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A B S T R A C T

Ebola virus disease is a severe disease caused by highly pathogenic Ebolaviruses. Although it shows a high mortality rate in humans, currently there is no licensed
therapeutic. During the recent epidemic in West Africa, it was demonstrated that administration of antimalarial medication containing amodiaquine significantly
lowered mortality rate of patients infected with the virus. Here, in order to improve its antiviral activity, a series of amodiaquine derivatives were synthesized and
tested for Ebola virus infection. We found that multiple compounds were more potent than amodiaquine. The structure-activity relationship analysis revealed that the
two independent parts, which are the alkyl chains extending from the aminomethyl group and a halogen bonded to the quinoline ring, were keys for enhancing
antiviral potency without increasing toxicity. When these modifications were combined, the antiviral efficacy could be further improved with the selectivity indexes
being over 10-times higher than amodiaquine. Mechanistic evaluation demonstrated that the potent derivatives blocked host cell entry of Ebola virus, like the
parental amodiaquine. Taken together, our work identified novel potent amodiaquine derivatives, which will aid in further development of effective antiviral
therapeutics.

1. Introduction

Ebola virus (EBOV) causes a severe disease with a high mortality
rate in humans (Baseler et al., 2017). The disease progresses rapidly and
can be easily transmitted through direct contact with patients and
contaminated materials. Since being discovered in 1976, EBOV has
caused sporadic outbreaks with increasing frequency and affected
areas. The 2013–2016 epidemic in West Africa resulted in more than
28,000 infected cases and over 11,000 deaths with multiple cases found
outside the endemic region (Lo et al., 2017). This has created a sig-
nificant public health threat around the world. Although several anti-
viral candidates have been clinically tested, none have shown clear and
significant benefits in patients (van Griensven et al., 2016; Sissoko
et al., 2016; Dunning et al., 2016a,b; PREVAIL II Writing Group, 2016),
emphasizing a need for further development of effective antiviral
therapeutics.

One approach for therapeutic development is to repurpose existing
drugs (Mercorelli et al., 2018). Indeed, several studies identified mul-
tiple approved drugs showing anti-EBOV activity in both in vitro and in
vivo (Madrid et al., 2013; Johansen et al., 2013; Sakurai et al., 2015;
Johansen et al., 2015; Madrid et al., 2015). Repurposing takes

advantage of known drug kinetics, formulation knowledge and other
chemical features while applying to a novel treatment purpose. A
functional compound could potentially have a relatively simple track to
the clinic (Strittmatter, 2014). Unfortunately, taking only this approach
has produced few potent candidates for off-label use in the clinic be-
cause their effective antiviral dosages were much higher than those for
clinical use (Bixler et al., 2017). This outcome is understandable given
that most clinically approved small molecules experienced extensive
structure-activity relationship (SAR) analyses, which focused on the
specific disease indication. A more developed approach that takes ad-
vantage of the established synthesis chemistry, formulation and clinical
knowledge is to evaluate the detailed SAR for the new indication using
the initial hit as the starting point.

Recent screening efforts using clinically used small molecules
identified 4-aminoquinoline antimalarial compounds as potent EBOV
inhibitors (Madrid et al., 2013; Madrid et al., 2015; Ekins et al., 2015).
One of them was amodiaquine, which has been clinically used as an
oral antimalarial medication for more than 60 years. It is on the World
Health Organization's List of Essential Medicines and widely available
in Africa at a low cost (World Health Organization, 2017). After rapid
absorption in humans, amodiaquine undergoes metabolism by
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cytochrome p450 2C8 (CYP2C8) enzyme to desethyl-amodiaquine,
which has a long half-life of 9–18 days (Backman et al., 2016). Previous
reports showed anti-EBOV activity of both amodiaquine and desethyl-
amodiaquine in cell culture (Madrid et al., 2013; Zilbermintz et al.,
2015), suggesting the potential long-lasting antiviral activity in hu-
mans. Although the detailed mechanism of action is not fully under-
stood, virus entry into cells appears to be inhibited. Interestingly, in the
2013–2016 epidemic of EBOV, amodiaquine combined with an arte-
misinin derivative, was prescribed to some malaria patients in the en-
demic region. Later analysis revealed that among people infected with
Ebola virus, those receiving amodiaquine showed significantly de-
creased case mortality (50% vs 65%) compared to those receiving only
non-aminoquinoline-based antimalarial drugs such as artemisinin de-
rivatives or no treatment (Gignoux et al., 2016). This suggests that
amodiaquine may provide clinical benefit for Ebola virus disease pa-
tients, but will require a substantial improvement in potency before
being useful.

In this study, we synthesized and mechanistically evaluated a series
of existent and novel amodiaquine derivatives to define SAR for anti-
EBOV activity, aiming to identify compounds with low toxicity and
improved potency against EBOV infection.

2. Materials and Methods

2.1. Cells and reagents

Huh7 cells (gift from Dr. Stanley Lemon, University of North
Carolina, NC) and Vero-E6 cells (CDC, Atlanta, GA) were maintained in
Dulbecco's modified Eagle's medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin solution.
293FT cells were purchased from Life Technologies and cultured in
DMEM with 500 ng/ml of G418. For nuclear staining, Hoechst33342
dye was purchased from Life Technologies.

2.2. Chemical compounds

All the 4-aminoquinolines including amodiaquine were newly syn-
thesized at Tokushima Bunri University. Synthetic methods are de-
scribed in the patent application PCT/US18/27528. The purity of each
compound was analyzed and the identity was confirmed by 1H and 13C
nuclear magnetic resonance (NMR) and high-resolution mass spectro-
metry (data not shown). Compounds were dissolved to 20mM in DMSO
and stored at −80 °C until use.

2.3. EBOV-green fluorescent protein (GFP) cultivation and infection

A recombinant EBOV encoding a GFP reporter gene (EBOV-GFP)
was provided by Dr. Heinz Feldmann (Rocky Mountain Laboratories,
National Institute of Health, Hamilton, MT). The virus was cultivated
on Vero-E6 cells by infection at a multiplicity of infection (MOI) of
approximately 0.1. Culture supernatants were collected after 5 days,
and clarified by centrifugation at 2000×g for 15min. The virus was
concentrated by ultracentrifugation at 82,700×g for 2 h pelleting
through a 20% sucrose cushion and re-suspended in phosphate buffered
saline (PBS). Virus titer was determined by serial dilution on Vero-E6
cells. After 24 h-incubation, the cells were fixed in 10% formalin
for> 24 h, washed with PBS, stained with Hoechst 33342 dye and
imaged by a Nikon Ti Eclipse inverted microscope with a 4× lens.
Counting of the cell nuclei and GFP-positive foci was performed using
Cell Profiler image analysis software (Broad Institute, MIT, Boston, MA)
and customized analysis pipeline (available on request). For infection
assays, Huh7 cells were seeded in 384 well plates and incubated
overnight at 37 °C. Cells were pretreated for at least 1 h with each
compound diluted across a 2-fold serial dilution series. They were then
challenged with EBOV-GFP at an MOI of 0.05 for 24 h, the time cor-
responding to approximately one round of replication and

accumulation of sufficient GFP signal to be detected in infected cells.
All cells were fixed and analyzed as described above. All experiments
with replication competent Ebola virus were performed in a biosafety
level 4 (BSL4) laboratory at Texas Biomedical Research Institute.

2.4. Cytotoxicity measurement

Drug cytotoxicity was measured using CellTiter-Glo Luminescent
Cell Viability Assay (Promega, Madison, WI) following the manufac-
turer's protocol. Huh7 cells were seeded in white walled 96 well plates
(Corning, Lowell, MA) and incubated with each compound at 37 °C.
After 24 h, the assay buffer was added to the culture plates and in-
cubated for additional 10min at room temperature. Luminescence was
measured using a 96-well plate luminometer (Promega, Madison, WI).

2.5. Generation of recombinant VSV pseudotyped with virus glycoproteins

To evaluate compound inhibition of glycoprotein (GP) function in
controlling virus entry into cells, GP-pseudotyped recombinant vesi-
cular stomatitis viruses (VSV) were made with the G gene replaced by a
luciferase reporter gene and the GP supplied exogenously (VSVΔG-VSV-
G). VSVΔG pseudotyped with EBOV or Marburg virus GP (VSVΔG-
EBOV-GP or VSVΔG-MARV-GP, respectively) were generated starting
with VSVΔG-VSV-G. For VSVΔG-MARV-GP, the MARV GP was supplied
by transfecting 293FT cells with 5 μg of plasmids pMARV Musoke GP
and 10 μg of pβ-gal (a non-specific carrier plasmid) using the calcium
phosphate method in 10 cm dishes. Twenty four hours after transfec-
tion, the cells were challenged with VSVΔG-VSV-G and left overnight.
The supernatant was harvested 48 h after challenge and stored at
−80 °C until use. For production of VSVΔG-EBOV-GP, cells were
transfected with 1 μg of pEBOV Mayinga GP and 14 μg of pβ-gal
plasmid as a carrier to 293FT cells. Twenty four hours after transfec-
tion, the cells were challenged with VSVΔG-MARV-GP overnight and
washed twice with PBS. The latter virus was used instead of VSVΔG-
VSV-G as the MARV GP is more labile than VSV-G and does not as
readily carry over into the lower titer EBOV-GP bearing pseudotype.
The supernatant was harvested 48 h after infection and stored at
−80 °C until use. As a control for carry-over of the inoculating parent
virus, cells were transfected with the plasmid expressing β-galactosi-
dase alone and then challenged with the parent virus stock. The culture
supernatant was collected and tested for the activity. Virus titers were
determined by serial dilution on Huh7 cells with luciferase activity
measured 16 h post-infection.

2.6. Infection assay with recombinant pseudotyped VSV

Huh7 cells were plated in white walled 96-well plates (Corning,
Lowell, MA) and incubated with each compound in 2-fold serial dilu-
tions. After 1 h, VSVΔG-EBOV-GP or VSVΔG-VSV-G was added. The
cells were challenged with virus in the presence of compounds at 37 °C
for 16 h, and the medium was replaced with luciferase assay buffer
(20mM Tricine-HCl, pH 7.5, 8 mM MgSO4, 0.13mM ethylenediami-
netetraacetic acid (EDTA), 0.53mM ATP, 33mM dithiothreitol (DTT)
0.47mM luciferin) containing 0.2% of Triton X-100 detergent. After the
cells were incubated with the buffer for 10min at room temperature,
the luciferase activity was measured using a 96-well plate luminometer
(Promega).

2.7. Minigenome assay

To evaluate the impact of small molecule treatment on EBOV
genome replication/transcription steps, a plasmid-based minigenome
assay was performed. p3E5E-Luc plasmid, encoding the EBOV mini-
genome containing a firefly luciferase reporter gene, was provided by
Dr. Elke Muhlberger (Boston University, MA) and described previously
(Muhlberger et al., 1999). Plasmids encoding the virus
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Table 1
The chemical structures of amodiaquine derivatives and antiviral activities against EBOV-GFP.

Compound # R1 R2 R3 R4 IC50 (μM) for EBOV-GFP

Amodiaquine Cl H H 2.13 ± 0.32

1 Cl H H 5.78 ± 1.49

2 CF3 H H 5.87 ± 1.46

3 Cl H H 6.39 ± 0.93

4 Br H H 1.55 ± 0.14

5 F H H 2.78 ± 0.28

6 H H 1.64 ± 0.22

7 Cl H 0.73 ± 0.07

8 Cl H H 1.46 ± 0.14

9 Cl H H 1.21 ± 0.09

10 Cl H H 2.14 ± 0.21

11 Cl H H 1.46 ± 0.15

12 H H H 2.14 ± 0.18

13 Cl H H 1.68 ± 0.19

14 Cl H H 1.22 ± 0.11

15 Cl H H 1.28 ± 0.07

16 Cl H H 2.08 ± 0.22

17 Cl H H 1.77 ± 0.18

(continued on next page)
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ribonucleoprotein replication complex (Shtanko et al., 2018) were in-
troduced into Huh7 cells plated in 24 well plates using TransIT LT1
transfection reagent and incubated overnight at 37 °C. Cells were
transfected with 100 ng of p3E5E, 50 ng of pC-NP, 30 ng of pC-VP30,
50 ng of pC-VP35, 300 ng of pC-L, 100 ng of a plasmid encoding T7
polymerase and 100 ng of a plasmid encoding a renilla luciferase (to
measure transfection efficiency). Twenty-four hours after transfection,
cell culture medium was changed to fresh medium containing each
compound and the cells were incubated at 37 °C for additional 24 h.
Both firefly and renilla luciferase activities were measured using Dual-
Luciferase® Reporter Assay System (Promega) according to the manu-
facture's instruction.

3. Results

3.1. Initial screening identifies 4-aminoquinolines with higher potency than
amodiaquine

A series of 69 4-aminoquinolines structurally related to amodia-
quine were synthesized (Table 1 and Table S1). At first, structural
features were randomly modified and evaluated to identify those re-
sponsible for improved potency without increased toxicity. Each com-
pound was tested for antiviral activity using replication competent
EBOV encoding GFP as the infection reporter. Huh7 cells were chosen
as target cells since they are derived from human liver cells, which is
one major target of EBOV infection and pathology in vivo (Martines
et al., 2015). Consistent with previous reports using other cell types, the
parent compound, amodiaquine, inhibited EBOV infection, with a 50%
inhibitory concentration (IC50) in the micromolar range (2.13 μM,
Fig. 1A). For the current work, the cut off for significant improvement
in potency was set at an IC50 of 1.5 μM, which corresponded to

amodiaquine's IC50 minus 2× standard deviation (SD) of measure-
ments. Fourteen among 69 tested compounds showed improved po-
tency (Table 1, Fig. 1A). Those with the highest potency were com-
pounds 7, 18, 23 and 28 with IC50s of 0.73, 0.64, 0.29 and 0.72 μM,
respectively.

Cytotoxicity was evaluated for the 14 potent compounds by mea-
suring cell viability after 1-day incubation, as done for the infection
assays. According to their 50% cytotoxic concentrations (CC50s), the
concentration corresponding to 50% cell cytotoxicity, a selectivity
index (SI) for each compound was calculated by dividing the CC50 by
the IC50. Compared to amodiaquine with an SI of 37, compounds 18 and
28 yielded SIs of> 130 due to lowered cytotoxicity (Table 2). Com-
pounds 11, 14, 25, 26 and 29 also gave SIs higher than amodiaquine.
The derivatives with improved potency and low toxicity were chosen as
lead compounds for further derivatization.

3.2. SARs of the initial derivative series

Our initial derivative screening revealed that improved anti-EBOV
potency, in general, corresponded to modification of the alkyl chain
extending from the aminomethyl group (R1, Table 1), as seen in com-
pounds 8, 9, 11, 14, 15, 21, 23, 25, 26, 28 and 29. Extension of this
alkyl chain appeared to increase potency. However, the presence of
triple covalent bonds (compound 1) or a benzene ring (compound 3)
reduced antiviral activity. Amino groups as for compound 13 or hy-
droxyl groups such as compounds 17, 19 and 22 had no impact on
potency.

The electronegativity of halogens bonded to position 7 of the qui-
noline ring (R2) appeared to inversely correspond to potency. Fluorine
(compound 5), with the highest electronegativity, produced a com-
pound with lower potency than amodiaquine, which has a chlorine at

Table 1 (continued)

Compound # R1 R2 R3 R4 IC50 (μM) for EBOV-GFP

18 I H H 0.64 ± 0.05

19 Cl H H 1.80 ± 0.28

20 Cl H 1.31 ± 0.10

21 Cl H H 1.09 ± n.d.

22 Cl H H 1.73 ± 0.09

23 Cl H H 0.29 ± 0.03

24 Cl H H 6.03 ± 0.41

25 Cl H H 0.86 ± 0.08

26 Cl H H 0.94 ± 0.08

27 Cl H H 2.32 ± 0.32

28 Cl H H 0.72 ± 0.08

29 Cl H H 1.39 ± 0.13
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this position. In contrast, bromine (compound 4) and iodine (compound
18) which have lowered electronegativity, improved potency by 1.4
and 3.3-fold, respectively (Table 1).

Phenol ring adducts (R3), such as chlorobenzene, had a positive
effect on antiviral activity. This was highlighted by 1.6-fold higher
antiviral activity of compound 20 over amodiaquine (Table 1).

Compounds with a phenyl ring or benzene ring attached to the

quinoline ring through position 3 (R4), such as compound 7, which has
a methoxy group, also showed higher potency (2.9-fold) against EBOV
infection (Table 1). The results from these derivatives are consistent to
that seen in quinacrine, which also has a phenyl group and is an anti-
malarial agent that shows a significant anti- EBOV activity (Ekins et al.,
2015).

In contrast, compounds lacking the structure, in which an amino-
quinoline and a phenyl ring or a benzene ring are bridged by an amino
group, showed much lower potency than amodiaquine, as seen in
compounds 34, 35 and 40 (Table S1), suggesting that the structural core
is critical for the anti-EBOV activity. However, the amino group can be
substituted from the original secondary amine to a tertiary amine be-
cause compound 43 showed similar potency to the parental amodia-
quine (Table S1).

3.3. Combination of identified features improves potency against EBOV
infection

SARs of the initial derivative set demonstrated that the alkyl chain
moiety extending from the aminomethyl group and the halogen bonded
to the quinoline ring were important features for improved potency
against EBOV without increasing cytotoxicity. Importantly, each fea-
ture can be independently modified. Consequently, a second set of
derivatives was synthesized with an iodine substitution at position 7 of
the quinoline ring combined with a variety of alkyl chain lengths. All of

Fig. 1. Amodiaquine and its derivatives inhibit EBOV infection. Huh7 cells were challenged with recombinant EBOV encoding GFP (EBOV-GFP) in the presence of
the indicated concentrations of amodiaquine, compound 18 or compound 28 (A) or compounds 18, compound 72 or compound 78 (B). After 24 h, cells were fixed,
the nuclei were stained with Hoescht 33342 and images were captured by microscopy. The images of cells treated with each compound at 2.5 μM and untreated cells
are shown (left panels). Infected cells expressing GFP and total cell numbers were counted to calculate the infectivity, which was normalized to those of untreated
controls to obtain relative infectivity. They were plotted as a function of compound concentration to draw dose-response curves (right panels). All measurements
were performed in at least triplicate and shown as mean ± SD. Similar results were obtained in replicate experiments.

Table 2
Selectivity indexes of potent amodiaquine derivatives.

Compound IC50 (μM) for EBOV-GFP CC50 (μM) Selectivity index

Amodiaquine 2.13 78.95 37
7 0.73 14.75 20
8 1.46 39.18 27
9 1.21 26.09 22
11 1.46 60.5 41
14 1.22 >100 >82
15 1.28 41.77 33
18 0.64 >100 >156
20 1.31 19.48 15
21 1.09 33.16 30
23 0.29 5.18 18
25 0.86 65.91 77
26 0.94 >100 >106
28 0.72 >100 >139
29 1.39 >100 >72
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the derivatives efficiently blocked EBOV infection with several of them
showing more than 2-fold higher potency than compound 18, which has
the same alkyl chain as amodiaquine (Fig. 1B). Consistent with the
initial screening results, extension of the alkyl chain had positive effects
on the antiviral activity with the most potent being compound 78,
which had the longest chain length (Table 3). Cytotoxicity tests re-
vealed that most of the compounds showed low toxicity with 74, 76, 77,
78, 79, 80 and 83 yielding SIs> 200, which are higher than those for
the initial derivative sets. Therefore, they appeared to have higher
potential as treatments for Ebola virus disease.

3.4. Potent amodiaquine derivatives block host cell entry of EBOV

In order to investigate how the potent compounds affected the
EBOV replication cycle, each was tested for host cell entry and virus
genome replication using pseudotyped virus and minigenome assays,
respectively. As shown in Fig. 2A–C, infection by vesicular stomatitis
virus (VSV) bearing EBOV glycoproteins (VSVΔG-EBOV-GP) was in-
hibited by the compounds over 10 times more potently than VSV
bearing the native VSV glycoproteins (VSVΔG-VSV-G). The potency of
the compounds against VSVΔG-EBOV-GP was similar (within 3-fold) to
those against EBOV-GFP (Table 1, Fig. 2C). In contrast, the activity of
EBOV minigenome was not significantly affected by the compounds,
whereas mycophenolic acid, which is a known EBOV genome replica-
tion inhibitor, effectively blocked the signal from the minigenome
(Fig. 2D) (Edwards et al., 2015). These results indicated that the deri-
vatives specifically blocked host cell entry of EBOV. Moreover, both
compounds 18 and 28 inhibited entry more efficiently than amodia-
quine, which was consistent with the outcomes of EBOV-GFP infection
(Fig. 1B). Compounds 18 and 28 are representative derivatives with one
of the important structural features revealed in the initial screening.
Therefore, these modifications improved antiviral potency of the com-
pounds by specifically targeting host cell entry without gaining anti-
replication effects.

3.5. Discussion

This work confirms that amodiaquine, a well-tolerated drug with a
long history of use for treatment of malaria, also has anti-EBOV activity.
Importantly, it was possible to modify this compound to improve its
potency for an alternative use. A clear SAR was found for the anti-EBOV
activity. Some of the modifications, which enhanced the antiviral ef-
fects, appeared to act independently of each other. The most important
features were the length of the alkyl chain extending from the amino-
methyl group and the electronegativity of the halogen bound to the
quinoline ring. When each of these features were combined, further
improvement in potency, toward the submicromolar range, was
achieved. In addition to improving potency, many of these compounds
were better tolerated in cultured cells than amodiaquine. Consequently,
we identified multiple compounds showing much higher selectivity
indexes than amodiaquine. These amodiaquine derivatives are now
lead compounds for further medicinal chemistry development for use in
the clinic.

Derivatization is one of the traditional and effective techniques for
drug development. By modifying specific structural components, this
approach can enhance the specific effects, reduce toxicity or improve
pharmacokinetics of the parental drugs without diminishing their de-
sirable features. Derivatization of artemisinin, an antimalarial drug,
generated more effective drugs such as artesunate by improving the
bioavailability (Balint, 2001). Brincidofovir, a promising experimental
drug against some DNA viruses, is a derivative of an anti-herpes virus
cidofovir with much higher activity against poxviruses and potential
anti-EBOV activity as well as lower toxicity (Parker et al., 2008; Olson
et al., 2014; McMullan et al., 2016). Interestingly, brincidofovir has a
lengthened alkyl chain, which is the same structural feature as that of
our potent derivatives. Similar to the parental drugs in these cases,

Table 3
The chemical structures of the 2nd series of amodiaquine derivatives and an-
tiviral activities against EBOV-GFP.

Compound # R IC50 (μM) for
EBOV-GFP

CC50 (μM) Selectivity
index

18 0.58 ± 0.05 >100 >172

70 0.69 ± 0.08 >100 >145

71 0.62 ± 0.06 >100 >161

72 0.29 ± 0.04 38.35 132

73 0.30 ± 0.04 32.34 108

74 0.43 ± 0.06 >100 >233

75 0.44 ± 0.04 66.13 150

76 0.37 ± 0.04 >100 >270

77 0.39 ± 0.02 >100 >256

78 0.26 ± 0.06 >100 >385

79 0.41 ± 0.05 >100 >244

80 0.36 ± 0.04 >100 >278

81 0.41 ± 0.04 60.36 147

82 0.66 ± 0.05 35.34 54

83 0.37 ± 0.07 >100 >270

84 1.59 ± 0.12 >100 >63

85 1.95 ± 0.22 >100 >51
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amodiaquine has a history as a medication in clinic and also showed a
small but significant clinical benefit to patients infected with EBOV
(Gignoux et al., 2016). Therefore, derivatization of amodiaquine ap-
peared to be a reasonable process in order to discover promising ther-
apeutics against Ebola virus disease. Our results demonstrated that this
approach has a potential to work for this disease indication.

Our SAR analyses demonstrated that the alkyl chain extending from
the aminomethyl group was one of the key modification target for in-
creasing the anti-EBOV activity. Such modifications were reported to
assists in drug accumulation in vacuolar compartments (Parhizgar and
Tahghighi, 2017), suggesting that efficient and appropriate localization
of the amodiaquine derivatives in infected cells is an important factor
for its anti-EBOV activity. Indeed, amodiaquine and chloroquine in
mammalian cells accumulate much less than in malaria parasites
(Hawley et al., 1996), a desirable property as an anti-malarial but not
useful for an antiviral. Consequently, the antiviral potency of these 4-
aminoquinolines is much less than its reported anti-malarial activity,
with an IC50 in the ten nanomolar range (O'Neill et al., 2003; Hocart
et al., 2011). However, our study showed that extension of the alkyl
chains of amodiaquine could improve the anti-EBOV potency by 7-fold,
suggesting that the modification appeared to improve the efficacy of
compound accumulation in host mammalian cells. In addition, the alkyl
chain of amodiaquine is important for in vivo drug kinetics because it is

a target of metabolism by CYP2C8, a member of the cytochrome P450
superfamily, and potentially affects the circulation half-lives of the
compounds and their kinetics inside the cells (Backman et al., 2016).
Although this metabolism may not be critical for amodiaquine because
the major metabolite, desethyl-amodiaquine, still has a similar anti-
EBOV activity, metabolic forms of our derivatives and their antiviral
potency are unknown and will need to be investigated. Moreover, as
amodiaquine induces rare but serious liver injury, which was suggested
to be caused by P450-mediated drug metabolism, these modifications
may also affect toxicity of the derivatives in vivo and will need ver-
ification (Shimizu et al., 2009).

Our derivative screening also demonstrated that substitution of a
halogen bonded to the quinoline ring could enhance the antiviral po-
tency. Halogen substitution or insertion has been a commonly used
technique for drug development (Hernandes et al., 2010). Such mod-
ification generally affects the interaction between the compound and
the target by mechanisms such as steric effects and the formation of
halogen bonds, which strength is proportional to electronegativity of
the halogen. Interestingly, our SAR analysis revealed that the electro-
negativity of the halogens inversely corresponded to anti-EBOV po-
tency, suggesting that the effect of the halogen substitutions seemed to
depend on steric effects, in which larger halogens could efficiently oc-
cupy the space in the target. Although the inhibitory mechanism of

Fig. 2. Amodiaquine and its derivatives inhibit glycoprotein-dependent entry of EBOV. To address the effects of compounds on virus entry into the cell, pseudotyped
viruses bearing the glycoprotein of (A) EBOV or (B) VSV and encoding a firefly luciferase reporter were used. Huh7 cells were treated with the indicated doses of each
compound and challenged with either pseudotyped virus. Luciferase activities were measured and normalized to those of untreated controls (mean ± SD, n=3).
Each data set is representative of two independent experiments. (C) Comparison of activity of amodiaquine, compounds 18 or compound 28 for inhibition of
pseudotyped virus infection. Calculated IC50 values are shown as mean ± SD from 2 independent experiments performed using triplicate samples. (D) To assess
EBOV transcription and replication, Huh7 cells were transfected with a plasmid expressing EBOV minigenome RNA encoding a firefly luciferase reporter, plasmids
expressing each component of the EBOV polymerase complex and a plasmid expressing a renilla luciferase reporter. Twenty-four hours later, cells were treated with
DMSO (untreated), amodiaquine (10 μM), compound 18 (10 μM), compound 28 (10 μM) or mycophenolic acid (10 μM) as a positive control. Luciferase activities
were measured after additional 24 h. Firefly luciferase activities normalized to renilla luciferase activities are shown (mean ± SD, n= 3). Each data set is re-
presentative of two independent experiments.
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amodiaquine is unclear, our data suggest that the anti-EBOV effect of
amodiaquine appears to have a molecular target, which is important for
EBOV infection, or accumulates in a cell compartment required for
EBOV to access. Moreover, our mechanistic assay indicated that the
molecular target or the compartment, if any, is specific to EBOV entry
step as VSV entry was comparatively resistant to the compound treat-
ment. The halogen substitution must affect the physical interaction
between an amodiaquine-derivative and such a target.

Amodiaquine was originally developed and has been widely used in
the clinic officially since the 1970s for the treatment and prophylaxis of
malaria. However, later studies revealed that it was active against a
wide range of human pathogens, including multiple viruses such as
flaviviruses, coronaviruses, alphaviruses, bunyaviruses and filoviruses
(Boonyasuppayakorn et al., 2014; Baba et al., 2017; Han et al., 2018).
Moreover, it inhibited the delivery of anthrax toxin and diphtheria
toxins into cytoplasm as well as growth of the fungus, Penicillium
marneffei, inside macrophages (Zilbermintz et al., 2015; Taramelli et al.,
2001). Although using amodiaquine itself against these pathogens in
the clinic is not practical due to the weak potency, it can be a lead
candidate to create more potent compounds as exemplified by our study
for Ebola virus. Moreover, multiple amodiaquine derivatives were
synthesized previously and shown to be active against other pathogens
(Boonyasuppayakorn et al., 2014; Baba et al., 2017; De et al., 1998).
Besides the original medical purpose as an antimalarial, amodiaquine
may now have another potential as a lead compound to develop ther-
apeutic agents against a wide range of human pathogens.
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