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Recombinant luciferase-expressing murine gammaherpesvirus 68  
as a tool for rapid antiviral screening
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Summary. – Murine gammaherpesvirus 68 (MHV-68) provides a valuable tool to screen novel therapeutic 
strategies against oncogenic gammaherpesviruses. The development and characterization of antiviral agents 
usually depend on appropriate screening assays. The aim of this study was to develop rapid and sensitive method 
for testing antiviral compounds against gammaherpesviruses. For this purpose, a recombinant MHV-68 ex-
pressing firefly luciferase (MHV-68/LUC) was constructed. The conditions for MHV-68/LUC infection in Vero 
cells suitable for novel antiviral screening assay in 96-well plate format were then optimized. The sensitivity of 
MHV-68/LUC to acyclovir (ACV) and ganciclovir (GCV) was measured by the optimized luciferase activity 
reduction assay. The 50% inhibition concentration (IC50) values for ACV and GCV were comparable to those 
determined by conventional plaque reduction assay. Therefore, the luciferase activity reduction assay can effi-
ciently replace the plaque reduction assay. The great advantages of novel assay are represented by the significant 
reduction in assay time and rapid and objective measurement of the assay. In order to evaluate whether the 
luciferase activity reduction assay could be used as a screening system for novel antivirals, newly synthesized 
quinolone/quinoline derivatives were tested for their effects on the replication of MHV-68/LUC in vitro. The 
compound 2-(1-(b-D-Xylopyranosyl)-1,2,3-triazol-4-yl)-3,4-dibenzyloxy-quinoline showed significant antiviral 
activity and its IC50 against MHV-68/LUC was estimated to be 1,76 µg/ml. However, this compound was not 
suitable for in vivo testing due to its narrow selectivity index (SI = 11).
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Introduction

The vast majority of the world's population is infected with 
herpesviruses. Herpesviruses exhibit two distinct phases of 

the life cycle, known as lytic replication and latency. Switch-
ing between these two phases has advantageously allowed 
herpesviruses to efficiently establish life-long persistent 
infections in hosts. Persistent infections are usually asympto-
matic. However, in some cases the persistence of herpesvirus 
infection may result in tumorigenesis (Pellett and Roizman, 
2013). Human gammaherpesviruses Epstein-Barr virus 
(EBV) and Kaposi's sarcoma-associated herpesvirus (KSHV) 
are two of the most prominent infectious agents associated 
with variety of lymphoproliferative disorders. EBV, the 
etiological agent of infectious mononucleosis, is related to 
Burkitt's lymphoma, Hodgkin's lymphoma, nasopharyn-
geal carcinoma, and posttranplantation lymphoproliferative 
disease (Pagano, 1999; Kutok and Wang, 2006; Odumade 
et al., 2011). KSHV is associated with Kaposi's sarcoma, 
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multicentric Castleman's disease, and primary effusion 
lymphoma (Cesarman, 2014; Dittmer and Damania, 2016; 
Jha et al., 2016).

Most of the currently available antiherpetic drugs are 
nucleoside analogues, which act as inhibitors of viral DNA 
polymerase. Although numerous antiviral agents have 
proven to be effective inhibitors of EBV and KSHV replica-
tion in vitro, no drug has been approved yet for the treatment 
of gammaherpesvirus infections (Coen et al., 2014; Pagano 
et al., 2018). Therefore, there is a real need to identify new 
compounds with high effectivity and selectivity against 
human gammaherpesviruses. However, the development 
of novel antiviral agents has been limited due to the lack 
of efficient gammaherpesvirus replication system. Murine 
gammaherpesvirus 68 (MHV-68) is a natural pathogen of 
small rodents (Blaškovič et al., 1980) and is biologically and 
genetically related to human gammaherpesviruses. MHV-68  
provides a useful tool to screen novel chemotherapeutic 
and prophylactic strategies to combat gammaherpesviruses 
(Simas and Efstathiou, 1998; Stewart, 1999; Mistríková et al., 
2000). In contrast to most gammaherpesviruses, MHV-68  
forms a fully  productive infection in conventional cell 
cultures and induces characteristic cytopathic effect (CPE) 
(Svobodová et al., 1982). Thus, CPE reduction assay (Neyts 
and De Clercq, 1998; Medveczky et al., 2004; Coen et al., 
2013) or plaque reduction assay (Smee et al., 1997; Barnes 
et al., 1999; Cho et al., 2013; Kang et al., 2017, 2018) can be 
used for evaluation of the susceptibility of the MHV-68 to 
antiviral agents. These assays represent the gold standard 
screening methods and are relatively simple to perform. 
However, they are labor-intensive, time-consuming and usu-
ally based on highly subjective observations. CPE reduction 
assay and plaque reduction assay are best suited for small 
numbers of specimens as they are difficult to automate. In 
order to increase the capacity of testing newly synthesized 
compounds, it is necessary to improve the efficiency and the 
speed of antiviral screening methods.

Recombinant viruses carrying reporter genes may greatly 
facilitate screening and identification of compounds with 
antiviral activity. Coupled to the use of automated plate 
readers, these recombinant viruses can make antiviral as-
says more suitable for standardization and high-throughput 
purposes (Rameix-Welti et al., 2014). Recently, recombinant 
viruses expressing luciferase have been developed and used 
for screening of antiviral agents against several viruses 
including human cytomegalovirus (Song et al., 2000; He 
et al., 2011), dengue virus (Zou et al., 2011), Ebola virus 
(Hoenen et al., 2013), Nipah virus (Lo et al., 2014), respira-
tory syncytial virus (Rameix-Welti et al., 2014), classical 
swine fever virus (Shen et al., 2014) and influenza A virus 
(Li et al., 2018). Luciferase-based methods can also be used 
for the study of viral gene expression (Song et al., 2000), 
the non-invasive and continuous monitoring of systemic 

infection in vivo and the exploring virus-host interactions 
(Barry et al., 2012). A bioluminescence imaging system was 
also introduced to monitor MHV-68 infection in the whole 
mouse (Hwang et al., 2008; Milho et al., 2009; Lee et al., 
2011; Kang et al., 2012).

At many institutes of chemistry, novel compounds with 
potential biological activity such as quinolone derivatives 
are synthesized. Quinolones represent an important class of 
broad-spectrum antibacterial agents. Recently, quinolones 
have been reported to possess a variety of useful biological 
activities, including antitumor, antiparasitic, antifungal, 
and antiviral activities (Richter et al., 2004; Ahmed and 
Daneshtalab, 2012; Dalhoff, 2015).

The aim of this study was to establish a rapid and sensitive 
method for testing potential antiviral compounds against 
gammaherpesviruses by use of a luciferase-expressing  
MHV-68. This novel optimized assay, termed luciferase activ-
ity reduction assay, was compared with conventional plaque 
reduction assay and its reliability was verified. Furthermore, 
in an attempt to identify novel inhibitors of gammaherpes-
virus replication, newly synthesized quinolone/quinoline 
derivatives were screened for their antiviral activity using 
luciferase activity reduction assay.

Materials and Methods

Cells. African green monkey kidney (Vero) cells were cultured in 
complete Dulbecco's modified Eagle's medium (DMEM) containing 
9% heat-inactivated fetal bovine serum (FBS) and supplemented 
with L-glutamine (2 mM), penicillin (100 units/ml) and streptomy-
cin (100 µg/ml). Cell cultures were grown in a 5% CO2 humidified 
atmosphere at 37°C.

Viruses. Working MHV-68 stock (isolated from Myodes glareo-
lus, Blaškovič et al., 1980) was prepared by infection of Vero cells 
at low multiplicity of infection (MOI). Recombinant MHV-68 
expressing firefly luciferase (MHV-68/LUC) was constructed as 
previously described (Hwang et al., 2008). Viral titers were deter-
mined by plaque assay using Vero cells.

Compounds. The 2-(1-glycosyl-1,2,3-triazol-4-yl)-3-hydrox-
yquinolone conjugates (Table 1) used in this study were synthesized 
according to the previously reported procedure (Šamšulová et 
al., 2019). Stock solutions (2  mg/ml) were prepared by dissolv-
ing compounds in dimethyl sulfoxide (DMSO), filtered through 
a 0.2  μm filter and diluted to the appropriate concentrations in 
culture media. Acyclovir (ACV; Sigma-Aldrich) and ganciclovir 
(GCV; Sigma-Aldrich) were dissolved in distilled water to the 
concentration of 1 mg/ml.

Growth curves. Multistep virus growth curves were obtained by 
infecting subconfluent Vero cells at a MOI of 0.01. After adsorption 
for 1 hour, the wells were washed with medium to remove residual 
virus and fresh DMEM containing 2% FBS was added. At various 
times post infection, the cells and supernatants were harvested, 
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frozen and thawed three times, and subjected to plaque assays on 
Vero cells. All experiments were carried out in duplicate.

Cytotoxicity assays. The cytotoxicity of tested compounds was as-
sessed via the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay and the lactate dehydrogenase (LDH) assay. 
Vero cells were seeded at 1 × 104 cells per well in DMEM contain-
ing 9% FBS into 96-well tissue culture plates. After a 24 h period 
of incubation, the culture medium was removed and replenished 
with 150 μl of DMEM containing 2% FBS and various concentra-
tions of the tested compounds (in duplicate). At final dilutions, 
the concentration of DMSO never exceeded 0.5%. Solvent controls 
were run simultaneously – these wells were set to represent 100% 
of viability in MTT assay and the level of spontaneous LDH release 
from cells. The maximal LDH release was established by cell lysis 
with 1% Triton X-100. Cells not treated with compounds or DMSO 
were used as control cells. Cells were then incubated for 2 days in 
a 5% CO2 humidified atmosphere at 37°C. After treatment, 50 μl 
of supernatant were carefully removed from each well without 
disturbing the cells and transferred into corresponding wells of 
another 96-well plate – this plate was immediately used for LDH 
assay. The original plate containing cells with 100 μl of supernatant 
per well was used for MTT assay. MTT assay: Then, 10 μl of MTT 
solution (5 μg/ml in PBS) was added to each well and the plate 
was wrapped with aluminium foil and incubated for 2 h at 37°C. 
After this incubation, the mixture was removed and 100  μl of 
DMSO was added to each well to dissolve formazan crystals. After 
gently shaking the plate for 20 min, the absorbance was measured 
on the Epoch™ Microplate Spectrophotometer (Biotek) at a test 
wavelength of 570 nm with a reference wavelength of 690 nm. The 
percentage of cell viability was calculated as [(compound treated 
sample) / (solvent control)] × 100. The 50% cytotoxic concentra-
tion (CC50) was defined as the compound concentration (μg/ml) 
required for the reduction of cell viability by 50% when compared 
to the solvent controls. The CC50 values of each compound were 
calculated as the mean from two independent experiments using 
Prism 7 (GraphPad Software Inc.). LDH assay: The LDH assay 
reagent was freshly prepared according to the published protocol 
(Kaja et al., 2015). Then, 50 μl of assay reagent were added to each 
well of plate containing 50 μl of supernatant and mixed briefly on 

an orbital shaker. The plate was then incubated at room tempera-
ture in the dark for 1 h. After this incubation, 50 μl of 1M acetic 
acid were added to each well to stop the reaction and stabilize the 
product. The absorbance was measured on the Epoch™ Microplate 
Spectrophotometer (Biotek) at a test wavelength of 490 nm with 
a reference wavelength of 650 nm. The percentage of cytotoxicity 
was calculated as [(compound treated sample – solvent control) / 
(maximum LDH release control – solvent control)] × 100.

Plaque reduction assay. Vero cells were seeded in 24-well tissue 
culture plates at 1.5 × 104 cells per well. Next day, the cells were 
infected with a  viral inoculum of approximately 50  PFU/well. 
After 90 min of incubation at 37°C, residual viral particles were 
removed, and the wells were overlaid with 1 ml of 1% carboxym-
ethylcellulose in normal growth media containing serial dilutions 
of the tested compounds (in duplicate). Solvent treatment was 
served as a negative control, while GCV (10 μg/ml) was used as a 
positive control. After 6 days of incubation at 37°C and 5% CO2, 
monolayers were fixed and stained with 0.2% crystal violet in 20% 
ethanol. The plaques were then counted microscopically. The 50% 
inhibitory concentration (IC50) was defined as the compound con-
centration (μg/ml) required to reduce the plaque number by 50% 
when compared to the negative control wells. The IC50 values of 
each compound were calculated as the mean from two independent 
experiments using Prism 7 (GraphPad Software Inc.).

Luciferase activity reduction assay. Vero cells were seeded at  
2 × 104 cells per well in 96-well plate. After incubation overnight, 
the cells were infected with MHV-68/LUC at a MOI of 0.05. After 
90 min adsorption at 37°C, the virus inoculum was removed, and 
100 μl of DMEM containing 2% FBS and noncytotoxic concentra-
tions of the tested compounds (in duplicate) were added to each 
well. The infected cells treated with solvent were included as a 
negative control, while the infected cells with ACV (10 μg/ml) 
or GCV (10 μg/ml) were used as positive controls. After 2 days of 
incubation at 37°C and 5% CO2, the plate was subjected to three 
freeze-thaw cycles to achieve complete cell lysis and centrifuged 
at 1000  ×  g for 10  min at 4°C. Then, 50  μl of the supernatant 
were transferred into corresponding wells of a white opaque 
96-well plate. Firefly luciferase assay reagent (2x) was prepared 
fresh before each use according to the previously published pro-

Table 1. List of tested compounds

Compound Systematic name for compound
Q1 2-(1-(β-D-Ribofuranosyl)-1,2,3-triazol-4-yl)-3,4-methylenedioxy-quinoline
Q2 2-(1-(β-D-Ribofuranosyl)-1,2,3-triazol-4-yl)-3,4-dibenzyloxy-quinoline
Q3 2-(1-(β-D-Ribofuranosyl)-1,2,3-triazol-4-yl)-3-hydroxyquinolin-4-one
Q4 2-(1-(β-D-Xylopyranosyl)-1,2,3-triazol-4-yl)-3,4-dibenzyloxy-quinoline
Q5 2-(1-(β-D-Xylopyranosyl)-1,2,3-triazol-4-yl)-3-hydroxyquinolin-4-one
Q6 2-(1-(β-D-Glucopyranosyl)-1,2,3-triazol-4-yl)-3,4-methylenedioxy-quinoline
Q7 4-ethynyl-[1,3]dioxolo[4,5-c]quinoline
Q8 3,4-bis(benzyloxy)-2-ethynylquinoline
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tocol (Oba et al., 2003) with minor modifications – it contained 
300 μg/ml D-Luciferin, 300 μM ATP, 500 μM coenzyme A and 
10 mM MgCl2 in 200 mM Tris-HCl pH 7.8. Luciferase activity 
was measured using Synergy™ H4 Hybrid Multi-Mode Micro-
plate Reader (Biotek) with injector. Injection volume was 50 μl 
per well. Signal integration was for 10 s with delay settings of 2 s 
after each injection. The IC50 value was defined as the compound 
concentration (μg/ml) required to reduce the luminescence signal 
by 50% when compared to the negative control wells. In order to 
demonstrate the reproducibility of the luciferase activity reduc-
tion assay, a series of at least two independent experiments were 
performed and the IC50 values of each compound were calculated 
as the mean from these independent experiments using Prism 7 
(GraphPad Software Inc.).

Statistical analysis. The results were processed using the software 
Prism 7 (GraphPad Software Inc.). All data were expressed as mean 
± standard deviation (SD). To describe the cytotoxicity, cell viability 
and antiviral activity, one-way analysis of variance (ANOVA) with 
Dunnett's post hoc test was used.

Results and Discussion

Growth properties of recombinant virus in Vero cells

To establish a novel screening system for antiviral activity 
against gammaherpesviruses, a recombinant MHV-68 that 
expresses the firefly luciferase under the control of the M3 
viral promoter (MHV-68/LUC) was used. The M3 promoter 
is highly responsive to the replication and transcription 
activator (Rta) (Martinez-Guzman et al., 2003). The Rta 
protein encoded by ORF50 of MHV-68 transactivates viral 
gene expression, triggering the lytic replication cycle (Liu et 
al., 2000). M3 transcripts are abundantly expressed during 
lytic replication of MHV-68 in vitro (Martinez-Guzman et 
al., 2003). Thus, the infection of cells with MHV-68/LUC 
enables quantitation of viral replication by determining the 
luciferase activity in a luminometer (Hwang et al., 2008).

MHV-68/LUC was constructed by inserting the M3 
promoter-driven luciferase expression cassette at the left end 

Fig. 1

Growth properties of recombinant MHV-68/LUC
(a) Multistep growth curves of MHV-68/LUC and MHV-68. Vero cells were infected at a MOI of 0.01 and incubated at 37°C. At the indicated time points, 
the cells and supernatants were collected and viral titers were determined by performing a plaque assay. Reporter activity level on day 0 post infection 
indicates background noise of the luminometer. (b) Linear correlation between MHV-68/LUC titers and luciferase activity (expressed as relative light units, 
RLU). Linear regression curve and coefficient of determination (R2) are shown. (c) Plaque morphology of the wild type virus and the recombinant virus.

(a) (b)

(c)
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of the viral genome according to the previously described 
procedure (Hwang et al., 2008). Multistep growth curve 
experiments were conducted to compare the growth kinetics 
of the recombinant virus with the wild-type virus (Fig. 1). 
The growth of the recombinant virus in Vero cells was also 
monitored under a light microscope and typical CPE was 
observed. The replication kinetics of MHV-68/LUC and 
MHV-68 were nearly identical (Fig. 1a) and viruses produced 
plaques of similar sizes (Fig. 1c). In addition, the samples 
collected during the growth curve of MHV-68/LUC were 
also used to determine the activity of the expressed firefly 
luciferase. A direct relationship between luciferase activity 
and viral titers of MHV-68/LUC measured by a plaque assay 
was confirmed by regression analysis (Fig. 1b), demonstrat-
ing that the luminescent signal can accurately reflect the 
replication of MHV-68/LUC in vitro.

Optimization of MHV-68/LUC infection conditions for 
antiviral screening assay

In order to obtain a sufficiently strong luminescent signal, 
it was necessary to identify the appropriate conditions for 
MHV-68/LUC infection in Vero cells. We investigated the 
optimal seeding cell density, the optimal MOI, and the ideal 
incubation time for an in vitro antiviral screening assay. Vero 
cells were seeded in 96-well plates at the density of 1 × 104 or 
2 × 104 cells per well. Next day, cells were infected with MHV-
68/LUC at varying MOIs. At 48 hours post infection (hpi), 

(a) (b)

Fig. 2

Optimization of the MHV-68/LUC infection conditions for the novel assay
(a) Correlation between luminescent signal and seeding cell density. Vero cells (1 × 104 or 2 × 104 cells/well) were infected with MHV-68/LUC at indicated 
MOIs and luciferase activity in relative light units (RLU) was measured 48 h post infection. Data represent the mean ± SD of two independent experi-
ments, each performed in triplicate. (b) Correlation between luminescent signal and multiplicity of infection (MOI) at different times post infection. Vero 
cells were infected with MHV-68/LUC at varying MOIs and luciferase activity in relative light units (RLU) was measured at 24, 48 and 72 hpi. Reporter 
activity levels in non-infected cells (NI) indicate background noise of the luminometer. Data represent the mean ± SD of two independent experiments, 
each performed in triplicate.

plates were subjected to three freeze-thaw cycles, centrifuged 
and the luciferase activity in supernatants was measured. As 
expected, the luminescence signal positively correlated with 
the cell number and the virus dose used (Fig. 2a). The cell 
density of 2 × 104 cells per well was selected for the novel as-
say. To further optimize the assay, 2 × 104 Vero cells/well were 
infected with MHV-68/LUC at MOIs ranging from 0.02 to 1. 
The infected cells were monitored daily for the development 
of viral CPE and luciferase activity was measured at 24, 48 and 
72 hpi. Luminescent signal correlated well with the increasing 
MOI and the signal intensity also increased over time post 
infection (Fig. 2b). In antiviral activity studies, it is advisable 
to use lower MOIs in order to avoid rapid cell destruction and 
to enable the detection of the inhibition of virus spread within 
the cell culture (Marschall et al., 2000; Postnikova et al., 2018). 
Moreover, the purpose of this study was to develop a rapid as-
say system for measuring the antiviral activity. Therefore, the 
optimal experimental conditions were determined as MOI 
of 0.05 and incubation for 48 h. Under these conditions, the 
signal-to-noise ratio was high (8.3 × 103) and characteristic 
viral CPE in Vero cells was observed.

Validation of the luciferase activity reduction assay by 
known antiherpetic agents

A novel optimized assay was verified using two anti-
herpetic agents. Since ACV and GCV have been shown to 
efficiently inhibit the MHV-68 replication in vitro (Sunil-
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Chandra et al., 1994; Smee et al., 1997; Neyts and De Clercq, 
1998; Coen et al., 2013), these inhibitors were selected for 
the assay validation. ACV and GCV belong to the group 
of purine acyclic nucleoside analogues (De Clercq, 2013). 
A dose-dependent inhibition of the luciferase activity was 
observed following treatment of the MHV-68/LUC infected 
Vero cells with serial dilutions of ACV (Fig. 3a) or GCV 
(Fig. 3b), while no obvious cytotoxicity was detected for 
either drug at the highest concentrations tested (Table 2). 
Reduction of luciferase activity in MHV-68/LUC-infected 
cells treated with the two compounds allowed the deter-
mination of IC50 values for both inhibitors. For ACV, the 
observed IC50 value was 0.493 ± 0.041 µg/ml. The IC50 value 
of GCV was 0.724 ± 0.056 µg/ml. Consistent with the previ-
ously published studies (Neyts and De Clercq, 1998; Coen 

et al., 2013), virus was more susceptible to ACV than GCV 
in vitro. To compare the luciferase activity reduction assay 
with a conventional method, IC50 values of ACV and GCV 
were also determined by the plaque reduction assay. The 
observed IC50 values, 1.431 ± 0.097 and 2.798 ± 0.316 µg/ml  
for ACV and GCV, respectively, were in the same range as 
those determined by the novel assay. Table 2 summarizes 
the CC50 and IC50 values of the inhibitors in these antiviral 
assays. Slightly lower IC50 values obtained using luciferase 
activity reduction assay indicate a high sensitivity of the novel 
assay (Marschall et al., 2000). The variation in IC50 values 
may possibly be related to the subjective nature of the plaque 
reduction assay. Moreover, the usage of the classical plaque 
reduction assay does not take into account the size of plaques. 
Another disadvantage of the plaque reduction assay is the 

(a) (b)

Fig. 3

In vitro antiviral testing using MHV-68/LUC as a tool
Vero cells were infected with MHV-68/LUC at the MOI of 0.05 and the infected cells were incubated in the presence of serial dilutions of (a) acyclovir 
(ACV) or (b) ganciclovir (GCV) in duplicate. The luciferase activity was measured 48 hpi using an automatic plate luminometer. Solvent-treated infected 
cells were set to represent 100% of the luciferase activity (control). The data are normalized to solvent control, and the mean ± SD for the results of two 
independent experiments are shown.

Table 2. Cytotoxicity and antiviral activity of selected compounds against MHV-68/LUC in Vero cells.

Compounds
MTT assay Plaque reduction assay Luciferase activity reduction assay

CC50 (µg/ml)a IC50 (µg/ml)a SI IC50 (µg/ml)a SI
Acyclovir >250 1.431 ± 0.097 >175 0.493 ± 0.041 >507

Ganciclovir >250 2.798 ± 0.316 >89 0.724 ± 0.056 >345

Q4 19.12 ± 0.954 4.875 ± 0.594 4 1.760 ± 0.321 11

aValues represent the mean ± SD of two independent experiments. CC50 = concentration required to reduce cell viability by 50%; IC50 = concentration 
required to reduce plaque formation or luciferase activity by 50%; SI = selectivity index (ratio of CC50/IC50).
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impossibility of determining the amount of viral replication 
within single cell. Not infrequently, the end-point of the test 
shows enlarged cells without spread of the virus to adjacent 
cells (He et al., 2011). However, the above shortcomings of 
plaque reduction assay can be successfully overcome by using 
the sensitive luciferase-based method. Taken together, our 
results suggest that the luciferase activity reduction assay 
is applicable for screening of antiviral compounds against 
gammaherpesviruses and, importantly, is superior to con-
ventional antiviral screening assays. 

Evaluation of the cytotoxicity of newly synthesized qui-
nolone/quinoline derivatives

Effective antiviral compounds should specifically inhibit 
one or more steps of virus replication without adversely af-
fecting the host cell metabolism (De Clercq, 1982). Therefore, 
assessment of the cytotoxicity is an important part of the 
evaluation of a potential antiviral agent. One of the most 
widely used cytotoxicity or cell proliferation assays is the 
MTT assay, which is a quantitative colorimetric assay. The 
assay assesses mitochondrial cellular function based on 
the enzymatic reduction of the tetrazolium salt MTT by 
the mitochondrial dehydrogenases in viable cells. Another 
commonly used assay is the LDH assay. This colorimetric 
method is based on measuring the activity of cytoplasmic 
enzyme LDH released into cell culture medium by damaged 
or lysed cells (Fotakis and Timbrell, 2006).

In this study, a total of 8 compounds, newly synthesized 
quinolone/quinoline derivatives (Table 1), were subjected 
to cytotoxicity assays. Vero cells were incubated in the 
presence of tested compounds at a single concentration of 
10 µg/ml, as it was the maximum compound concentration 
possible to keep final DMSO content non-cytotoxic. After 
48 hours of incubation, cell viability was evaluated by MTT 
assay. Most compounds did not affect the cell viability, while 
compounds Q7 and Q8 significantly reduced number of 
viable Vero cells (Fig. 4a). In order to determine if the re-
duction in cell viability obtained with MTT assay was due 
to cytotoxicity or antiproliferative activity, the LDH assay 
was also performed. High accumulation of LDH in media 
was observed after treatment of Vero cells with compounds 
Q7 and Q8, demonstrating the significant cytotoxic effects 
of these compounds (Fig. 4b). Therefore, we did not include 
these cytotoxic compounds in further experiments.

Evaluation of antiviral activity of newly synthesized qui-
nolone/quinoline derivatives against MHV-68 in vitro

The effect of noncytotoxic compounds on the gammaher-
pesvirus replication in vitro was examined using luciferase 
activity reduction assay. Vero cells were treated with 10 µg/ml 
of compounds after infection with MHV-68/LUC at a MOI of 
0.05. DMSO treatment was served as a negative control, while 
ACV and GCV were included as positive controls. Luciferase 
activity was measured at 48  hpi. Compound Q4 (Fig.  5) 

(a) (b)

Fig. 4

Cytotoxicity data of novel quinolone/quinoline derivatives in Vero cells
Vero cells were treated with various compounds (10 µg/ml) for 48 h. Relative cell viability was determined by (a) MTT assay, while relative cytotoxicity 
was determined by (b) LDH assay, as described in Materials and Methods. Data are presented as mean ± SD of two independent experiments, each per-
formed in duplicate. Statistical analysis of the data was performed using one-way ANOVA, followed by Dunnett's post hoc test for multiple comparisons. 
Statistically significant differences between the solvent control (DMSO) and the treatment groups are indicated by asterisks: ***P ≤0.001.
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was consistently identified with significant antiviral activity 
against MHV-68/LUC from three independent screenings 
(Fig. 6). To quantify the antiviral effect, the inhibition rates 
of compound Q4 at different concentrations were determined 
and IC50 value was calculated using nonlinear regression 
analysis. The inhibitory effect of compound Q4 showed dose-
dependent pattern (Fig. 7). The IC50 of compound Q4 against 
MHV-68/LUC was estimated to be 1.760 ± 0.321 µg/ml.

Fig. 6

Screening of novel quinolone/quinoline derivatives for antiviral 
activity against MHV-68/LUC

The compounds were screened for antiviral activity using luciferase activity 
reduction assay, as described in Materials and Methods. Briefly, Vero cells 
were infected with MHV-68/LUC at the MOI of 0.05 and infected cells 
were treated with various compounds at the concentration of 10 µg/ml. 
After 48 h of incubation, luciferase activity was measured. Values were then 
normalized to solvent control (DMSO). Data are presented as mean ± SD 
of three independent experiments, each performed in duplicate. Statistical 
analysis of the data was performed using one-way ANOVA, followed by 
Dunnett's post hoc test for multiple comparisons. Statistically significant 
differences between the solvent control (DMSO) and the treatment groups 
are indicated by asterisks: ***P ≤0.001.

Fig. 5

Chemical structure of compound Q4
2-(1-(β-D-Xylopyranosyl)-1,2,3-triazol-4-yl)-3,4-dibenzyloxy-quinoline.

Fig. 7

A dose-response curve for compound Q4
The antiviral activity of the compound Q4 against MHV-68/LUC was de-
termined by luciferase activity reduction assay, as described in Materials 
and Methods. Briefly, Vero cells were incubated with increasing amounts 
of compound Q4 ranging from 0.078 µg/ml to 10 µg/ml after MHV-68/
LUC infection. After 48 h of incubation, luciferase activity was measured. 
Relative levels of luminescence intensity were calculated as a percentage 
of levels in solvent-treated infected cells. Data are presented as mean ± SD 
of two independent experiments, each performed in duplicate. The IC50 
value was defined as the concentration of compound Q4 required to reduce 
luciferase activity by 50%.

In some cases, newly synthesized compounds can quench 
the luminescence without inhibiting viral replication (Zhang 
et al., 2016). Therefore, after the initial screening of novel 
compounds using the luciferase activity reduction assay 
and identification of active compounds, it is recommended 
to confirm the antiviral activity of identified compounds 
using a second assay.

In addition to luciferase activity reduction assay, com-
pound Q4 was also tested in the plaque reduction assay. 
MHV-68 infected cells were treated with serial dilutions of 
the compound Q4 for 6 days. Compound Q4 reduced the 
plaque number and the plaque size in the dose-dependent 
manner (Fig. 8). The IC50 value for compound Q4 obtained 
with plaque reduction assay was within 3-fold of the IC50 
value determined by luciferase activity reduction assay  
(Table 2), indicating that MHV-68/LUC can serve as antiviral 
screening tool.

Taken together, these results demonstrate that compound 
Q4 has strong antiviral activity against MHV-68 in vitro. 
Compound Q4 also exhibited inhibitory effect against Gram-
positive bacterial strains (Šamšulová et al., 2019). It seems 
that combining di-O-benzyl protected quinoline (compound 
Q8) with xylosyl moiety led to the loss of cytotoxic activity 
of the compound and to the improvement of its antibacterial 
and antiviral effects. Therefore, a novel synthetic route to 
2-substituted-3-hydroxyquinolone conjugates paves the way 
for extending the range of new biologically active derivatives 
(Šamšulová et al., 2019).
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Determination of selectivity index of compound Q4

The potency of antiviral agents is estimated by the ratio 
of CC50 and IC50. This relationship is called in vitro selectiv-
ity index (SI). The SI value of an antiviral agent must be at 
least in the range of 100 to 1000 to indicate useful effect on 
viral inhibition in animal experiments (Omura, 1992). The 
compound Q4 was found to have low SI value (Table 2), 
thus it was not suitable for in vivo testing in animal model.

Conclusion

A novel antiviral screening assay for identifying com-
pounds with activity against gammaherpesviruses has been 
developed. The luciferase activity reduction assay yielded 
similar data as the plaque assay, but its performance, espe-
cially the rapidity, was superior. Moreover, measurements 
using automated microplate luminometer are objective, 
quick and conducive to handling large number of plates 
during screening.
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