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Background. The current Ebola virus (EBOV) outbreak has highlighted the troubling absence of available antivi-
rals or vaccines to treat infected patients and stop the spread of EBOV. The EBOV glycoprotein (GP) plays critical roles
in the early stage of virus infection, including receptor binding and membrane fusion, making it a potential target for
the development of anti-EBOV drugs. We report the identification of 2 novel EBOV inhibitors targeting viral entry.

Methods. To identify small molecule inhibitors of EBOV entry, we carried out a cell-based high-throughput
screening using human immunodeficiency virus–based pseudotyped viruses expressing EBOV-GP. Two compounds
were identified, and mechanism-of-action studies were performed using immunoflourescence, AlphaLISA, and en-
zymatic assays for cathepsin B inhibition.

Results. We report the identification of 2 novel entry inhibitors. These inhibitors (1) inhibit EBOV infection
(50% inhibitory concentration, approximately 0.28 and approximately 10 µmol/L) at a late stage of entry, (2) induce
Niemann-Pick C phenotype, and (3) inhibit GP–Niemann-Pick C1 (NPC1) protein interaction.

Conclusions. We have identified 2 novel EBOV inhibitors, MBX2254 and MBX2270, that can serve as starting
points for the development of an anti-EBOV therapeutic agent. Our findings also highlight the importance of NPC1-
GP interaction in EBOV entry and the attractiveness of NPC1 as an antifiloviral therapeutic target.
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Zaire Ebola virus (EBOV) infection causes acute hem-
orrhagic fever in humans and nonhuman primates
with mortality rate exceeding 50% in many outbreaks
[1–3]. The World Health Organization has declared
the current EBOV outbreak in West Africa as a public
health emergency. Without an available vaccine or
drug, the treatment for EBOV infection has been pri-
marily limited to palliative care and barrier methods
to prevent transmission. In addition, ZMapp and
other experimental EBOV drugs have been adminis-
tered to infected patients on a case-by-case “compas-
sionate use” basis. These approaches, have currently
slowed the EBOV outbreak [4]. The viral genome

encodes 8 viral proteins: nucleoprotein (NP), VP35,
VP40, EBOV glycoprotein (GP), soluble glycoprotein
(sGP), VP30, VP24, and RNA-dependent RNA poly-
merase (L). EBOV-GP is the only viral envelope GP.
Mature EBOV-GP is a homotrimer, and each monomer
is composed of 2 disulfide-linked polypeptides, GP1
and GP2, generated by proteolytic cleavage of the pri-
mary translation product GP0 [5, 6].

Viral entry is the first and an essential step in the viral
replication cycle. EBOV-GP mediates viral attachment
and entry into cells. After attachment on susceptible
cells, the viruses undergo endocytosis, probably through
macropinocytosis, although additional endocytic path-
ways have been implicated. The internalized virus local-
izes in late endosomes/lysosomes (LE/LYs), whereby the
cysteine proteases, primarily cathepsin B (CatB, cleave
EBOV-GP to a 19-kDa fragment. The cleaved EBOV-
GP serves a ligand for Niemann-Pick C1 (NPC1), a mul-
timembrane spanning cholesterol transport protein in
LE/LYs. EBOV-GP/NPC1 domain C interaction is essen-
tial for entry in target cells [7–9].
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Blocking viral entry into the target cell leads to suppression of
viral infection and the accompanying cytokine storm and is there-
fore an attractive antiviral strategy [3,5].Basu et al [5] have report-
ed elsewhere the establishment of a high-throughput screening
assay for identification of EBOV entry inhibitors using pseudo-
type virus and an EBOV entry inhibitor with a benzodiazepine
scaffold. In this report, we describe the identification and charac-
terization of 2 novel entry inhibitors from a different high-
throughput screening using pseudotype viruses. These inhibitors
(1) inhibit EBOV infection (50% inhibitory concentrations [IC50],
approximately 0.28 and approximately 10 µmol/L) in vitro, (2) in-
duce a Niemann–Pick type C phenotype in cells, and (3) inhibit
EBOV-GP/NPC1 protein interaction. Our findings suggest that
the EBOV-GP/NPC1 domain C interaction can be targeted to de-
velop an anti-EBOV drug

METHODS

Cell Lines, Viruses, and Plasmids
The 293T, A549, and VeroE6 cell lines were procured from the
American Type Culture Collection. Plasmid vectors expressing
the wild type EBOV Zaire envelope protein (EBOV-GP; Gen-
Bank accession number L11365), EBOV-GP with deletion in
mucin region (EBOVGPΔmucin), and vesicular stomatitis
virus envelope glycoprotein (VSV-G) were used as described
elsewhere [5, 10–12]. A recombinant vesicular stomatitis Indi-
ana virus (rVSV-GPΔ), encoding the enhanced green fluores-
cent protein and the EBOV-GP from which the mucinlike
domain had been genetically deleted (Δ309–489; Δmuc), was
generated and used to infect Vero cells, following methods de-
scribed elsewhere [13].

Compounds
The chemical library screened represents a broad and well-
balanced collection of approximately 106 000 compounds accu-
mulated over a number of years from a variety of distinct sources
and has been described elsewhere in detail [5, 10]. We also used
EBOV entry inhibitors compound 7 and compounds 3.47 and
E64, described elsewhere, as controls [5].

Pseudotyping and High-Throughput Screening of Chemical
Libraries
Pseudotype viruses expressing either EBOV-GP or VSV enve-
lope protein (VSV-G) (human immunodeficiency virus
[HIV]/VSV-G) and a luciferase reporter gene were generated
by cotransfecting replication defective HIV vector (pNL4–3-
Luc-R-E−) with either EBOV-GP or VSV-G into 293T cells,
as described elsewhere [5, 10–12].Deletions in the HIV genome
make the pseudotypes replication deficient.

High-throughput screening of chemical libraries for EBOV
entry inhibitors was performed using HIV/EBOV-GP and
293T cells (10 000 cells/well) in 96-well plates, as described

elsewhere [5, 10]. The final concentration of test compounds
and dimethyl sulfoxide (DMSO) were 25 µmol/L and 1%, respec-
tively, in all wells. Infection was quantified from the luciferase ac-
tivity of the infected cells using the Britelite Plus assay system
(Perkin Elmer) in a Wallac EnVision 2102 Multilabel Reader
(Perkin Elmer). In the DMSO control, the assay showed an aver-
age luciferase signal of 1.2 × 106 ± 0.6 × 106 relative luciferase unit
(RLU), a signal-to-background ratio of >103, and a calculated
screening window coefficient (Z′ factor) [14], of >0.5 ± 0.2. The
luciferase signal standard error was ±50%, and >90% inhibition
of luciferase activity at 25 µmol/L concentration was used as the
criterion for designating a compound as a “hit.”

The IC50 values of “hit” compounds on HIV/EBOV-GP were
then measured in a dose-dependent manner. Simultaneously,
the toxicity of the compounds was determined by measuring
the Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
level in cell lysate, using an AlphaScreen SureFire GAPDH
Assay kit (Perkin Elmer), as described elsewhere [10].

Infectious EBOV Experiments
All experiments with cell culture-grown infectious EBOV were
performed under biosafety level 4 conditions at the Texas Biomed-
ical Research Institute in San Antonio, Texas. Virus was preincu-
bated with either MBX2254 (0.0001–10 µmol/L) or MBX2270
(0.5–50 µmol/L) for 1 hour at room temperature before infection.
After preincubation the virus-compound mixture was used to in-
fect Vero E6 cells (multiplicity of infection, 1). One hour after in-
fection (37°C), fresh medium (2% fetal bovine serum) containing
the compound at the same concentrations was applied, followed
by incubation for 8 days at 37°C. The culture medium was collect-
ed and titrated on new Vero E6 cells to determine the inhibition of
virus infection. The viral titer was determined by (1) first fixing
and inactivating cells with 10% buffered formalin, (2) staining
with crystal violet, and (3) counting plaques.

The toxicity of the compounds on VeroE6 cells was deter-
mined by applying CellMask Deep Red stain (H32721) to un-
treated and treated cells at 5 µg/mL for 30 minutes after the
culture medium was removed for titration. Cells were then re-
stained with Hoescht stain (1 µg/mL), and plates were imaged
(200× magnification) using a Nikon Ti Eclipse epifluorescence
microscope. Cells displaying both blue and red stain were
counted as live cells.

Time-of-Addition Experiment
The “time-of-addition” experiment was performed using A549
cells, as described elsewhere [5]. A549 cells were treated with
MBX2254 (10 μmol/L) and MBX2270 (30 μmol/L) at −1, 0, 2
or 12 hours and infected with HIV/EBOV-GP. Cells were har-
vested after 48 hours to check for infection. Duplicate wells were
used for each time point. Control infected cultures were treated
with either DMSO (no inhibition) or E64, an EBOV entry
inhibitor [5].
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Cholesterol Accumulation Assay
Cholesterol accumulationwasmonitored using filipin staining of
A549 cells treated with MBX2254 (10 μmol/L) or MBX2270
(30 μmol/L), as described elsewhere [15, 16]. Cells were (1) plat-
ed on coverslips in a 24-well plate; (2) treated with MBX2254
(10 μmol/L), MBX2270 (30 μmol/L), E64 (0.1 μmol/L), or
3.47 (10 μmol/L) for 20 hours; (3) fixed with 10% formalin;
(4) incubated with 50 µg/mL filipin (Sigma-Aldrich) for 1
hour at room temperature; and (4) imaged using a Nikon
TE-2000E2 fluorescence microscope with a motorized Z drive.

CatB Activity Assays and Endosomal Acidification
Weused afluorometric assay tomeasure CatB activity that uses an
internally quenched fluorogenic peptide substrate, Z-Phe-Arg-7-
amido-4-methylcoumarin hydrochloric acid (Calbiochem). CatB
activity was measured in a dose-dependent manner in 96-well
plates, as described elsewhere [17]. Cleavage of the substrate by
CatB releases amido-4-methylcoumarin, and the fluorescence is
measured at 360 nm excitation and 460 nm emission, and the
readout is reported as RLU.

Endosomal acidification was assessed in A549 cells using
Lysotracker Red (Molecular Probes) as a probe for low-pH
organelles. Cells were pretreated with treated with MBX2254
(10 μmol/L), MBX2270 (30 μmol/L), E64 (0.1 μmol/L), or 3.47
(10 μmol/L) for 1 hour at 37°C and then incubated with 50
nmol/L Lysotracker Red for 30 minutes. Cells were then fixed
and analyzed with fluorescence microscopy.

AlphaLISA Assay to Measure EBOV-GP/NPC1 Interaction
We adapted the AlphaLISA format (Perkin-Elmer) to measure
the EBOV-GP/NPC1 domain C interaction in a 384-well plate
format. Cleaved EBOV-GP was first captured onto protein G–
tagged AlphaLISA acceptor beads using the anti-EBOV-GP
monoclonal antibody KZ52 [13, 18]. Anti-FLAG tagged donor
beads were coated with FLAG-tagged NPC1 domain C peptide,
as described elsewhere [13]. On mixing, EBOV-GP-NPC1 in-
teraction brings the acceptor and donor beads into close prox-
imity, allowing energy transfer from donor to acceptor bead,
and inducing light emission at 520–620 nm. Fluorescence was
measured using an AlphaLISA-compatible plate reader. The
concentrations of each assay component, KZ52 capture anti-
body (39 ng/µL), EBOV-GP (18.8 ng/µL), and NPC1 domain
C (18.8 ng/µL), were optimized.

RESULTS

MBX2254 and MBX2270 Inhibit EBOV Infection In Vitro
HIV/EBOV-GP contains an “HIV core”with a luciferase reporter
gene and EBOV-GP on the viral surface [5].The inhibitory effects
of small molecules were quantified by measuring the decrease in
the mean luciferase activity. Two compounds, MBX2254, a sulfo-
namide, and MBX2270, a triazole thioether (Figure 1A and 1B),

were identified from screening of chemically diverse small molecule
libraries (106 440 compounds) with HIV/EBOV-GP, following
methods described elsewhere [5, 10]. MBX2254 and MBX2270
displayed ≥90% reduction of the mean luciferase activity of
the positive control [uninhibited HIV/EBOV-GP] at a test
concentration of 25 μmol/L. These 2 hits were subsequently
resynthesized and retested. The resynthesized compounds
were determined to have the correct mass and to be >95%
pure by liquid chromatography–mass spectrometry.

Both MBX2254 and MBX2270 displayed dose-dependent in-
hibition of HIV/EBOV-GP, with 90% inhibitory concentrations
of 3 and 15.1 μmol/L, respectively (Figure 2A and 2B) and no sig-
nificant toxicity up to 50 μmol/L (the maximum concentration
tested). The specificity of the inhibition was evaluated by investi-
gating the activity ofMBX2254 andMBX2270 against HIV/VSV-
G. Both MBX2254 and MBX2270 had no effect on HIV/VSV-G
infectivity at a concentration of 25 μmol/L (data not shown).

Both MBX2254 and MBX2270 inhibited cell culture-grown
infectious EBOV in a dose-dependent manner in cell culture.
The IC50 for MBX2254 and MBX2270 was determined to be
0.285 and 10 μmol/L, respectively, using Vero E6 cells (Fig-
ure 2C and 2D).

MBX2254 and MBX2270 Inhibition of a Late Stage of EBOV Entry
Time-of-addition experiments were performed with HIV/EBOV-
GP to determine the stages of EBOV entry blocked by MBX2254
and MBX2270. MBX2254 and MBX2270 were added 1 hour be-
fore infection (−1 hour), during infection (0 hour), and 2 and 12

Figure 1. Chemical structure of MBX2254 and MBX2270, with molecu-
lar weight (MW). MBX2254 and MBX2270, with aminoacetamide sulfona-
mide and triazole thioether scaffolds, respectively, were prioritized based
on chemical tractability (synthetically accessible, stable, druglike struc-
tures) and selectivity against Ebola pseudotype virus. Abbreviations: Eto,
ethylene oxide; H, hydrogen; MeO, methoxy group; N, nitrogen, O, oxygen;
SO2, sulfur dioxide.
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hours after infection (Figure 3A) at 10 and 30 μmolL, respectively,
slightly above their 90% inhibitory concentration of 8.6 and 25.7
μmol/L respectively. Control infected cultures were treated with
either DMSO (no inhibition) or E64 (0.02 µmol/L) an EBOV
entry inhibitor [5]. MBX2254, MBX2270, and E64 inhibited
>90% of HIV/EBOV-GP infection when added at −1, 0, or 2
hours, relative to virus infection (Figure 3A). Interestingly, when
MBX2254 and MBX2270 were added 12 hours after the virus ad-
sorption process at 37°C, inhibition was not observed.

We further investigated whether the compounds MBX2254
and MBX2270 act as receptor antagonists to inhibit HIV/
EBOV-GP infection. A549 cells were pretreated for 1 hour
with MBX2254 and MBX2270 at 0°C at 10 and 30 μmol/L re-
spectively, followed by washing of the cells and subsequent ad-
sorption of the HIV/EBOV-GP at 0°C. Control infected cultures
were treated with either DMSO or E64 (0.02 µmol/L). No sig-
nificant inhibition was observed after the pretreatment of cells
(Figure 3B). These results suggest that, like E64, MBX2254 and
MBX2270 act on a late stage during the virus entry process.

To further characterize the mechanism of action, we investigat-
ed the effect of MBX2254 and MBX2270 on CatB activity.

Controls include either compound 7, a known entry inhibi-
tor with no effect on CatB [5] or E64, a pancaspase inhibi-
tor. MBX2254 and MBX2270 did not inhibit CatB activity
levels, even at the maximum concentration tested (10 μmol/L)
(Figure 3C).

Endosomal acidification was assessed in A549 cells with
LysoTracker Red, a probe for low-pH organelles. Cells were treat-
ed with DMSO (vehicle), MBX2254 (10 μmol/L), MBX2270 (30
μmol/L), compound 3.47 (10 μmol/L), or ammonium chloride
(NH4Cl; 10 mmol/L). NH4Cl inhibits endosomal acidification
andwas used as a positive control.No inhibitionwas observedwith
either MBX2254 or MBX2270 (Figure 3D) whereas NH4Cl in-
hibited endosomal acidification (Figure 3D).

MBX2254 and MBX2270 Disruption of the In Vitro Interaction of
Primed EBOV-GP With NPC1
We next investigated the effects of the 2 inhibitors on cholester-
ol accumulation. Both MBX2254 (10 μmol/L) and MBX2270
(30 μmol/L) induced cholesterol accumulation in LE/LYs (Fig-
ure 4A and 4B). In contrast, E64 (0.1 μmol/L), a pancaspase in-
hibitor, did not cause detectable cholesterol accumulation

Figure 2. Effects of MBX2254 and MBX2270 on Ebola virus (EBOV) infection. The inhibitory effect of compounds MBX2254 and MBX2270 on Ebola
pseudotype virus (HIV/EBOV-GP) (A, B) and infectious EBOV-Zaire (C, D). Dose-response curves for the MBX2254 and MBX2270 are shown. Infectivity was
investigated as described in “Methods” section. A multiplicity of infection of 1.0 was used for infectious EBOV-Zaire. Three independent experiments were
performed to determine the effects of compounds.
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(Figure 4D). Compound 3.47 (10 μmol/L), which is reported to
block binding of EBOV-GP to NPC1 [9], caused cholesterol ac-
cumulation in LE/LYs (Figure 4C).

NPC1 is involved in cholesterol transport. Binding of 19 kb
cleaved EBOV-GP to the second luminal domain of NPC1; do-
main C is essential for EBOV entry [13]. We investigated the

Figure 3. MBX2254 and MBX2270 inhibit a late stage of Ebola virus (EBOV) entry. A, Single-cycle time-of-addition experiment was performed with Ebola
pseudotype virus (HIV/EBOV-GP) to determine the stage of EBOV entry blocked by MBX2254 and MBX2270, using A549 cells as described in “Methods”
section. MBX2254 (10 µmol/L) and MBX2270 (30 µmol/L) were added for 1 hour before infection (−1 hour), 1 hour during adsorption (0 hour), and 2 hours
and 12 hours after infection. Inhibition of HIV/EBOV-GP pseudotype infection was detected as a reduced luciferase signal. Error bars indicate standard
deviations. B, MBX2254 and MBX2270 do not act as receptor antagonists. A549 cells were pretreated with MBX2254 (10 µmol/L) and MBX2270 (30 µmol/L)
at 0°C for 1 hour. After incubation, the compounds were removed and cells were washed with ice-cold phosphate-buffered saline and infected with HIV/
EBOV-GP at 0°C. After 1 hour of infection, unadsorbed viruses were washed with phosphate-buffered saline and incubated for 72 hours at 37°C. Inhibition of
HIV/EBOV-GP pseudotype infection was detected as a reduced luciferase signal. Error bars indicate standard deviations. C, Inhibitory activity against ca-
thepsin B (CatB) in vitro.MBX2254 and MBX2270 were evaluated, as described in “Methods” section, for their effects on CatB. E64, a pancaspase inhibitor,
was included as a positive control for the assay. Compound 7, another EBOV entry inhibitor (reported elsewhere) that does not modulate CatB, was used as
negative control. D, Endosomal pH on exposure to MBX2254 and MBX2270. A549 cells were preincubated in the presence of MBX2254 and MBX2270. After
incubation, cells were fixed, stained with LysoTracker Red, and then viewed and photographed with a confocal microscope. Compound 3.47, a known EBOV
entry inhibitor that does not modulate endosomal pH, was used as a negative control, and 10 mmol/L ammonium chloride (NH4Cl) was used as a positive
control for inhibition of acidification.
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binding of thermolysin-cleaved EBOV-GP to NPC1 domain C
using an AlphaLISA format (Perkin-Elmer). Protein G–tagged
AlphaLISA acceptor beads were coated with thermolysin-cleaved
EBOV-GP using the anti-EBOV-GPmonoclonal antibody KZ52.
Anti-FLAG tagged donor beads were coated with FLAG epitope-
tagged NPC1 domain C peptide, as described elsewhere [4].
Compound 3.47, which has been shown to inhibit this interac-
tion, was used as a control. Both MBX2254 and MBX2270 inhib-
ited the interaction of thermolysin-cleaved EBOV-GPwith NPC1
domain C in a dose-dependent manner (Figure 5A), suggesting
that they block EBOV-GP/NPC1 interaction.

To confirm the results, we compared the effects of binding of
MBX2254 and MBX2270 on rVSV-GPΔ infection in Chinese
hamster ovary cells expressing either basal or higher levels of
NPC1. We used the pancaspase inhibitor E64 (functions

independent of NPC1) and compound 3.47 (inhibits EBOV-
GP/NPC1 domain C interaction) as negative and positive
controls, respectively [15, 16].As shown in Figure 5B, higher con-
centrations of MBX2254, MBX2270 and 3.47 were required to
inhibit rVSV-GPΔ in NPC1-overexpressing cells relative to pa-
rental cells (Figure 5B). In contrast, as expected, E64 inhibited
rVSV-GPΔ with the same dose dependence in both parental
and NPC1 overexpressing cells (Figure 5B).

Preliminary Structure Activity Relationship Analysis
We compared the pseudotype antiviral data and cytotoxicity
measures for several compounds and compared the results with
those of the hit compounds, MBX2254 and MBX2270 (Tables 1
and 2, respectively). This preliminary study was designed to ex-
plore the effect of electronic properties and steric factors in the

Figure 4. MBX2254 and MBX2270 cause cholesterol accumulation in late endosomes/lysosomes. A549 cells were treated for overnight with MBX2254,
MBX2270, E64, or compound 3.47 at concentrations described in “Methods” section. Cells were then fixed, stained with filipin, and imaged with a fluo-
rescence microscope. Representative images are shown. Each compound was tested ≥3 times.
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Figure 5. MBX2254 and MBX2270 inhibit Ebola virus (EBOV) glycoprotein (GP)/Niemann-Pick C1 (NPC1) domain C interaction. A, Effects of MBX2254 and
MBX2270 on EBOV GP/NPC1-domain C interaction. The inhibitory effect of compounds MBX2254 and MBX2270 on EBOV GP/NPC1-domain C interaction
was investigated in an AlphaLISA format, as described in “Methods” section. Dose-response curves for MBX2254 and MBX2270 are shown. Compound
3.47, which is known to inhibit the EBOV-GP/NPC1-domain C interaction, was used as a positive control. Three independent experiments were performed to
determine the effect of compounds. B, MBX2254 and MBX2270 inhibit EBOV-GP–mediated infection in an NPC1-dependent manner. Parental wild-type
(WT) Chinese hamster ovary (CHO) cells and CHO cells stably overexpressing NPC1 were pretreated with the indicated concentration of inhibitor for 1 hour at
37°C and then infected with rVSV-GPΔ for 18 hours in the continued presence of inhibitor. Each concentration of inhibitor was tested in duplicate. Infection
values were normalized to dimethyl sulfoxide–treated samples and averaged across experiments.
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aromatic systems of both inhibitor series on the antiviral activity
and cytotoxicity of the compounds. Table 1 shows the results for a
few key analogues of MBX2254, 4 active and 1 inactive. We sur-
veyed >50 analogues of the sulfonamide series by either purchas-
ing or synthesizing additional compounds. The result suggests
that the system is chemically tractable with some combinations
of substituent lowering antiviral activity (Table 1). We also per-
formed preliminary structure activity relationship (SAR) with
MBX2270 (Table 2). As with the MBX2254 series, we found
that some combinations decrease antiviral activity of MBX2270.
Overall, these preliminary SAR results are consistent with a

specific target-inhibitor interaction, and the 2 compounds
MBX2254 andMBX2270 will be the starting point for further op-
timization to identify lead compounds using medicinal chemistry.

DISCUSSION

EBOV-GP controls 2 critical aspects of viral entry: receptor
binding and membrane fusion. In this report, we describe 2
small molecules, MBX2254 and MBX2270, based on sulfona-
mide and triazole thioether scaffolds, respectively, that inhibit
EBOV viruses in a potent (IC50 of 0.29 to 10 μmol/L) and

Table 1. Preliminary SAR of Aminoacetamide Sulfonamide Scaffold

Compound

HIV/EBOV-GP

R1 R2 R3 IC90, µmol/L CC50, µmol/L SI

MBX2254 2-Ph 4-Me 4-OMe 8.6 >50 ND
6 175 342 4-OMe 3-OMe 4-Me >100 >100 ND

6 367 388 2,5-diOMe 2-Cl 4-Me 1.6 50 31

6 175 402 3-Me 2-Cl 4-Me 3.2 >100 >31
5 534 655 4-OEt 4-Me H 0.8 >100 >125

6 068 478 2-F 3-Me H 0.8 50 63

Abbreviations: CC50, 50% cytotoxic concentration; HIV/EBOV-GP, Ebola pseudotype; IC90, 90% inhibitory concentration; ND, not determined; SAR, structure
activity relationship; SI, selectivity index.

Table 2. Preliminary SAR of Triazole Thioether Scaffold

Compound

HIV/EBOV-GP

R1 R2 R3 IC90, µmol/L CC50, µmol/L SI

MBX2270 4-OEt Ph 25.7 >50 ND

7 846 036 3-CF3 Ph 6.3 55 9

7 629 169 2-Cl Ph 2.5 21 8

7 909 196 2-CF3 4-Tol 82 >100 ND

7 682 333 3,4-diMe Et 6.3 35 6

Abbreviations: CC50, 50% cytotoxic concentration; HIV/EBOV-GP, Ebola pseudotype; IC90, 90% inhibitory concentration; ND, not determined; SAR, structure activity
relationship; SI, selectivity index.
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selective 50% cell cytotoxicity concentration (CC50) (CC50, >50
μmol/L) manner in vitro. Our findings also suggest that the
inhibition is due to the ability of MBX2254 and MBX2270 to
inhibit EBOV-GP/NPC1 domain C interaction at the late stage
of viral entry.

Virus entry is a multistep process, and several approaches were
taken to determine the antiviral target. The differential inhibi-
tion of HIV/EBOV-GP and HIV/VSV-G by MBX2254 and
MBX2270 suggested the specificity of inhibition by the com-
pounds. EBOV entry is mediated in the LE/LYs, whereas VSV
viral entry is mediated primarily in early endosomes, soon after
internalization [15, 16]. Next we performed “time-of-addition”
studies, which indicated that compounds MBX2254 and
MBX2270 block viral entry into cells. In addition, compounds
MBX2254/MBX2270 inhibited both HIV/EBOV-GP (wild-
type) and HIV/EBOV-GPΔmucin with similar potencies (data
not shown), suggesting that MBX2254 and MBX2270 do not in-
hibit the early stage of binding of the virus to the cells surface
receptor moieties. In HIV/EBOV-GPΔmucin, the mucin domain
is removed to expose the EBOV-GP1 receptor-binding domain.

We further observed (1) cholesterol accumulation on treat-
ment of cells with MBX2254 and MBX2270 (Figure 4A and
4B); (2) inhibition of the thermolysin-cleaved EBOV-GP and
NPC1 domain C interaction (Figure 5A); and (3) reduction in
MBX2254 and MBX2270 activity in the presence of excess
NPC1 (Figure 5B). NPC1 binds cholesterol and oxysterols, and
the binding site is localized in the luminal loop-1, a 240-amino
acid domain and not through domain C of NPC1, the binding
site for thermolysin-cleaved EBOV-GP [13, 19, 20]. Compound
3.47, which has been shown to inhibit EBOV-GP/NPC1 binding,
also causes cholesterol accumulation [9]. Therefore, together the
results suggest that (1) MBX2254 and MBX2270 are inhibiting
EBOV-GP/NPC1 interaction and (2) binding of MBX2254 and
MBX2270 to NPC1 domain C is inducing a conformational
change and blocking cholesterol transport by NPC1. This is sup-
ported by the preliminary SAR analysis showing that substitutions
at certain positions introduce constraints on the inhibitors and re-
duce their antiviral activity.

We also investigated the binding of MBX2254 or MBX2270
to purified EBOV-GP, using WaterLOGSY (water ligand ob-
served via gradient spectroscopy) magnetic resonance spectro-
scopy, which is designed to detect binding of small molecules to
high-molecular-mass targets [10]. No binding was detected be-
tween MBX2254 or MBX2270 and EBOV-GP at concentrations
up to 10 µmol/L (data not shown). However, low solubility of
the 2 inhibitors also prevented detection of weak interactions
between them. Therefore based on these results, we hypothesize
that compounds MBX2254 and MBX2270 inhibit EBOV entry
by interacting with a site in the C-loop of NPC1, the binding
site for primed EBOV-GP in LE/LYs.

The IC50 values of MBX2270 against infectious EBOV were
within approximately 2-fold the values for HIV/EBOV-GP,

whereas those of MBX2254 against Zaire EBOV were signifi-
cantly lower (difference, approximately 10-fold). At this time, we
do not know the reasons for the differences in IC50 values be-
tween HIV/EBOV-GP and EBOV-Zaire, but they may be due to
differences in the (1) virus shape (EBOV is cylindrical, whereas
HIV/EBOV-GP is spherical), (2) EBOV-GP density at the cell
surface, (3) EBOV-GP modification (eg, producer cell type-
specific glycosylation patterns), or (4) target cells (293T or A549
vs VeroE6). Moreover, the HIV/EBOV-GP contains an HIV core
and does not contain the EBOVmatrix proteins, VP40 and VP24.
However, both VP40 andVP24 play an important role in budding
from mammalian cells, and we believe that our compounds do
not have any significant effect on VP40 and VP24.

The current West African EBOV outbreak of 2014 is the larg-
est since the virus was discovered in central Africa in 1976. The
outbreak also highlights the troubling absence of a direct acting
antiviral or vaccine against EBOV to treat infected patients and
stop the spread of EBOV. The World Health Organization is
currently fast-tracking a trial of several experimental drugs in
the hope that they will help reduce the death toll and protect
those on the front line of the outbreak. These include ZMapp
and TKM-100802. ZMapp is an experimental antibody–based
EBOV drug, and convalescent plasma has been administered
to 7 infected patients on a case-by-case “compassionate use”
basis, however, there have been no formal safety and efficacy
studies in humans for ZMapp, and its clinical effectiveness is
still uncertain [1, 15]. TKM-100802 is a lipid nanoparticle
small interfering RNA–based drug that protects rhesus monkey
in a Marburg virus disease model [19].

Others drugs considered for fast-tracking include BCX4430,
a broad-spectrum replication inhibitor that protects the cyno-
molgus macaque in a Marburg virus disease model [21];
T-705 (favipiravir), a substituted pyrazine compound; and
adenosine analogue 3-deazaneplanocin A (c3-Npc A). However,
T-705 and c3-Npc A do not protect nonhuman primates at the
doses they are tested [5, 21–23]; studies with different dosing
regimen is currently ongoing. None of the potential EBOV ther-
apies inhibit the EBOV-GP/NPC1 interaction or resembles
MBX2254 and MBX2270 structurally. The previously discovered
compound 3.47 is going through drug optimization studies [9].

In summary, we have identified 2 novel EBOV inhibitors,
MBX2254 and MBX2270, with novel chemical scaffolds that
could serve as starting points for the development of therapeutic
agents. These results also highlight the importance of the EBOV-
GP/NPC1 interaction in EBOV entry and the attractiveness of
NPC1 as an antifiloviral therapeutic target. In addition, the com-
pounds can be used as chemical probes for exploring the molec-
ular mechanism of the EBOV-GP/NPC1 interaction in cells.
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