
A fluorescence-activatable reporter of flavivirus NS2B–NS3
protease activity enables live imaging of infection in single
cells and viral plaques
Received for publication,October 2, 2019, and in revised form, January 2, 2020 Published, Papers in Press, January 9, 2020, DOI 10.1074/jbc.RA119.011319

Jorge L. Arias-Arias‡, Derek J. MacPherson§, Maureen E. Hill§, Jeanne A. Hardy§, and X Rodrigo Mora-Rodríguez‡1

From the ‡Centro de Investigación en Enfermedades Tropicales, Facultad de Microbiología, Universidad de Costa Rica, San José
11501-2060, Costa Rica and the §Department of Chemistry, University of Massachusetts, Amherst, Massachusetts 01003

Edited by Craig E. Cameron

The genus Flavivirus in the family Flaviviridae comprises
many medically important viruses, such as dengue virus (DENV),
Zika virus (ZIKV), and yellow fever virus. The quest for thera-
peutic targets to combat flavivirus infections requires a better
understanding of the kinetics of virus–host interactions during
infectionswithnative viral strains.However, this is precludedby
limitations of current cell-based systems for monitoring flavivi-
rus infection in living cells. In the present study, we report the
construction of fluorescence-activatable sensors to detect the
activities of flavivirusNS2B–NS3 serine proteases in living cells.
The system consists of GFP-based reporters that become fluo-
rescent upon cleavage by recombinantDENV-2/ZIKVproteases
in vitro. A version of this sensor containing the flavivirus inter-
nal NS3 cleavage site linker reported the highest fluorescence
activation in stably transducedmammalian cells uponDENV-2/
ZIKV infection. Moreover, the onset of fluorescence correlated
with viral protease activity. A far-red version of this flavivirus
sensorhad thebest signal-to-noise ratio in a fluorescentDulbec-
co’s plaque assay, leading to the construction of a multireporter
platform combining the flavivirus sensor with reporter dyes for
detection of chromatin condensation and cell death, enabling
studies of viral plaque formation with single-cell resolution.
Finally, the application of this platform enabled the study of
cell-population kinetics of infection and cell death by DENV-2,
ZIKV, and yellow fever virus. We anticipate that future studies
of viral infection kinetics with this reporter system will enable
basic investigations of virus–host interactions and facilitate
future applications in antiviral drug research to manage flavivi-
rus infections.

The genus Flavivirus in the family Flaviviridae comprises
more than 70 species of arthropod-borne viruses (arboviruses)
that are transmitted to vertebrates by infected mosquitoes or

ticks, producing diseases in animals and humans, including
many medically important viruses like West Nile virus
(WNV),2 yellow fever virus (YFV), St. Louis encephalitis virus,
dengue virus (DENV), Japanese encephalitis virus (JEV), Zika
virus (ZIKV), and tick-borne encephalitis virus (TBEV) (1).
The genome of flaviviruses is a positive sense RNA of�11 kb

that encodes three structural proteins, i.e. capsid (C), mem-
brane precursor (prM), and envelope (E), and seven nonstruc-
tural proteins, i.e. NS1, NS2A, NS2B, NS3, NS4A, NS4B, and
NS5. These proteins initially form a precursor polyprotein (NH2-
C-prM-E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5-COOH) that
is cleaved by both cellular and viral proteases to release the
mature viral proteins (2). The flavivirus serine protease NS2B–
NS3 consists of theN-terminal domain of theNS3 protein asso-
ciated with the membrane-resident NS2B cofactor to form an
active complex. This viral protease cleaves the precursor poly-
protein at the NS2A/NS2B, NS2B/NS3, NS3/NS4A, andNS4B/
NS5 junctions, as well as at internal sites within C, NS2A, NS3,
and NS4A (3–5).
Flaviviruses have continued to emerge in recent years, and

together represent a global threat responsible for pandemics
associated with encephalitis and hemorrhagic fever diseases for
which there are no specific treatments available other than sup-
portive care upon hospitalization (2). Moreover, the develop-
ment of successful human vaccines seems to be challenging for
some flaviviruses. Although YFV, JEV, and TBEV vaccines are
highly effective, the development of vaccines for other flavivi-
ruses like WNV and DENV have presented some drawbacks
and safety concerns (6–8) This situation partially arises from
the limitations of clinical studies, and although there are estab-
lished animal models for flaviviruses, they do not faithfully
reproduce all the clinicalmanifestations observed in the human
host (9, 10). Therefore, post-mortem studies and cell culture
models are still an important approach to study flavivirus dis-
eases (11–13), especially for the quest of novel therapeutic tar-
gets to combat these infections, either on the virus or on the
host (14, 15).
Currently, the identification of flavivirus-infected cells relies

on either immunostaining of viral proteins (12), the application
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of recombinant reporter replicons or viral genomes (16–20), or
the use of cell-based molecular reporters of the NS2B–NS3
activity (21–23). Antibody staining techniques require both fix-
ation and permeabilization because of the lack of flavivirus
expressed proteins directly on the cell surface of infected cells
as a part of the viral replication cycle (2, 24, 25), which precludes
their application for live-cell imaging. Reporter replicons and viral
genomes allow kinetic studies in living cells but are limited to
molecular clones and thus not suitable to study clinical isolates or
native virus strains. In this respect, genetically encodedmolecular
reportersmonitoring the flavivirusNS2B–NS3proteolytic activity
upon infection are an advantageous approach that is suitable for
live-cell imaging studies of native flavivirus strains.
Previously, we developed a series of caspase-activatable

reporters by fusing, via a linker containing the caspase-3/7
cleavage site DEVD, a hydrophobic quenching peptide to the C
terminus of a fluorescent protein (26–28). This quenching pep-
tide inhibits the maturation of the chromophore in the fluores-
cent protein until it is proteolytically removed by an active
caspase, fully restoring the fluorescence (26, 27). In the present
study, we developed genetically encoded flavivirus molecular
reporters by inserting a flaviviral NS2B–NS3 cleavage site into
our caspase-activatable (CA) GFP (26) or CA-mNeptune (28),
giving rise to the flavivirus-activatable (FlaviA) GFP and Fla-
viA-mNeptune reporters, respectively. To our knowledge, this
is the first fluorescence-activatable molecular reporter system
for live-cell imaging of the infection by both reference and
native strains of flaviviruses like DENV, ZIKV, and YFV.

Results

Fluorescence-activatable GFP-based reporters of flavivirus
NS2B–NS3 protease activity become fluorescent upon
cleavage by recombinant DENV-2/ZIKV proteases in vitro

We based the design of a molecular sensor for flavivirus pro-
teases on our previously reported CA-GFP sensor that com-
prises GFP, a linker for caspase cleavage and a C-terminal
quenching peptide (26–28). However, we encountered several
limitations for the development of the new sensor, mainly with
the linker sequence for the reporter function. This led us to
envisage several alternative designs by changing the linker
sequence. Indeed, we generated several variants of the reporter
that remained uncleaved and/or nonfluorescent upon DENV-2
NS2B–NS3 protease treatment in vitro (Table S1). Therefore,
we designed a linker based on previously characterized flavivi-
rus polyprotein cleavage sites (29). After careful analysis
and avoiding the formation of cleavage sites for other cellular
proteases within the resulting protein sequence of the sensor
(http://web.expasy.org/peptide_cutter/),3 we selected the
cleavage sequences that define the linker. Three variants of this
reporter were constructed by changing the linker sequence:
ZIKVA-GFP (ZIKV polyprotein NS2B/NS3 cleavage site
linker), DENV2A-GFP (DENV-2 polyprotein NS2B/NS3 cleav-
age site linker), and FlaviA-GFP with the internal NS3 cleavage
site present in many members of the Flavivirus genus (3, 5, 30).

Using these variants of the reporter, we verified the cleavage in
vitro by Coomassie Blue–stained SDS-PAGE gels (Fig. 1, A and
B, and Fig. S1) and the fluorescence activation (Fig. 1C) to eval-
uate at the protein level the potential of these linkers to be used
within reporters of viral protease activity.
Purified recombinantDENV-2NS2B–NS3 protease (Fig. 1A,

left panels) or ZIKVNS2B–NS3 protease (Fig. 1A, right panels)
were added to the three purified FlaviA-GFP reporter proteins.
The DENV-2 NS2B–NS3 protease band was observed at 25 kDa,
and the ZIKV NS2B–NS3 protease was located below 20 kDa,
whereas all three full-length reporter proteins appeared above 30
kDa. To determine the location of the cleaved reporters, we gen-
erated a truncated variant of the FlaviA-GFP reporter protein
(tRep/control) by inserting a stop codon downstreamof the cleav-
age site in the DNA sequence of the linker. The bands of the
cleaved reporters appeared between the 25- and 30-kDamarkers.
The cleavage kinetics of the reporters can be observed over time
for the three variants tested (Fig. 1, A and B).
The intensities of these bands were quantified, and a ratio of

the cleaved reporter to the total amount of reporter protein for
each time point was calculated. The results are displayed as
time-resolved cleavage efficiency (%) to compare among the
different variants of the reporter (Fig. 1B). TheDENV-2NS2B–
NS3 protease has very similar cleavage kinetics for the three
variants with some slight differences. Although the FlaviA-GFP
reporter showed an earlier increase, the ZIKVA-GFP reporter
also reached �80% of cleavage efficiency. The DENV2A-GFP
reached only�50% efficiency (Fig. 1B, left panel). On the other
hand, striking differences are observed for the cleavage efficiency
of the three variants of the reporter by the ZIKV NS2B–NS3
protease. The ZIKVA-GFP reporter had a much earlier
increase, reaching almost 100% cleavage by 10 h. In contrast,
the FlaviA-GFP and the DENV2A-GFP variants reached only
40% of cleavage efficiency after 20 h (Fig. 1B, right panel).
These results indicate that the reporters are sensitive to fla-
vivirus protease cleavage as designed, although with differ-
ent efficiencies and kinetics.
To determine whether these cleavage kinetics correlate with

fluorescence activation of the reporters, wemonitored the fluo-
rescence signal of each reporter as a function of time and
normalized it to the background signal for each construct,
obtaining thereby a time-resolved signal-to-noise ratio for the
fluorescence of the reporters. All three reporters showed an
increased in this signal-to-noise ratio for both protease treat-
ments, indicating that the cleavage of the constructs correlates
with the fluorescence increase of the GFP. The ZIKVA-GFP
reporter showed the highest increase in fluorescence for both
protease treatments, followed by the FlaviA-GFP and the
DENV2A-GFP. These results indicate that the increase of the
signal-to-noise ratio is a sensitivemarker of cleavage, especially
for the ZIKVA-GFP reporter (Fig. 1C).

The FlaviA-GFP sensor reports the highest fluorescence
increase in stably transduced mammalian cells upon DENV-2/
ZIKV infection

To validate our candidate GFP-based reporters of flavivirus
NS2B–NS3 proteases, we generated three BHK-21 stable cell
lines expressing each reporter. Upon DENV-2 or ZIKV infec-

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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tion at a low multiplicity of infection (MOI) of 0.25, we moni-
tored the cellular fluorescence as a function of time using live
imaging. A qualitative assessment of the images suggested that
the cell fluorescence started to increase significantly at 48 h
post-infection (Fig. 2A and Fig. S2A). To quantify this increase,

we constructed an image analysis pipeline usingCellProfiler 2.0
to identify single cells based on their nuclei, recognize their
cytoplasms (white outlines), classify them as live (blue dots) or
dead cells (red outlines and dots) and quantify the total cell
fluorescence (Fig. 2,A andB). Our results showed that the viral-

Figure 1. Fluorescence-activatable GFP-based reporters for flavivirus NS2B–NS3 protease activity become fluorescent upon cleavage by DENV-2/
ZIKV recombinant proteases in vitro. The flavivirus-activatable GFP reporters contain a quenching peptide (QP) at the C terminus of GFP joined by a linker
consisting of a cleavage site for the flavivirus NS2B–NS3 proteases. When the viral proteases cleave the linker, the quenching peptide is removed, and the GFP
adopts a conformation promoting chromophore maturation. Three variants of this reporter were developed by changing the linker sequence: ZIKVA-GFP (ZIKV
polyprotein NS2B/NS3 cleavage site linker), DENV2A-GFP (DENV-2 polyprotein NS2B/NS3 cleavage site linker), and FlaviA-GFP with the internal NS3 cleavage
site linker, which is present in many members of the Flavivirus genus. A, in vitro cleavage kinetics of the flavivirus-activatable GFP reporter. Purified reporter
proteins were mixed with purified DENV-2 NS2B–NS3 protease (left panels) or ZIKV NS2B–NS3 protease (right panels) at a molar ratio of 1:1 and incubated for
given times. The reactions were quenched by thermal treatment in SDS loading buffer, and samples were analyzed by SDS-PAGE and staining of the gels with
Coomassie Blue. tRep/control is an engineered cleaved variant of the FlaviA-GFP protein and was used as size marker of cleaved reporters. Representative
cropped images from three independent experiments are shown. B, cleavage efficiency kinetics of the purified flavivirus-activatable GFP reporter proteins
treated with purified DENV-2 NS2B–NS3 protease (left panel) and ZIKV NS2B–NS3 protease (right panel). C, time-resolved fluorescence signal-to-noise ratio of
the purified flavivirus-activatable GFP reporter proteins treated with purified DENV-2 NS2B–NS3 protease (left panel) and ZIKV NS2B–NS3 protease (right panel).
The data are expressed as means� S.D. of three independent experiments. **, p�0.001 compared with the other two reporter variants at 20 h post-treatment.
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induced cytotoxicity started �50–60 h postinfection with
DENV-2 and �40–50 h post–ZIKV infection (Fig. 2B, red
dots). However, the cellular fluorescence started to increase in
living cells (Fig. 2B, blue dots) approximately at 48 h postinfec-
tion, and we could quantify living cells with increased fluores-

cence until the end of this time course (96 h). The population
mean values for each condition are represented by the green
continuous lines. To compare the different variants of the
reporter, wemonitored the cell population kinetics of the flavi-
virus-activatable GFP sensor’s fluorescence across multiple

Figure 2. The FlaviA-GFP sensor reports the highest fluorescence increase in stably transduced mammalian cells upon DENV-2/ZIKV infection. We
generated three BHK-21 stable cell lines expressing the flavivirus-activatable GFP reporters, each with one of the previously tested linker sequences. After cell
sorting of subpopulations with homogeneous expression of each reporter, the cells were grown and infected with either infectious or UV-inactivated DENV-2
13538/ZIKV CIET-01 at a low MOI of 0.25, for the specified time periods. A, an automated image analysis protocol was constructed in CellProfiler 2.0 for the
quantification of live (white outline), dead (red outline), and activated FlaviA-GFP fluorescent cells (green). A representative experiment is shown for the
FlaviA-GFP stable cell line infected with DENV-2 (n� three independent experiments, magnification of 200�; scale bar, 100 �m). B, the flavivirus-activatable
GFP reporter activation is represented by scatter plots showing the time-resolved fluorescence of the population of single live (blue) and dead (red) reporter
cells after the exposure to infectious or UV-inactivated DENV-2 (left panels) or ZIKV (right panels). The population mean values for each condition are repre-
sented by the green continuous lines. Representative scatter plots are shown (n � three independent experiments). C, the cell population kinetics of the
flavivirus-activatable GFP sensors fluorescence across multiple experiments confirmed that the flavivirus internal NS3 cleavage site linker (AAQRRGRIG) confers
the highest signal-to-noise ratio to report the infection with both DENV-2 (left panel) and ZIKV (right panel) in stably transduced BHK-21 cells. The data are
expressed as means� S.D. of three independent experiments. *, p� 0.05 compared with both ZIKVA-GFP and DENV2A-GFP at 96 h postinfection.
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experiments and confirmed that the flavivirus internal NS3
cleavage site linker (AAQRRGRIG) confers the highest signal-
to-noise ratio for reporting the infection of DENV-2 and ZIKV
in stably transduced BHK-21 cells (Fig. 2C). These results con-
firm that our GFP-based fluorescence-activatable reporters of
NS2B–NS3 protease activity can be used in living cells and that
our variant harboring the flavivirus-conserved linker has the
highest sensitivity to report viral infection for both DENV-2
and ZIKV at the single-cell level.

The fluorescence activation of the FlaviA-GFP reporter
correlates with viral NS3 protease synthesis and activity in the
cellular context

To validate the ability of the FlaviA-GFP construct to report
the NS3 protease content in the cellular context, we first mon-
itored the correlation of the reporter fluorescence with an
anti-NS3 immunofluorescence staining. BHK-21 stable cells
expressing the FlaviA-GFP reporter were infected with
DENV-2 13538, and the NS3 protease was revealed by an im-
munofluorescence assay with an anti-DENV NS3 protein anti-
body 72 h postinoculation. High magnification images were
obtained to study the cellular patterns of both fluorescent sig-
nals. The images showed a significant amount of colocalized
fluorescence, suggesting a correlation between cellular NS3
amounts and the fluorescent form of the FlaviA-GFP reporter
(Fig. 3A). To confirm this correlation, we obtained low magni-
fication images and quantified the total cellular intensity for
both fluorescent signals in many single cells using CellProfiler
2.0. This quantification confirmed an important correlation
(Fig. 3B), suggesting that the fluorescence of the FlaviA-GFP
reporter arises because of the viral-induced synthesis of NS3
protease in the cells. To confirm this hypothesis, we monitored
for 72 h the cleavage kinetics of the FlaviA-GFP reporter in
BHK-21 stable cells upon DENV-2 infection in parallel to the
viral NS3 protease expression by Western blotting. Only the
cells incubated with infectious DENV-2 showed a band of
uncleavedNS3protease. This signalwas dimat 24 h but became
more evident at 48 and 72 h, whereas a band corresponding to
the cleaved NS3 protease became visible at 48 h postinfection,
because of the autoproteolytic activity of NS3. On the other
hand, the band of uncleaved FlaviA-GFP reporter was visible in
lysates of cells incubated with UV-inactivated DENV-2, at all
the times tested (Fig. 3C). In the presence of the infectious
DENV-2 a slight band of cleaved FlaviA-GFP reporter appeared
by 48 h, correlating with the onset of autoproteolytic activity of
the viral NS3. This band showed a strong increase at 72 h
postinfection similar to the increase of cleaved NS3 protease
(Fig. 3C). This correlation was expected because both the Fla-
viA-GFP reporter and the viral NS3 protease contain the same
flavivirus internal NS3 cleavage site (AAQRRGRIG). The cleav-
age of the NS3 protease itself therefore represents an excellent
internal control for the NS3 protease activity in this experi-
ment. Together, these results demonstrate that the fluores-
cence increase of the FlaviA-GFP reporter correlates with its
proteolytic cleavage in the cellular context, and this cleavage
depends on the presence of active viral NS3 protease.

The FlaviA-mNeptune, a far-red version of the flavivirus
sensor, reports the best signal-to-noise ratio in a DENV-2/ZIKV
fluorescent plaque assay

To ascertain the ability of the FlaviA-GFP version of the sen-
sor to report the cell population-based kinetics of infection, we
designed an experimental protocol for a Dulbecco’s plaque
assay in 96-well plates. Briefly, confluent cell monolayers of
BHK-21 cells stably expressing the FlaviA-GFP reporter were
infected with decimal dilutions of a DENV-2 or ZIKV viral seed
and incubated with a medium containing carboxymethylcellu-
lose for 120 h. The plaque-containing wells were completely
imaged at 40�magnification, and the whole-well images of cell
monolayers were generated with the stitching function of the
Gen5 3.0 software (BioTek). However, as shown in Fig. 4B, the
raw images of the FlaviA-GFP stable cell monolayers presented
high backgrounds at low magnification in the green fluores-
cence channel, probably because of the autofluorescence of the
phenol red and the fetal bovine serum of the culture medium.
An alternative medium without phenol red (Gibco, catalog no.
11935-046) was tested but showed an increase in cytotoxicity
(data not shown). These images could be enhanced by increas-
ing the contrast but thereby lost a significant fraction of the
cellular signal from the fluorescent viral plaques, as shown by
the size comparison of the reporter plaques in the enhanced
image to the plaques stained with an anti-NS3 antibody 120 h
postinfection (Fig. 4B). Therefore, we envisaged a far-red ver-
sion of our flavivirus reporter (FlaviA-mNeptune, Fig. 4A)
based on our previously published CA-mNeptune sensor (28).
We generated a new stable cell line with the far-red FlaviA-
mNeptune reporter to compare the signal-to-noise ratio between
the red fluorescent plaques and the green fluorescent plaques
generated in FlaviA-GFP stable cells.
A time-based comparison of the plaque formation kinetics

for both DENV-2 and ZIKV indicated that the FlaviA-mNep-
tune version of the reporter has a higher signal-to-noise ratio,
revealing earlier evidence of red fluorescent plaques 48–72 h
postinfection compared with the plaques produced by the fluo-
rescence increase of the FlaviA-GFP reporter, which required
96–120 h to become evident (Fig. 4C). To confirm the higher
potential of the FlaviA-mNeptune reporter to reveal fluores-
cent viral plaques, we compared the size of the plaques for both
types of reporters with the respective size of the same plaques
stained with both an anti-NS3 antibody and crystal violet stain-
ing. We also identified the plaque outlines for both reporters
using an image analysis protocol constructed in CellProfiler 2.0
based on cell-by-cell neighbor counts and image thresholding
(Fig. 5A). The protocol identified much larger plaques for
FlaviA-mNeptune–infected cells compared with those of
infected FlaviA-GFP cells. In addition, the size of the plaques
generated in the FlaviA-mNeptune–infected cellswas very sim-
ilar to the size of the plaques revealed by the NS3 labeling and
the crystal violet staining (Fig. 4D). Together, these results
demonstrate that themNeptune version of the flavivirus sensor
reports the best signal-to-noise ratio in a Dulbecco’s plaque
assay, indicating that this reporter is a good marker of viral
replication to study cell population-based kinetics of infection
by this standard virological technique.
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A multireporter platform to study viral plaques formation at a
single-cell resolution reveals differences in cell-population
kinetics of infection and cell death induction by several
flaviviruses

To further investigate the potential application of our
FlaviA-mNeptune reporter system to study the cell population-
based kinetics of viral infection and plaque formation, we

designed an experimental protocol combining three types of
reporters. The FlaviA-mNeptune reporter was used as a surro-
gate marker of viral replication, Hoechst 33342 was used to
stain chromatin condensation as an early marker of an ongoing
apoptosis, and SYTOX green was used to label nuclei of cells
with permeabilized membranes as a late marker of cell death
(Fig. 5A). We constructed an image analysis protocol in Cell-

Figure 3. The FlaviA-GFP reporter becomes cleaved and fluorescent in stably transduced BHK-21 cells uponDENV-2 infection, which correlateswith
the viral NS3 protease synthesis and autoproteolysis. Stable BHK-21 cells expressing the FlaviA-GFP reporter were infected with either infectious or
UV-inactivated DENV-2 13538 at a low MOI of 0.25, for the specified time periods postinoculation. A, comparison of DENV-2 infection detection by the
FlaviA-GFP reporter (green) and immunostaining with an anti-DENV NS3 protease antibody (orange) in stably transduced BHK-21 cells at 72 h postinfection with
DENV-2. Images from a representative experiment are shown (n� three independent experiments, magnification of 600�; scale bar, 30 �m). B, correlation of
the total cell fluorescence intensity given by the FlaviA-GFP reporter (green) and an immunofluorescence assay (IFA) with an anti-DENV NS3 protease antibody
(orange) in stably transduced BHK-21 cells at 72 h postinfection with DENV-2. A representative experiment is shown (n � three independent experiments,
magnification of 200�; scale bar, 300 �m). C, cleavage and fluorescence kinetics of the FlaviA-GFP reporter in stable BHK-21 cells upon DENV-2 infection and
subsequent viral NS3 protease production and activity. A representative Western blotting kinetics with its corresponding live-cell images set is shown (n�
three independent experiments, magnification of 200�; scale bar, 100 �m).
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Profiler 2.0 to identify and characterize each individual plaque
at a single-cell level. Briefly, the pipeline adds the images of the
three channels into one (ImageMath) to identify all single cells

with all possible combinations of the reporters (cell identifica-
tion). These cells are characterized by the quantification of
their neighbors within a specified distance (neighbor count)

Figure 4. The FlaviA-mNeptune is a far-red version of the flavivirus reporter that enables earlier detection of the cell infection kinetics in a DENV-2/
ZIKV plaque assay. We generated two BHK-21 stable cell lines expressing either a green or a far-red version of the flavivirus reporter. Both versions were
compared by plaque assay upon infection with DENV-2 13538 and ZIKV CIET-01 at the specified time periods. A, the FlaviA-mNeptune reporter is a quenched
version of the fluorescent protein mNeptune which contains a quenching peptide (QP) at the N terminus joint by a linker consisting of the internal NS3 cleavage
site (AAQRRGRIG), which is conserved among many members of the Flavivirus genus. When the flavivirus protease cleaves the linker, the quenching peptide
is removed, and the mNeptune adopts its fluorescent structural conformation. B, BHK-21 cells stably transduced with the FlaviA-GFP reporter and infected with
DENV-2 required a contrast enhancement procedure to reveal viral plaques at 120 h postinfection but with a poor correlation when compared with the same
plaques labeled with an anti-DENV NS3 protease antibody. C, the plaque assay kinetics showed that BHK-21 cells stably transduced with the FlaviA-mNeptune
reporter accumulate enough intensity to reveal fluorescent plaques by 48 and 72 h postinfection with ZIKV and DENV-2, respectively, much earlier than their
counterparts transduced with the FlaviA-GFP reporter. D, the performance of both GFP and mNeptune reporters was further evaluated by comparing the size
of their resulting fluorescent plaques to the signal reported by an anti-DENV NS3 protease antibody and crystal violet staining, confirming that the FlaviA-
mNeptune reporter has a better correlation to both the infection front (DENV NS3 immunostaining) and the cytopathic effect (crystal violet staining),
compared with the FlaviA-GFP reporter. A representative experiment for each condition is shown (n� three independent experiments, magnification of 40�;
scale bar, 1000 �m).
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Figure5.TheFlaviA-mNeptune reporterenablesanalysisof thekineticsofZIKV infectionand inducedcell death in singleplaquesandsingle cells.We
constructed an image analysis protocol using the software CellProfiler 2.0 to characterize the kinetics of infection and cell death by the quantification of
fluorescence features of cells imaged to assess DNA/chromatin condensation (Hoechst 33342), cell death (SYTOX green), and viral infection (FlaviA-mNeptune
reporter). A, high resolution images were stitched into a single image of the well for all three fluorescent channels, which intensities were added into a single
image to have a redundant single-cell identification. A neighbor count and threshold were performed to filter the cells belonging to plaques and achieve single
plaque identification. The single cells previously identified were related to their respective parent plaques to quantify single-cell parameters within each
plaque, including chromatin condensation (blue), cell death (green), and the intensity of the FlaviA-mNeptune reporter (red). B, the image analysis protocol was
applied to analyze a representative kinetics of ZIKV plaque formation during 120 h postinfection (hpi), achieving the identification of individual plaques and the
categorization of single cells within each plaque as live-infected (red), live-infected with chromatin condensation (blue), and dead (green). The 120-h postin-
fection image was reused from point A, because its generation was used in Fig. 5A to exemplify the image analysis pipeline applied to analyze the viral plaques
at every postinfection time depicted in B. C, time-resolved kinetics of ZIKV infection described by parameters of percentage of live-infected cells (red),
live-infected cells with chromatin condensation (blue), and dead cells (green) within the viral plaques. Images and data from a representative analyzed
experiment are shown (n� three independent experiments, magnification of 40�; scale bar, 1000�m). The data are expressed as means� S.D. for the number
of plaques identified at each time point depicted.
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and filtered based on a minimal number of neighbors per cell
(filtered cells) to identify the plaque-forming cells. Then a series
of image enhancing steps enable us to perform the identifica-
tion of plaques as new primary objects (plaque identification).
Finally, with the identified plaques we were able to relate the
single cells to their corresponding plaques and quantify thereby
the number of live-infected cells (red), live-infected cells with
chromatin condensation (blue), and dead cells (green) (Fig. 5A).
Moreover, the time-based monitoring of these parameters for
each fluorescent viral plaque enabled us to study the cell-pop-
ulation kinetics of infection for ZIKV plaque formation until
120 h (Fig. 5B). The quantification of these parameters indi-
cated that the ratios of these three cell subpopulations over
time are very similar among different plaques for this specific
ZIKV strain, as depicted by the relatively low standard devia-
tions observed (Fig. 5C). These results suggest that with the
combination of a FlaviA-mNeptune reporter as a marker of
infection with a reporter of chromatin condensation and a
reporter for cell death, we can obtain a multireporter platform
to characterize the infection kinetics induced by a specific viral
strain.
To confirm the potential of this multireporter platform to

reveal virus-specific differences in terms of viral replication,
chromatin condensation, and cell death, we compared the
fluorescent viral plaques generated upon the infection with dif-
ferent flaviviruses including DENV-2, ZIKV, and YFV. YFV
represents an additionalmodel to further validate the spectrum
of application of our flavivirus reporter (Figs. S2B and S3) and to
explore the heterogeneity in replication kinetics and cell death
induction across multiple flaviviruses using our multireporter
platform. The acquired images at 120 h post-infection with
DENV-2, ZIKV, and YFV show qualitative differences (Fig. 6A)
that were examined using the image analysis protocol pre-
sented above (Fig. 5A). The artificial images generated by the
image analysis protocol highlighted those differences (single-
cell plaque analysis; Fig. 6A). The identified plaques contained
several subpopulations of infected cells: a central core of dead
cells (green), surrounded by a ring of cells presenting chromatin
condensation (blue), and another ring of live-infected cells
(red). Nevertheless, the proportions of these cell subpopula-
tions were very different for DENV-2, ZIKV, and YFV. Finally,
the quantification of the percentage of cells corresponding to
each subpopulation within each plaque confirmed the qualita-
tive observations, indicating differential proportions of infec-
tion and induced cell death among the three viral species tested
(Fig. 6B).
Next, we askedwhether the presence of either type of report-

ers (FlaviA-GFP and FlaviA-mNeptune) and dyes (Hoechst
33342 and SYTOX green) could affect the viral replication by
comparing the pfu determined with the standard crystal violet
staining onWT cells with those generated on both reporter cell
lines at 96 h postinfection with DENV-2, ZIKV, and YFV. A
representative experiment for DENV-2 is shown in Fig. S4A,
and the plaque count confirmed that there is no difference in
viral replication among all three cell lines infected with all three
viral species tested (Fig. S4B). This result validates that the
behaviors observed for DENV-2, ZIKV, and YFV arise from
intrinsic differences in viral replication kinetics and not from a

differential effect of the reporters and dyes in viral replication.
Together, these results demonstrate the applicability of our
reporter to be used in combination with other molecular sen-
sors to establish a multiparametric characterization of the
infection produced by different flaviviruses.

Discussion

The present study reports the construction of fluorescent
protein-based sensors of flavivirus NS2B–NS3 serine proteases
activity that become fluorescent upon cleavage by recombinant
DENV-2/ZIKVproteases in vitro (Fig. 1).Moreover, the variant
of this sensorwith the internalNS3 cleavage site linker (AAQR-
RGRIG) reported the highest fluorescence increase in stably
transduced mammalian cells upon DENV-2/ZIKV infection,
correlating with the viral induced NS3 protease activity in the
cellular context (Figs. 2 and 3). A far-red version of this flavivi-
rus sensor reported the best signal-to-noise ratio in a fluores-
cent Dulbecco’s plaque assay, enabling the construction of a
multireporter platform to study plaque formation with single-
cell resolution (Figs. 4 and 5). Finally, the application of this
platform revealed important differences in cell-population
kinetics of infection and cell death induced by several flavivi-
ruses (Fig. 6).
As a starting point, we developed this genetically encoded

flavivirus reporter systemby successfully engineering the linker
of our previously published caspase-activatable reporters, CA-
GFP and CA-mNeptune (26–28), to be recognized and cleaved
by the flavivirusNS2B–NS3 proteases, giving rise to the FlaviA-
GFP and FlaviA-mNeptune reporters, respectively. First, we
focused on the validation of three proposed linkers in vitro as a
proof of concept of the recognition and cleavage of our reporter
upon treatment with flavivirus proteases, without the possible
effect of other proteases that are present in the cellular context.
Our results showed that all three linkers tested were cleaved as
soon as 1 h post-treatment with both DENV-2 and ZIKV pro-
teases (Fig. 1, A and B). This fast cleavage validated the amino
acid sequences of our linkers as well as the application of
“unlinked” versions of both recombinant DENV-2 and ZIKV
proteases, in which the NS2B and NS3 regions were produced
as independent polypeptides. This choicewas based onour own
demonstration that the “unlinked” version of DENV-2 protease
rests predominantly in a “closed,” active conformation, in con-
trast with the less active, relaxed conformation, adopted by the
frequently used “linked” construct, in which NS2B and NS3
polypeptides are attached by a nine-amino acid linker (31).
Once the biochemical principle behind the preliminary vari-

ants of our reporter was confirmed in vitro with recombinant
viral proteases, we decided to test its performance upon full
flavivirus particle infection in mammalian cells. The highest
fluorescence increase to report the infection with DENV-2 and
ZIKV in stably transduced BHK-21 cells was obtained with the
internal NS3 cleavage site linker (Fig. 2) present in many mem-
bers of the Flavivirus genus (3, 5, 30). Moreover, a BLASTp
search of the NCBI reference proteins database (32) using the
query sequence AAQRRGRIG, revealed 100% coverage and
88.9–100% identity to �60 members of the Flavivirus genus.
The alignment results included many medically important fla-
viviruses like WNV, YFV, SEV, DENV, JEV, ZIKV, and TBEV
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(Fig. S5), among others (1). This finding outlines the potential
application of our reporter system to other flaviviruses and sup-
ports our hypothesis that the flavivirus internal NS3 cleavage
site could represent a conserved viral target for the develop-
ment of a single antiviral therapy against the members of the
Flavivirus genus, as previously suggested for DENV (30). Nev-
ertheless, further work using other flaviviruses is needed to
establish the whole spectrum of utility and specificity of this
reporter system.
Furthermore, our flavivirus reporter system proved to be a

useful method for monitoring the kinetics of DENV-2 and
ZIKV infection at a single-cell level by live-cell imaging (Fig. 2)
and showed a positive correlation with standard virological
approaches like detection of viral NS3 protease synthesis and
activity by indirect immunofluorescence andWestern blotting

(Fig. 3). In this respect, flavivirus reporter replicons have been
generated by engineering the viral genomes of reference strains
(16–20). However, in recent years special effort has been
invested in the development of cell-based molecular reporter
systems for live-cell imaging of flavivirus infections (21–23),
mainly for their application on the study of native viral strains
and clinical isolates. Among the latter, our system shows some
advantages in that it is a fluorescence-activatable reporter,
which allows an easier interpretation of the results and simpli-
fies the image analysis when compared with those systems
based on the relocalization of the fluorescent signal across cel-
lular compartments (21, 23). Moreover, the utility of our fluo-
rescence activation approach arises from its low fluorescent
background and the use of a single recombinant construct that
codifies for a single fluorescent protein with intramolecular

Figure 6. The FlaviA-mNeptune reporter enables the comparative characterization of the infection produced by flaviviruses in terms of viral repli-
cation and induced cell death at a single-cell level. We applied our image analysis protocol to characterize the DENV, ZIKV, and YFV infection and induced
cell death by the quantification of fluorescence features of cells imaged to assess DNA/chromatin condensation (Hoechst 33342), cell death (SYTOX green), and
viral infection (FlaviA-mNeptune reporter). A, the image analysis protocol was applied to achieve the identification of viral plaques produced by DENV, ZIKV,
and YFV at 120 h postinfection and the categorization of single cells within each plaque as live-infected (red), live-infected with chromatin condensation (blue),
and dead (green). B, DENV, ZIKV, and YFV infection described by parameters of percentage of live-infected cells (red), live-infected cells with chromatin
condensation (blue), and dead cells (green) within the viral plaques at 120-h postinfection. The images and data from a representative analyzed experiment are
shown (n� three independent experiments, magnification of 40�; scale bar, 1000 �m). The data are expressed as means� S.D. for the number of plaques
generated by each virus. *, p� 0.05; **, p� 0.001 compared with the other two cell populations conforming the plaques of the same viral species.
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quenching, in contrast with other, difficult to optimize strate-
gies, like the FRET probes (26, 33) and the protease-triggered
Cre-mediated reporter system, which rely on the cellular trans-
fection of two different recombinant constructs (22) and could
be sensitive to early changes in gene expression. Another great
advantage over other systems is that our reporter has been val-
idated with reference strains but also clinical isolates of differ-
ent flavivirus species like DENV, ZIKV, and YFV, expanding its
range of application to more than one flavivirus.
The fluorescence activation principle of our reporter also

allowed us to envisage a cell-based fluorescent Dulbecco’s
plaque assay for flaviviruses (Fig. 4). The plaque assay is one of
the “gold standard” virological techniques originally developed
by d’Hérelle (34) for titration and isolation of single clones of
bacteriophages and later adapted by Dulbecco (35) to animal
viruses. Viral plaques arise after genome replication, transcrip-
tion, translation, virus release from infected cells, and infection
of surrounding cells (36). Thus, plaque development consti-
tutes a hallmark of the infection carried out by a specific viral
clone. To date, the kinetics of flavivirus plaque formation could
only be monitored for transgenic fluorescent viruses made by
modifying the genome of reference strains (16–20). However,
we applied the far-red version of our flavivirus sensor to estab-
lish, for the first time, a mammalian reporter cell line where the
plaque assay can be monitored over time with unlabeled native
flavivirus strains. This way, we were able to study the kinetics
of viral plaque development with the clinical isolate ZIKV
CIET-01 (Fig. 4). Considering that viral plaques are clonal
lesions of infected cells formed by the cytopathic effect of rep-
licating viruses (36), we decided to incorporate molecular sen-
sors for chromatin condensation (Hoechst 33342) and cell
death (SYTOX green) to obtainmultiparametric data from sin-
gle viral plaques. This enabled us to construct a multireporter
platform to study flavivirus plaque formation with single-cell
resolution (Fig. 5) as a way to obtain a preliminary character-
ization of the infection produced by a particular flavivirus
strain.
Following our approach, the quantification of the percentage

of cells within each viral plaque corresponding to live-infected
cells, live-infected cells with chromatin condensation, and dead
cells indicated differential rates of infection and types of
induced cell death for DENV-2, ZIKV, and YFV (Fig. 6). The
infection with DENV-2 presents the highest proportion of live-
infected cells, indicating that the infected cells take longer time
to die upon infection and suggesting that this behavior drives to
an increased viral production probably related to a faster infec-
tion kinetics leading to the formation of larger plaques (37). The
amount of DENV-infected cells with chromatin condensation
is very similar to that of dead cells, suggesting a fast type of cell
demise once the cell death program is engaged, probably necro-
sis (38, 39). A similar scenario is shown by YFV that induces a
fast type of cell death, probably necrosis, but earlier during the
infection, which might limit viral spreading, leading to a lower
proportion of live-infected cells and smaller viral plaques (40).
On the other hand, ZIKV has a lower proportion of live-in-
fected cells but a very high number of infected cells with chro-
matin condensation, suggesting that this viral strain induces a
delayed type of cell death, probably apoptosis as previously

reported (23, 41–43), preserving for a longer time the cell integ-
rity to produce new viral particles and leading to larger plaques
compared with YFV infection (44). However, this could be also
related to differences in viral permissiveness of the BHK-21 cell
line, because it is known that ZIKVvirus tends to infect BHK-21
cells poorly compared with YFV, as demonstrated by envelope
protein immunostaining (45, 46). Therefore, our multireporter
platform serves only as a primary screening of the type of infec-
tion exposed by flavivirus strains. A more detailed exploration
is needed using virological and cell biology methods to reach
strong conclusions about the viral fitness and cell death mech-
anism induced by a specific viral strain. Nevertheless, our
approach would be suitable for the screening of antiviral com-
pounds by a plaque reduction assay, with the advantage of hav-
ing a readout of the possible cytotoxicity induced by those com-
pounds in a single experiment.
To our knowledge, this is the first fluorescence-activatable

cell-based molecular reporter system for live-cell imaging of
flavivirus infection suitable to be used in a plaque assay simul-
taneously with molecular sensors of other cellular or viral-in-
duced processes. Moreover, taking into account the enormous
need for preventative and therapeutic treatments for flavivirus
infections like dengue and Zika (47), our multireporter plat-
form enables the decoding of viral-specific fingerprints of Dul-
becco-plaque formation with a potential future application for
antiviral drug research and other studies on viral replication/
cell death induction for both native flavivirus strains and clini-
cal isolates.

Experimental procedures

Viruses

Clinical isolate DENV-2 13538 (DENV-2/CR/10066/2007)
was provided by Instituto Costarricense de Investigación y
Enseñanza en Nutrición y Salud, Cartago, Costa Rica (48).
DENV-2 viruses were produced in C6/36 cells from Aedes
albopictus (ATCC, Manassas, VA) by inoculating a cellular
monolayer at a MOI of 0.01 and incubating for 3 days with
RPMI 1640 medium (Gibco) supplemented with 2% fetal
bovine serum (FBS; Gibco) at 33 °C in an atmosphere of 5%
CO2. Then culture supernatant was collected and centrifuged
at 3000� g for 10 min. Before storage at�80 °C, 23% newborn
calf serum (Gibco) was added (49).
Clinical isolate ZIKV CIET-01 (ZIKV/CR/CIET-01/2016)

was kindly provided by Claudio Soto-Garita from Universidad
de Costa Rica. Vaccine strain YFV 17D (YFV/US/17D/1937)
was isolated from the commercial vaccine YF-VAX� (Sanofi
Pasteur, Lyon, France). ZIKV and YFV viruses were produced
in Vero cells (ATCC) by inoculating cellular monolayers at a
MOI of 0.1 and incubating for 5 days with minimum essential
medium (MEM, Gibco) supplemented with 2% FBS at 37 °C in
an atmosphere of 5%CO2.Culture supernatantswere collected,
centrifuged at 3000� g for 10 min, and stored at�80 °C.
Viruses were titrated by plaque assay in BHK-21 cells

(ATCC) as previously described (50). Briefly, 10-fold serial dilu-
tions of viruses were added to BHK-21 confluent monolayers.
After 2 h of adsorption, the cells were incubated at 37 °C in an
atmosphere of 5% CO2 for 5 days with MEM supplemented
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with 2% FBS and 1% carboxymethylcellulose (Sigma). Plaque
numbers were counted after staining with crystal violet. Virus
inactivation was carried out by five cycles of UV light (254 nm)
exposure at an energy of 400,000 �J/cm2 in the CL-100 UV
Cross-linker (UVP, Upland, CA).

Reporter development and molecular cloning

FlaviA-GFP, ZIKVA-GFP, and DENV2A-GFP reporters
were developed by site-directedmutagenesis of the linker in the
previously described CA-GFP reporter (26–28) to a sequence
coding for the flavivirus NS3 internal cleavage site (AAQR-
RGRIG), the ZIKV polyprotein NS2B/NS3 cleavage site
(KTGKRSGAL), and the DENV-2 polyprotein NS2B/NS3 cleav-
age site (VKKQRAGVL), respectively, using the QuikChange
approach (Agilent, Santa Clara, CA). The tRep/control, a trun-
cated variant of the reporter protein, was generated by inserting
a stop codon downstream the cleavage site in the linker of the
FlaviA-GFP reporter. Then the genes of the flavivirus-activat-
able GFP reporters in the plasmid pET21b (Novagen, Madison,
WI) were independently amplified by PCR and ligated into the
SpeI and XhoI restriction sites of the pLenti-puro vector (a gift
from Ie-Ming Shih, Addgene plasmid 39481) (51) to generate
the constructs pLenti-ZIKVA-GFP-puro, pLenti-DENV2A-
GFP-puro, and pLenti-FlaviA-GFP-puro. Likewise and based
on the previously described CA-mNeptune reporter (28), we
designed and commercially synthetized (Atum, Newark, CA)
the FlaviA-mNeptune reporter gene by changing the linker
sequence to codify for AAQRRGRIG. Finally, the FlaviA-
mNeptune gene in the plasmid pD2109-CMV (Atum) was
PCR-amplified and ligated into the XbaI and SalI restriction
sites of the pLenti-CMV-GFP-Puro vector (a gift from Eric
Campeau, Addgene plasmid 17448) (52) to produce the plas-
mid pLenti-CMV-FlaviA-mNeptune-puro. All constructs were
confirmed by sequencing (Genewiz, South Plainfield, NJ).

Protein expression and purification

FlaviA-GFP, ZIKVA-GFP, DENV2A-GFP, and tRep/control
expression constructs in pET21b vectorswere transformed into
Escherichia coli strain BL21(DE3). Flasks containing 2 liters of
2X YTmedia were inoculated with 8ml of an overnight culture
and grown at 37 °C to an A600 of 0.6. The cultures were then
induced using 1 mM isopropyl �-D-1-thiogalactopyranoside
(Sigma) and incubated at 20 °C for 5 h to allow protein expres-
sion. The cells were harvested by centrifugation and disrupted
bymicrofluidization. Clarified lysates were prepared by centrif-
ugation at 15,000 � g for 45 min. The reporter proteins were
then purified using Co2	-affinity LC with a 5-ml HiTrap
Chelating HP column (GE Healthcare). The column was
washed with a buffer composed of 50 mM imidazole, 300 mM

NaCl, and 50 mM NaH2PO4, pH 8.0, and the proteins were
eluted using a similar buffer with 300 mM imidazole and stored
at 4 °C. Proteins purity was assessed in SDS-PAGE gels stained
with Coomassie Blue.
DENV-2 protease was expressed as an “unlinked” construct

by the cotransformation of BL21(DE3) cells with a pACYDuet
plasmid encoding for residues 48–100 of the NS2B cofactor
and a pETDuet plasmid comprising amino acids 1–187 of the
NS3 protease (a gift from Thomas Keller) (53). ZIKV protease

was expressed as an “unlinked” construct by the transformation
of BL21(DE3) cells with pET15b vector encoding for amino
acids 48–100 of the NS2B cofactor and 1–178 of the NS3 pro-
tease (54). The cells harboring eitherDENV-2protease orZIKV
protease were grown in 2� YT medium with antibiotics at
37 °C to an A600 of 0.6. Protein expression was induced with 1
mM isopropyl �-D-1-thiogalactopyranoside and proceeded for
3 h at 25 °C. The proteases were purified usingNi2	-affinity LC
with a 5-ml HiTrap chelating HP column and eluted using a
step gradient with 300 mM imidazole. The eluted proteases
were further purified using anion exchangewith aHiTrapQHP
column (GE Healthcare) with a linear gradient from 10 to 500
mM NaCl and stored at �80 °C. Protein purity was assessed in
SDS-PAGE gels stained with Coomassie Blue.

Reporter cleavage and fluorescence assay in vitro

Samples containing 10 �M of either FlaviA-GFP, ZIKVA-
GFP, or DENV2A-GFP reporters with and without 10 �M of
DENV-2 or ZIKV proteases were prepared with digestion
buffer (50mMTris buffer, pH8.5, 0,1%CHAPS, 20%glycerol) in
a final volume of 120 �l and added to a costar 96-well black
plate. The fluorescence was measured every hour (excitation,
475 nm; emission, 512 nm) for 20 h at 27 °C. Another set of
samples was incubated at 27 °C in 30-�l aliquots, to which SDS
loading buffer was added at time points of 0, 1, 5, 10, 15, and
20 h. These samples were then run on SDS-PAGE and stained
with Coomassie Blue to determine the cleavage kinetics of the
flavivirus-activatable GFP reporters byDENV-2 and ZIKV pro-
teases. Gel images were acquired with a ChemiDocTM XRS	
System (Bio-Rad) and analyzed with the ImageJ software
(National Institutes ofHealth, Bethesda,MD) (55) to determine
the cleavage efficiency. The fluorescence signal-to-noise ratio
was calculated by dividing the signal of the reporter treatedwith
viral protease by the noise gave by the untreated reporter at
every time point.

Lentiviral vectors assembly

HEK293T cells (ATCC) were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM, Gibco) supplemented with 10%
FBS, 1� GlutaMAX (Gibco), 1 mM sodium pyruvate (Gibco),
and 1� antibiotic–antimycotic solution (Gibco). Lentiviral
particleswere generated in 60% confluentHEK293T cellmono-
layers by triple transfection with polyetilenimide (Polysciences,
Warrington, PA) of either pLenti-FlaviA-GFP-puro, pLenti-
ZIKVA-GFP-puro, pLenti-DENV2A-GFP-puro, or pLenti-
CMV-FlaviA-mNeptune-puro constructs and both packaging
plasmids pMD2.G and psPAX2 (a gift fromDidier Trono, Add-
gene plasmids 12259 and 12260). At 72 h post-transfection,
virus-containing medium was collected, filtered through a
0.45-�mmembrane, supplemented with 5 �g/ml of Polybrene
(Sigma), and stored at�80 °C. Finally, 10-fold serial dilutions of
each lentiviral seed were added to HEK293T cells, and the bio-
logical titers in transducing units/ml were determined by flow
cytometry at 48 h post-transduction using a BD AccuriTM C6
flow cytometer (BD Biosciences, Franklin Lakes, NJ), as previ-
ously described (56).
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Reporter cell lines production and selection

BHK-21 cell monolayers at 80% confluency were stably
transducedwith lentiviral particles carrying a genetic construct
codifying for either FlaviA-GFP, ZIKVA-GFP, DENV2A-GFP,
or FlaviA-mNeptune reporters. For cell transduction, lentiviral
vector particles were added to the cells at a MOI of 1 and cen-
trifuged for 2 h at 300� g at 25 °C. At 72 h post-transduction,
the cells were selected with 8 �g/ml of puromycin (Sigma) in
MEM 10% FBS during 2 days, and then cell populations with
homogeneous levels of expression of the constructs were
isolated by FACS with a BD FACSJazzTM cell sorter (BD
Biosciences) based on the fluorescent basal signal of the
reporter proteins. The selected stable cell lines were grown
andmaintained inMEM supplemented with 10% FBS and 0.5
�g/ml puromycin.

Infection kinetics in reporter cell lines by live-cell imaging

BHK-21 cells stably expressing the FlaviA-GFP, the ZIKVA-
GFP or the DENV2A-GFP reporters were seeded on �Clear
black 96-well plates (Greiner Bio-One, Kremsmünster, Austria)
at a density of 15,000 cells/well with MEM supplemented with
2% FBS. After 24 h of incubation at 37 °Cwith 5%CO2, reporter
cells were infected with either infectious or UV-inactivated
DENV-2 13538 or ZIKV CIET-01 at aMOI of 0.25 and allowed
to adsorb for 2 h at 37 °C. After labeling with 1 �g/ml Hoechst
33342 (Invitrogen) for 10 min, the cells were washed with 1�
PBS and incubated for 96 hwith FluoroBriteTMDMEM(Gibco)
supplemented with 2% FBS and containing 2.5 �g/ml of pro-
pidium iodide (Invitrogen) at 37 °C in an atmosphere of 5%
CO2. Images were acquired every 2 h with a Cytation 3 cell
imaging multimode reader (BioTek, Winooski, VT). The fluo-
rescence signal-to-noise ratio was calculated by dividing the
signal of the reporter cells treated with infectious virus by the
noise gave by the reporter cells treated with UV-inactivated
virus at every time point.

Kinetic plaque assay on reporter cell lines by live-cell imaging

BHK-21 cells stably expressing the FlaviA-mNeptune re-
porter were seeded on �Clear black 96-well plates at a density
of 25,000 cells/well with MEM supplemented with 10% FBS.
After 24 h of incubation at 37 °C with 5% CO2, reporter cells
were infectedwith 10-fold serial dilutions of either infectious or
UV-inactivated DENV-2 13538, ZIKV CIET-01, or YFV 17D.
After 2 h of adsorption, the cells were labeled with 1 �g/ml
Hoechst 33342 for 10min, washed once with 1� PBS and incu-
bated for 120 h at 37 °C with 5% CO2 with MEM AutoModTM
(Sigma) supplemented with 2% FBS, 1% carboxymethylcellu-
lose, and 500 nM SYTOX green (Invitrogen). Images of the
wholewell were acquired every 24 hwith aCytation 3 cell imag-
ing multimode reader. Finally, at 120 h postinoculation, viral
plaques were confirmed by crystal violet staining.

Indirect immunofluorescence

At 96 and 120 h postinfection with either infectious or UV-
inactivatedDENV-2 13538, themediumwas removed, and cells
were fixed for 1 hwith 1% paraformaldehyde (Sigma). Later, the
cells were permeabilized with 70% ethanol for 15 min and

0,001% Triton X-100 (Sigma) for 10 min at rate temperature.
Then cells were incubated with a 1:800 dilution of rabbit
polyclonal anti-DENV NS3 antibody (GeneTex, Irvine, CA,
GTX124252) for 1 h at 37 °C, washed twice with 1� PBS, and
incubated with a 1:400 dilution of goat polyclonal anti-
rabbit IgGAlexa Fluor� 594–conjugated antibody (Invitrogen,
A11037) for 30 min at 37 °C. After three washes with 1� PBS,
FluoroBriteTMDMEMwas added, and images of thewhole well
were acquiredwith aCytation 3 cell imagingmultimode reader.

Western blotting

BHK-21 cells stably expressing the FlaviA-GFP reporterwere
seeded on 12-well plates (Greiner Bio-One) at a density of
350,000 cells/well withMEM supplemented with 2% FBS. After
24 h of incubation at 37 °C with 5% CO2, reporter cells were
infected with either infectious or UV-inactivated DENV-2
13538 at a MOI of 0.25 and allowed to adsorb for 2 h at 37 °C.
Every 24 hduring 96 h of incubation, imageswere acquiredwith
the Cytation 3 cell imaging multimode reader, and the cells
were lysed with 2% SDS solution and stored at �20 °C. Later,
samples were run on a SDS-PAGE gel, transferred to a PVDF
membrane (Millipore), and blotted in a single step with a mix-
ture of 1:100 dilution of rabbit polyclonal anti-GFP antibody
(Invitrogen, A-11122), 1:1000 dilution of rabbit polyclonal anti-
DENV NS3 antibody, and 1:500 dilution of rabbit monoclonal
anti-vinculin antibody (Invitrogen, 700062). Finally, the mem-
brane was treated with a 1:500 dilution of goat polyclonal anti-
rabbit IgG HRP-conjugated antibody (Invitrogen, G-21234)
and visualized using the Super Signal West Pico Plus chemilu-
minescent substrate (Thermo Fisher Scientific). The images
were acquired with a ChemiDocTM XRS	 system.

Image analysis and statistics

Image analysis was performed with the software CellProfiler
2.0 (http://www.cellprofiler.org; Broad Institute, Cambridge,
MA).3 The data are expressed as means � S.D. of three inde-
pendent experiments. Statistical significance of the differences
between mean values was determined by using one-way analy-
sis of variance followed by a Tukey’s post hoc test with the
software SigmaPlot 14 (Systat Software Inc., San Jose, CA). The
level of significance is denoted in each figure.
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- Table S1. Reporter variants tested in vitro for cleavage and fluorescence activation upon treatment with 

recombinant DENV-2 NS2B-NS3 protease.   

 

- Figure S1. Cleavage kinetics of fluorescence-activated GFP reporter variants by DENV-2/ZIKV NS2B-

NS3 proteases in vitro. 

 

- Figure S2. The FlaviA-GFP reporter becomes fluorescent in stably-transduced BHK-21 cells upon 

DENV-2, ZIKV, and YFV infection. 
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infection. 

 

- Figure S4. Stable expression of the FlaviA-GFP and FlaviA-mNeptune reporters in combination with dyes 

of chromatin and cell death has no effect on flaviviruses replication in mammalian cells. 

 

- Figure S5. Multiple sequence alignment of the internal NS3 cleavage site from ten medically important 
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Table S1. Reporter variants tested in vitro for cleavage and fluorescence activation upon treatment 

with recombinant DENV-2 NS2B-NS3 protease.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reporter 

variant 

Linker sequence State after treatment with 

recombinant DENV-2 

NS2B-NS3 protease P6 P5 P4 P3 P2 P1 P1' P2' P3' P4' P5' P6' P7' 

DENVA-GFPv1 GFP* G R R D F Q G P C QP+ Uncleaved, Non-fluorescent 

DENVA-GFPv2 GFP G R R G F Q G P C QP Uncleaved, Non-fluorescent 

DENVA-GFPv3 GFP D E G R R G G P C QP Uncleaved, Non-fluorescent 

DENVA-GFPv4 GFP D K K R R G G S G QP Cleaved, Non-fluorescent 

FlaviA-GFP GFP A A Q R R G R I G QP Cleaved, Fluorescent 

ZIKVA-GFP GFP K T G K R S G A L QP Cleaved, Fluorescent 

DENV2A-GFP GFP V K K Q R A G V L QP Cleaved, Fluorescent 

*Position within the green fluorescent protein sequence. 
+Position within the quenching peptide sequence. 
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Figure S1. Cleavage kinetics of flavivirus-activatable GFP reporter variants by DENV-2/ZIKV 

NS2B-NS3 proteases in vitro. Three variants of the flavivirus-activatable GFP reporter were developed by 

changing the linker sequence: ZIKVA-GFP (ZIKV polyprotein NS2B/NS3 cleavage site linker), DENV2A-

GFP (DENV-2 polyprotein NS2B/NS3 cleavage site linker), and FlaviA-GFP with the internal NS3 

cleavage site linker which is present in many members of the Flavivirus genus. For the in vitro cleavage 

kinetics, purified reporter proteins were mixed with purified DENV-2 NS2B-NS3 protease (left panel) or 

ZIKV NS2B-NS3 protease (right panel) at a molar ratio of 1:1 and incubated for given times. Reactions 

were quenched by thermal treatment in SDS loading buffer and samples were analyzed by SDS-PAGE and 

staining of the gels with Coomassie blue. tRep/control is an engineered cleaved version of the FlaviA-GFP 

protein and was used as size marker of cleaved reporters.  
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Figure S2. The FlaviA-GFP reporter becomes fluorescent in stably-transduced BHK-21 cells upon 

DENV-2, ZIKV, and YFV infection. Stable BHK-21 cells expressing the FlaviA-GFP reporter were 

inoculated with DENV-2 13538, ZIKV CIET-01, and YFV 17D at a low MOI of 0.1, for the specified time 

periods. (A) Fluorescence kinetics of the FlaviA-GFP reporter in stable BHK-21 cells after inoculation with 

infectious and UV-inactivated DENV-2. (B) Fluorescence of the FlaviA-GFP reporter in stable BHK-21 

cells after 72 hour post-infection with ZIKV and YFV. Magnification of 40X, scale bar = 100 µm.  
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Figure S3. The FlaviA-GFP reporter becomes cleaved in stably-transduced BHK-21 cells upon YFV 

infection. The cleavage kinetics of the FlaviA-GFP reporter in stable BHK-21 cells upon mock or YFV 

17D infection at a low MOI of 0.1 was made by western blot for the depicted time periods post-inoculation 

(pi) and following the protocol described in the experimental procedures. 
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Figure S4. Stable expression of the FlaviA-GFP and FlaviA-mNeptune reporters in combination with 

dyes of chromatin and cell death has no effect on flaviviruses replication in mammalian cells. Wild-

type and stable BHK-21 cells expressing either the FlaviA-GFP or the FlaviA-mNeptune reporter together 

with dyes of chromatin and cell death were used to perform a plaque assay with viral seeds of DENV-2 

13538, ZIKV CIET-01, and YFV 17D. (A) Comparison of DENV-2 plaque assay in wild-type and stable 

BHK-21 cells expressing either the FlaviA-GFP or the FlaviA-mNeptune reporter in combination with 

Hoechst 33342 (H33342) and SYTOX green (SX) at 96 hours post-infection. Images from a representative 

experiment are shown (n = three independent experiments, magnification of 40X, scale bar = 1000 µm). 

(B) Virus titers for DENV-2, ZIKV, and YFV in wild-type and stable BHK-21 cells expressing either the 

FlaviA-GFP or the FlaviA-mNeptune reporter together with Hoechst 33342 (H33342) and SYTOX green 

(SX) at 96 hours post-infection. Data are expressed as mean ± SD of three independent experiments.  
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Figure S5. Multiple sequence alignment of the internal NS3 cleavage site from ten medically 

important flaviviruses. Protein sequences of the internal NS3 cleavage site from DENV-1 to 4, ZIKV, 

YFV, WNV, SLEV, JEV, and TBEV were obtained from the NCBI reference proteins data base (accession 

numbers NP_059433.1, NP_056776.2, YP_001621843.1, NP_073286.1, YP_009428568.1, NP_041726.1, 

YP_001527877.1, YP_001008348.1, NP_059434.1, and NP_043135.1, respectively), aligned by Clustal 

Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/), and visualized with WebLogo 

(https://weblogo.berkeley.edu/logo.cgi).  
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