ANTIVIRAL AGENTS

crossm
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Quinacrine hydrochloride is a small-molecule, orally bioavailable drug
that has been used clinically as an antimalarial and for many other applications. A
machine learning model trained on Ebola virus (EBOV) screening data identiﬁed
quinacrine as a potent (nanomolar) in vitro inhibitor. In the current study, quinacrine
25 mg/kg was shown to protect 70% of mice (statistically signiﬁcant) from a lethal
challenge with mouse-adapted EBOV with once-daily intraperitoneal dosing for
8 days.
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I

n the last 5 years, we witnessed two major Ebola virus (EBOV) outbreaks in Africa.
These outbreaks point to the urgent need for an effective antiviral drug that can be
used to treat patients and provide protection for health care workers. In June 2018, an
ethics committee in the Democratic Republic of the Congo approved the compassionate use of the ﬁve investigational therapeutics for treatment of Ebola virus disease: the
antivirals favipiravir (1) and GS-5734 (remdesivir) (2) and the antibody therapeutics
mAb114 (3), Zmapp (4), and REGN3470-3471-3479 (5). None of these are FDA-approved;
therefore, there is still a need for rapid development of new antivirals, which points to
repurposing of existing drugs (6, 7). We used in vitro screening data for EBOV to derive
computational machine learning models (8). These identiﬁed quinacrine, pyronaridine,
and tilorone with sub-M 50% effective concentration [EC50] values in vitro. We address
the in vivo efﬁcacy of the antimalarial quinacrine in a mouse model (8, 9). Quinacrine
hydrochloride [6᎑chloro-9᎑(4᎑diethylamino᎑1᎑methylbutylamino)᎑2-methoxyacridine dihydrochloride dihydrate] (Fig. 1) has a long history of clinical use as an antiprotozoal
drug and a treatment for systemic lupus erythematosus (see Text S1 in the supplemental material). The current work describes the in vitro absorption, distribution,
metabolism, and excretion (ADME) evaluation and the in vivo anti-EBOV efﬁcacy of
quinacrine.
Quinacrine has activity in HeLa cells but not Vero cells. Quinacrine hydrochloride
and tilorone dihydrochloride were purchased from BOC Sciences (Shirley, NY). Kolliphor
HS 15 (Solutol) and sterile water for injection were purchased from Sigma-Aldrich (St.
Louis, MO). Quinacrine hydrochloride was tested (using the National Institute of Allergy
and Infectious Diseases [NIAID] Division of Microbiology and Infectious Diseases services) against representatives of the Herpesviridae, Togaviridae, Flaviviridae, Picornaviridae, and Poxviridae families; Bunyavirales; hepatic viruses; respiratory viruses; and other
viruses.
Quinacrine was tested in vitro for its anti-EBOV activity in the Vero 76 cell line (10,
11), and the antiviral activity (EC50, ⬎12.3 M) was similar to the 50% cytotoxicity
concentration (CC50, 12.3 M) (see Table S1 in the supplemental material). This is in
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FIG 1 Quinacrine molecular structure.
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contrast to prior data in HeLa cells showing selectivity, with EC50 values of 0.35 to
0.98 M (8, 9) and a CC50 value of 6.2 M (8). Quinacrine demonstrated no apparent
selectivity (50% selectivity index [SI50], ⬎10) for selected additional viruses (Table S1),
and the majority were tested in Vero 76 cells. This is similar to our previous observations
with tilorone (12).
Quinacrine has generally favorable in vitro ADME properties. In vitro ADME
studies present preliminary information that can determine whether a compound is
worth pursuing in in vivo studies. All in vitro ADME studies were performed by BioDuro
(San Diego, CA) and were previously described in detail (9, 12). Test compounds were
analyzed by reverse-phase high-performance liquid chromatography (HPLC) with a
Kinetex 2.6-m C18 100A column (3.0 by 50 mm; Phenomenex, Torrance, CA) using the
Shimadzu LC-20AD system (Columbia, MD). The mobile phase consisted of solvent A
(water with 0.1% formic acid) and solvent B (acetonitrile with 0.1% formic acid). The
mass spectrometry (MS) detection was performed by using an API 4000 Q Trap system.
The amount of parent compound was determined on the basis of the peak area ratio
(compound area to internal standard [IS] area). The 50% inhibitory concentration (IC50)
was calculated using GraphPad Prism 5 software. The ﬁnal dimethyl sulfoxide (DMSO)
percentage was 1%. For kinetic solubility determination, 396 l of universal aqueous
buffer (pH 7.4) was added to 4 l of a 50-mM DMSO stock solution of tilorone. Wells
were agitated for 4 h at 20°C and then ﬁltered. The compound was then diluted to serial
concentrations with DMSO, followed by serial dilutions with acetonitrile:H2O (1:1)
before LC-MS analysis. The calculated concentration (micromoles) of soluble quinacrine
was determined in reference to a standard curve. For Caco-2 permeability assessment,
Caco-2 cells were grown on 24-well (pore size, 0.4 m) polycarbonate ﬁlters. The
monolayers were preincubated with prewarmed Hanks’ balanced salt solution containing 2.5% HEPES buffer (pH 7.4) for 0.5 h at 37°C. After preincubation, the buffer was
removed, and quinacrine was added to reach a ﬁnal concentration of 10 M. Bovine
serum albumin 2% was added to the receiver buffer for the study. The total volume was
400 l for the apical (A) side and 1,200 l for the basolateral (B) side. For the
apical-to-basolateral transport study (A-B), 100 l of each was collected from both sides
for sample analysis at the start of the assay, and then 200 l was collected from the
apical side at 90 min (end of the study). The same time points and amounts were
used for the basolateral-to-apical transport study (B-A). The apparent permeability
coefﬁcient (Papp) was calculated from the following equation: Papp (cm/s) ⫽ (V ·
␦C/␦t)/A · C, where V is the volume of the receiver cell, A is the exposed surface area
(0.64 cm2), C is the initial donor concentration, and ␦C/␦t is the change in receiver
concentration over time.
For cytochrome P450 (CYP) inhibition assessment, human liver microsome solution
(0.2 mg/ml), along with substrate, was aliquoted into 0.05 phosphate buffer (pH 7.4) in
1.1-ml tubes. Study samples (containing either control inhibitor or quinacrine) were
added into the tubes, vortexed gently, and preincubated for 5 min at 37°C. A total of
20 l of NADPH solution was aliquoted into all tubes, then vortexed to start the
reaction and to ensure adequate mixture of the NADPH. After mixing, the tubes were
incubated for 20 min at 37°C in a shaking water bath and then quenched in 300 ml
formic acid/acetonitrile solution. After quenching, the samples were vortexed vigoraac.asm.org 2
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ously for 1 min and centrifuged at 4,000 rpm for 15 min (4°C). A total of 100 l of
supernatant was transferred to 0.65-ml tubes for liquid chromatography MS (LC-MS)
analysis by the bioanalytical method described earlier. The CYP450 substrates and
control inhibitors for each enzyme were as follows: 1A2, phenacetin, naphthoﬂavone;
2C9, diclofenac, sulfaphenazole; 2C19, omeprazole, tranylcypromine; 2D6, dextromethorphan, quinidine; and 3A4, midazolam, ketoconazole. Mouse liver microsome
stability assessed using mouse liver microsome solution (197.5 l, 1 mg/ml protein
concentration) was aliquoted into 1.1-ml tubes, to which 2.5 l of positive-control
and quinacrine stock solutions (100 M in DMSO) were added. The tubes were
vortexed gently and preincubated for 5 min at 37°C, after which 50 l of 5 mM
NADPH or LM buffer (no NADPH buffer) was added into the tubes. For analysis, an
aliquot of 15 l was removed from each tube at 0, 5, 15, 30, and 60 min (withoutNADPH reaction: 0, 30, and 60 min) and quenched with 300 l of 25 ng/ml propranolol in acetonitrile. Samples were vigorously vortexed for 1 min and then
centrifuged at 4,000 rpm for 15 min at 4°C. A total of 100 l of supernatant from
each sample was transferred to 0.65-ml tubes for LC-MS analysis. The amount of
parent compound was determined on the basis of the peak area ratio (compound
area to IS area) for each time point. Clearance rates were calculated by the equation
CLint (l/min/mg protein) ⫽ ln(2) · 1,000/t1/2/protein concentration, where CLint is
intrinsic clearance and t1/2 is half-time.
Protein binding in plasma was determined when the donor side of dialysis inserts
was ﬁlled with 200 l plasma containing 5 M quinacrine and 0.5% DMSO and the
receiver side of the dialysis inserts was ﬁlled with 350 l of phosphate-buffered saline
(100 mM, pH 7.4). The prepared dialysis apparatus was placed in a shaker (37°C,
100 rpm) for 5 h. Two tubes with plasma containing 5 M quinacrine were prepared for
stability testing; one tube was placed in the freezer (4°C) for 5 h, and the other tube was
placed in a shaker (3°C, 100 rpm) for 5 h. Samples were collected from the donor and
receiver sides of each dialysis insert. The same volume of blank plasma was added to
buffer samples and blank buffer to plasma samples to make sure all sample mixtures
contained 50% plasma and 50% buffer. A total of 50 l of each sample was mixed with
300 l of acetonitrile containing 25 ng/ml IS (propranolol). All samples were vortexed
for 1 min and then centrifuged at 4,000 rpm (4°C, 15 min). A total of 100 l of the
supernatant was transferred to a 0.65-ml tube for LC-MS analysis. The amount of
quinacrine was determined on the basis of the peak area ratio (compound area to IS
area) for the two sides, and protein binding was determined using the following
equation: %bound ⫽ 100 ⫻ ([area ratio of donor] 5 h · 5 ⫺ [area ratio of receiver]
5 h)/([area ratio of donor] 5 h · 5). The percentage remaining at 37°C after 5 h was
calculated on the basis of the amount measured at 0°C after 5 h.
Kinetic solubility (13), CYP inhibition (14), metabolic stability (15), Caco-2 permeability (16), and plasma protein binding (in mice and humans) (17) were evaluated in
vitro (Table 1). Quinacrine showed fair mouse metabolic stability, good solubility, and
high absorption and is unlikely to be a P-glycoprotein substrate. It inhibits CYP450 1A2,
2C19, and 3A4 in the low M range, and it is a potent inhibitor of CYP2D6 (IC50, 13 nM)
(Table 1).
Quinacrine demonstrates in vivo efﬁcacy in the mouse-adapted Ebola virus
model. Test article preparation for in vivo studies required that the dose formulations
were aseptically prepared under yellow light by mixing the appropriate amount of test
article in melted Kolliphor HS 15 (Solutol) (20% of ﬁnal volume) using a vortex mixer for
30 s. The remaining sterile water (Sigma-Aldrich) was added, and the formulations were
mixed using a vortex mixer for 30 s and sonicating for 15 min. The ﬁnal 20% Kolliphor
HS 15 dose formulations were clear red solutions. All work with mouse-adapted EBOV
(maEBOV)-challenged mice was approved by the University of Texas Medical Branch’s
(UTMB) institutional animal care and use committee and was done in accordance with
all applicable sections of the Final Rules of the Animal Welfare Act regulations (9 CFR
parts 1, 2, and 3) and the Guide for the Care and Use of Laboratory Animals (18). This
work was conducted in UTMB’s American Association for Accreditation of Laboratory
aac.asm.org 3
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TABLE 1 In vitro ADME properties for quinacrine
Data
80.5 at pH 7.4

CYP inhibition (M)
1A2
2C9
2C19
3A4
2D6

6.66
⬎50
8.66
3.96
0.013

Mouse liver microsomes
t1/2 (min)
CLint (l/min/mg protein)

22.5
30.8

Mouse plasma protein binding (%)
Human plasma protein binding (%)

Binding, 91.8; stability at 5 h, 84.1
Binding 89.9; stability at 5 h, 106

Caco-2
Papp A-B (cm/s)
Papp B-A (cm/s)
Efﬂux ratio

30.6 ⫻ E-6
19.0 ⫻ E-6
0.92
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ADME property
Solubility (M)

Animal Care-accredited GNL BSL4 laboratory. BALB/c mice (Envigo Laboratories) aged 6 to
8 weeks at delivery with a weight range of 16.4 to 27.1 g on study day (SD) were acclimated
to study housing for 7 days before the virus challenge. Animals were monitored daily by
visual examination. Clinical scoring and health assessments were performed and documented at each observation using a quantitative assessment of pain and distress
scoring system. Animals were scored based on the following observations: 1, healthy;
2, mild signs of lethargy, some fur rufﬂing, no hunched posture; 3, fur rufﬂing, hunched
posture, mild signs of lethargy; 4, rufﬂed, hunched posture, increased lethargy, and
limited mobility; 5, moribund (rufﬂed, hunched posture with reduced or minimal
mobility consistent with inability to reach food or water or a ⫾20% weight loss). Once
animals reached a clinical score of 3, they were observed twice daily with 6 to 8 h
between observations. Animals with advanced disease (score of 4) were observed a
third time. The third observation occurred 4 to 6 h after the afternoon observation. All
surviving animals were humanely euthanized on SD28. Mice were weighed daily
through SD7. After this period and for the remainder of the study, animals were
weighed every 3 days and monitored at least once per day for the development of
clinical signs. Ebola virus Mus musculus/COD/1976/Mayinga-CDC-808012 (maEBOV)
stock virus from clariﬁed supernatant from maEBOV-infected Vero E6 cell monolayers in
growth medium/20% fetal bovine serum/0.01 M Tris was diluted from the 1.05 ⫻ 107
PFU/ml stock to a target challenge dose concentration of 1,000 PFU/ml such that
animals received a target of 100 PFU per 100-l dose. Virus administration was
performed via intraperitoneal (i.p.) injection, and the viral dose administered was
veriﬁed through plaque assay analysis of the prepared virus suspension. Dosing
was performed once daily beginning 1 h ⫾ 15 min postchallenge for 8 days (8 total
doses). Viral titer was determined by taking the average of three randomly selected
vials determined via a plaque assay on Vero E6 cells. Analysis of sterility, mycoplasma,
and endotoxin found that all were negative. Viral load in the serum was determined by
reverse transcription-quantitative PCR (qRT-PCR) and standard plaque assay as described previously (12). Brieﬂy, serum samples were removed from frozen storage,
thawed, and serially diluted in ﬁltered sterilized dilution medium (minimal essential
medium/1% heat-inactivated fetal bovine serum/1% penicillin-streptomycin) for analysis. Plaque assays were conducted on serum dilutions (12). Because of volume limitations, neat serum was not analyzed. For qRT-PCR, samples were processed for RNA
extraction and puriﬁcation using the Zymo Direct-zol RNA mini prep kit for viral RNA
extraction and puriﬁcation and were analyzed via quantitative RT-PCR in conjunction
with real-time qRT-PCR of ﬁloviruses using TaqMan chemistry and the Bio-Rad CFX96
September 2019 Volume 63 Issue 9 e01142-19
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RT-PCR detection system (12). For quantiﬁcation purposes, an HPLC-puriﬁed synthetic
EBOV RNA standard derived from the conserved EBOV glycoprotein gene was used.
Only 10% of challenged vehicle control mice survived until SD7, as previously
published (12), with one negative-control animal surviving until the end of the study
(Fig. 2A). Ninety percent of the mice in the positive-control tilorone-treated group
(25 mg/kg) lived to the end of the study, as previously published (12). The highest-dose
group of quinacrine (50 mg/kg) was associated with only 20% survival, whereas the
25-mg/kg group was associated with 70% survival, a statistically signiﬁcant increase
over the vehicle-treated group (Fig. 2A). The average clinical scores of the quinacrinetreated groups followed a similar pattern to that of the vehicle group, with an increase
in the scores starting at SD4 and returning to a prechallenge score by SD10. Interestingly, the average clinical score in the tilorone positive-control group had a mitigated
increase in this time frame (Fig. 2B). The mean body weights of the quinacrine-25-mg/
kg- and tilorone-treated groups returned to prechallenge values by the end of the
study (Fig. 2C). The weights in the quinacrine-50-mg/kg-treated group appeared to be
higher than those of the quinacrine-25-mg/kg- and tilorone-treated groups, but this
was not statistically signiﬁcant and was likely an artifact of the lower survival rate in this
group. There was no detectable viremia in the serum of any of the mice sacriﬁced at the
end of the study according to plaque assay or qRT-PCR (Fig. 2D and E). There was a
statistically signiﬁcant reduction in the geometric mean of viable EBOV virus in serum
samples of both quinacrine groups compared with those of the vehicle group as
quantiﬁed via plaque assay (Dunnett’s multiple-comparison test; quinacrine 25 and
50 mg/kg with adjusted P values of 0.093 and 0.0016, respectively) (Fig. 2F). However,
comparison of the viral loads of mice sacriﬁced because of clinical score using qRT-PCR
(Fig. 2G) did not show a statistically signiﬁcant reduction in the quinacrine-treated
groups (Dunnett’s multiple-comparison test) (Fig. 2G).
Despite quinacrine’s early public use predating FDA approval, there are still considerable in vitro and in vivo data available, but data on in vitro ADME are limited. Prior in
vivo pharmacokinetics and toxicity data tended to agree with our in vitro data (see Text
S2 in the supplemental material) and provided a basis for EBOV efﬁcacy studies in mice.
The higher dose did not result in statistically signiﬁcant survival, but it did reduce the
viable EBOV in mice sacriﬁced midstudy because of high clinical scores. The low survival
rate may indicate potential toxicity at higher doses when delivered by this route,
pointing to the potential in future studies of lower doses or use of the oral route. Based
on a 2016 publication (19), the interspecies allometric scaling for dose conversion from
animal to human studies equates a 25-mg/kg mouse i.p. quinacrine dose equivalent to
⬃2.025 mg/kg in humans (⬃121.5 mg for an average person, which is in line with
previous dosing as an antimalarial).
While quinacrine is a potent antiprotozoal, the mechanism of action has not been
conclusively determined (see Text S3 in the supplemental material). Quinacrine has also
been shown to have antiviral activity in vitro against the dengue virus (DENV2) and Zika
virus, with EC50 values of 7.09 ⫾ 9.18 and 2.27 ⫾ 0.14 M, respectively (20). In vivo data
show signiﬁcant inhibition of vaccinia virus in mice treated up to 8 days before
challenge (21). The cell entry pathway of viruses of the Flavivirus genus (including
dengue virus) (22), Zika virus (23), vaccinia virus (24), and EBOV (25, 26) involves fusion
of the viral membrane with the endosomal membrane in late endosomes and lysosomes, which are highly acidic environments. Quinacrine and many other structurally
similar antimalarials are lysosomotropic amines (see Text S4 in the supplemental
material). These compounds can diffuse freely and rapidly across the membranes of
acidic cytoplasmic organelles in their unprotonated form; however, once they enter the
acidic environment, they become protonated, which halts free diffusion out, causing
substantial accumulation in these organelles (27). Raising the pH in these organelles
likely mitigates the enzymatic activity necessary for viral entry, suggesting a possible
mechanism. Speciﬁcally, EBOV entry requires cathepsin B activity (28, 29) to prime the
viral glycoprotein (30), and its activity is highly pH dependent (31).
aac.asm.org 5
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FIG 2 Efﬁcacy of quinacrine against maEBOV in the mouse model. (A) The survival curves for the i.p.-dosed positive-control tilorone (25 mg/kg) and quinacrine
test articles (25 and 50 mg/kg) were compared with that of vehicle control. The quinacrine 25-mg/kg and tilorone 25-mg/kg survival curves were statistically
signiﬁcantly different from vehicle using a log-rank (Mantel-Cox) test (P ⫽ 0.0040 and 0.0004, respectively). (B) Mean clinical scoring results with overlaid percent
survival. (C) Mean body weight results. (D) Plaque assay for viable EBOV in serum samples by group (mice sacriﬁced at the end of study). (E) qRT-PCR
measurement of viral RNA in serum samples by group (mice sacriﬁced at the end of study). (F) Plaque assay for viable EBOV in serum samples (mice sacriﬁced
based on clinical score). Quinacrine 25- and 50-mg/kg doses were statistically signiﬁcantly decreased compared with vehicle (Dunnett’s multiple-comparison
test; adjusted P ⫽ 0.093 and 0.0016, respectively). (G) qRT-PCR measurement of viral RNA in serum samples (mice sacriﬁced based on clinical score). Results
were not statistically signiﬁcantly different from vehicle (Dunnett’s multiple-comparison test).

In summary, the in vivo EBOV efﬁcacy data for quinacrine combined with prior
exposure to millions of patients demonstrate that it would make a viable candidate for
repurposing and clinical testing for Ebola virus disease alongside the current drugs
being evaluated under compassionate use in Africa.
September 2019 Volume 63 Issue 9 e01142-19
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