1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Virol Methods. Author manuscript; available in PMC 2018 August 01.

-, HHS Public Access
«

Published in final edited form as:
J Virol Methods. 2017 August ; 246: 51-57. doi:10.1016/j.jviromet.2017.03.012.

Evaluation of Cell Viability Dyes in Antiviral Assays with RNA
Viruses that Exhibit Different Cytopathogenic Properties

Donald F. Smee”, Brett L. Hurst, W. Joseph Evans, Nathan Clyde, Sean Wright, Christopher
Peterson, Kie-Hoon Jung, and Craig W. Day

Institute for Antiviral Research, Department of Animal, Dairy and Veterinary Sciences, Utah State
University, Logan, Utah 84322 USA

Abstract

Studies were conducted to determine the performance of four dyes in assessing antiviral activities
of compounds against three RNA viruses with differing cytopathogenic properties. Dyes included
alamarBlue® measured by absorbance (ALB-A) and fluorescence (ALB-F), neutral red (NR),
Viral ToxGlo™ (VTG), and WST-1. Viruses were chikungunya, dengue type 2, and Junin, which
generally cause 100, 80-90, and 50% maximal cytopathic effect (CPE), respectively, in Vero 76.
Compounds evaluated were 6-azauridine, BCX-4430, 3-deazaguanine, EICAR, favipiravir,
infergen, mycophenolic acid (MPA), ribavirin, and tiazofurin. The 50% virus-inhibitory (ECsg)
values for each inhibitor and virus combination did not vary significantly based on the dye used.
However, dyes varied in distinguishing the vitality of virus-infected cultures when not all cells
were killed by virus infection. For example, VTG uptake into dengue-infected cells was nearly
50% when visual examination showed only 10-20% cell survival. ALB-A measured infected cell
viability differently than ALB-F as follows: 16% versus 32% (dengue-infected), respectively, and
51% versus 72% (Junin-infected), respectively. Cytotoxicity (CCsgg) assays with dyes in uninfected
proliferating cells produced similar CCs values for EICAR (1.5-8.9 pM) and MPA (0.8-2.5 pM).
6-Azauridine toxicity was 6.1-17.5 uM with NR, VTG, and WST-1, compared to 48-92 uM with
ALB-A and ALB-F.(P<0.001). Curiously, the CC50 values for 3-deazaguanine were 83-93 uM
with ALB-F versus 2.4-7.0 uM with all other dyes including ALB-A (P<0.001). Overall, ALB
minimized the toxicities detected with these two inhibitors. Because the choice of dyes affected
CCx values, this impacted on the resulting in vitro selectivity indexes (calculated as CCs¢/ECsg
ratio).
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Introduction

Antiviral assays of test compounds are easiest done using viruses that cause discernible
cytopathic effect (CPE), and these can be performed by several standard methods. Assays
such as viral CPE reduction and viral plaque reduction are used to determine 50% effective
(virus-inhibitory, or ECsq) values (Clarysse et al., 2000; Hu and Hsiung, 1989; Sidwell and
Smee, 2000). Cytotoxicity of the test compounds is best determined concurrently with
uninfected cells to generate 50% cytotoxic (CCsp) values. A selectivity index (SI) value can
then be calculated, which is CC50/EC50. Compounds with Sl values =10 are generally
considered to be active in vitro. Occasionally there are compounds identified that have Sl
values below 10 that are effective in animal infection models. Thus, Sl values obtained in
vitro serve as a guide in the pursuit of active compounds for further drug development.

For rapid antiviral screening, the CPE reduction assay method is preferred over plaque
reduction because it can be easily automated. Percent viral CPE can be assessed using an
indicator dye that is easily quantified using a spectrophotometer, fluorometer, or
luminometer. There are many dyes and stains available for these assays. Years ago our group
published an article comparing seven different dyes and stains for determining ECgg and
CCsx values of compounds against influenza virus infections (Smee et al., 2002). Reported
in that article were results obtained using alamarBlue, bisbenzimide, crystal violet,
fluorescein diacetate, MTT, neutral red, and rhodamine 6G. Because influenza is a highly
lytic virus that destroys the cells after about 3 days of incubation, it was not surprising that
all the dyes and stains performed similarly in detecting cell viability in infected cultures.

Since 2002 we have been working with a number of emerging viruses that vary in their
robustness in killing cells. Many viruses cause 100% lysis of cultures, whereas others such
as Junin cause only about 50% cell lysis. Using these different viruses we have screened
thousands of compounds received from industrial and academic sponsors. The dye that we
mostly use for ECsg and CCg determinations is neutral red. Some sponsors question
whether neutral red is optimal for testing their compounds, particularly when our
cytotoxicity results determined by neutral red differ from theirs using another assay method.
This report attempts to address this issue more broadly, by investigating both cytotoxicity
and antiviral activity of various dyes against highly Iytic and partially lytic RNA virus
infections.

The viruses selected for the experiments were chikungunya (an alphavirus), dengue type 2 (a
flavivirus), and Junin (an arenavirus). These viruses were chosen because they produce
varying degrees of CPE in African green monkey kidney (\Vero and Vero 76) cells. Under
typical infection and incubation conditions, chikungunya, dengue type 2, and Junin viruses
will kill about 100%, 80-90%, and 50% of the cells, respectively.

The dyes selected for the experiments comprise scientifically accepted ones that have
different modes of action: alamarBlue® (hereafter referred to as alamarBlue), neutral red,
Viral ToxGlo™ (hereafter referred to as Viral ToxGlo), and WST-1. AlamarBlue (resazurin)
is an oxidation-reduction (REDOX) indicator that undergoes colorimetric and fluorometric
changes in response to cellular metabolic reduction (Ahmed et al., 1994). The reduced form,
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resorufin, is pink and highly fluorescent and can also be detected colorimetrically. Resorufin
diffuses outside of cells after being formed. Neutral red (toluylene red) is taken up by live
cells into lysosomes (Borenfreund et al., 1988; Finter, 1969; Mosmann, 1983). As cells
begin to die, their ability to incorporate neutral red diminishes. Neutral red remains cell-
bound and must be extracted from cells for colorimetric quantitation. Viral ToxGlo measures
cellular ATP as a surrogate measure of host cell viability. It is similar to the related Cell
TiterGlo™ that has been used for high throughput antiviral screening (Maddry et al., 2011).
The Viral ToxGlo reaction mixture Kills cells in the process of assaying for intracellular ATP.
WST-1 is a water-soluble form of MTT (Borenfreund et al., 1988; Yamamoto et al., 2002).
Both compounds are reduced by NAD(P)H-dependent cellular oxidoreductase enzymes and
undergo a color change. MTT enters cells, turns purple and remains cell-bound (requiring
extraction), whereas WST-1 is reduced extracellularly or associated with the cell membrane
(Berridge et al., 1996), and turns the cell culture medium yellow-orange.

Antiviral compounds selected for the study include 6-azauridine (Flint et al., 2014; Rada and
Dragun, 1977; Smee et al., 1987), BCX4430 (Julander et al., 2014; Taylor et al., 2016), 3-
deazaguanine (Allen et al., 1977; Smee et al., 2016), EICAR (De Clercq, 2015; De Clercq et
al., 1991), favipiravir (Furuta et al., 2013; Mendenhall et al., 2011), Infergen™ (interferon
alfacon 1, hereafter referred to as infergen) (Julander et al., 2007; Morrey et al., 2004),
mycophenolic acid (Cline et al., 1969; Takhampunya et al., 2006; To et al., 2016), ribavirin
(Sidwell et al., 1972; Smee et al., 1987; Westover et al., 2016), and tiazofurin (Baker et al.,
2003; Huggins et al., 1984). All of the compounds have antiviral properties, but against
different viruses. The compounds are nucleoside analogs, except for Infergen and
mycophenolic acid, a non-nucleoside. Half of the compounds are cytostatic agents, although
they may not specifically referred to as such, except for EICAR (Balzarini et al., 1998) and
ribavirin (Muller et al., 1977). A cytostatic agent inhibits cell growth, but the cells will
recover and resume growth if compound is removed from the culture medium. In these
experiments antiviral activity and cytotoxicity results showed many similarities and some
notable differences using these dyes, viruses, and compounds.

2. Materials and Methods

2.1. Antiviral compounds

6-Azauridine and mycophenolic acid (MPA) were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). BCX4430 was provided by BioCryst Pharmaceuticals (Birmingham, AL,
USA). 3-Deazaguanine, ribavirin, and tiazofurin were obtained from the former ICN
Pharmaceuticals (Costa Mesa, CA, USA). EICAR was kindly provided by Dr. Christopher
Tseng (NIAID, Bethesda, MD, USA). Favipiravir was kindly provided by Dr. Yousuke
Furuta (Toyama Chemical Company, Toyama, Japan). The above compounds were
solubilized in cell culture medium at 5 mM (MPA) or 20 mM (all other compounds), and
aliquots were frozen at -80°C before use. Infergen was obtained already in solution from
InterMune (Brisbane, CA, USA), and was kept in aliquots at -20°C.
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2.2. Dyes for assays

AlamarBlue was purchased from ThermoFisher Scientific (Waltham, MA, USA). Neutral
red was acquired from Sigma Chemical Co. Viral ToxGlo was from Promega (Madison, W1,
USA). WST-1 was obtained from Takara Bio USA (Mountain View, CA, USA).

2.3. Viruses, cells, and culture media

Chikungunya virus (S27 strain) and Junin virus (Candid #1 strain) were obtained from the
American Type Culture Collection (ATCC; Manassas, VA, USA). Dengue virus Type 2
(New Guinea C strain) was acquired from the Centers for Disease Control and Prevention
(Ft. Collins, CO, USA). Chikungunya was propagated and assayed in \ero 76 cells, dengue
was propagated in C6/36 and assayed in Vero 76, and Junin virus was amplified and assayed
in Vero cells. The cells were obtained from ATCC and were maintained and passaged in
minimal essential medium (MEM) containing 5% fetal bovine serum (FBS). For antiviral
and cytotoxicity assays performed with stationary (confluent) cell monolayers, cells were
seeded into 96-well clear microplates or half-area opaque-walled microplates at 4 x 104
cells/well and 2 x 10* cells/well, respectively. For rapidly proliferating (sub-confluent) cells
used for certain cytotoxicity assays, the cells were seeded at 1 x 10* cells/well into clear
plates. All of the plates were incubated overnight for about 18 h prior to use for assays.
Viruses at infection were diluted to approximately 10 (chikungunya), 150 (dengue) and
Junin (100) cell culture infectious doses (CCIDsg) per well of cells, which approximates a
multiplicity of infection of <0.004. The assay medium contained 50 pg/mL gentamicin
(Sigma) and either 2% or 5% FBS for confluent or sub-confluent (proliferating) cells,
respectively.

2.4. Experimental design for studies

Test compounds at eight different half-log,o concentrations were tested for efficacy in
infected cells and for cytotoxicity in uninfected cells in confluent Vero (for Junin virus) or
Vero 76 (for chikungunya and dengue viruses) cell monolayers in 96-well microplates. Clear
plastic cell culture plates were used for neutral red and WST-1, whereas white- and black-
walled half-area cell culture plates were used for alamarBlue (for fluorescence and
colorimetric readings) and Viral ToxGlo (for luminescence readings). Compounds at 2x
concentration were first applied, followed within minutes by addition of an equal volume of
virus suspensions. Two wells per compound dilution were used for assessing toxicity, three
infected wells per dilution for assessing antiviral activity, six drug-free infected wells as
virus controls, six uninfected drug-free wells as cell controls, and four background wells
containing only water. After incubation (usually 3 days for chikungunya, 6 days for dengue,
and 7-8 days for Junin virus infections), the microplates were read visually to estimate the
percentage of cell destruction caused by the virus infection or by cytotoxicity. When
maximum CPE was observed, each plate was treated with a different dye, as explained in the
below section. To make comparisons valid, all compounds and dyes were tested concurrently
in the same experiment against a particular virus. Two or three repeat experiments were
performed per virus, assessing all the dyes and compounds each time. When maximum CPE
was observed, each plate was treated with a different dye, followed by incubation of plates at
37°C, and reading using colorimetry (alamarBlue absorbance, neutral red, and WST-1),

J Viirol Methods. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smee et al.

Page 5

fluorometry (alamarBlue), or luminescence (Viral ToxGlo) detection. Incubation times of
dyes with cells prior to reading was as follows: alamarBlue fluorescence: 2 h, alamarBlue
absorbance (same plate as for fluorescence): 4 h, neutral red: 2 h, Viral ToxGlo: 15 min, and
WST-1: 45 min. Absorbance units were converted to percentages of uninfected controls.
Fifty percent virus inhibitory (ECsg) or 50% cytotoxicity (ICsg) values were determined by
linear regression using an Excel spreadsheet. One way ANOVA with Tukey's multiple
comparisons test was used to statistically analyze the data, using Instat® software
(GraphPad Software, San Diego, CA, USA).

2.5. Procedures for processing plates stained with dyes

Each dye that was in kit form (i.e., all but neutral red) was used according to the
manufacturer's instructions with slight modifications. Dyes were added to cells when viral
CPE reached maximal for the particular virus evaluated. The amount of indicator dye used
was 0.01 mL/well for alamarBlue, Viral ToxGlo, and WST-1; and 0.011% final
concentration for neutral red. Incubation times of dyes on cells were as follows: alamarBlue
fluorescence — 2 h; alamarBlue absorbance — 4 h; neutral red — 2 h; WST-1 — 45 min; and
Viral ToxGlo — 10 min. After incubation, the plates were read with a Synergy HT plate
reader (BioTek, Winooski, VT, USA). The alamarBlue fluorescence assay was read at 544
nm excitation and 590 nm emission. The alamarBlue absorbance was read at 570 and 600
nm. WST-1 absorbance was read at 450 nm. Viral ToxGlo was assayed by luminescence. A
standard neutral red procedure was followed (Smee et al., 2002), except that the neutral red
dye concentration reported in the publication is an error. After incubation the plates were
aspirated dry and read later following addition of 0.1 ml of 50% S&rensen's citrate buffer
(pH 4.0) in 50% ethanol to each well to desorb the dye. Neutral red plates were read at 540
nm.

For each dye readout, units were converted to percentages of uninfected controls using an
Excel spreadsheet. Fifty percent virus inhibitory (ECgg) or 50% cytotoxicity (1Csq) values
were determined by linear regression using Excel. One way ANOVA with Tukey's multiple
comparisons test was used to statistically analyze the data, using Instat® software
(GraphPad Software, San Diego, CA, USA).

2.6. Cell proliferation cytotoxicity assays using dyes in sequence the same microwells

Protocols were developed to use dyes in sequence in the same microplates for certain
cytotoxicity studies. By using the same plates of cells with more than one dye, this would
rule out plate-to-plate variability in cell numbers or activity as causes for differences seen in
the performance of the dyes. Thus, pilot studies were first conducted to determine how dyes
could be used in sequence. WST-1 and alamarBlue treatment caused no cell damage, and
plates could be stained with a third dye, provided that the cell culture medium was replaced
each time to remove the colored product. Neutral red exposure damaged cells and Viral
ToxGlo killed them, thus, these dyes had to be used terminally. Therefore, the assay
developed for dyes used in series were as follows: WST-1 followed by alamarBlue (read first
by fluorescence, then later by absorbance), followed by either neutral red or Viral ToxGlo.
Cells at about 30-40% confluency (to allow for cell proliferation) in 96-well black half-area
plates were treated with compound in medium containing 4% fetal bovine serum. Six
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replicate plates were used, each one containing the same four test compounds at seven half-
logyg concentrations plus a row of untreated control cells. Three plates were used for
WST-1, alamarBlue, and neutral red combinations. The other three plates were used for
WST-1, alamarBlue, and Viral ToxGlo combinations. After 4 days incubation, WST-1 was
added directly to the plates. After incubation and reading, the medium was aspirated off and
replaced with medium containing the test compound, followed by addition of alamarBlue.
Plates were read at 2 h (fluorescence) and 4 h (absorbance). Then the medium was removed,
and replaced with medium containing either neutral red or Viral ToxGlo (test compound was
not present in the medium with the final dye). Plates were incubated for the appropriate
times and subsequently read. Other investigators have reported using dyes in sequence in the
same cell cultures (Ishiyama et al., 1996).

3.1. Antiviral activities of test compounds

Ten compounds were evaluated for antiviral activity in vitro against the three RNA viruses
with differing cytopathogenic potential (Table 1). Chikungunya virus was inhibited by 6-
azauridine, 3-deazaguanine, EICAR, Infergen, and mycophenolic acid. Infergen was the
most potent inhibitor of chikungunya virus. Dengue virus was inhibited by the same group
of compounds, with infergen being most potent. In addition, BCX4430 showed weak
dengue-inhibitory activity. Several compounds inhibited Junin virus, including 6-azauridine,
3-deazaguanine, EICAR, favipiravir, mycophenolic acid, and ribavirin. Interestingly, Junin
virus was not inhibited by infergen, indicating its resistance to interferon. 6-Azauridine, 3-
deazaguanine, EICAR and mycophenolic acid inhibited all three viruses. Only tiazofurin
was found to be ineffective against the three viruses.

3.2. ECgg assay results comparing dyes

Comparisons were made of compound ECgg values generated by individual dyes in cells
infected with the three virus types (Table 2), with statistical analyses performed. ECs values
were averaged together for four similarly active compounds against chikungunya and
dengue viruses, and for six compounds inhibiting Junin virus. ECgg values that were
generated with the four dyes ranged from 3.8-12.2 uM, 4.1-8.8 uM, and 1.6-2.6 uM against
chikungunya, dengue, and Junin viruses, respectively. There were no statistically significant
differences comparing ECggs of one dye against another dye tested against each virus. These
results indicate that all of the dyes performed similarly for quantifying ECsgq values.

3.3. Differential uptake or conversion of dyes in infected and uninfected cell cultures

We addressed how well the dyes discriminated between infected and uninfected cell
cultures. Cultures visually exhibiting 50, 80-90, and 100% CPE should proportionally take
up 0, 10-20, and 50% of the dye, respectively. If more dye than that is taken up, it indicates
that the dye enters cells that appear visually to be dead. If less dye is taken up, then some of
the infected cells are unable to take up dye compared to what the eye can discern. For these
determinations the infected virus control wells were compared to uninfected cell control
wells treated with the same dye (Figure 1). In the highly lytic chikungunya infection (Figure
1, upper panel) where 100% of cells appeared to be dead, the cells took up less than 6% of
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each dye, with the exception of WST-1 (14% uptake). In the dengue infection (Figure 1,
middle panel), cell survival visually appeared to be about 15%. The alamarBlue absorbance
detected 16% viability, whereas alamarBlue fluorescence detected 32% viability, even
though these were the same microwells assayed. Detection of viability in infected cultures
with neutral red, WST-1, and Viral ToxGlo were 24, 27, and 48% respectively. Thus, Viral
ToxGlo was least able to discriminate between dengue-infected and uninfected cells. Against
Junin virus, the cultures visually exhibited about 50% viral CPE. Thus, 50% dye uptake in
those cells relative to uninfected cells was the expected result. Actual dye uptake was as
follows: 51, 72, 34, 57, and 53%, for alamarBlue absorbance, alamarBlue fluorescence,
neutral red, Viral ToxGlo, and WST-1, respectively. Neutral red provided the best range of
readings between Junin-infected and uninfected cultures.

3.4. Ability of dyes to assess viability of uninfected proliferating cells in cytotoxicity (CCsg)

assays

Four compounds (6-azauridine, 3-deazaguanine, EICAR, and mycophenolic acid) that
inhibited all three viruses were selected for cytotoxicity assays. These compounds are not
particularly toxic in confluent monolayers (see Table 1), but inhibit cell proliferation (Allen
et al., 1977; Balzarini et al., 1998; Crance et al., 2003; Stet et al., 1994). In these assays the
cultures received treatment when started as sub-confluent monolayers. The dyes were used
in sequence in the same set of microplates in order to minimize plate-to-plate variability.
After four days in culture, the compound-treated cells appeared fewer in number or were
morphologically altered compared to untreated monolayers at concentrations as low as 0.1
UM (mycophenolic acid) or 1 pM (6-azauridine, 3-deazaguanine, and EICAR). Table 3
shows CCsgq values obtained using the various dyes. Significantly higher CCsg values (i.e.,
less apparent toxicity) for 6-azauridine were evident using alamarBlue absorbance and
fluorescence compared to neutral red, Viral ToxGlo, and WST-1. The alamarBlue
fluorescence gave higher CCsq values for 3-deazaguanine and mycophenolic acid than
alamarBlue absorbance, neutral red, Viral ToxGlo, and WST-1. The CCgq values generated
for EICAR were similar among the dyes used. These data demonstrate that alamarBlue was
less effective than other dye methods in detecting the cytotoxicity of three of the
compounds.

Dose-responsive toxicity results for 6-azauridine (expanded from Table 3) are shown
graphically in Figure 2. Three plates of cells, each treated with three dyes, were used for
Figures 2A and three plates was used for Figure 2B. By doing this, plate-to-plate variability
minimized. Figure 2A shows that neutral red and WST-1 performed nearly the same at each
concentration. The alamarBlue absorbance and fluorescence were similar but showed some
divergence at higher concentrations. Figure 2B compares Viral ToxGlo to alamarBlue and
WST-1. The alamarBlue absorbance and fluorescence data quantified the highest CCsgg
values. Viral ToxGlo produced intermediate results compared to alamarBlue and WST-1.

4. Discussion

In this report we investigated four dyes for their ability to assess antiviral activities of
compounds against three unrelated RNA viruses. Many of the compounds have been
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evaluated previously for inhibition of the viruses. 6-Azauridine was reported previously to
inhibit chikungunya and dengue type 2 viruses (Briolant et al., 2004; Crance et al., 2003).
BCX4430 was reported to inhibit dengue type 2 virus and the Romero strain of Junin virus
(Warren et al., 2014). Previously, EICAR was identified as an inhibitor of Junin virus
replication (De Clercq et al., 1991), and an inhibitor (in its 5’-triphosphate form) of the
dengue virus 2"-O-methyltransferase (Benarroch et al., 2004), as was ribavirin-5’-
triphosphate in the same report. Favipiravir and ribavirin have both been evaluated
previously at our university against Junin virus (Gowen et al., 2007), and the ECsg values
were very similar to those reported here. Interferons (e.g., infergen), inhibit chikungunya and
dengue viruses (Briolant et al., 2004; Crance et al., 2003). Our group previously reported the
lack of antiviral activity of infergen against three New World arenaviruses (Amapari, Latino,
and Tamiami) (Gowen et al., 2005), but Junin virus was not evaluated in that study.
Mycophenolic acid is known to inhibit chikungunya (Khan et al., 2011), dengue
(Takhampunya et al., 2006), and Junin (Sepulveda et al., 2012) viruses. The fact that
ribavirin inhibits Junin virus and tiazofurin does not (as reported here), yet both compounds
are inhibitors of cellular inosine monophosphate dehydrogenase (Hedstrom and Wang, 1990;
Streeter et al., 1973), indicates that ribavirin's anti-Junin virus activity has a virus-specific
component. This conclusion is supported by other published work (Sepulveda et al., 2012).

Previous studies have reported using some of these or related indicator dyes with highly lytic
viruses (Maddry et al., 2011; Smee et al., 2002; Yamamoto et al., 2002). Against influenza,
each type of indicator dye performed similarly to others in distinguishing between viable
versus lysed cells. In the present studies the dyes did not all perform the same, and the dyes
varied in their ability to differentiate infected cells (as judged visually) from uninfected
cells. For example, with dengue infection, where viral CPE was judged visually to be about
80-90% (i.e., 10-20% cell viability), the best performer (alamarBlue absorbance) quantified
cell viability at 16%, whereas the worst performer (Viral ToxGlo) determined cell viability
to be 47% (Figure 1). Thus, Viral ToxGlo was activated by infected cells that appear dead by
other methods. Overall, the dyes performed adequately for ECsq determinations against each
virus (Table 2), primarily because the Excel formulas adjusted for virus control wells
exhibiting less than complete CPE compared to untreated wells. However, it is better to have
a wider spread of readings between infected and uninfected cells for more accurate
calculations.

There were larger differences between alamarBlue and the other dyes in cytotoxicity assays
performed in uninfected cells when determining the CCg values of 6-azauridine, and to a
lesser extent, 3-deazaguanine and mycophenolic acid (Table 3). This is also clearly
visualized in Figure 2 where 6-azauridine appeared to be less cytotoxic using alamarBlue
versus the other dyes using the identical plates of cells. Because neutral red, Viral ToxGlo,
and WST-1 performed similarly to give low CCsq values, as well as did other dyes reported
previously (Smee et al., 2002), we conclude that alamarBlue results underestimate the
toxicity of certain compounds. Interestingly and unexplainably, CCgq results for 3-
deazaguanine generated using alamarBlue fluorescence differed markedly from those of
alamarBlue read by absorbance. 3-Deazaguanine and the other three compounds were tested
for auto-fluorescence that might explain this result, but no autofluorescence was observed.
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Recently, investigators evaluated inhibitors of dengue virus, with antiviral activity
determined by plaque reduction assay and cytotoxicity determined by alamarBlue uptake
(Chu et al., 2015). A high throughput screen was developed for chikungunya virus inhibitors
based upon alamarBlue uptake into infected cells (Cruz et al., 2013). Results here
demonstrate that the dye is appropriate for antiviral assays using these viruses but may
underestimate the toxicity of the compounds being evaluated.

The commonly used and inexpensive neutral red dye proved to perform very well in
distinguishing infected and uninfected cells for EC5y and CCsgq determinations. The one
drawback to the neutral red assay is that it is more tedious to perform than the other assays,
since it requires dye extraction following treatment. The other assays required only
application of the dye and reading of the plates after incubation. Viral ToxGlo did not
distinguish dengue-infected cells well compared to uninfected cells (Figure 2), and its dat
were more variable, resulting in larger standard deviation values than obtained with the other
assays (e.g., see Figure 2B).

Other practical observations were learned while performing the assays. We explored whether
rinsing the cells prior to adding the dyes would improve the differences between infected
versus uninfected cultures. The rationale was that dead cells or cell debris might be removed
by rinsing, which would reduce dye uptake in the infected cells. We found similar dye
uptake in un-rinsed versus rinsed cell cultures. Thus, no rinsing of the cells was performed
before adding dye. We examined (late in the research) the use of clear versus opaque
microplates (which are more expensive) for alamarBlue fluorescence and Viral ToxGlo
luminescence measurements. The fluorescence signal did not transfer from wells containing
dye to wells devoid of dye, but the luminescence signal did. The transferred luminescent
signal was about 5% to the adjacent well, which would be sufficient to alter EC5q and CCsg
calculations. Thus, opaque plates were essential for luminescence using Viral ToxGlo but
not for fluorescence using alamarBlue. AlamarBlue read by fluorescence requires less
incubation time than for absorbance reading (2 versus 4 h), and the readout achieved was a
higher signal (e.g., 30,040 average fluorescing units versus 0.622 average optical density
units in uninfected, untreated cultures observed in the study reported in Table 3). However,
since both methods can be performed in the same plates, and different results might be
generated between these assays (e.g., the 3-deazaguanine toxicity results in Table 3), it is
prudent to perform both readouts for comparative purposes. Neutral red makes cells fragile
and they can slough off the plates with rinsing, especially the infected cells. Thus, rinsing
(with PBS) after dye removal and before extraction of the dye was avoided. Complete
aspiration of the neutral red-containing medium from cells leaves a low background, and it
was subtracted out from the counts by using background control wells. Finally, by
preliminarily determining the amount of dye required for each assay, we were able to use
less quantity of dye per well than what the manufacturers' instructions recommend and still
have an adequate signal. This greatly reduced assay costs of the more expensive dyes.

For compounds exhibiting high antiviral activity that are of interest for further development,
it is prudent to evaluate compounds for toxicity by a variety of methods, in stationary cell
monolayers and in proliferating sub-confluent cultures. This can be done using indicator
dyes, or simply (but tediously) by counting live versus dead cells by dye exclusion methods

J Viirol Methods. Author manuscript; available in PMC 2018 August 01.
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(e.g., using trypan blue that stains dead cells). When indicator dyes are used, the choice of
dye may impact the achieved ECsq and CCg values, which affect selectivity indexes
(CCso/ECsgp). Ultimately the compounds need to be evaluated in live animal infection
models, when available, to determine their potential for further drug development.
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Highlights

. Nine inhibitors were evaluated for antiviral activity against Chikungunya,
dengue and Junin viruses using different dye indicators.

. AlamarBlue (absorbance and fluorescence) neutral red, Viral ToxGlo and
WST-1 dyes performed similarly in quantifying antiviral effects.

. Alamar Blue underestimated the toxicity of some of the test compounds on
cell viability compared to the other dyes.

. Viral ToxGlo was taken into dengue-infected cells at nearly twice the extent
as the other dyes, and the data were more variable.

. Certain dyes could be used sequentially in the same cell cultures.
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Figure 1.
Uptake of dyes in infected compared to uninfected cells, using three RNA viruses with

different cytopathogenic potentials ranging from 50% to 100% CPE (as determined
visually): Chikungunya (CHIKV), dengue type 2 (DENV), and Junin (JUNV) viruses.
Abbreviations: ALB-Abs (alamarBlue absorbance); ALB-Fluor (alamarBlue fluorescence).
Bars represent mean values + SD (N = =4 independent determinations).
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Figure 2.

Dose-responsive toxicity of 6-azauridine in Vero 76 cells treated in sequence with dyes.
Three dyes were used in the same plate, using three plates of cells per data set. Values
represent mean = SD at each concentration (N = 3 independent determinations), and were
used to calculate ECsp values reported in Table 3. Figure 2A dye sequence: WST-1 followed
by alamarBlue (fluorescence then absorbance) followed by Neutral Red. Figure 2B dye
sequence: WST-1 followed by alamarBlue (fluorescence then absorbance) followed by Viral
ToxGlo.
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Toxicities of four compounds in proliferating, uninfected cells treated with three dyes in sequence in the same

microplates.

Table 3

Plates 1-3, Dye sequence: WST-1, ALB&-Fluor, ALB&-Abs, Neutral Red

Dye 6-AzaUrd 3-DzGua EICAR MPA
WST-1 71+18b 34+14 39213 [ 07+02
ALB-Fluor | 940+104 "¢ | 77.3+393 "¢ [ 82%22 | 254+05™
ALB-Abs | 480+109% 65+1.9 39+13 | 12202
Neutral Red 6.2+0.9 30+11 29+10 | 0.8+0.6
Plates 4-6, Dye sequence: WST-1, ALB-Fluor, ALB-Abs, Viral ToxGlo
Dye 6-AzaUrd 3-DzGua EICAR MPA
WST-1 6.2+1.0 30+1.2 28+x11 | 05+0.1
ALB-Fluor | §90+105" [ 90.3+16.7 ¢ [ 95+42 [ 194017
ALB-Abs 280+115% 7007 49+14 [ 1403
Viral ToxGlo 17.0+53 15+0.7 2714 | 0.7+0.2

aAIamarBIue, measured by fluorescence (Fluor) or absorbance (Abs).

bMean 50% cytotoxic concentration = SD (UM) (N = 3 independent determinations).

*
P<0.01 compared to WST-1, neutral red, and Viral ToxGlo results.

p<0.01 compared to ALB-Abs results.
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