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A B S T R A C T

Low-cost high-throughput methods applicable to any virus strain are required for screening antiviral compounds
against multiple field strains. Colorimetric cell-viability assays are used for this purpose as long as the viruses are
cytopathic (CP) in cell culture. However, bovine viral diarrhoea virus (BVDV) strains circulating in the field are
mostly non-cytopathic (NCP). An In Cell-ELISA aimed to measure viral infectivity by detecting a conserved
protein produced during viral replication (non-structural protein 3, “NS3”) was developed. The ELISA is per-
formed without harvesting the cells, directly on the 96-wells culture plate. NS3 In Cell-ELISA was tested for its
ability to assess BVDV-specific antiviral activity of recombinant bovine type I and III IFNs. Results correlated to
those measured by qRT-PCR and virus titration. NS3 In Cell-ELISA was also efficient in estimating the IC50 of
two compounds with different antiviral activity. Estimation of the 50% inhibition dose of each IFN using six
BVDV strains of different biotype and genotype showed that CP strains were more susceptible to both IFNs than
NCP, while type 2 NCP viruses were more sensitive to IFN-I. The In Cell-ELISA format using a detector antibody
against a conserved non-structural protein can be potentially applied to accurately measure infectivity of any
viral strain.

1. Introduction

Evaluating antiviral activity of interferons (IFNs) and other com-
pounds requires cell culture-based assays for estimating the reduction
in viral infectivity, usually measured as viral yield as a result of the anti-
viral treatment (Meager, 2002). Reduction of viral infectivity is esti-
mated indirectly by determining virus titers (Familletti et al., 1981)
usually computed in either focus-forming units (FFU/mL) (Yi, 2010) or
through the calculation of the 50% tissue culture infective dose (Reed
and Muench, 1938). These assays are labour-intensive. Supernatants
from each antiviral treatment, commonly performed in serial dilutions
in triplicate, are harvested and tested separately; thereby limiting the
number of strains that can be screened.

Cytopathic effect reduction assays based on a colorimetric assess-
ment of live cells are the high-throughput option for measuring

infectivity. In these assays, the cells protected from the lytic effects by
the antiviral compound are quantified by measuring coloured products
produced by the metabolism of a chemical substrate by live cells in
culture (Muller et al., 2017; Ramanathan et al., 2015). Viability of
adherent cells can be measured using a crystal violet assay, as dead cells
detach from the plate reducing the amount of crystal violet staining
(Feoktistova et al., 2016). All these tests are useful provided the virus is
lytic to the cultured cells. However, some viruses do not kill cells.

Up to date, there is not a high throughput assay to study the anti-
viral activity of compounds applicable to both cytopathic (CP) and non
cytopathic (NCP) viruses, except qPCR than can be adapted to auto-
mation. PCR-based assays have been combined with immunological
methods that rely on in cell-engineering (Lamontagne et al., 2013),
while others have been modified to avoid genome extraction facilitating
high throughput assessments (Virok et al., 2017). The cost of molecular

https://doi.org/10.1016/j.jviromet.2018.07.010
Received 26 March 2018; Received in revised form 17 July 2018; Accepted 19 July 2018

⁎ Corresponding author at: Instituto Nacional de Tecnología Agropecuaria, Centro de Investigaciones en Ciencias Veterinarias y Agronómicas, Instituto de
Virología, Nicolás Repetto y Los Reseros s/n, Hurlingham B1686, Provincia de Buenos Aires, Argentina.

E-mail address: capozzo.alejandra@inta.gob.ar (A.V. Capozzo).

Journal of Virological Methods 260 (2018) 75–81

Available online 19 July 2018
0166-0934/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01660934
https://www.elsevier.com/locate/jviromet
https://doi.org/10.1016/j.jviromet.2018.07.010
https://doi.org/10.1016/j.jviromet.2018.07.010
mailto:capozzo.alejandra@inta.gob.ar
https://doi.org/10.1016/j.jviromet.2018.07.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jviromet.2018.07.010&domain=pdf


assays is extremely high, especially when working at a research level.
Bovine viral diarrhoea virus (BVDV) is a highly-variable globally-

disseminated pathogen accountable for several clinical syndromes that
lead to major economic losses in the livestock industry. BVDV (family
Flaviviridae, genus Pestivirus) is classified in two main species (type 1
and 2) based on genetic and antigenic differences (Yesilbag et al.,
2017), and in two biotypes, CP and NCP, according to the capacity of
virus infection to induce cell death in culture (Rumschlag-Booms et al.,
2011). NCP biotypes are the most frequent in the field (Fulton et al.,
2005; Ridpath, 2003) and epidemiologically relevant, as infection of
pregnant animals with the NCP biotype may result in abortion, induce
nonfatal teratogenic damage or lead to the birth of persistently infected
(PI) calves that are born immunotolerant to the infecting BVDV strain
and are lifetime carriers and shedders of the virus. PI animals can de-
velop a fatal mucosal disease, with severe lesions in the gastrointestinal
tract, when a CP variant emerges by mutation from the persisting NCP
strain. CP strains are not relevant for BVDV evolution, because they
cannot establish a chain of infections and do not cause persistent in-
fections, but they are fatal for the PI host (Peterhans et al., 2010).
Transient infections with NCP strains can cause a wide range of clinical
manifestations, from mild or imperceptible signs to severe disease with
high morbidity and mortality. BVDV infections also cause im-
munosuppression, the extent of which varies according to the virulence
of the infecting strain (Malacari et al., 2018).

IFNs are currently used for treating virus infection in humans and
small animals. Recent publications also show the potential use of IFNs
for treating and preventing viral diseases in ruminants. Adenovirus-
vectored bovine IFN-λ protected cattle against FMDV infection (Perez-
Martin et al., 2012). Administration of type III IFN-λ as biotherapeutic
agent can be effective for preventing and/or treating BVDV infection, as
IFNs are functional even in the early stages of the intrauterine devel-
opment (Lin et al., 2016), when the foetus is infected with BVDV. Type I
interferon suppress the growth of CP and NCP BVDV in bovine blood
mononuclear cells and primary bovine cell culture (Green et al., 1976).
Recent studies show that bovines infected with either BVDV-1 or 2
produce high levels of acid-labile (type III) IFN (Reid et al., 2016).

The aim of this study was to develop a simple and reliable method to
measure the antiviral activity of in house-produced recombinant bovine
type I and type III IFN on different BVDV strains, based on the detection
of a non-structural protein (NS3) which is highly conserved among
pestiviruses and is produced only when the viral RNA is translated
within the infected cell. NS3 is a true marker of viral infectivity as it has
helicase/NTPase activity, which are absolutely essential for the synth-
esis of minus-strand RNA, and thus the production of infectious virus
particles (Gu et al., 2000). The final goal of this work was to provide a
step-by-step set-up protocol that could be easily applied to any other
virus.

2. Materials and methods

2.1. Cells and virus

Madin-Darby Bovine Kidney (MDBK) cell line from the American
Type Cell Collection (ATCC) was provided by the Institute of Virology
(INTA) Argentina. Culture method and controls, including BVDV-free
certification where detailed before (Cardoso et al., 2016). Primary
foetal bovine kidney cells (RFBK cells) were prepared by the cell-culture
unit of INTA using standardized procedures (Tami et al., 2003).

BVDV Singer and NADL reference strains were obtained from ATCC.
All the other strains are part of INTAs virus repository and were used
before (Cardoso et al., 2016; Franco Mahecha et al., 2011; Malacari
et al., 2018; Odeon et al., 1999, 2009; Pecora et al., 2014). BVDV stocks
were produced by infecting MDBK cells (Odeon et al., 2009). Titers
were calculated as median tissue 50% culture infective dose
(TCID50ml−1) (Cardoso et al., 2016). Viral stocks (30ml/each) were
stored at -80 °C until use. Titers for each stock are shown in Table 2.

Foot and mouth disease virus (FMDV) A-24 Cruzeiro (Bucafusco
et al., 2014) and Vesicular Stomatitis Virus New Jersey strain (VSV –NJ)
(Capozzo et al., 2011) are part of INTA´s collection, and were grown in
BHK-21 cells and MDBK cells, respectively.

2.2. Antibodies

Anti-NS3 mAb was kindly provided by Dr. Gerrit Keizer (Prionics
AG, Zurich). The conjugated antibody was anti-mouse peroxidase la-
belled (KPL, Sera Care, Milford, MA). For direct immunofluorescent
staining of BVDV-infected cells a polyclonal pig IgG anti-BVDV con-
jugated to FITC was used (VMRD, Veterinary Medical Research &
Development, USA).

2.3. Interferon production

Full length sequences of bovine IFN-α and IFN-λ genes (GenBank
accession NM_001017411 and HQ317919.1, respectively) were cloned
into pcDNA-HisMaxA-vector (Invitrogen, Thermo Fisher Scientific Inc.,
USA). Plasmids were transfected into HEK293 T cells using Polyfect-
Transfection Reagent (Qiagen, Hilden, Germany), according to the
manufacturer’s instructions. Transfections were performed with
2.4×106 cells in a 100mm dish. Supernatants were harvested 2 days
post-transfection and checked by western blot using a polyclonal goat
anti-IL28B (dilution 1/750, Abcam, Cambridge, UK) or a polyclonal
goat anti-IFNα (dilution 1/750, Abcam). IFN-stocks were prepared by
pooling supernatants from 6 independent transfections (∼40ml each).
Both pools were filtered (0.22 μm) and serial dilutions of these pre-
parations (starting 1:4) were tested for their activity by the focus for-
mation units reduction assay using vesicular stomatitis virus (VSV-NJ
strain) as described before (Green et al., 1976). Detailed protocol is
given below. Antiviral activity was determined as the reciprocal of the
highest supernatant dilution that resulted in a 50% reduction in the
number of plaques relative to the number of plaques in the untreated
cells. Results were expressed as units of antiviral activity/ml (Green
et al., 1976). Both IFNs were effective in reducing infectivity of VSV,
BVDV and FMDV A24/Cruzeiro strains (Suppl. file 1). Sensitivity of
FMDV A/24 Cruzeiro to our IFN-λ preparation was similar to values
reported before (Diaz-San Segundo et al., 2011). Activity of each stock
was 45 U/ml for IFN-λ and 40 U/mL for IFN-α. Aliquots of each stock
were stored at −80 °C.

2.4. Focus Formation Unit Reduction Assay (FFURA)

Antiviral activity of the recombinant IFNs was determined by
measuring the reduction in the number of viral foci. Briefly, MDBK-cells
monolayers in 6-wells plates were pre-treated with 2-fold serial dilu-
tions of the antivirals. Twenty-four hours later, supernatants were re-
moved, and cells were washed and challenged with approximately 100
focus-formation units (FFU) of VSV, FMDV or BVDV CP strains for 1 h.
The inoculum was then removed, washed with sterile PBS and overlaid
with 2% low-melting point agarose. Incubation proceeded for 48 h at
37 °C, 5%CO2. Each treatment was performed in triplicate and each
assay included two controls, virus alone (without IFN treatment) or
untreated cell (without virus and IFN), also in triplicate. Plaques were
visualized by staining with crystal violet. The base-line for negative
control (untreated infected cells) was the mean of the viral foci
number+ SD in untreated wells. Then the percentage of foci reduction
(FR %) compared to negative control was calculated as follows: FR (%)
= (V-I) × 100/V. Where, V is the mean of the number of foci for ne-
gative control well (virus alone, without IFN) and I is the mean of the
number of foci in IFN- treated wells. The number of FFU was propor-
tional to the decrease in the IFN concentration. Results for FMDV A/24
Cruzeiro and BVDV singer strains are shown in Supplementary file 1.
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2.5. Viability assessment

The metabolic activity of MDBK cells pre-treated with IFN-α or IFN-
λ was measured with TACS® XTT Cell proliferation Assay Kit (TREVI-
GEN, Gaithersburg, MD) according to the manufacturer’s instruction.
OD values for mock-infected cells (using supernatants from cells
transfected with empty plasmid) were computed as reference of viable
cells. Dead cells were obtained by infection with BVDV-Singer strain at
a multiplicity of infection (MOI) of 1 and also by growing the cells at
45 °C in serum-free media for 24 h. In some experiments cells were
killed by performing an osmotic shock, washing the monolayer with
desalted water.

A standard crystal violet staining method was also used in 96-wells
plates as a measure of extension of cytopathic effect (Feoktistova et al.,
2016). Assays were conducted in triplicate and the inhibitory dose 50
(ID50) was estimated by a nonlinear regression fitting of the data as the
number of interferon units necessary to reduce cytopathic effect on
MDBK cells by 50% compared to control infected and non-treated cells.

2.6. BVDV titration on MDBK cells

Titers of extracellular virus were obtained by micro-titter assay as
previously described (Cardoso et al., 2016). Briefly, MDBK cells were
grown in 96-well plates (Corning® Costar® Tewksbury, MA USA) to a
confluence of 80% (104 cells per well). Serial fourfold dilutions of the
tested samples were made in Dulbecco's Modified Eagle Medium
(DMEM, Gibco) and 50 μl added to duplicate wells. Plates were in-
cubated for 5 days at 37 °C, 5% CO2. Then, cells were fixed with 3%
PBS-formaldehyde. Each well was treated with 0.1 M Glycine in PBS
followed by 0.2% Triton X-100. Presence of BVDV was revealed with an
anti-BVDV polyclonal antiserum conjugated to FITC (VMRD). Infected
cells were observed in an inverted fluorescence microscope (Olympus
IX71). Titers were calculated as median tissue 50% culture infective
dose per millilitre (TCID50 ml−1).

2.7. qRT-PCR

Virus RT-qPCR was performed using Pan Pestivirus primers
324–326 (Vilcek, 1994) to amplify a 288 pb fragment of the 5´UTR
region of BVDV. RNA was extracted from supernatants of infected or
mock-infected MDBK cells using High Pure Viral RNA Kit (Roche), ac-
cording to the manufacturer’s instructions. Reverse transcription was
carried out with 300 ng of viral RNA, the antisense primer and Reverse
Transcriptase (from Moloney murine leukaemia virus [M-MLV]; Pro-
mega, Madison, WI) under standard conditions. The qPCR was run
using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, Cali-
fornia, USA). A plasmid containing the 5´UTR 288 pb sequence of
BVDV-NADL strain was used as reference standard. Samples and stan-
dards were run in triplicate in an iQ™5 Real-Time PCR detection system
(Bio-Rad) and analysed using Bio-Rad iQ5 2.0 Standard Edition Optical
System Software.

2.8. NS3 In Cell-ELISA

MDBK cells (1.5× 103 cells/well; 70% confluent) seeded in a 96
wells plate were pre-treated with serial 2-fold dilutions of IFNs (∼ 6 to
0.1 U/ml) for 24 h. After incubation, the IFN-containing media were
removed, cells were washed with PBS 1X and infected with 50 μl of
BVDV at a MOI=0.05 for CP; and 0.001 for NCP strains. The MOI were
pre-selected to yield an OD value of 1.10 ± 0.14 at 48 h post-infection
(hpi). The inoculum was removed after 1 h incubation at 37 °C with
gentle shaking and 200 μl of DMEM -2% foetal bovine serum was added
to each well.

Each antiviral-treatment, infection and mock-infection controls
were run in triplicate. Cells were fixed 48 hpi with PBS-4% for-
maldehyde (20min), permeabilized with PBS-0.01% Triton X-100

(20min) and blocked with Blocking Solution “BS” (PBS - equine serum
10%) for 90min. Supernatants were then gently aspirated and the
primary antibody (mAb Anti-NS3, Prionics) diluted 1:2000 in BS was
added and incubated for 20min at 37 °C. The reaction was revealed
using an anti-mouse-peroxidase conjugate (1:1000 in BS; 30min at
37 °C). After three washes with PBS, the substrate (2,2'-azino-bis 3-
ethylbenzothiazoline-6-sulphonic acid, “ABTS”) was added and in-
cubated for 15min at room temperature protected from light. The re-
action was stopped with 0.5M FNa and plates were read at 405 nm.

To account for differences in cell seeding density was normalized to
the Janus Green staining dye. Briefly, after the In Cell assay protocol
was completed, the plates were washed once with PBS1X and 1X Janus
Green stain (SIGMA, San Luis, MO) was added (50 μl/ well). The plate
was incubated for 5min at RT. Then the dye was removed and after 5
washes the plate was read at 595 nm.

Once normalized, ABTS- OD values of each sample were subtracted
from the mock-treated wells (corrected OD values) and then averaged
(from triplicates). Each assay was repeated at least twice.

Protocols for antiviral activity of Thiosemicarbazone Derived from
5,6-Dimethoxy-1-Indanone (TSC) and Phenyl thiophene carboxamide
derivative 12 (PTC12), kindly provided by Dr. Cavallaro and Dr.
Alvarez, respectively; were performed as reported before (Castro et al.,
2011; Pascual et al., 2018). Briefly, serial two-fold dilutions of TSC
(from 10μM) were added to the cells after removal of the virus in-
oculum (BVDV-NADL strain, MOI=0.05). Serial two-fold dilutions of
PTC12 (from 10 μM) were added to the cells together with the virus
(BVDV-VS253 strain, MOI= 0.001) and incubated for 72 h.

2.9. Data analysis

The 50% inhibitory dose of the tested IFNs was computed using the
inhibition—response template in GraphPad Prism v5.0 (GraphPad
Software, CA, USA). In this study, OD values were standardized in
OD∼1 for infected control-wells, then, ID50 correspond to the units
giving an OD∼ 0.5. The linear range of detection of this method en-
ables the estimation of each ID50 value without performing an endpoint
dilution.

Statistical analyses were carried out using GraphPad Prism v5.0.
Spearman’s correlation coefficient test was applied to measure the ex-
tent to which OD values estimated by In Cell-ELISA and readouts of
other methods, tend to change together when MDBK cells were pre-
treated with different concentrations of each IFN. Results of sensitivity
of the different strains were compared by ANOVA 2-factor repeated
measurements followed by Bonferroni multiple comparisons test.
Paired-comparisons were performed using Mann-Whitney test.
Confidence interval was 95%.

3. Results

3.1. Effect of recombinant interferon preparations in cellular viability

Serial dilutions of recombinant IFN preparations were added to
MDBK cell monolayers and incubated for 24 h. At that time point,
viability was tested by assessing the capacity of the cells to reduce XTT.
A range of OD values was estimated for non-infected and mock-treated
monolayers (OD: 0.9–1.2) and for BVDV-singer infected (MOI 1;
48 hpi), metabolically-stressed cells and blanks (OD < 0.22).
Concentrations up to 45 U/ml of IFN-λ were not toxic on MDBK cells.
The range was lower for IFN-α, as the highest concentration tested
(non-diluted stocks) yielded OD values that were significantly lower
than those measured for un-treated or mock-treated cells (p < 0.05).
Based on this assay, a working range that did not affect MDBK cells´
viability for both IFNs (up to ∼20 U/ml; Fig. 1) was selected.
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3.2. Set up of the assay

Different conditions were assessed to set up the assay. MDBK cells
seeded in 96 wells plates (1.5× 103 cells/well) were infected (or mock-
infected) with each BVDV strain at different MOI ranging from 0.05 to
0.00001 and incubated for 24, 48 and 72 h at 37 °C, 5% CO2. For cy-
topathic strains infection was stopped always before cell detachment.
After one wash with PBS, MDBK cells were fixed and permeabilized
with PBS-triton 0.01%, and the ELISA followed using different combi-
nations of blocking reagents, substrates and dilutions of both detector
and revealing antibodies (detailed in Table 1). OD values for infected
vs. mock-infected cells were computed for each condition. The differ-
ences between the OD yielded by infected and non-infected cells were
higher when using ABTS than TMB substrate, and the highest range was
found with the primary antibody diluted 1:2000. The secondary anti-
body dilution 1:750 and 1:1000 gave similar results; therefore the
working dilution selected for future assays was 1:1000.

Infection dose and incubation times were also optimized for each
individual virus strain to yield OD values ∼1. In all cases this value was
archived by incubating the virus for 48 h. Selected MOI were 0.05 for
CP and 0.001 for NCP stains, which yielded OD values ranging from

0.96 to 1.24 (Table 2). The mAb was detected with an anti-mouse HPR
conjugate. OD values of mock-infected cells were consistently low on
distinct days and even when the assay was performed by different op-
erator (data not shown). The coefficients of variation were always
lower than 6% and all mock-infected OD values were below baseline.

The protocol was standardized in four steps: (1) definition of the
MOI that yields an OD value=1 (15% variation admitted), (2) infec-
tion of cell-monolayers at the defined MOI, (3) fix and permeabilize the
cells; (4) ELISA and staining with janus green for normalization.

3.3. Correlation between In Cell-ELISA and the currently used tests

MDBK cells were pre-incubated with different concentrations of
each IFN preparation before infection with BVDV singer (CP) or NY-93
(NCP) strains. Antiviral activity of each IFN was estimated using NS3 In
Cell-ELISA, virus titration of supernatants, quantitation of viral RNA by
qRT-PCR and colorimetric viability assessment (only for the CP strain).
Correlation curves were built by plotting the outcome values estimated
for each IFN dilution by the In Cell-ELISA and the different currently
used assays (Fig. 2). Spearman´s analysis showed a significant corre-
lation between the results obtained by the In Cell-ELISA and those es-
timated with all the other tests (p < 0.05) for both CP and NCP strains.
There was a positive correlation between In Cell-ELISA results and the
ratio of genome copy number or TCID50 ml−1 for both IFNs and strains
(r= 1) and as expected, there was a negative correlation for the via-
bility method for the cytopathic strain.

3.4. Interferon sensitivity assay

Due to the great diversity of BVDV, and the relevance of the NCP
strains in the field, In Cell-ELISA was used to screen the individual
sensitivity of BVDV strains of different genotype and biotype against
both recombinant IFNs. Susceptibility to both IFNs was evaluated by In
Cell-ELISA after infecting MDBK cell monolayers pre-treated with dif-
ferent concentrations of the recombinant IFN-α and IFN-λ preparations.
IFN stocks were two-fold diluted, ranging from 0.17 to 5.4 U/ml for
IFN-α and 0.35 to 5.6 U/ml for IFN-λ. Sensitivity curves for OD values
obtained by In Cell-ELISA were built for each individual strain
(Supplementary file 2). Due to the effect of the antiviral treatment, OD
values adjusted to a typical inhibition-response curve. From these re-
sults the ID50 for both IFNs for each strain was estimated. The ID50
value represents the dose of IFN which reduces 50% the corrected OD in
respect to that obtained by untreated-infected cells.

ID50 values show that all the BVDV strains tested were sensitive to
both IFNs. Although, no pattern of sensitivity related to the virus gen-
otype or biotype was found, differences were indeed detected between
strains. Even within some strains (i.e. VS253, SINGER and 98–124)
there were significant differences among ID50 values for each inter-
feron, as shown in Fig. 3.

3.5. Application of NS3 In Cell-ELISA for estimating the activity of other
antivirals

To extend our analysis, In Cell-ELISA was used to estimate the 50%
inhibition concentration (IC50) of two compounds with different anti-
viral activity: TSC, an inhibitor of BVDV polymerase (Castro et al.,
2011) and PTC12 that specifically interferes at the internalization step
of virus entry (Pascual et al., 2018). Serial dilutions of TSC starting in
10 μM were added to the cells after adsorption of BVDV-NADL strain
(MOI=0.05). TSC was added together with the virus (VS253) and the
incubation proceeded for 3 days. Each treatment was performed in
triplicate. OD values measured for each antiviral concentration are
depicted in Fig. 4.

IC50 values were estimated for both compounds and compared to
those reported before evaluating reduction of cytopathic effect using
crystal violet staining (Castro et al., 2011; Pascual et al., 2018). IC50 for

Fig. 1. Effect of rIFNs in cell viability. MDBK cells were treated with serial
dilutions of recombinant IFNs and cellular viability was tested by assessing the
capacity of the cells to reduce XTT. Range OD values for non-infected cells
(0.9–1.2) and for BVDV Singer-infected or metabolically-stressed cells (< 0.22)
are shaded in grey. Results are expressed as mean OD values ± SD. (*)
Significant differences compared to OD values of mock-treated cells, p < 0.05.

Table 1
Optimization of the NS3 In Cell-ELISA. In order to set up the assay, 12 condi-
tions were tested combining different blocking reagents, substrates and dilu-
tions of both detector and revealing antibodies. OD values (triplicates) were
computed for mock-infected and infected wells and expressed as delta
OD ± SD (ΔOD=OD values mock infected cells – OD infected cells). OD,
optical density.

Condition Blocking
solution

Primary
antibody
(dilution
factor)

Conjugate
(dilution
factor)

Substrate ΔOD ± SD

1 0.5 %
Casein

500 750 TMB 0.327 ± 0.001
2 1000 0.298 ± 0.002
3 1000 750 0.362 ± 0.023
4 1000 0.420 ± 0.004
5 2000 750 0.450 ± 0.006
6 1000 0.408 ± 0.042
7 10 %

Normal
equine
serum

500 750 ABTS 0.995 ± 0.056
8 1000 0.938 ± 0.013
9 1000 750 1.041 ± 0.099
10 1000 1.005 ± 0.078
11 2000 750 1.382 ± 0.016
12 1000 1.187 ± 0.049
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PTC12-treated MDBK infected with VS253 was 0.0257 μM±0.004 by
In Cell-ELISA, similar to the reported value (0.026μM±0.002). IC50 of
TSC for BVDV-NADL strain was 1.75 μM using a colorimetric assay
(Castro et al., 2011; Finkielsztein et al., 2008) and 1.91 μM ± 0.21 by
In Cell-ELISA. Altogether, these results show that NS3 In Cell-ELISA can
be used not only with IFNs but also with other anti-viral compounds.

4. Discussion

This study describes a novel approach for analysing antiviral ac-
tivity by measuring the presence of a non-structural viral protein di-
rectly on the cell culture without harvesting the cells, applicable to any
virus strain that can grow in cell culture regardless if it affects the cells’
viability or not. This In Cell-ELISA produces an OD value that can be
normalized to the total number of cells in the culture well, enabling
comparisons between treatments. It is a direct high-throughput plat-
form to assess viral infectivity, simple to perform and reliable, as results
obtained using this method correlate with others currently used to
measure viral infection.

Results obtained after treating MDBK cells with different IFNs using
the NS3 In Cell-ELISA were initially compared with the corresponding
readouts of a colorimetric assay, titration and genome copy number

Table 2
Viral stocks and infectious dose used. Multiplicity of infection (MOI) for each BVDV strain estimated to yield an OD value of 1 in the In Cell-ELISA. N/A: not available.

BVDV strain Genotype Biotype GenBank accession number Virus stock
(TCDI50/ml)

MOI OD Value ± SD
In Cell-ELISA, triplicates

Singer 1a Cytopathic DQ088995.2 2.08× 107 0.05 0.99 ± 0.02
NADL 1a Cytopathic AJ133738 1.74× 107 0.05 0.94 ± 0.03
98-204 1b Non cytopathic N/A 1.64× 106 0.001 1.11 ± 0.05
NY1 1b Non cytopathic L32879.1/

AF145363.1
6.55× 106 0.001 1.09 ± 0.12

NY93 2a Non cytopathic AF039173/ KR093034.1 6.55× 106 0.001 1.07 ± 0.05
VS253 2a Cytopathic N/A 2.62× 107 0.05 1.09 ± 0.13
98-124 2b Non cytopathic MH074881 1.31× 107 0.001 1.22 ± 0.02

Fig. 2. Correlation between different antiviral activity tests. Antiviral activity of recombinant bovine IFN-α (grey circles) and IFN-λ (black circles) against BVDV-
Singer and NY-93 stains was evaluated using the NS3 In Cell-ELISA. Results were compared to values measured by three currently-used methods: quantitation of viral
RNA by qRT-PCR, virus titration and colorimetric viability assessment, as indicated. Spearman´s correlation coefficient and P values are depicted for each curve.

Fig. 3. Sensitivity of different BVDV strains to bovine IFN-α and IFN-λ ID50
values were plotted for NCP (98–124, NY-93, NY-1, 98–204) and CP (VS253,
Singer) BVDV strains. Mean values ± SD of triplicate determinations are
shown. Different letters and numbers above bars depict significant differences
for IFN-α or IFN-λ, respectively (p < 0.05).
(*) Significant differences in ID50 values measured for each IFN within the
same strain (p < 0.05).
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estimated by RT-qPCR, using reference cytopathic and non-cytopathic
strains. In Cell-ELISA values correlated with those of the different
currently-used tests, with positive correlation for titration and genome
copy number and a negative correlation with the viable-cells colori-
metric assay, as expected. The lowest correlation coefficient was ob-
served between results produced by In Cell-ELISA and virus titration
using Reed-Müench fifty per cent end-point method, probably due to
the intrinsic variability of this assay (Brown, 1964). These results
confirm that the ID50 computed by In Cell-ELISA or the other methods
are similar.

NS3 In Cell-ELISA was efficient in estimating the IC50 of two
compounds with different antiviral activity, TSC (Castro et al., 2011)
and PTC12 (Pascual et al., 2018), producing similar values to those
reported before for both compounds using a colorimetric method. These
results indicate that the use of NS3 In Cell-ELISA is not restricted to
IFNs. However, by detecting intracellular NS3, this assay measures in-
fectivity as viral replication and may not be suitable for antiviral
compounds that compromise viral assembly and/or budding.

All six BVDV strains tested were susceptible to both IFNs, with no
evident association with the virus genotype or biotype. Interestingly,
two NCP type-2 strains that differ in their virulence, 98–124 and NY-93
(Malacari et al., 2018), also differ in their susceptibility to INF-α, while
their ID50 values were similar for IFN-λ. CP VS253 (type 2) was the
most sensitive strain to both IFN treatments. This strain was also found
more sensitive than a type 1 BVDV-NADL strain to another antiviral
non-biological compound (PCT12), as reported recently by Pascual
et al. (Pascual et al., 2018). Interestingly, VS253 is antigenically dif-
ferent to at least 12 strains, between reference, local and foreign iso-
lates (Pecora et al., 2014), which may account for its particular sensi-
tivity to antivirals. These findings may have implications when
developing and optimizing antiviral treatments.

IFN-λ usually behaves as a more potent antiviral in vivo than in
vitro (Ank et al., 2006). This effect was also uncovered when using IFN-
λ to prevent FMDV infection in cattle (Perez-Martin et al., 2012),
whereas in in vitro assays, this cytokine was always less effective than
IFN-α, a fact confirmed in this study for FMDV A24/Cruzeiro strain in
the FFURA (Supplementary file 1). Considering these results, the high
sensitivity found against IFN-λ using the NS3 In Cell-ELISA for all six
BVDV strains encourages us to pursue the use of recombinant bovine
IFN-λ to prevent and/or treat BVDV infection in cattle.

NS3- In Cell-ELISA measures BVDV infectivity and can also be used
to estimate the number of infectious particles in a sample. The assay
was more sensitive for NCP than CP viruses as infection using CP strains
needs to be stopped before cytopathic effect is developed. The high
sensitivity in detecting NCP infectious virus can be valuable for con-
trolling biological products (i.e. foetal bovine serum) and cell lines, as

NCP-BVDV is considered an adventitious agent.

5. Conclusions

A novel method for measuring and analysing BVDV infection was
developed and optimized. The In Cell-ELISA uses of an antibody against
a non-structural conserved protein, enabling a direct detection of virus
replication in the cell-culture plate and infectivity can be normalized to
the number of cultured cells. This platform may be used with any virus
strain that can grow in cell culture, regardless its effect on cell viability,
and extended to any practical application requiring accurate measure-
ments of viral infectivity.
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