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Development of a Robust Cytopathic Effect-Based
High-Throughput Screening Assay To Identify Novel

Inhibitors of Dengue Virus
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We have developed a robust cytopathic effect-based high-throughput screening assay to identify inhibitors of dengue virus
(DENV) infection. Screening of a small natural product library yielded 11 hits. Four of these were found to be potent inhibitors
of DENV, although serotype differences were noted. Taken together, these data suggest that screening of larger and more com-
plex molecule libraries may result in the identification of more potent and specific DENV inhibitors.

'wo billion people in over 100 countries are at risk of infection
from one of the four dengue virus serotypes (DENV-1 to -4)
(5, 9). At present, there is no effective vaccine available against
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FIG 1 Cytopathic effect of dengue virus on Huh7.5.1. (A) DENV-2 infection
of human hepatoma cell line Huh7.5.1 (MOI = 1) induced massive cell death
at 72 h postinfection (PI). Huh7.5.1 were seeded in a 96-well format at a
density of 1.8 X 10%/well and stained with 1% trypan blue after the indicated
times. Eighty to 90% cell death in infected wells was observed compared to
uninfected wells. (B) Overall design of the screening assay. The cell death
resulting from dengue infection causes a loss of cellular ATP, and hence the
ATP levels reflect the levels of viral infection and replication before and after
drug treatments. In the assay, Huh7.5.1 cells are exposed to dengue virus in the
presence of candidate inhibitors. After a period of incubation the cells are lysed
in a buffer containing both the luciferase enzyme and luciferin substrate. Any
remaining ATP in the cell culture will drive the oxidation of luciferin, resulting
in the emission of light that is quantitated using a luminometer. Compound A
and B are hypothetical and do not denote specific molecules.
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DENV (4), and no antiviral drugs have been approved for its treat-
ment. As such, there is a major unmet medical need to identify and
develop effective anti-DENV drugs.

While propagating DENV-2 in human hepatoma-derived
Huh?7.5.1 cells, we noticed a viral-induced cytopathic effect (CPE)
(Fig. 1A). A similar but less-pronounced phenotype was also ob-
served in Vero and A549 cells (see Fig. S1A in the supplemental
material). Based on this finding, we hypothesized that we could
develop a DENV-induced CPE high-throughput screening (HTS)
assay in which inhibitors of virus replication would prevent cell
death (Fig. 1B). In this assay, toxic compounds would not score as
positive hits as they would further increase cell death (Fig. 1B).

During assay development, we chose to measure DENV-in-
duced CPE by monitoring cellular ATP levels, which positively
correlate with cellular viability. Cellular ATP levels are measured
by a sensitive luciferase assay that is based on luciferase’s require-
ment for ATP in producing light. To optimize the signal/back-
ground (S/B) ratio, we compared the effect of the multiplicity of
infection (MOI) and the assay time (see Fig. S1B in the supple-
mental material). We found that the MOI of 1 and an assay time of
72 h provided an S/B ratio of >16. Using this assay, we found that
mycophenolic acid (MPA), a known inhibitor of DENV, yielded a
50% effective concentration (ECs,) value of 0.8 wM (see Fig. S2A
in the supplemental material), which is similar to what others have
reported (3), and a 50% cytotoxic concentration (CCs,) of greater
than 10 wM (see Fig. S2B). Furthermore, we determined that the
Z-factor for the assay was 0.78. The Z-factor is a measure of sta-
tistical effect size and is used to judge whether the response in a
particular HTS assay is large enough to warrant further attention.
A Z-factor between 0.5 and 1 suggests an excellent and robust HTS
assay. Taken together, these data demonstrate the efficiency of our
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FIG 2 Screening of a small compound library. The initial high-throughput
screen of the library of 235 small compounds yielded 11 positive hits (over
50% inhibition). The virus used was DENV-2, and the concentration of
each compound was 20 wM. The four compounds that were found to
inhibit DENV-2 in the immunostaining assays shown in Fig. 3 are indicated
with arrows.

assay to rapidly assess inhibitors of DENV infection and to calcu-
late EC5, and CCs, values.

We next screened a library of 235 natural compounds from the
National Cancer Institute (NCI) to identify novel inhibitors of
DENV-2. The library was screened using a single concentration of
20 M. We identified 11 compounds that inhibited DENV repli-
cation by more than 50% (Fig. 2). To further validate their anti-
viral activity, we performed immunofluorescence assay (IFA)
staining to determine the percentage of viral infection in the pres-
ence of inhibitors. Six of the 11 compounds were subsequently
shown to inhibit DENV infection at concentrations equal to or
less than 2 wM by IFA (Fig. 3 and data not shown). Four of these
compounds were subjected to further analyses, including ECs,
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and CCs, determination (Table 1). Compounds 1, 3, and 4 were
found to be potent inhibitors of DENV-2 infection with ECgs less
than 1 wuM. Compound 2 was somewhat less active and displayed
an EC;, of 2.4 pM. Importantly, none of the compounds were
toxic at the highest concentration tested (10 wM).

We next evaluated the activity of the 4 compounds against
different DENV serotypes (see Fig. S3 in the supplemental mate-
rial). Ata 2 wM concentration, compound 1 completely inhibited
the DENV-2, -3, and -4 serotypes but had displayed no activity
against DENV-1. Similarly, compound 2 also exhibited more po-
tent activity against the DENV-2, -3, and -4 serotypes compared to
DENV-1. In contrast, compounds 3 and 4 and MPA inhibited the
different DENV serotypes to the same extent. We also tested the
inhibitory activity of the compounds against a related Flaviviridae
virus, hepatitis C virus (HCV), and against the unrelated
Paramyxoviridae virus, Newcastle disease virus (NDV) (see Fig. S4
in the supplemental material). All four compounds showed inhib-
itory activity toward HCV, albeit that compound 2 and com-
pound 4 were somewhat less potent. Interestingly, compounds 1
and 3 also inhibited NDV replication. However, compounds 2 and
4 and MPA had little to no effect on NDV replication. Therefore,
these compounds appear to preferentially inhibit viruses from the
Flaviviridae family. The mechanisms by which these compounds
inhibit virus replication still need to be determined, and it is un-
known if they target viral or cellular enzymes/proteins. Of note, all
four of these compounds have been extensively studied for their
use as possible antitumor reagents because of their limited cyto-
toxicity (1, 2, 6-8, 10, 11).

In summary, we have successfully established a robust techno-
logical platform that can be used to screen for novel inhibitors of
DENV replication. Importantly, the assay can be readily improved
to facilitate HTS. One limitation of the assay is that it cannot
distinguish between direct-acting antiviral drugs and compounds
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FIG 3 IFA of four compounds from the CPE assay. All four compounds inhibited DENV-2 infection of Huh7.5.1 cells albeit with different efficacies. Shown are
light microscopy images of cells and IFA staining of DENV prM (MOI = 1; 48 h postinfection) using the 2H2 antibody (red). The number in each IFA panel
indicates the estimated percentage of positively stained cells (infected by DENV).
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TABLE 1 Chemical names, structures, ECss, and CCys of four inhibitors identified in the preliminary screening

Compound
No. Name Natural source Structure ECso (LM)* CCsq (LM)
o]
4-[2-hydroxy-2-(5-hydroxy-3,5- o %
1 dimethyl-2-oxocyclohexyl) Streptomyces griseus N 0.7 £0.20 >10
ethyl]piperidine-2,6-dione o
o]

2 2,3-dihydro-2-hydroxy podolide Podocarpus nagi

(§)-2-amino-N-[(3S)-3a-
dichloromethyl-3,4,4a$3,5,6,7-

3 hexahydro-5f3,6a,8-trihydroxy-3- Pseudomonas BMG13-A7

methyl-1-oxo0-1 H-2-benzopyran-
4a-yl]propanamide

4 4B-acetoxy-12,13-epoxytrichothec-9-ene Trichoderma sp.

2.4 *0.04 >10
0.3 0.8 >10
0.2 0.7 >10

% Mean and standard error of the mean for two independent experiments performed in duplicate. EC5, was determined against DENV-2.

that inhibit cell death pathways. As such, subsequent experiments
are required.
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