradation of compounds MI-1900 and MI-482
(p = 0.0418).

4. Discussion

Despite the rapid development of various highly effective vaccines
for the prevention of SARS-CoV-2 infections, no efficient antiviral
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Fig. 5. (A) Effects of the tested inhibitors on human microsomal CYP3A4 activity (incubation: 15 min, 37 °C, with 10 ug/well protein content). (B) Reduction of the
CYP3A4-catalyzed 6f-hydroxytestosterone formation by the used protease inhibitors. The ICs, value of the positive control ketoconazole was 0.2 pM. Data represent

mean values + SD (n = 3).
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Fig. 6. Depletion % of the protease inhibitors (50 uM) after 60 min incubation
with a human microsomal preparation. The human microsome concentration in
assay buffers was 1 mg/mL. The highest degradation was observed for inhibiotr
MI-1900, which significantly differed from that of analogues MI-463
(**p =0.0099) and MI-482 (*p = 0.0418). Data are represented as mean + SDs
(n =3). In each control sample, the degradation rate was negligible (less
than 0.015%).

therapeutical alternatives are available so far in COVID-19 patients.
Repurposing of already authorized (antiviral) drugs could be a possible
treatment option to reduce viral infectivity and spread. These pharma-
cological strategies can include blockage of virus entry via targeting the
SARS-CoV-2 spike protein (FOY, nafamostat and camostat mesylate),
application of nucleotide analogues addressing the viral RNA-dependent
RNA polymerase (such as favipiravir, ribavirin, remdesivir and galide-
sivir), or suppression of the SARS-CoV-2 proteases (e.g. lopinavir/rito-
navir, nelfinavir and danoprevir) [15]. The high-throughput x-ray
crystallographic screen of two repurposing drug libraries against an
interesting drug target for coronaviruses, MP™ revealed that 37
already-approved drugs and drugs in clinical trials could bind to this
SARS-CoV-2 protease and among them one peptidomimetic and six
nonpeptidic compounds showed antiviral activity at nontoxic concen-
trations in vitro [28]. MP™ can also be blocked by novel a-ketoamide
inhibitor having P3-P2 amide bond incorporated into a pyridone ring to
enhance the half-life of the compound suitable for inhalation adminsi-
tration route [29]. In addition, several COVID-19 studies imply trials
with inhibitors of the host cell protease TMPRSS2 such as camostate and
nafamostate mesylate or FOY 305 even in combination with other
antiviral agents (ClinicalTrials.gov). However, these compounds are
relatively unselective inhibitors of numerous trypsin-like serine pro-
teases and possess a relatively short half-life.

Therefore, the development of improved more selective TMPRSS2
inhibitors with a better safety profile could be a promising strategy for
more efficient SARS-CoV-2 treatments. TMPRSS2 seems to be modulated
by androgens supporting the assumption that there might be differences
in COVID-19 infection in male and female patients due to the variations
in androgen levels. Antiandrogen agents such as enzalutamide could
also reduce TMPRSS2 activity by decreasing the expression of this TTSP.
However, after treatment with enzalutamide SARS-COV-2 infection was
suppressed mainly in human prostate cells and not in human lung cells
indicating that TMPRSS2 expression might be androgen receptor
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independent in human lung epithelial cells [8]. However, there may be
still a rationale for the application of androgen receptor-modulating
drugs or coregulators such as bromodomain and extra-terminal
domain (BET) inhibitors in COVID-19 therapy for decreasing
TMPRSS2 expression.

Until now, several more efficient serine protease inhibitors were
developed including the sulfonylated Phe(3-Am)-derivatives [21,30]
and the substrate-analogue ketobenzothiazole derivatives originated
from the known P4-P1 Arg-Gln-Ala-Arg substrate sequence at the
autocatalytic activation site of matriptase [31]. Within the series of the
Phe(3-Am) analogues, the dibasic derivative MI-432 possessing an
N-terminal dichloro-substituted biphenyl-3-sulfonyl group and a C-ter-
minal aminoethylpiperidide moiety was one of the most potent
matriptase inhibitors. Typically, Phe(3-Am)-derived inhibitors in com-
plex with trypsin-like serine proteases adopt a Y-shape conformation.
Based on a modeled complex of MI-432 in matriptase it was found that
the N-terminal biphenyl group of MI-432 appeared to fit into the S3/4
pocket of matriptase making contacts to the aromatic side chains of the
characteristic TMPRSS2 residue Phe99, as well as to Trp215, the latter
residue is found in most trypsin-like serine proteases. Modeling of this
inhibitor type in TMPRSS2 suggested a very similar binding mode [32].

In previous studies, human lung epithelium-derived Calu-3 cells
infected with HIN1 or H3N2 influenza viruses were treated with MI-432
and related potential TMPRSS2 inhibitors at a concentration of 50 pM.
After 48 h, significantly reduced viral titers were observed when
compared to controls in absence of inhibitors [30,33]. Furthermore, it
has been recently demonstrated that the inhibitors MI-432 and MI-1900
prevented the replication and spread of the new SARS-CoV-2 in infected
Calu-3 cells in a dose-dependent manner, most-likely via an inhibition of
the membrane-bound host protease TMPRSS2 [12]. In our previous
study, we demonstrated on human intestinal epithelial cells (HIEC) and
on primary human hepatocytes (PHH) that MI-1900 and its structural
close analogue MI-1907 (up to 50 pM) did not affect cell viability and
did not elevate inflammatory responses (e.g. IL-6 and IL-8 production)
[32]. Nevertheless, disturbances of redox status of PHH were observed
after MI-1900 and MI-1907 treatment. This elevation in extracellular
hydrogen peroxide levels was not detected in intestinal epithelial cells of
human (HIEC) and porcine origins (IPEC-J2) [32,34].

For a better preclinical characterization of the used Phe(3-Am)-
derived protease inhibitors, HSA binding studies and CYP isoenzyme
activity measurements have been performed. Only a few CYP iso-
enzymes such as CYP1A2, 2C9, 2C19 and 3A4 are responsible for
metabolizing the major part of authorized drugs [35]. This is the first
study focusing on the interaction of these four Phe(3-Am)-derived in-
hibitors with serum albumin and hepatic CYP isoenzymes, two of these
inhibitors also showed a significant antiviral effect on SARS-CoV-2
replication.

The Trp-214 amino acid is mainly responsible for the fluorescence
signal of HSA [17]. Since the size of albumin is not too large (66.5 kDa),
the complex formation of a ligand molecule can partially quench the
fluorescence signal of the macromolecule, even if its binding site is not
found in the Sudlow’s site I region (subdomain IIA, where Trp-214 is
located). Therefore, the fact that the used protease inhibitors induced
only minor changes in the emission signal of HSA (Fig. 2A) indicated a
weak interaction of these ligands with the protein. Inhibitor MI-482 was
able to slightly decrease the albumin binding of the site I marker
warfarin (Fig. 2B) suggesting a weak interacion with HSA, however,
only low-affinity complexes are formed. These data suggest that neither
albumin nor a biotransformation by the isoenzymes CYP1A2, 2C9 and
2C19 should have a significant influence on the pharmacokinetics of the
tested inhibitors.

Based on both assays employing human microsomes or the recom-
binant enzyme (Fig. 5), the examined Phe(3-Am)-derivatives proved to
be strong inhibitors of CYP3A4, causing significant inhibition at the
nanomolar or low micromolar range. The ICsg values for CYP3A4 are in
the range between 0.21 and 0.63 pM indicating that CYP3A4 may be
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involved in their microsomal degradation. The depletion rates of com-
pounds MI-432 and MI-1900 were approximately 20% at the end of the
60 min investigation period, while for analogues MI-463 or MI-482 a
significantly reduced degradation has been observed (<15%). CYP3A4-
catalyzed testosterone hydroxylation was also strongly inhibited by
compounds MI-463, MI-482 and MI-1900 (IC5o = 2-6 pM), while the
ICsp value of MI-432 exceeded 10 pM.

Until now, no in vivo PK data are available for the tested four pro-
tease inhibitors. A Phe(3-Am)-piperazide derivative possessing a similar
structure like inhibitor MI-1900 was administered intavenously (1 mg/
kg) in rats and a very rapid elimination was observed [36]. An estab-
lished method to improve the oral bioavailability and to reduce the rapid
elimination of such monobasic Phe(3-Am) derivatives, is the conversion
of their amidino function into a hydroxyamidine [37]. The most
advanced Phe(3-Am) protease inhibitor is mesupron, the hydrox-
yamidino prodrug of the amidine compound WX-UKI-1. It was found
that this substance decayed in a mono-phasic pattern with a very short
half-life after a single intravenous injection of 2 mg/kg in rats [38,39].
The hydroxyamidino prodrug is an intermediate during the final syn-
thesis steps of the inhibitor, which is obtained during the conversion of
the nitril group into an amidine group. It was observed that the prodrug
itself possesses no inhibitory potency, thus the hydroxyamidino pro-
drugs of the used four inhibitors have not been further evaluated.
Therefore, it can be only speculated that PK data for the prodrugs would
be similar to those obtained in case of mesupron. The characterization of
the PK properties of the potential hydroxyamidino prodrugs of the tested
four inhibitors is, however, beyond the scope of this study. Herein, we
demonstrate the results of an in vitro drug-drug interaction screening of
these compounds before administration of them in experimental animals
without animal sacrifice in accordance with 3Rs and animal welfare
practice.

It should be stated that these inhibitors can also affect other trypsin-
like serine proteases such as matriptases or clotting factors. Therefore,
the development of more selective TMPRSS2 inhibitors would be
beneficial for their use as antiviral agents, including the treatment of
SARS-CoV-2 infections.
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