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ABSTRACT Several cationic amphiphilic drugs (CADs) have been found to inhibit
cell entry of filoviruses and other enveloped viruses. Structurally unrelated CADs
may have antiviral activity, yet the underlying common mechanism and structure-
activity relationship are incompletely understood. We aimed to understand how
widespread antiviral activity is among CADs and which structural and physico-
chemical properties are linked to entry inhibition. We measured inhibition of Mar-
burg virus pseudoparticle (MARVpp) cell entry by 45 heterogeneous and mostly
FDA-approved CADs and cytotoxicity in EA.hy926 cells. We analyzed correlation of
antiviral activity with four chemical properties: pKa, hydrophobicity (octanol/water
partitioning coefficient; ClogP), molecular weight, and distance between the basic
group and hydrophobic ring structures. Additionally, we quantified drug-induced
phospholipidosis (DIPL) of a CAD subset by flow cytometry. Structurally similar com-
pounds (derivatives) and those with similar chemical properties but unrelated struc-
tures (analogues) to those of strong inhibitors were obtained by two in silico similar-
ity search approaches and tested for antiviral activity. Overall, 11 out of 45 (24%)
CADs inhibited MARVpp by 40% or more. The strongest antiviral compounds were
dronedarone, triparanol, and quinacrine. Structure-activity relationship studies re-
vealed highly significant correlations between antiviral activity, hydrophobicity
(ClogP � 4), and DIPL. Moreover, pKa and intramolecular distance between hydro-
phobic and hydrophilic moieties correlated with antiviral activity but to a lesser ex-
tent. We also showed that in contrast to analogues, derivatives had antiviral activity
similar to that of the seed compound dronedarone. Overall, one-quarter of CADs in-
hibit MARVpp entry in vitro, and antiviral activity of CADs mostly relies on their hy-
drophobicity yet is promoted by the individual structure.

KEYWORDS Marburg virus, amiodarone, antiviral therapy, dronedarone, entry
inhibitors, structure-activity relationships

Outbreaks of emerging viral diseases have repeatedly posed major challenges to
global health in recent years (https://www.who.int/csr/don/en/) (1). Important

examples include the Filoviridae members Ebola virus (EBOV) and Marburg virus
(MARV), the Arenaviridae member Lassa virus (LASV), Coronaviridae members like
Middle East respiratory syndrome coronavirus (MERS-CoV), or the Flaviviridae member
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Zika virus (ZIKV). Some of these infections are associated with high case fatality rates,
e.g., 50% for EBOV and MARV, 35% for MERS-CoV (2), and up to 30% for hospitalized
LASV patients (3). Thus, according to the WHO list of Blueprint priority diseases of 2018,
the aforementioned pathogens share priority status concerning the need for research
and development, given that effective vaccines or directly acting antivirals are unavail-
able in most cases (4). It would be of great value to have drugs that are active against
a broad range of viral pathogens (5, 6). Such agents would likely not target specific
components of individual viruses but, rather, cellular structures or processes that are
utilized by various unrelated viruses. An attractive target pathway concerns cellular
endosomal processes since these are used by numerous pathogens, including mem-
bers of the families Filoviridae, Arenaviridae, Rhabdoviridae, Coronaviridae, Togaviridae,
Flaviviridae, and Bunyaviridae.

Cationic amphiphilic drugs (CADs) are a diverse group of compounds, many of
which are in medical use for various clinical indications. CADs are defined by a
hydrophilic group marked by a basic amine with high pKa (the negative logarithm of
the acid dissociation constant Ka) and by hydrophobic group(s) characterized by
several aromatic or aliphatic structures (7). Due to their amphiphilic nature, CADs
transmigrate membranes, which can be enhanced by different substituents like halo-
gen residues. Upon reaching acidic compartments like late endosomes (LE) and en-
dolysosomes, the basic amine groups get protonated, which leads to lysosomal trap-
ping of the compounds (8). Consequently, CADs primarily accumulate in acidified
compartments (9, 10).

Several studies, most of which analyzed sets of approved drugs, have found that
various CADs have antiviral activity. The antiarrhythmics amiodarone, dronedarone, and
verapamil (11), as well as the estrogen receptor antagonists clomifene and toremifene
(12), have been shown to inhibit filoviral entry in different cell lines. Moreover, clo-
mifene and toremifene were shown to elevate survival rates of mice infected with
mouse-adapted EBOV up to 90% (12). Of note, they could show that the antiviral
activity of these two CADs was unrelated to their clinical mechanism of action as
estrogen receptor modulators. Beyond filoviruses, CADs have also been found to inhibit
the Arenaviridae members LASV and Guanarito virus (GTOV) (13), hepatitis C virus (HCV)
(14–18), Japanese encephalitis virus (JEV) (19), severe acute respiratory syndrome-
related coronavirus (SARS-CoV) (20), and Epstein-Barr virus (EBV) (21). Moreover, it was
found that the CADs amiodarone, bepridil, raloxifene, and amodiaquine, in addition to
several non-CAD compounds, have broad antiviral effects against all tested alpha- and
flaviviruses (with the exception of Zika virus), as well as various other viruses, but none
inhibited human immunodeficiency virus (HIV) (22). Highest antiviral activity for all four
CADs was found against EBOV virus-like particles (VLPs). Despite these observations, it
is not yet known how widespread antiviral activity really is among CADs. Similarly, the
mechanism of action behind the antiviral activity is unclear. For this reason, we
undertook a comprehensive study of antiviral activity among 45 heterogeneous CAD
compounds and correlated antiviral activity with various physicochemical properties.

RESULTS
Side-by-side assessment of MARV GP-driven cell entry inhibition and cytotox-

icity of 45 CADs. We first attempted to evaluate how common antiviral activity is
among CADs. Therefore, we selected an initial set of 45 CADs (Table 1) based on the
following criteria: (i) coverage of multiple drug classes, (ii) diverse chemical structures
aside from being CADs, (iii) preferentially FDA- or European Medicines Agency (EMA)-
approved compounds/no known major toxicity, and (iv) commercial availability. We
included CADs that have either previously been reported to have antiviral activity or are
known to cause drug-induced phospholipidosis (DIPL).

In order to test many drugs at the same time, a single-point, 96-well assay was
established that enabled testing the entire set of compounds at the same micromolar
concentrations against a high-titer preparation of lentiviral particles pseudotyped with
the MARV GP (MARV pseudoparticles, MARVpp) in endothelium-derived EA.hy926 cells.
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Beforehand, we conducted concentration-response and -toxicity curves of the proto-
typical, antivirally active CAD amiodarone in EA.hy926 cells against MARVpp. The
half-maximal inhibitory (IC50) and cytotoxic (CC50) concentrations were 1.6 �M and
54 �M, respectively (see Fig. S1 in the supplemental material). Consequently, we chose
a test concentration of 5 �M for all CADs, i.e., 2.8-fold above the IC50 and almost 10-fold
below the CC50 of amiodarone.

The ability to inhibit MARVpp entry in EA.hy926 cells differed widely within the set
of CADs tested (Fig. 1a). Approximately 24% of CADs showed antiviral activity (�40%
inhibition), with strongest effects by dronedarone and triparanol (�80% inhibition),
followed by �60% inhibition by quinacrine, sertraline, amiodarone, perhexiline, clo-
mifene and N-desethylamiodarone. Notably, cytotoxicity measurement in EA.hy926-
NLuc (EA.hy cells expressing the nano-luciferase gene) cells revealed that most CADs do
not have major toxic effects on these cells. However, treatment with dasatinib, quin-
acrine, and sertraline showed reductions in viability of 42%, 22%, and 19%, respec-
tively (Fig. 1b). Our results demonstrate that antiviral activity is not a common feature
of all CADs and independent of the drug class.

TABLE 1 Cationic amphiphilic drugs included in single-point assay and their properties

Compound name Drug class pKa ClogP Mol wt (g/mol)

Fenfluramine HCl Anorexic 10.22 3.36 267.72
Clemastine fumarate salt Antiallergic 9.55 5.2 459.96
Perhexiline maleate salt Antianginal 10.58 6.2 393.56
Bepridil HCl Antianginal 9.16 5.49 403
Dronedarone HCl Antiarrhythmic 9.08 5.28 593.22
Propranolol HCl Antiarrhythmic 9.67 3.48 295.8
Verapamil HCl Antiarrhythmic 9.68 5.04 491.06
Amiodarone HCl Antiarrhythmic 8.47 7.64 681.77
Gentamicin sulfate Antibiotic 10.18 �3.1 516.604
Teicoplanin Antibiotic 7.1 �3.71 1879.7
Sertraline HCl Antidepressant 9.85 5.1 342.69
N-Desethylamiodarone HCl solution Antidepressant 9.4 6.27 653.72
Clomipramine HCl Antidepressant 9.2 5.19 351.31
Fluoxetine HCl Antidepressant 9.8 4.09 345.79
Imipramine HCl Antidepressant 9.2 4.8 316.87
Maprotiline HCl Antidepressant 10.54 5.1 313.86
Mianserin HCl Antidepressant 6.92 3.52 300.83
Zimelidine dihydrochloride Antidepressant 8.62 3.39 390.15
Cyclizine HCl Antiemetic 8.51 3 302.84
Amorolfine HCl Antifungal 7.1 6.4 353.97
Terconazole Antifungal 8.8 4.8 532.46
Thioridazine HCl Antifungal 8.8 4.8 407.04
Promethazine HCl Antihistaminic 9.05 4.81 320.88
Tripelennamine HCl Antihistaminic 8.76 3.3 291.82
Chlorcyclizine Antihistaminic 8 4.15 300.83
Quinacrine dihydrochloride Antiprotozoal 10.33 5.5 472.88
Chloroquine diphosphate salt Antiprotozoal 10.32 4.63 515.86
Promazine HCl Antipsychotic 9.4 4.55 320.88
Chlorpromazine HCl Antipsychotic 9.35 5.41 355.33
Prochlorperazine dimaleate salt Antipsychotic 8.39 4.88 606.09
Flupentixol dihydrochloride Antipsychotic 8.51 4.51 507.44
Trifluoperazine HCl Antipsychotic 8.39 5.03 480.42
Clozapine Antipsychotic 7.35 3.23 326.82
Fluphenazine dihydrochloride Antipsychotic 8.21 4.36 510.44
Amantadine HCl Antiviral 10.71 2.53 187.71
Clomiphene citrate salt Hormone analogue 9.31 6.47 598.08
Enclomiphene HCl Hormone analogue 9.31 6.47 442.42
Ro 48-8071 Lipid lowering 8.8 5.7 448.4
Triparanol Lipid lowering 9.6 6.7 438
W-5 HCl Nonclinical 10.3 2.9 342.88
U18666A Nonclinical 9.7 5.1 424.06
Benzylamine Nonclinical 9.51 1.1 107.15
W-7 Nonclinical 10.3 3.8 377.33
Dasatinib Antineoplastic 8.49 1.8 488.01
Toremifene citrate salt Antineoplastic 8.76 6.8 598.08
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Determination of antiviral potency and safety of top and bottom CADs. Next,
we generated concentration-response curves for the six CADs that showed the highest
antiviral activity (dronedarone, triparanol, sertraline, amiodarone, perhexiline, and clo-
mifene) (Fig. S1) and for the six least antivirally active CADs (propranolol, tripelennamin,
amantadine, promazine, zimelidine, and benzylamine) (Fig. S2). Quinacrine and dasat-
inib were excluded from further analyses due to their high cytotoxicity (Fig. 1). Similarly,
teicoplanin was excluded because its high molecular size and structural complexity
would hamper the structure-function analysis. The determined IC50 and CC50 values as
well as the selective indices (SIs) are summarized in Table 2. We observed that strong
antiviral CADs act in micromolar concentrations, with IC50 values between 1.3 �M
(dronedarone) and 2.9 �M (sertraline) and CC50 values between 13.2 �M (dronedarone)
and 54 �M (amiodarone). In contrast, weakly active CADs in most cases did not allow
for IC50 and CC50 calculation except for propranolol (IC50 of 64.6 �M) and promazine
(IC50 of 29.3 �M and CC50 of 51.6 �M). Notably, we observed relatively narrow nontoxic
activity windows, with the broadest one for amiodarone (SI of 34), followed by clo-
mifene (SI of 17), triparanol (SI of 13), and dronedarone (SI of 10).

FIG 1 Antiviral activity against MARVpp GP-driven cell entry and cytotoxicity of 45 CADs. (a) EA.hy926 target cells were
transduced with MARVpp expressing an NLuc reporter gene in a single-point approach in the presence of various CADs
at 5 �M. Results were normalized to the levels for the solvent control. (b) Cytotoxic and antiproliferative effects were
evaluated for CADs at 5 �M in EA.hy926 cells stably expressing NLuc. Box-whisker plots show the median, interquartile
range, and standard deviation of 3 independent experiments. Asterisks indicate statistical significance of differences
between results for the compounds and those for the solvent control that was calculated by one-way ANOVA with a
correction for multiple comparisons (*, P � 0.01; **, P � 0.001; ***, P � 0.0001). RLU, relative light units.
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Anti-MARVpp activity of CADs correlates with specific physicochemical prop-
erties and DIPL induction. Next, we addressed the question of whether strong
antiviral activity of CADs was associated with physicochemical properties. Specifically,
we correlated the CADs’ antiviral activities with their acidity (pKa), hydrophobicity
(ClogP), molecular weight (MW), and the distance between hydrophilic amine and
hydrophobic ring structure of the molecules (linker length) (Fig. 2a to d). The param-
eters pKa, ClogP, and MW were obtained mainly from databases, whereas the linker
length was calculated according to the three-dimensional (3D) structure of the mole-
cules. Although we could not observe any correlation between antiviral activity and

TABLE 2 Antiviral activity and toxicity as well as selective indices of top and bottom
antiviral CADsa

Compound group and name IC50 (�M) CC50 (�M) SI

Most active antiviral CADs
Dronedarone 1.3 13.2 10
Triparanol 2.0 25.1 13
Sertraline 2.9 18.7 6
Amiodarone 1.6 54.0 34
Perhexiline 2.4 13.8 6
Clomifene 2.7 44.8 17

Least active antiviral CAD
Promazine 29.3 51.6 2

aActivity and toxicity indicated as IC50 and CC50 values, respectively.

FIG 2 Correlation of MARVpp antiviral activity of 45 CADs and their physicochemical properties. Residual transduction of 45 CADs
against MARVpp GP-driven cell entry of single-point assays was normalized, and the average of 3 independent experiments was
correlated with pKa (a), ClogP (b), molecular weight (c), and linker length (d) of all tested CADs. The prototypical CAD amiodarone is
labeled. Nonparametric Spearman correlation was computed, and the correlation coefficient R and P value represent statistical
significance (ns, not significant [P � 0.12]; *, P � 0.03; **, P � 0.002; ***, P � 0.0002; ****, P � 0.0001).
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linker length (Fig. 2d), we noticed a modest yet nonsignificant (R � �0.24; P � 0.11)
association of antiviral activity with pKa, showing that more-alkaline CADs have higher
antiviral activity (Fig. 2a). We observed a similar correlation with molecular weight (R �

�0.33; P � 0.02) (Fig. 2c). Most strikingly, we found a highly significant correlation
between antiviral activity and hydrophobicity (R � �0.78; P � 0.0001) (Fig. 2b). Al-
though the majority of CADs are rather hydrophobic (1 � ClogP � 8), all strong antiviral
CADs had an octanol/water partitioning coefficient larger than 4 (ClogP � 4). Taken
together, CADs with ClogP values of �4 and pKa values of �8 are more likely to be
antiviral.

Next, we analyzed to what extent antiviral activity is associated with induction of
DIPL (Fig. 3). Therefore, we treated EA.hy926 cells with 16 of the CADs at 5 �M or with
their solvents, both in the presence of LipidTox. LipidTox is a fluorophore-conjugated
phospholipid which permeates cellular membranes but is believed to be complexed in
endosomes upon DIPL induction. The selected CADs were chosen for their various
degrees of antiviral activity against MARVpp, and the group was comprised of 10 CADs
that were more or less active and 6 inactive CADs; thus, we aimed to represent the full
spectrum of antiviral activity seen with CADs. We detected green fluorescence as a
measure for lysosomal accumulation of LipidTox, representing CAD-induced DIPL. Here,
we could show not only a highly significant correlation of MARVpp antiviral activity
with the degree of DIPL induction (R � �0.81; P � 0.0001) (Fig. 3a) but also significant
association of DIPL induction and hydrophobicity of these compounds (R � 0.73;
P � 0.0011) (Fig. 3b). These findings underline the importance of hydrophobicity,
mediating both antiviral activity and DIPL of CADs. Furthermore, they hint that DIPL
and antiviral activity might be more closely related than previously suggested.

Selection of additional CADs based on our previous findings and validation of
their antiviral activity and cytotoxicity. We observed that strong antiviral activity in
CADs is associated with certain physicochemical features, yet antiviral CADs can vary
widely in their scaffold structures. In order to gain an insight into how far the chemical
structure and/or chemical properties influence antiviral activity, we validated additional
CADs that were identified by two distinct approaches.

First, we tested whether compounds with comparable molecular structures (deriv-
atives) would have similar or even stronger antiviral effects than antiviral CADs.
Dronedarone derivatives (N-mesyldronedarone [D-1] and S-desmethyl S-chloromethyl
dronedarone [D-2]) were obtained by a similarity search using SciFinder, a curated

FIG 3 Correlation of MARVpp antiviral activity, DIPL induction, and hydrophobicity. (a) EA.hy926 cells were treated in triplicate with
16 different CADs at a 5 �M concentration and the fluorescent phospholipid LipidTox green (1:1). After 6 h of incubation, medium was
exchanged, and compounds (without LipidTox) were added again for an extra 18 h. Fluorescence measured by FACS represents DIPL
induction by CADs. The change in mean fluorescence intensity (ΔMFI) was calculated by first subtracting the mean value of the solvent
control from each measured value. Averages of 3 independent stainings were calculated and plotted against average antiviral activity.
(b) DIPL induction was correlated with ClogP of the investigated 16 CADs. Correlation coefficients (R values) were determined via
Spearman correlation (ns, not significant [P � 0.12]; *, P � 0.03; **, P � 0.002; ***, P � 0.0002; ****, P � 0.0001).
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chemistry information database (23). We thus analyzed their antiviral activity against
MARVpp GP-driven cell entry as well as their cytotoxicity in comparison to levels for
dronedarone and solvent (Fig. 4a and b). We found 94% and 91% inhibition for 5 �M
D-1 and D-2, respectively. This is comparable to the antiviral effect seen with drone-
darone itself and suggests that the CAD structure may be important for antiviral
activity. Furthermore, we could show that these two compounds induce DIPL at levels
similar to those of dronedarone (Fig. S4). In line with our previous observations, D-1 and
D-2 have basic pKa values and are highly hydrophobic, with ClogP values of 8.6 and 9.2,
respectively.

As a second approach, we looked for chemically similar, but structurally diverse,
CADs (analogues) by chemically advanced template search (CATS) analysis (24). CATS
analysis largely disregards structural similarities and considers only similar chemical
properties of compounds. As query substances, we submitted the seven most potent
CADs: amiodarone, dronedarone, triparanol, sertraline, quinacrine, perhexiline, and
clomifene. We found 33 new compounds that were identified as double hits for
showing functional similarity to two unrelated seed CADs. As we were aiming for
putative antiviral candidates, and in accordance with the observed importance of
hydrophobicity for antiviral effective CADs, we further narrowed the number of hits
down to compounds with ClogP values of �4. By further selecting for diverse functional
groups, we obtained a set of eight compounds and named them according to the two
seed compounds they derive from (CT1, clomifene and triparanol; CS1 to CS4, clo-
mifene and sertraline; AC1, amiodarone and clomifene; QT1, quinacrine and triparanol;
DQ1, dronedarone and quinacrine). We tested their antiviral activity against MARVpp as
well as their cytotoxicity (Fig. 5a and b) and found that the compounds CT1, CS3, AC1,
CS1, CS2, and QT1 decreased MARVpp entry (inhibition ranged from 17% to 45%). Still,
the newly identified compounds did not reach the level of inhibition seen with their
respective seed compounds.

DISCUSSION

This study is to date the most comprehensive evaluation of both the distribution of
antiviral activity among different types of CADs and their antivirally relevant physico-
chemical properties. It reveals the following (i) that antiviral activity is not universal
among CADs but is limited to a minority; (ii) that antiviral CADs come from a broad
range of pharmacological classes and have diverse molecular structures; (iii) that certain
physicochemical features are associated with antiviral activity, most notably hydropho-

FIG 4 Antiviral activity and cytotoxicity of dronedarone structural derivatives. Dronedarone derivatives
D-1 and D-2 were found by a SciFinder similarity search and applied in a 5 �M concentration together
with MARVpp on EA.hy926 cells (a) or on EA.hy-NLuc cells (b) for 6 h. Luciferase activity was determined
at 72 hpt, and triplicate values of 3 independent experiments were normalized to those of the solvent
control. Statistical difference was calculated by one-way ANOVA corrected for multiple comparisons and
is indicated by asterisks (*, P � 0.01; **, P � 0.001; ***, P � 0.0001; ns, not significant). c, concentration.
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bicity; (iv) that there is a strong association between antiviral activity, the ability to
induce cellular phospholipidosis, and hydrophobicity.

Previous studies showed that amiodarone, as well as its close relative dronedarone,
acts in low-micromolar concentrations against pseudoparticles of different filovirus
species, GTOV, and influenza H5N1 virus. Furthermore, amiodarone was shown to
inhibit authentic EBOV, HCV, SARS, and recently Semliki forest virus, dengue virus,
Sindbis virus, Ross river virus, herpes simplex virus, and the attenuated vaccine strain of
yellow fever virus. Conversely, ZIKV, HIV, or vaccinia virus was not affected (14, 15, 20,
22, 25–27). Triparanol was found to inhibit EBOV VLPs as well as EBOV infection and
HCV replication (17, 28). Among a variety of other CADs, quinacrine, sertraline, and
clomifene inhibited mainly EBOV VLPs, mouse-adapted EBOV, and other filovirus
strains, including MARV (12, 29). To our knowledge, perhexiline has not been investi-
gated in the context of antivirals yet and was included in our study due to reported
association with DIPL (8). Furthermore, the amiodarone metabolite mono-N-desethyl-
amiodarone (MDEA) was shown to have additive effects with amiodarone (26). With our
results, we partially confirmed and extended the previous studies. Notably, we could
show that the drugs dronedarone and triparanol, followed by quinacrine, sertraline,
amiodarone, perhexiline, clomifene, and N-desethylamiodarone, have higher antiviral
potential within the broad field of described CADs. Furthermore, we show that candi-
dates previously not associated with antiviral effects but with only DIPL (e.g., perhexi-
line) may also be potent antivirals or templates for further drug development. Exper-
iments were performed in the endothelium/lung hybrid cell line EA.hy926 that is easy
to cultivate and gives low background. In addition to monocytes, macrophages,
endothelial cells, hepatocytes, and fibroblasts, this cell line was shown to be susceptible
to several enveloped viruses including filoviruses (11, 13, 30, 31).

Concentration-response analyses showed that the six strongest CADs act at low-
micromolar concentrations. The IC50 values for amiodarone and sertraline are comparable
to the reported maximum concentration (Cmax) values in plasma (Cmax(amiodarone) � 1.5 to
2.5 mg/liter [2.2 to 3.7 �mol/liter] and Cmax(sertraline) � 0.352 �mol/liter) which can
accumulate up to 20-fold in the liver (32–34). In the case of dronedarone, the deter-
mined IC50 value is 10-fold higher than the plasma concentration achieved in treatment
of arrhythmia (Cmax(dronedarone) � 84 – 147 �g/liter [0.14 to 0.25 �mol/liter]) (35). The
selectivity index values of these CADs are relatively narrow in vitro. However, it may be

FIG 5 Inhibition of MARVpp GP-mediated cell entry and cytotoxicity of additional CADs identified by CATS analysis. New CADs were identified
in a CATS screen for compounds with chemical properties similar to those of seed compounds. Eight double hits were chosen which fitted the
requirements of being a CAD, having diverse functional groups, and having a ClogP value of �4. In order to simplify compound nomenclature,
new CADs were abbreviated according to the initials of their two seed compounds. (a) For analysis of viral entry inhibition, 5 �M CADs were
applied together with MARVpp on EA.hy926 cells, and luciferase activity was measured in transduced cells at 72 hpt. (b) Cytotoxicity of new CADs,
seed compounds, and solvent controls was measured in EA.hy-NLuc cells treated with 5 �M CADs for 6 h. Normalized results of 3 experiments
with three technical replicates are shown, and asterisks indicate statistical significance relative to results with the solvent control calculated by
one-way ANOVA including a multiple-comparison test (*, P � 0.01; **, P � 0.001; ***, P � 0.0001).
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worth probing whether a therapeutic window exists in vivo, which might be acceptable
when dealing with a severe or even life-threating disease or in an outbreak setting
triggered by emerging enveloped viruses, given that they act against a range of viruses.

In a previous study, Shoemaker et al. identified six highly antiviral CADs among
various sterol pathway inhibitors. These CADs were characterized with a positively
charged amine group, alkaline pKa (�8.8), small MW, and high hydrophobicity, and
they caused cholesterol accumulation (28). However, it is not known whether the
previous observations apply necessarily to all antivirally active CADs and which set of
structural features define antiviral activity. To understand the relationship between CAD
structure and antiviral activity, we initially focused on a limited number of properties,
including pKa, ClogP, MW, and linker length. Hydrophobicity is an important determi-
nant of membrane permeability and bioavailability of a molecule and has been
described as one of the key factors for ligand binding, together with molar refractivity
and formal charge density (8, 36, 37). We could show that strongly hydrophobic
compounds have significantly stronger capacity to inhibit viral entry. The reason for this
observation is so far unclear, but it may suggest that CADs need to be able to traverse
membranes in order to exert their antiviral effects. Apart from the CAD-determining
amine and hydrophobic groups, we were not able to identify a set of functional groups
that are required for antiviral activity.

We further analyzed CADs with either structural (derivatives) or functional (ana-
logues) similarity to strong antiviral CADs of our screen (24, 38). The fact that only the
derivatives, but none of the analogues, reached the level of inhibition seen with their
respective seed compounds suggests that structural architecture seemed to have more
impact on the CAD activity than chemical properties only. Nevertheless, the analogues’
activity rate is far higher than the rate obtained by screening random collections.
However, these data show that hydrophobicity alone is not a certain predictor for
antiviral activity but, rather, a combination of chemical properties is required, which is
also suggested for DIPL induction (39, 40). An extended multiparametric analysis would
be useful to identify a larger set of (interdependent) parameters that enable and
enhance activity (24).

In addition, our studies showed a strong association between CAD antiviral activity
and the ability to induce DIPL in target cells, i.e., lysosomal accumulation of charged
phospholipids, an effect that has been reported for many CADs (8, 41). DIPL shows
morphological resemblance of Niemann-Pick type C disease (NPC-1), an inherited and
generally fatal lipid storage disorder, and similar diseases (8, 42). Amiodarone prefer-
entially accumulates in the lung, causes DIPL, and is associated with lung dysfunction
(43). However, the CADs in clinical use have not been linked to Niemann-Pick-like
symptoms, and a clear general link between cellular DIPL and organ toxicity has not
been demonstrated. Moreover, tissue accumulation seems to be reversible within a few
days (44). Nevertheless, DIPL is considered a concern in drug development. In our study,
we found that DIPL strongly correlates with both antiviral activity and with hydropho-
bicity. However, visible DIPL itself is not required for antiviral activity of CADs since
effects like EBOV VLP inhibition (28) or lysosomal calcium flux changes (45) precede
DIPL induction for hours. In conclusion, DIPL induction seems to be more prominent
among CADs with antiviral activity. In fact, in our series, all CADs with antiviral activity
also induce DIPL to some extent. Yet the ability to induce DIPL is not the only
determinant of antiviral activity as some CADs with similar DIPL values have quite
different degrees of antiviral activity.

Filoviruses are late-penetrating viruses that are taken up into endosomes following
low-specificity interactions with one or more of various cell surface attachment factors
(30). Within the endosome, they undergo GP priming by low-pH-dependent cathepsin
and interact with their endolysosomal receptor NPC-1, a cholesterol transporter (46).
This enables membrane fusion, thereby releasing the nucleocapsid into the cytosol (47,
48). It is conceivable that CADs modulate endosomal or endolysosomal membranes or
membrane-attached proteins in a manner that perturbs viral penetration. Direct evi-
dence or a clear concept of how this might occur is as yet lacking. So far, it has not even
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been fully established whether CADs exert their antiviral effects on the host cell or on
the viral particle. It has been reported for a group of structurally diverse EBOV-inhibiting
CADs—including toremifen, bepridil, and sertraline that were tested in our study—that
these compounds decrease the overall stability of the GP1-GP2 dimers, thus inhibiting
fusion (49, 50). Another recent study reported that the CAD flunarizine as well as the
structurally similar fluphenazine, trifluoperazine, chlorcyclizine, and chlorpromazine
seems to inhibit membrane fusion of HCV particles by targeting a specific hydrophobic
region in the E1 protein (16, 51). Moreover, the antiviral spectrum of amiodarone,
bepridil, amodiaquine, and raloxifene together with lipid mixing assays suggests that
mostly late-penetrating viruses and a late entry step, most probably membrane fusion,
are affected by these CADs (22).

However, given that we and others have described a range of structurally diverse
CADs as inhibitors of cell entry by different unrelated virus species, it seems likely that
in addition to these virus-specific effects, there is a mechanism shared by diverse CADs
affecting a range of enveloped viruses. The correlation of antiviral effects and early
events of DIPL points toward a cell-based effect of CADs that takes place in the
endolysosomal compartment. Thus, we consider that the perturbation of late endo-
somal homeostasis might be the underlying antiviral mechanism of CADs. The clearer
elucidation of the antiviral mechanism of some CADs is part of an ongoing follow-up
study.

In summary, we describe the most comprehensive evaluation to date of the antiviral
properties among CADs and show how antiviral activity is linked to structural features.
Most notably, we show that antiviral activity is strongly associated with hydrophobicity
and DIPL induction in target cells, corroborating previous studies (28). Overall, our
findings help clarify the structure-activity relationship of antiviral CADs. Furthermore,
using an in silico screening approach for identification of structurally and functionally
related compounds, we identified novel CADs with antiviral properties. By showing that
CAD antiviral activity is partially fingerprinted on the CAD molecular architecture, we
set a basis for the structure-based design of potent antiviral CADs.

MATERIALS AND METHODS
Pseudoparticle production and transduction. Pseudoparticles were produced as described before

(52, 53). In brief, producer HEK-293T cells were seeded at 8 � 105 cells/well in a poly-L-lysine coated
six-well plate. After 24 h cells were cotransfected with 1 �g of DNA using polyethyleneimine (PEI) to
produce HIV-based pseudoparticles bearing individual viral envelope GPs. The plasmids used were (i) a
packaging plasmid containing HIV-based gag-pol genes (54), (ii) a plasmid encoding the env gene of
MARV (pCAGGS-MARVGP) (55) or an empty vector pcDNA3.1, and (iii) a gutted, yet packaging-
competent, HIV-based transfer plasmid encoding an NLuc reporter gene (pWPI_NanoLuc_BLR) (in a ratio
of 1:1:4). At 6 h posttransfection, medium was exchanged for 3% fetal calf serum (FCS)-supplemented
Dulbecco’s modified Eagle’s medium (DMEM) containing 5% penicillin-streptomycin, and pseudopar-
ticles were harvested, pooled, and filtered after 48 h and 72 h. For lentiviral transduction, target EA.hy926
cells were seeded at 1 � 104 cells/well in a 96-well plate. After incubation for 24 h, 50 �l of MARVpp or
50 �l of complete DMEM was mixed with Polybrene (1:1,000) and CADs to a final concentration of 5 �M
and applied in triplicates. As a solvent control, sterile water, ethanol (EtOH), or dimethyl sulfoxide (DMSO)
was diluted in complete DMEM in the same ratio as the drugs. At 6 h postransduction (hpt), cells were
washed once with phosphate-buffered saline (PBS), and 100 �l of complete DMEM was applied. At 72
hpt, cells were washed with PBS and lysed. Next, 20 �l of cell lysate was transferred to a 96-well
luminometer plate, mixed with 80 �l of the luciferase substrate coelenterazine, and incubated briefly in
the dark before NLuc activity quantification in a GloMax plate luminometer (Promega, Madison, WI, USA),
representing GP-driven cell entry.

Cytotoxicity test. EA.hy926-NLuc cells were seeded at 1 � 104 cells/well in a 96-well plate. The next
day, cells were treated in triplicate with either complete DMEM, solvent control (complete DMEM plus
solvent), or diluted CADs at a final concentration of 5 �M. After 6 h, cells were washed with PBS and
incubated with 100 �l of complete DMEM for another 72 h at 37°C. Then cells were lysed, and luciferase
activity was determined as an aggregate measure of cell viability and proliferation.

Compounds and similarity search. The compounds amiodarone HCl (catalog no. A8423), amo-
rolfine HCl (SML0283), bepridil HCl (B5016), clemastine fumarate salt (SML0445), clomiphene citrate salt
(C6272), dasatinib (CDS023389), dronedarone HCl (D9696), perhexiline maleate salt (SML0120), proma-
zine HCl (P6656), sertraline HCl (S6319), terconazole (32355), toremifene citrate salt (T7204), triparanol
(T5200), chlorcyclizine (SML1473), clozapine (C6305), cyclizine HCl (C3090000), N-desethylamiodarone
HCl solution (D-055), verapamil HCl (V4629), W-7 [N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide
hydrochloride] (A3281), amantadine HCl (A1260), benzylamine (185701), chloroquine diphosphate salt
(C6628), clomipramine HCl (C7291), chlorpromazine HCl (C0982), enclomiphene HCl (SML0719), fenflu-
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ramine HCl (F112), flupentixol dihydrochloride (Y0000064), fluphenazine dihydrochloride (F4765), gen-
tamicin sulfate (G1914), imipramine HCl (I0899), maprotiline HCl (M9651), mianserin HCl (M2525),
prochlorperazine dimaleate salt (P9178), promethazine HCl (P4651), propranolol HCl (P0884), quinacrine
dihydrochloride (Q3251), teicoplanin (T0578), thioridazine HCl (T9025), trifluoperazine HCl (T6062),
tripelennamine HCl (T7511), U18666A (U3633), W-5 [N-(6-aminohexyl)-1-naphthalenesulfonamide hydro-
chloride] (SML0657), and zimelidine dihydrochloride (Z101) were purchased from Sigma-Aldrich Chemie
GmbH (Taufkirchen, Germany). The compound Ro 48-8071 was purchased from Biomol GmbH (Hamburg,
Germany).

Dronedarone derivatives were confirmed using SciFinder software (23). D-1 (N-mesyldronedarone; TRC-
M225785) and D-2 (S-desmethyl S-chloromethyl dronedarone; TRC-D291470) were purchased from Biozol
Diagnostica Vertrieb GmbH (Eching, Germany). To obtain analogous CADs, chemical advanced template
search (CATS) software was used (24). The compounds AC1 (1-(4-ethyl-1-piperazinyl)-4-[1-(4-methylbenzyl)-
1H-indol-3-yl]-1-butanone; E230-0651), CS3 (2-[(E)-2-{4-[ethyl(4-methoxyphenyl)amino]phenyl}vinyl]-3-meth-
yl-1.3-benzothiazol-3-ium; 7165-0012), and QT1 (G119-1593; G119-1593) were obtained by ChemDiv
(San Diego, CA, USA). CS1 (2-{2-[(3.4-dichlorophenyl)thio]ethyl}-1-(2-oxo-2-phenylethyl)pyridinium bromide;
5841320) and CS2 (1-{2-[4-(1-methyl-1-phenylethyl)phenoxy]ethyl}pyrrolidine; 7020606) were ordered from
ChemBridge Corporation (San Diego, CA, USA). DQ1 (2-(4-(sec-butyl)phenyl)-N=(1-phenethylpiperidin-4-yli-
dine)quinolone-4-carbohydrazide; IVK 9315735) was purchased from SRC Alinda (Moscow, Russia), and CS4
(5-bromo-2-{[1-(3-fluorophenyl)ethyl]sulfanyl}pyridine; PB742999078) was from Chemspace (Riga, Latvia). CT1
((E)-1-(5-chlorothiophen-2-yl)-3-(4-(diphenylamino)phenyl)prop-2-en-1-one; Z46049784) was purchased from
Enamine (Monmouth Junction, NJ, USA). As solvents, water, ethanol (EtOH) (Carl Roth, Karlsruhe, Germany),
or dimethyl sulfoxide (DMSO) (Carl Roth, Karlsruhe, Germany) was used.

Cell culture. Immortalized epithelial HEK-293T and EA.hy926 cells, a fusion product of A549 and
human umbilical vein endothelial cells, were cultured in Dulbecco’s modified Eagle medium (DMEM) with
10% fetal calf serum (FCS), 5% penicillin-streptomycin, 5% nonessential amino acids (NEAA), and 5%
L-glutamine (complete DMEM) at 37°C with 5% CO2. Luciferase-expressing EA.hy926-NLuc cells were
obtained by transduction with vesicular stomatitis virus glycoprotein pseudoparticles (VSV-Gpp) harbor-
ing the nano luciferase (NLuc) gene and cultured as previously described.

Phospholipidosis assay. EA.hy926 cells were seeded at 1 � 104 cells/well in a 96-well plate. The next
day, CADs and their solvents (DMSO and water) were diluted in culture medium. Phospholipidosis was
quantified using LipidTOX green phospholipidosis detection reagent (H34350; Thermo Fisher Scientific,
Waltham, MA, USA) according to a modified version of a degradation assay (56). In brief, LipidTOX was
diluted 1:500 in complete DMEM and sterile filtered. Then 50 �l of either CAD mixture or controls was
applied to the cells together with 50 �l of diluted LipidTox, resulting in a final CAD concentration of 5 �M
and a final LipidTox dilution of 1:1,000. After incubation for 6 h at 37°C, cells were washed once with PBS.
Medium was exchanged for 100 �l of culture medium, and only the drugs (5 �M) but no LipidTOX were
added a second time. After 24 h in total, cells were washed with PBS, trypsinized, and transferred to
fluorescence-activated cell sorting (FACS) tubes. Cells were washed with 1 ml of FACS buffer (2% FCS in
PBS) and centrifuged for 5 min at 1,000 rpm, and the supernatant was discarded. In some replicates, cells
were fixed with 100 �l of 3 to 6% paraformaldehyde (PFA) with no influence on the results. Finally,
CAD-induced lysosomal accumulation of LipidTOX was quantified as intracellular green fluorescence
by flow cytometry in a BD FACSCanto II instrument (BD, Franklin Lakes, NJ, USA) or for derivates in
Spectral Cell Analyzer SA3800 (Sony Biotechnology, San Jose, CA, USA) and analyzed with FlowJo,
versions 9 and 10.

Chemical properties/parameters. The chemical parameters of CADs, including molecular weight,
pKa, and octanol/water partitioning coefficient (ClogP), were obtained from either the respective data
sheets or the databases PubChem (57), DrugBank (58), and ChemDraw Professional 18 (PerkinElmer,
Hamburg, Germany). The parameter “linker length” was defined as the distance between the amine
group and the first hydrophobic ring structure. We determined linker length by compiling the 3D
structure of each CAD in Chem3D Pro, version 18 (PerkinElmer, Hamburg, Germany), performed MM2
energy minimization, and then used coordinates x, y, and z of the amine and hydrophobic groups to
calculate the distance.

Statistical analysis. Unless stated otherwise, experiments were conducted three times in triplicate.
Statistical analysis was performed in GraphPad Prism, version 7 (La Jolla, CA, USA). The statistical
significance between multiple groups and the control groups was evaluated by ordinary one-way
analysis of variance (ANOVA), followed by a multiple-comparison test (Dunnett), and for correlation
analyses a nonparametric Spearman correlation was run. Concentration-response curves were fitted by
nonlinear regression ([inhibitor] versus response-variable slope [four parameters]), and IC50 and CC50

values were interpolated from the resulting standard curve.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.3 MB.
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