
Acta virologica 63: 261 – 269, 2019	 doi:10.4149/av_2019_303

The effect of human interferon alpha on replication  
of different bovine viral diarrhea virus strains

A. A. ELSHEIKH1,2, L. J. BRAUN1, S. M.G. MANSOUR2, A. ORABI2, A. S. ALQAHTANI3,  
D. A. BENFIELD1,4, C. C. L. CHASE1

1Department of Veterinary and Biomedical Sciences, Animal Disease Research and Diagnostic Laboratory, South Dakota State 
University, Brookings, USA;2Department of Virology, Faculty of Veterinary Medicine, Zagazig University, Zagazig, Egypt; 3Medical 

Laboratory Department, Faculty of Applied Medical Science, Najran University, Najran, Saudi Arabia; 4Ohio Agriculture Research and 
Development Center, Wooster, Ohio 44691, USA

Received May 21, 2018; revised November 11, 2018; accepted June 6, 2019

Summary. – Bovine viral diarrhea virus (BVDV) exists in two main biotypes: cytopathic (cp) and noncyto-
pathic (ncp). Although some studies were done on the effect of interferon alpha (IFN-α) on BVDV, the effect 
of exogenous IFN against BVDV biotypes remains unclear. In the present study, we evaluated the comparative 
effect of exogenous human IFN-α (HuIFN-α) on different BVDV biotypes and genotypes. The results showed 
that exogenous HuIFN-α greatly inhibited the growth of different BVDV biotypes and genotypes. However, 
HuINF-α has a significant inhibitory effect on cp biotype compared to ncp one without significant variation 
between different genotypes. The effect of HuIFN-α on BVDV reached the maximum level at early stages of 
infection (0–20 h post infection) and increased in a dose-dependent manner (10–500 U/ml). Quantitative real-
time RT-PCR was used to evaluate the effect of exogenous HuIFN-α on RNA synthesis of both BVDV biotypes. 
HuIFN-α reduced RNA production of cp by 4 logs compared to only 2 logs for ncp strains. Additionally, the 
antiviral effect of IFN-α against both BVDV biotypes seems to be independent of the RNA-dependent protein 
kinase (PKR) activation as assayed by direct analysis of in vivo phosphorylation of eIF2-α and by 2-aminopurine 
(2-AP) treatment. Collectively, these results indicated that the exogenous HuIFN-α treatment has an inhibitory 
effect not only on cp BVDV biotype but also on the ncp BVDV. The antiviral effect of exogenous HuIFN-α was 
biotype, time, dose but not genotype dependent. PKR has no role in the inhibitory effect suggesting that other 
IFN-antiviral pathways were involved.

Keywords: BVDV biotypes; HuIFN-α; RNA synthesis; PKR-independent

E-mail: elsheikh.vet@gmail.com; phone: +966 55-960-3047.
Abbreviations: 2-AP  =  2-aminopurine; BoIFN-α  =  bovine 
IFN-α; BVDV  =  bovine viral diarrhea virus; cp  =  cytopathic 
biotype; eIF2α = alpha subunit of eukaryotic initiation factor 2; 
HuIFN-α = human IFN-α; IFN-α = interferon alpha; ncp = non-
cytopathic biotype; PKR  =  RNA-dependent protein kinase; 
YRA = yield reduction assay; VSV = vesicular stomatitis virus 

Introduction

Bovine viral diarrhea virus (BVDV) infections result in 
major economic losses in cattle. The virus belongs to the 

genus Pestivirus in the family Flaviviridae (Meyers and Thiel, 
1996). BVDV is classified into two genotypes (type 1 and 
type 2) with each genotype subdivided into subtypes (1a-1t 
and 2a-c). The prevalence of genotype type 1 or type 2 varies 
by region. Within each genotype, pathogenicity varies by 
strain (Ridpath et al., 1994; Vilcek et al., 2001; Ularamu et 
al., 2013). BVDV is also categorized into two biotypes, cyto-
pathic (cp) and noncytopathic (ncp), with distinct pathologic 
characteristics (Lee and Gillespie, 1957; Gillespie et al., 1960; 
Donis and Dubovi, 1987). Ncp BVDV is the most commonly 
isolated BVDV biotype from the field and induces persistent 
infections. In contrast, cp BVDV is the most frequently used 
virus in BVDV vaccines and is isolated from cattle with 
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mucosal disease (Brownlie et al., 1984; Sentsui, et al., 2001; 
Fulton et al., 2003; Reid and Charleston, 2014).

Interferons (IFNs) are cytokines having broad-spectrum 
of antiviral effects and they are divided into three major sub-
types: type 1-alpha (α)/beta (β), type 2-gamma (γ) and type 
3-lambda (λ). IFNs have direct or indirect antiviral activities 
via stimulating a large number of cellular genes (Schoggins 
and Rice, 2011). One of the best-characterized IFN-inducible 
cellular components is double-stranded RNA-dependent 
protein kinase (PKR). The IFN-inducible PKR is a serine/
threonine kinase with multiple functions that control tran-
scription and translation. The viral infection activates PKR, 
which in turn phosphorylates the alpha subunit of eukaryotic 
initiation factor 2 (eIF2α). This phosphorylation of eIF2α 
inhibits the translation of the cellular and viral proteins. 
Other cellular factors especially molecules that limit the virus 
replication, may be activated by IFN (Thomis et al., 1992).

IFN-α is considered to be an effective antiviral agent 
against BVDV (Bielefeldt Ohmann and Babiuk, 1988; Sentsui 
et al., 1998; Woodhouse et al., 2008; Zhang et al., 2010; Wang 
et al., 2011). Bovine IFN-α has decreased BVDV replication 
in bovine fibroblast cells persistently infected with BVDV 
(Bielefeldt Ohmann and Babiuk, 1988). Human IFN-α sup-
pressed BVDV replication in peripheral mononuclear cells 
from persistently infected animals (Sentsui et al., 1998). 
IFN-α in combination with antiviral agents decreased BVDV 
growth and RNA production (Peek et al., 2004; Woodhouse 
et al., 2008; Zhang et al., 2010). PKR is implicated in me-
diating the IFN-induced antiviral state against BVDV and 
consequently controls the virus replication (Gale and Katze, 
1998; Gil et al., 2006). 

To further analyze the inhibitory effect of IFN-α on BVDV, 
this study was aimed to (i) investigate the comparative 
antiviral effects of exogenous HuIFN-α on different BVDV 
biotypes and genotypes in MDBK cells, (ii) test the effect of 
HuIFN-α on RNA synthesis of both BVDV biotypes, and 
(iii) test the PKR activity in IFN-induced BVDV inhibition.

Materials and Methods

Cells and viruses. Madin Darby bovine kidney (MDBK) cells 
were grown in Dulbecco's Modified Eagle's Medium (DMEM, 
Gibco BRL, USA). The media was supplemented with 10% horse 
serum (Hyclone, USA) and antibiotics (streptomycin 100 μg/ml, 
penicillin 100 IU/ml and amphotericin B 250 μg/ml) at 37oC in 5% 
CO2. The cell cultures were tested by the immunoperoxidase stain-
ing protocol (Afshar et al., 1991) using anti-p80/p125 monoclonal 
antibodies and RT-PCR and were BVDV-free. Four laboratory 
BVDV strains; NADL (cp type 1a), NY-1 (ncp type 1b), A125 (cp 
type 2a), 890 (ncp type 2a), and vesicular stomatitis virus (VSV-
Indiana) (ATCC, USA) were used in this study. Additional one pair 

of type 2a BVDV isolates, 296-cp and 296-ncp, kindly supplied by 
Dr. Julia Ridpath (National Animal Disease Center, USA), were 
used. The viruses were grown in MDBK cells and harvested after two 
freeze-thaw cycles. The titers were determined by TCID50 through 
recording the CPE for the cp BVDV and the reddish-brown color 
(the positive result of immunoperoxidase test) induced by ncp 
BVDV, respectively. 

Reagents. Human recombinant IFN-α (Sigma, USA) was pre-
pared according to manufacturer's instruction and stored at -80°C 
till use. A 200 mM solution of the nitrate salt of 2-aminopurine  
(2-AP) (Sigma, USA) was prepared in MEM and the pH was ad-
justed by adding 1M Tris until the cell culture medium turned to 
pink as described by Rowland (Rowland et al., 2001).

BVDV cytopathic effect (CPE) inhibition assay. Confluent mono- 
layers of MDBK cells, grown in 24-well tissue culture plates, were 
infected with NADL, A125, or VSV at a multiplicity of infection 
(MOI) of 1 for 1 h at 37°C followed by removal of medium. The 
infected cell monolayers were overlaid with DMEM containing 0, 
10, 100, 500, or 1000 U/ml of IFN-α. Interferon-free medium was 
added to control wells. The cells were incubated for 72 h at 37°C 
in humidified CO2 incubator. To observe the CPE, the cells were 
fixed with 80% acetone for 20 min, dried and stained with 1% 
crystal violet. The CPE was observed by phase contrast microscopy 
(Nikon TMS, Japan).

BVDV yield reduction assay (YRA). Confluent MDBK cells, 
grown in 24-well tissue culture plates, were infected with NADL, 
A125, NY-1 or 890 strains as well as 296-cp and 296-ncp strains 
(MOI = 1). After the viruses were allowed to be adsorbed to the 
cells for 1 h at 37°C, the excess inoculum was removed and the 
infected monolayers were washed twice with DMEM. The infected 
cells were treated with DMEM containing 0, 10, 100, 500, or 1000 
U/ml of IFN-α at 0, 10, 20 or 30 h post-infection. After incubation 
for 72 h at 37°C in 5% CO2 incubator, the cells were freeze/thawed 
three times and the amount of infectious virus was titrated on 
MDBK cells according to the method of Reed and Muench (Reed 
and Muench, 1938). The titers were determined by TCID50. In 
case of ncp strains, the immunoperoxidase staining protocol was 
performed according to Afshar (Afshar et al., 1991) using anti p80/
p125 monoclonal antibodies (Mab 20.10.6, kindly supplied by Dr. 
Edward Dubovi, Cornell University, USA).

Effect of IFN on RNA synthesis of BVDV. In 24-well tissue culture 
plates, MDBK cells were infected with A125 or 890 (MOI = 1) for 
1 h at 37°C and then treated with IFN-α 100 U/ml or 500 U/ml.  
The cells were incubated at 37°C for 16 h and the RNA level was 
determined by qRT-PCR as previously described by Bhudevi 
(Bhudevi and Weinstock, 2001). Total RNA was extracted from 
BVDV-infected cells using the QIAamp viral RNA mini kit (QIA-
GEN, USA) following manufacturer's instruction. In addition, the 
total RNA was extracted from IFN- and BVDV- free MDBK cells as 
a negative control. Pestivirus specific primers to NS3 region were; 
SPTL 5'-CAAGGAGGGATCAGCTCGGTAGAC-3' and SPTU 
5'-CTTCGGACACCTGAGTCGG-3'. A fluorogenic molecular 
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beacon probe (BVDV type 2, A125): FAM-5'-cgcacgGAGACT 
GAGTATGGCATCAAGcgtgcg-3'-DABCYL was synthesized by 
Integrated DNA Technologies (IDT, USA). The RNA extracts were 
quantified using the spectrophotometer. The standard reaction mix 
(50 μl final volume) consisted of RNA sample, 0.75 U AmpliTaqTM 
DNA polymerase (PE Biosystems, USA), 2 mM MgCl2, 250 μM 
of dNTPs, 2 μM of each PCR primers, 2.5 U of the MuLV reverse 
transcriptase (RT) and 1 U RNase inhibitor and 50 ng BVDV type 
2-FAM beacon. Nuclease-free water was used as a non-template 
negative control in each run. The TaqMan PCR amplification was 
performed as follows: 50oC for 5 min, 42oC for 20 min, and 95oC 
for 5 min. This was followed by 40 cycles of denaturation at 95oC 
for 1 min, annealing at 62oC for 1min and elongation at 72oC for 
1 min and then a final extension step at 72oC for 10 min. Real-time 
fluorescence measurements were taken. The threshold cycle (CT) 
value for each sample was calculated by determining the end point 
at which the fluorescence exceeds a threshold limit. As a positive 
control, the pcBVDV80 plasmid was constructed using pcDNA 3.1 
plasmid (Clonetech, USA) and the full length NS3 gene of BVDV 
type 2 (A125). 

Western blot analysis of PKR induction. Monolayers of MDBK 
cells were infected with NADL or NY-1 (MOI = 1). Following virus 
adsorption for 1 h, the cells were treated with DMEM containing 
500 U of IFN-α. As a positive control for eIF2-α phosphorylation, 
MDBK cells were treated with 1mM hydrogen peroxide (Sigma, 
USA). Additional controls of BVDV-infected non IFN-treated cells 
and non-infected non-treated cells were included. After incubation 
at 37°C for 16 h, the cells were lysed in 1 ml of a lysate buffer con-
taining 50 mM Tris-HCl, pH 7.5, 1% Nonidet P40, 150 mM NaCl, 
0.5% sodium deoxycholate and protease inhibitor cocktail (EDTA 
2 mM, aprotinin 2 µg/ml, pepstatin 5 mM, and leupeptin 2 µg/ml) 
and the DNA was sheared by 5–10 passages through a 27-gauge 
needle. The lysate was centrifuged at 12,500 x g for 15 min at 4°C, 
the supernatant was obtained and protein amount was measured by 
spectrophotometer. Approximately 50 µg of the whole cell lysates 
were separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) in 10% acrylamide gels. The proteins 
were immunologically detected after electro-transfer onto nitrocel-
lulose membranes (Schleicher and Schuell, USA). The transferred 
nitrocellulose membranes were incubated with rabbit polyclonal 
antibodies against eIF2-α (Cell Signaling Technology, USA). Alka-
line phosphatase-linked goat anti-rabbit immunoglobulin G was 
used to detect the antigen-antibody complexes. The sizes of the 
proteins on SDS-PAGE were estimated by using molecular weight 
marker (Amersham Biosciences, USA).

Treatment with 2-aminopurine (2-AP). Monolayers of MDBK 
cells, grown in 24 wells plates, were infected with NADL, A125, 
NY-1 or 890 strains (MOI = 1). The BVDV-infected MDBK cells 
were treated with 2-AP according to the method described in the 
literature (Rowland et al., 2001). Briefly, IFN-α and 2-AP were 
added to MDBK cells at approximately 15 h and 2 h, respectively, 
prior to BVDV infection. After 1 h of infection, the medium was 

removed and the cells were replenished with fresh medium con-
taining freshly prepared IFN-α and 2-AP. The cells were incubated 
for 72 h and the virus yield was determined as TCID50 on MDBK 
cells according to the method of Reed and Muench (Reed and 
Muench, 1938).

Statistical analysis. The analysis of variance (ANOVA) was done 
with PROC GLM of SAS (SAS Institute, Inc., USA). All variables 
were tested in triplicate for each experiment and the results were 
expressed as mean ± standard error. The significance of the differ-
ences between the RNA levels of both BVDV biotypes at differ-
ent times was done by repeated measure design. The differences 
between the effects of IFN on BVDV replication was assessed by 
the 2-way factorial design. The P value of <0.05 was considered 
statistically significant.

Results 

Effect of IFN-α on CPE and replication of BVDV in 
MDBK cells

Addition of IFN-α to the MDBK monolayers infected 
with cytopathic strains of BVDV (NADL and A125) resulted 
in a clear inhibition of the CPE intensity and progression 
in a dose-dependent manner (Fig. 1a). IFN-α inhibited the 
CPE induced by the cp BVDV strains NADL and A125 at a 
concentration as low as 10 U/ml. This effect was similar to 
that seen in the VSV infected MDBK cells (Fig. 1a). Further 
evaluation of CPE using phase-contrast microscopy was 
performed prior to crystal violet staining. No CPE was 
detected at 500 or 1000 U of IFN-α (data not shown). To 
evaluate the inhibitory effect of IFN-α on BVDV replica-
tion, we used the yield reduction assay (YRA). The MDBK 
cells were infected with one of the four BVDV laboratory 
strains; NADL (cp/type 1a), NY-1 (ncp/type 1b), A125 
(cp/type 2a), or 890 (ncp/type 2a) at MOI of 1. The virus 
yield was calculated at 72 h post-infection. The treatment 
of BVDV infected cells with IFN-α dramatically reduced 
BVDV yields in both, dose- and time-dependent manners. 
IFN-α inhibited cp BVDV replication up to 5 logs, while the 
maximum inhibition of ncp was 2–3 logs (Fig. 1b, c). Low 
doses of IFN-α (10 U/ml) resulted in little to no inhibition 
to both BVDV biotypes (1 log or less) while the higher dose 
(500 U/ml) reduced cp BVDV replication by 4 or 5 logs 
and ncp BVDV by 2–3 logs (Fig. 1b). With both BVDV 
biotypes, the maximum inhibition of viral replication was 
observed when IFN-α treatment was at the time of infec-
tion (0 h post-infection) and decreased over time to only 
slight inhibition at 20 h after infection (Fig. 1b, c). At 30 h 
post-infection, IFN-α had no effect on the replication of 
cp BVDV while it inhibited ncp BVDV replication by 1–2 
logs (Fig. 1c). Similar results were obtained with 296-cp and 
296-ncp strains (data not shown).
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Inhibition of RNA synthesis of cp and ncp BVDV strains 
by IFN-α

The standard curve was obtained by linear regression 
analysis of a plot of the CT values against the log10 initial 
copy number of three replicates of the pcBVDV80 posi-
tive control plasmid. The cp BVDV RNA was detected in 
infected cells at 8 h compared to 10 h for ncp. The RNA 
level of cp strains was 2 logs higher than the ncp strains 
at 12 h to 20 h post-infection but decreased to less than 
1 log at 24 h post-infection (Fig. 2a). Similar results were 
obtained after analyzing RNA accumulation levels of the 
type 2 BVDV, 296 (cp and ncp). The cp BVDV RNA was 

detected earlier and the RNA level was 2 logs higher then 
ncp RNA indicating that the differences in RNA level are 
maintained (Fig. 2a). 

To test the hypothesis that IFN inhibition of BVDV 
replication occurs through the direct inhibition of viral 
RNA production, the effect of IFN-α on viral RNA levels 
of infected cells with either BVDV biotypes was analysed 
by qRT-PCR. MDBK cells were infected with A125 (cp) or 
890 (ncp) at MOI of 1 and then treated at different times of 
infection with IFN-α (100 U or 500 U/ml). The cells were 
incubated at 37°C for 16 h post-infection and the RNA level 
was determined by qRT-PCR. IFN-α greatly decreased RNA 
production and its effect was dose- and biotype-dependent 

(a) (b)

Fig. 1

Inhibitory effect of IFN-α on CPE and replication of BVDV
Different doses of IFN-α (10, 100, 500, or 1000 U/ml) were added to MDBK cells infected with different cp and ncp strains of BVDV. IFN-free medium 
was added to mock-infected cells. (a) The intensity and progression of CPE of cp BVDV strains and VSV were analysed 72 h post-infection after staining 
with 1% crystal violet. (b) Dose-response curve of the reduction in the titers of both cp (NADL, A125) and ncp (NY-1, 890) BVDV strains after IFN-α 
addition (YRA) at time of infection. The virus yield was determined by TCID50. The difference between IFN effect on the replication of cp and ncp BVDV 
strains and the effect of IFN dose on both biotypes were highly significant (P value was <0.0001). (c) The effect of IFN-α on the replication of cp (NADL, 
A125) and ncp (NY-1, 890) BVDV strains (YRA) at different times post-infection. The time effect of IFN-α on both BVDV biotypes was highly significant 
(P value was < 0.0001).

(c)
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tested by monitoring the recovery of virus replication after 
the addition of 2-AP, an inhibitor of PKR phosphoryla-
tion. Although the phosphorylation state of PKR was not 
evaluated, the assumption was made that the reversal of IFN 
inhibition of virus replication following addition of 2-AP 
could only occur by preventing PKR phosphorylation. Three 
different concentrations of 2-AP (250, 500 or 1000 µM) were 
added 2 h prior to infection with BVDV strains (NADL, 
NY-1, A125, or 890) or 15 h after incubation with 100 U/ml 
IFN-α. The 2-AP did not rescue virus replication of either 
BVDV biotypes (Fig. 3a). Further, increasing the 2-AP to 
higher doses (up to 5 mM) had no effect on virus recovery 
and was toxic for MDBK cells (data not shown).

Fig. 2

RNA level of cp (A125 and 296/cp) and ncp (890 and 296/ncp) biotypes of BVDV in infected MDBK cells without (a) and with (b) exogenous 
IFN-α treatment

Viral RNA levels in the culture harvests were measured by qRT-PCR, using Taqman. (a) The kinetics of RNA production by the laboratory BVDV strains 
(cp, A125 and ncp, 890 strains,) (left chart) and by BVDV strains isolated from infected animals (296/cp and 296/ncp) (right chart) at different time 
points of 6 h, 8 h, 10 h, 12 h, 16 h, 20 h, and 24 h post-infection. The experiment was done in triplicate and the mean values are shown. (b) Quantitative 
analysis of the effect of two different concentrations of IFN-α (100 or 500 U/ml) at time of virus infection on RNA level of the laboratory BVDV strains 
(cp, A125 and ncp, 890 strains) (left chart) and of the BVDV strains isolated from infected animals (296/cp and 296/ncp) (right chart). The experiment 
was done in triplicate and the mean values are shown.

(Fig. 2). In cp BVDV, IFN-α decreased the viral RNA pro-
duction by nearly 4 logs, while ncp BVDV RNA production 
was only reduced by 2 logs (Fig. 2b). Similar results were 
also obtained after using the 296 pair (cp and ncp) of type 2 
BVDV. IFN-α decreased the viral RNA production of cp 296 
BVDV by almost 4 logs, which was 2 logs more than that of 
ncp 296 BVDV (Fig. 2b).

PKR activity in IFN-induced BVDV inhibition

Since PKR plays a role in the antiviral action of IFN, we 
tested its activity in BVDV-infected and IFN-treated cells. 
The role of PKR in IFN-inhibition of BVDV replication was 

(a)

(b)
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To further determine the activity of PKR in IFN antiviral 
mechanism, we measured the phosphorylation of eIF2-α, 
a PKR target and phosphorylated by the activated PKR, 
using western blot assay. The phosphorylated eIF2-α was 
not detected in either BVDV biotypes and there were no 
differences between IFN-α treated or non-treated cells 
(Fig. 3b). 

Discussion 

There have been several previous reports of IFN-α and 
its effect on BVDV (Bielefeldt Ohmann and Babiuk, 1988; 
Sentsui et al., 1998; Woodhouse et al., 2008; Zhang et al., 

2010). However, the comparative effect of exogenous IFN-α 
on both BVDV biotypes remains unclear. To widen the 
study of IFN-α effect on BVDV, we have tested the effect of 
HuIFN-α on replication of six different BVDV strains in vitro. 
Evaluation of antiviral activities of bovine IFN-α (BoIFN-α) 
against BVDV in vitro would have been ideal; however, these 
recombinant products were unavailable at the time these 
experiments were performed. Recombinant HuIFN-α -2a 
was used in our study because it had profound antiviral ac-
tivity against BVDV in vitro (Peek et al., 2004) and because 
bovine cells, compared with cells of other species, are the 
most sensitive to the antiviral effect of recombinant human 
interferons in vitro (Cutrone and Langer, 2001; Bridgman et 
al., 1988). HuIFN-α had higher antiviral activity in MDBK 

Fig. 3

The role of PKR activity in IFN-induced BVDV inhibition in MDBK cells
(a) Recovery of BVDV replication in IFN pretreated MDBK cells using 2-AP. Different concentrations of 2-AP (250, 500 or 1000 µM) were added on 
IFNα pretreated (15 h) MDBK cells at approximately 2 h prior to infection with NADL, A125, NY-1 or 890 BVDV strains. The virus yield was calculated 
by TCID50 on MDBK cells. The experiment was done in triplicate and the mean values are shown. (b) Western blot detection of phosphorylated eIF2-α in 
IFN (500 U) pretreated MDBK cells that were simultaneously infected with NADL or NY-1 BVDV strains. As controls, cells treated with 1 mM hydrogen 
peroxide and infected non-treated cells were included.

(a)

(b)
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cells than recombinant BoIFN-α by a factor of 5–10 based 
on vesicular stomatitis virus (VSV) plaque reduction assay 
(Capon et al., 1985). 

First, to determine whether the inhibitory effect of IFN-α 
on replication of BVDV biotypes was due to inhibition of 
the initiation of BVDV replication, the infected cells were 
treated with different concentration of HuIFN-α at different 
time points post-infection. Significant inhibition (P<0.0001) 
of replication was observed with both BVDV biotypes and 
the degree of inhibition was higher (up to 3 log) in cp than 
ncp. IFN had the maximum inhibition in the early stage of 
infection, while in the late stage it had no effect on the cp 
strains but inhibited replication of some ncp strains. The dif-
ferences in BVDV biotype inhibition could be attributed to 1) 
the difference in replication rate of both biotypes, where the 
cp biotype replication rate is higher and reaches its maximum 
state of infection earlier than ncp when the IFN is no longer 
effective; 2) the cell condition, where the cell machinery is 
destroyed in cp infected cells while ncp does not induce 
apoptosis and the cellular response to IFN is still intact. The 
inhibitory effect of HuIFN-α on both biotypes of BVDV 
started at a dose up to 10 U/ml and increased proportionally 
reaching its maximum effect at 500 U/ml. Our results were 
in agreement with previous work indicating that HuIFN-α 
led to a decrease in BVDV replication and this reduction was 
dose dependent (Sen, 2001; Durantel et al., 2004). However, 
only doses above 1000 U/ml inhibited BVDV replication in 
vitro (Sentsui et al., 1998). 

One of remarkable differences between the two BVDV 
biotypes is viral RNA accumulation in infected cells (Gil et 
al., 2006). The kinetics of RNA production in both BVDV 
biotypes was studied by qRT-PCR. Cp BVDV RNA was de-
tected earlier and viral RNA levels from cp BVDV infected 
cells were 2 logs higher than ncp. Interestingly, the difference 
in RNA levels between the two biotypes was decreased to 
less than 1 log at 24 h post-infection. Using Northern blot 
technique, similar results were obtained by Mendez and 
Vassilev (Mendez et al., 1998; Vassilev and Donis, 2000). 
The reason for the increased RNA production in cp BVDV 
infected cells could be attributed to the expression of NS3 
that increases the replication rate (Lackner et al., 2004). 
While the later reduction in RNA level could result from 
the increased IFN production in cp BVDV infected cells. 
Previous results indicated that cp but not ncp strains of 
BVDV induce the synthesis of α/β interferons (Perler et 
al., 2000; Charleston et al., 2001; Schweizer and Peterhans, 
2001; Baigent et al., 2002; Peterhans et al., 2003; Reid et 
al., 2016). In contrast, other works indicated that also ncp 
BVDV can induce IFN (Charleston et al., 2002; Smirnova et 
al., 2008). To test the hypothesis that HuIFN-α inhibition of 
BVDV replication occurs through inhibition of viral RNA 
production, the effect of HuIFN-α on RNA levels of both 
BVDV biotypes was measured. Our results showed that 

HuIFN-α treatment of BVDV decreased RNA levels of both 
biotypes and the effect on cp exceeded ncp about 2 logs. Why 
the ncp biotype viral growth and RNA accumulation was 
less affected by IFN-α treatment than cp biotype? It seems 
likely that a state of equilibrium exists between IFN and 
ncp biotype, with lower induction or possibly inhibition of 
IFN activity. Due to expression of NS3 in cp biotype, this 
equilibrium is shifted by increasing the viral replication 
rate, with subsequent over-expression of IFN. The increased 
IFN response in cp BVDV infected cells results in increased 
antiviral effect on the cp biotype. 

PKR is an essential protein mediator of the antiviral ef-
fects induced by interferon. It is still unclear to which extent 
the inhibitory effect induced by the exogenous IFN on both 
BVDV biotypes relies on PKR pathway. PKR activation in 
HuIFN-α-treated-BVDV-infected MDBK cells was exam-
ined. Although western blot analyses of PKR activation in 
BVDV-infected bovine testicle cells had significant PKR 
activation in the cp-BVDV infected cells (Gil et al., 2006), 
in our study with MDBK cells, neither cp- nor ncp-BVDV 
viruses activated PKR. The difference in cell culture systems 
used in both studies could be the reason for such different 
results. For further assessment of PKR activation in the 
BVDV-infected MDBK cells, an additional experiment with 
2-AP treatment was done. After binding to viral RNA, PKR 
is auto-phosphorylated and then it phosphorylates the alpha 
subunit of eIF2 which inhibits the viral RNA translation. 
The PKR phosphorylation is inhibited by 2-AP, an ATP 
analog. In our results, the addition of 2-AP to infected cells 
pre-incubated with 100 U/ml of IFN-α did not rescue viral 
growth of either BVDV biotypes indicating that IFN-α did 
not activate the PKR pathway. However, other works showed 
that cp BVDV but not ncp biotype was a PKR inducer 
(Baigent et al., 2002; Gil et al., 2006). Other IFN antiviral 
effects such as the 2'5'A/RNase L or Mx proteins may be 
utilized. For most viruses, IFN impairs more than one step 
of the viral life cycle, so there is a cumulative effect on virus 
yields (Vilcek, 2003). Most recently, TRIM56, the IFN induc-
ible E3 ubiquitin ligase was shown as novel antiviral host 
factor that restricts pestivirus infection (Wang et al., 2011).

In conclusion, the results of this study demonstrated that 
the exogenous HuIFN-α inhibited the replication and RNA 
synthesis of both BVDV biotypes and the inhibitory effect 
was time and dose dependent. The IFN-inhibitory effect was 
more potent in cp BVD biotype with no differences among 
different genotypes. Further studies such as the level of en-
dogenous IFN produced by the cells and other IFN pathways 
in the BVDV infections need to be explored.

There may have been some difference in responses if 
bovine IFN-α had been used and would be a consideration 
in further studies. Administration of naturally infected ani-
mals with IFN-α could be a new strategy for the treatment 
of the disease. 



268	 ELSHEIKH, A. A. et al.: EFFECT OF HUMAN INTERFERON ALPHA ON BVDV BIOTYPES

Acknowledgment. The authors would like to thank the Department 
of Veterinary and Biomedical Sciences, Animal Disease Research 
and Diagnostic Laboratory, South Dakota State University, Brook-
ings, USA and Department of Virology, Faculty of Veterinary 
Medicine, Zagazig University, Egypt. 

References

Afshar A, Dulac GC, Dubuc C, Howard TH (1991): Comparative 
evaluation of the fluorescent antibody test and microtiter 
immunoperoxidase assay for detection of bovine viral 
diarrhea virus from bull semen. Can. J. Vet. Res. C.J.V.R.-
R.C.R.V. 55, 91–93.

Baigent SJ, Zhang G, Fray MD, Flick-Smith H, Goodbourn S, 
McCauley JW (2002): Inhibition of beta interferon 
transcription by noncytopathogenic bovine viral diar-
rhea virus is through an interferon regulatory factor 
3-dependent mechanism. J. Virol. 76, 8979–8988. https://
doi.org/10.1128/JVI.76.18.8979-8988.2002

Bhudevi B, Weinstock D (2001): Fluorogenic RT-PCR assay 
(TaqMan) for detection and classification of bovine viral 
diarrhea virus. Vet. Microbiol. 83, 1–10. https://doi.
org/10.1016/S0378-1135(01)00390-X

Bielefeldt Ohmann H, Babiuk LA (1988): Influence of interferons 
alpha I1 and gamma and of tumour necrosis factor on 
persistent infection with bovine viral diarrhoea virus 
in vitro. The J. Gen. Virol. 69, 1399–1403. https://doi.
org/10.1099/0022-1317-69-6-1399

Bridgman R, Rossi CR, Campos M (1988): The sensitivity of domes-
tic animal cell lines to 8 recombinant human interferons. J. 
Interferon Res. 8, 1–4. https://doi.org/10.1089/jir.1988.8.1

Brownlie J, Clarke MC, Howard CJ (1984): Experimental produc-
tion of fatal mucosal disease in cattle. Vet. Rec. 114, 
535–536. https://doi.org/10.1136/vr.114.22.535

Capon DJ, Shepard HM, Goeddel DV (1985): Two distinct families 
of human and bovine interferon-alpha genes are coor-
dinately expressed and encode functional polypeptides. 
Mol. Cell Biol. 5, 768–779. https://doi.org/10.1128/
MCB.5.4.768

Charleston B, Brackenbury LS, Carr BV, Fray MD, Hope JC,  
Howard CJ, Morrison WI (2002): Alpha/beta and gamma 
interferons are induced by infection with noncytopathic 
bovine viral diarrhea virus in vivo. J. Virol. 76, 923–927. 
https://doi.org/10.1128/JVI.76.2.923-927.2002

Charleston B, Fray MD, Baigent S, Carr BV, Morrison WI (2001): 
Establishment of persistent infection with non-cytopathic 
bovine viral diarrhoea virus in cattle is associated with a 
failure to induce type I interferon. J. Gen. Virol. 8, 1893–
1897. https://doi.org/10.1099/0022-1317-82-8-1893

Cutrone EC, Langer JA (2001): Identification of critical residues 
in bovine IFNAR-1 responsible for interferon binding. J. 
Biol. Chem. 276, 17140–17148. https://doi.org/10.1074/
jbc.M009663200

Donis RO, Dubovi EJ (1987): Differences in virus-induced poly-
peptides in cells infected by cytopathic and noncytopathic 
biotypes of bovine virus diarrhea-mucosal disease virus. 

Virology 158, 168–173. https://doi.org/10.1016/0042-
6822(87)90250-9

Durantel D, Carrouee-Durantel S, Branza-Nichita N, Dwek RA, 
Zitzmann N (2004): Effects of interferon, ribavirin, and 
iminosugar derivatives on cells persistently infected with 
noncytopathic bovine viral diarrhea virus. Antimicrob. 
Agents Chemother. 48, 497–504. https://doi.org/10.1128/
AAC.48.2.497-504.2004

Fulton RW, Ridpath JF, Confer AW, Saliki JT, Burge LJ, Payton 
ME (2003): Bovine viral diarrhoea virus antigenic di-
versity: impact on disease and vaccination programmes. 
Biologicals 31, 89–95. https://doi.org/10.1016/S1045-
1056(03)00021-6

Gale Jr M, Katze MG (1998): Molecular mechanisms of interferon 
resistance mediated by viral-directed inhibition of PKR, 
the interferon-induced protein kinase. Pharmacol. Ther. 
78, 29–46. https://doi.org/10.1016/S0163-7258(97)00165-
4

Gil LH, van Olphen AL, Mittal SK, Donis RO (2006): Modulation 
of PKR activity in cells infected by bovine viral diarrhea 
virus. Virus. Res. 116, 69–77. https://doi.org/10.1016/j.
virusres.2005.08.011

Gillespie JH, Baker JA, Mc EK (1960): A cytopathogenic strain of 
virus diarrhea virus. Cornell Vet. 50, 73–79.

Lackner T, Muller A, Pankraz A, Becher P, Thiel HJ, Gorbalenya AE, 
Tautz N (2004): Temporal modulation of an autoprotease 
is crucial for replication and pathogenicity of an RNA 
virus. J. Virol. 78, 10765–10775. https://doi.org/10.1128/
JVI.78.19.10765-10775.2004

Lee KM, Gillespie JH (1957): Propagation of virus diarrhea virus 
of cattle in tissue culture. Am. J. Vet. Res. 18, 952–953.

Mendez E, Ruggli N, Collett MS, Rice CM (1998): Infectious bo-
vine viral diarrhea virus (strain NADL) RNA from stable 
cDNA clones: a cellular insert determines NS3 produc-
tion and viral cytopathogenicity. J. Virol. 72, 4737–4745.

Meyers G, Thiel HJ (1996): Molecular characterization of pestivi-
ruses. Adv. Virus Res. 47, 53–118. https://doi.org/10.1016/
S0065-3527(08)60734-4

Peek SF, Bonds MD, Gangemi DG, Thomas CB, Schultz RD (2004): 
Evaluation of cytotoxicity and antiviral activity of recom-
binant human interferon alfa-2a and recombinant human 
interferon alfa-B/D hybrid against bovine viral diarrhea 
virus, infectious bovine rhinotracheitis virus, and vesicu-
lar stomatitis virus in vitro. Am. J. Vet. Res. 65, 871–874. 
https://doi.org/10.2460/ajvr.2004.65.871

Perler L, Schweizer M, Jungi TW, Peterhans E (2000): Bovine 
viral diarrhoea virus and bovine herpesvirus-1 prime 
uninfected macrophages for lipopolysaccharide-triggered 
apoptosis by interferon-dependent and -independent  
pathways. J. Gen. Virol. 81, 881–887. https://doi.
org/10.1099/0022-1317-81-4-881

Peterhans E, Jungi TW, Schweizer M (2003): BVDV and innate im-
munity. Biologicals 31, 107–112. https://doi.org/10.1016/
S1045-1056(03)00024-1

Reed L, Muench H (1938): A simple method of estimating fifty 
percent endpoints. Am. J. Hyg. 27, 493–497. https://doi.
org/10.1093/oxfordjournals.aje.a118408

https://doi.org/10.1128/JVI.76.18.8979-8988.2002
https://doi.org/10.1128/JVI.76.18.8979-8988.2002
https://doi.org/10.1016/S0378-1135(01)00390-X
https://doi.org/10.1016/S0378-1135(01)00390-X
https://doi.org/10.1099/0022-1317-69-6-1399
https://doi.org/10.1099/0022-1317-69-6-1399
https://doi.org/10.1089/jir.1988.8.1
https://doi.org/10.1136/vr.114.22.535
https://doi.org/10.1128/MCB.5.4.768
https://doi.org/10.1128/MCB.5.4.768
https://doi.org/10.1128/JVI.76.2.923-927.2002
https://doi.org/10.1099/0022-1317-82-8-1893
https://doi.org/10.1074/jbc.M009663200
https://doi.org/10.1074/jbc.M009663200
https://doi.org/10.1016/0042-6822(87)90250-9
https://doi.org/10.1016/0042-6822(87)90250-9
https://doi.org/10.1128/AAC.48.2.497-504.2004
https://doi.org/10.1128/AAC.48.2.497-504.2004
https://doi.org/10.1016/S1045-1056(03)00021-6
https://doi.org/10.1016/S1045-1056(03)00021-6
https://doi.org/10.1016/S0163-7258(97)00165-4
https://doi.org/10.1016/S0163-7258(97)00165-4
https://doi.org/10.1016/j.virusres.2005.08.011
https://doi.org/10.1016/j.virusres.2005.08.011
https://doi.org/10.1128/JVI.78.19.10765-10775.2004
https://doi.org/10.1128/JVI.78.19.10765-10775.2004
https://doi.org/10.1016/S0065-3527(08)60734-4
https://doi.org/10.1016/S0065-3527(08)60734-4
https://doi.org/10.2460/ajvr.2004.65.871
https://doi.org/10.1099/0022-1317-81-4-881
https://doi.org/10.1099/0022-1317-81-4-881
https://doi.org/10.1016/S1045-1056(03)00024-1
https://doi.org/10.1016/S1045-1056(03)00024-1
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1093/oxfordjournals.aje.a118408


	 ELSHEIKH, A. A. et al.: EFFECT OF HUMAN INTERFERON ALPHA ON BVDV BIOTYPES� 269

Reid E, Charleston B (2014): Type I and III interferon production 
in response to RNA viruses. J. Interferon Cytokine Res.34, 
649–658. https://doi.org/10.1089/jir.2014.0066

Reid E, Juleff N, Windsor M, Gubbins S, Roberts L, Morgan S, 
Meyers G, Perez-Martin E, Tchilian E, Charleston B et 
al. (2016): Type I and III IFNs produced by plasmacytoid 
dendritic cells in response to a member of the flaviviridae 
suppressed cellular immune responses. J. Immunol. 196, 
4214–4226. https://doi.org/10.4049/jimmunol.1600049

Ridpath JF, Bolin SR, Dubovi EJ (1994): Segregation of bovine 
viral diarrhea virus into genotypes. Virology 205, 66–74. 
https://doi.org/10.1006/viro.1994.1620

Rowland RR, Robinson B, Stefanick J, Kim TS, Guanghua L, Lawson 
SR, Benfield DA (2001): Inhibition of porcine reproduc-
tive and respiratory syndrome virus by interferon-gamma 
and recovery of virus replication with 2-aminopurine. 
Arch.Virol. 146, 539–555. https://doi.org/10.1007/
s007050170161

Schoggins JW, Rice CM (2011): Interferon-stimulated genes and 
their antiviral effector functions. Curr. Opin. Virol. 1, 
519–525. https://doi.org/10.1016/j.coviro.2011.10.008

Schweizer M, Peterhans E (2001): Noncytopathic bovine viral 
diarrhea virus inhibits double-stranded RNA-induced 
apoptosis and interferon synthesis. J. Virol. 75, 4692–4698. 
https://doi.org/10.1128/JVI.75.10.4692-4698.2001

Sen GC (2001): Viruses and interferons. Annu. Rev. Microbiol. 55, 
255–281. https://doi.org/10.1146/annurev.micro.55.1.255

Sentsui H, Nishimori T, Kirisawa R, Morooka A (2001): Mucosal 
disease induced in cattle persistently infected with bovine 
viral diarrhea virus by antigenically different cytopathic 
virus. Arch. Virol. 146, 993–1006. https://doi.org/10.1007/
s007050170131

Sentsui H, Takami R, Nishimori T, Murakami K, Yokoyama T, 
Yokomizo Y (1998): Anti-viral effect of interferon-alpha 
on bovine viral diarrhea virus. J. Vet. Med. Sci. 60, 
1329–1333. https://doi.org/10.1292/jvms.60.1329

Smirnova NP, Bielefeldt-Ohmann H, Van Campen H, Austin KJ, 
Han H, Montgomery DL, Shoemaker ML, van Olphen 
AL, Hansen TR (2008): Acute non-cytopathic bovine viral 

diarrhea virus infection induces pronounced type I inter-
feron response in pregnant cows and fetuses. Virus Res. 
132, 49–58. https://doi.org/10.1016/j.virusres.2007.10.011

Thomis DC, Doohan JP, Samuel CE (1992): Mechanism of inter-
feron action: cDNA structure, expression, and regulation 
of the interferon-induced, RNA-dependent P1/eIF-2 
alpha protein kinase from human cells. Virology 188, 
33–46. https://doi.org/10.1016/0042-6822(92)90732-5

Ularamu HG, Sibeko KP, Bosman AB, Venter EH, van Vuuren M 
(2013): Genetic characterization of bovine viral diarrhoea 
(BVD) viruses: confirmation of the presence of BVD 
genotype 2 in Africa Arch. Virol. 158, 155–163. https://
doi.org/10.1007/s00705-012-1478-5

Vassilev VB, Donis RO (2000): Bovine viral diarrhea virus induced 
apoptosis correlates with increased intracellular viral 
RNA accumulation. Virus Res. 69, 95–107. https://doi.
org/10.1016/S0168-1702(00)00176-3

Vilcek J (2003): Novel interferons. Nat. Immunol. 4, 8–9. https://
doi.org/10.1038/ni0103-8

Vilcek S, Paton DJ, Durkovic B, Strojny L, Ibata G, Moussa A, 
Loitsch A, Rossmanith W, Vega S, Scicluna MT, et al 
(2001): Bovine viral diarrhoea virus genotype 1 can be 
separated into at least eleven genetic groups. Arch. Virol. 
146, 99–115. https://doi.org/10.1007/s007050170194

Wang J, Liu BM, Wang N, Lee YM, Liu CM, Li K (2011): TRIM56 
is a virus- and interferon-inducible E3 ubiquitin ligase 
that restricts pestivirus infection. J. Virol. 85, 3733–3745. 
https://doi.org/10.1128/JVI.02546-10

Woodhouse SD, Smith C, Michelet M, Branza-Nichita N, Hussey M, 
Dwek RA, Zitzmann N (2008): Iminosugars in combina-
tion with interferon and ribavirin permanently eradicate 
noncytopathic bovine viral diarrhea virus from persis-
tently infected cells. Antimicrob. Agents Chemother. 
52, 1820–1828. https://doi.org/10.1128/AAC.01181-07

Zhang N, Liu Z, Han Q, Chen J, Lv Y (2010): Xanthohumol enhances 
antiviral effect of interferon alpha-2b against bovine 
viral diarrhea virus, a surrogate of hepatitis C virus. 
Phytomedicine 17, 310–316. https://doi.org/10.1016/j.
phymed.2009.08.005

https://doi.org/10.1089/jir.2014.0066
https://doi.org/10.4049/jimmunol.1600049
https://doi.org/10.1006/viro.1994.1620
https://doi.org/10.1007/s007050170161
https://doi.org/10.1007/s007050170161
https://doi.org/10.1016/j.coviro.2011.10.008
https://doi.org/10.1128/JVI.75.10.4692-4698.2001
https://doi.org/10.1146/annurev.micro.55.1.255
https://doi.org/10.1007/s007050170131
https://doi.org/10.1007/s007050170131
https://doi.org/10.1292/jvms.60.1329
https://doi.org/10.1016/j.virusres.2007.10.011
https://doi.org/10.1016/0042-6822(92)90732-5
https://doi.org/10.1007/s00705-012-1478-5
https://doi.org/10.1007/s00705-012-1478-5
https://doi.org/10.1016/S0168-1702(00)00176-3
https://doi.org/10.1016/S0168-1702(00)00176-3
https://doi.org/10.1038/ni0103-8
https://doi.org/10.1038/ni0103-8
https://doi.org/10.1007/s007050170194
https://doi.org/10.1128/JVI.02546-10
https://doi.org/10.1128/AAC.01181-07
https://doi.org/10.1016/j.phymed.2009.08.005
https://doi.org/10.1016/j.phymed.2009.08.005

