
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Contents lists available at ScienceDirect

Microbial Pathogenesis

journal homepage: www.elsevier.com/locate/micpath

BVDV Npro protein mediates the BVDV induced immunosuppression
through interaction with cellular S100A9 protein

Mahmoud F. Darweesha,1, Mrigendra K.S. Rajputa,2, Lyle J. Brauna,3, Jai S. Rohilab,4,
Christopher C.L. Chasea,∗

a Department of Veterinary and Biomedical Sciences, South Dakota State University, Brookings, SD, USA
bDepartment of Biology-Microbiology, South Dakota State University, Brookings, SD, USA

A R T I C L E I N F O

Keywords:
S100A9 protein
BVDV Npro
Immunosuppression
Protein-protein interaction
Co-immunoprecipitation

A B S T R A C T

The innate immune response is a vital part of the body's antiviral defense system. The innate immune response is
initiated by various receptor interactions, including danger associated molecular patterns (DAMPs). The S100A9
is a member of the DAMPs protein family and, is released by activated phagocytic cells such as neutrophils,
monocytes, macrophages or endothelial cells, and S100A9 induces its effect through TLR4/MyD88 pathway.

Bovine viral diarrhea virus (BVDV) is one of the major devastating disease in the cattle industry worldwide. It
shows its effect through immunosuppression and develops persistent infection in calves born from infected cows.
The current study revealed that BVDV potentially induced immunosuppression by the interaction of BVDV Npro
protein with cellular S100A9 protein. The Inhibition of S100A9 protein expression by small interfering RNA
(siRNA) enhanced the virus replication in infected cells. Overexpression of bovine S100A9 enhanced the
ncpBVDV2a 1373 mediated Type-I interferon production. A co-immunoprecipitation experiment demonstrated a
strong interaction between ncp BVDV2a 1373 Npro protein and cellular S100A9 protein. This suggested that
BVDV Npro reduced the S100A9 protein availability/activity in infected cells, resulting in reduced Type-I in-
terferon production. A further study of S100A9-BVDV interaction will be need for better understanding of BVDV
pathophysiology.

1. Introduction

The innate immune system is a key component of antiviral defense
[1,2]. Danger associated molecular patterns (DAMPs), or alarmins
[3–5] plays an important role in innate immunity. DAMPs are in-
tracellular molecules that primarily regulate cell homeostasis, but also
act as extracellularly when secreted by activated or damaged cells. The
DAMPs interact with Pattern recognition receptors (PRRs) and initiate
the production of cytokines and chemokines, which further amplify the
inflammation [6–9]. However, there is very little known about the role
of DAMPs in inflammation or immunity during virus infection. A one
protein family of DAMPs, known as S100 (i.e., S100A7, S100A15 [6],
S100A12, S100A8, and S100A9) [7–9] have shown a direct effect on
the innate immune system. The protein S100A9 initiates the immune
response through the TLR4/MyD88 pathway [10]. S100A9 is expressed
by a variety of cell types including neutrophils, dendritic cells,

monocytes and endothelial cells [10–13]. Activation of TLR4/MyD88
pathway by S100A9 triggers the downstream signaling cascade, leading
to the activation of nuclear factor-кB (NF-кB), and subsequently acti-
vates type 1 interferon (IFN-α/β) [7,9].

BVDV belongs to the Pestivirus genus of the Flaviviridae family. It
an immunosuppressive virus and one of the major threats to the cattle
industry worldwide [14–18]. BVDV has a positive sense single stranded
RNA genome with the size of 12.3 Kb [19]. The genome is translated
into a single open reading frame (ORF) that encodes approximately
4000 codons comprising 10 to 11 posttranslational cleaved proteins
[17,19]. The polyprotein is cleaved into 4 structural proteins [e.g. Erns,
envelope proteins E1, E2, and capsid protein (C)] and 7 to 8 non-
structural proteins (e.g. Npro, p7, NS2-3 or NS2 and NS3, NS4A NS4B,
NS5A and NS5B) by viral or/and host cell proteases [17,19,20]. The
Flaviviridae family also includes Flavivirus and Hepacivirus genus. The
Flavivirus genus has viruses with zoonotic importance, such as West
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Nile virus and dengue virus while Hepacivirus genus comprised solely
of the hepatitis C virus (HCV) [21,22]. Of the three Flaviviridae
genuses, the Pestivirus genome is unique because it encodes two pro-
teins (e.g. Npro and Erns) that are not present in the other genus in
Flaviviridae family [23]. Npro is the first protein coded in the ORF,
which has protease activity, but is not necessary for viral replication
[24,25]. Npro interferes with the innate immune mechanisms through
inhibiting type one interferon (e.g. interferon alpha and beta: FN-α/β)
in cell culture [23,26,27]. This inhibition is potentially associated with
the immunotolerance and development of persistent infection (PI) in
BVDV infection [25].

Studies with Npro deleted classical swine fever virus demonstrated
that Npro is not required for viral replication in cell culture [25] while
deletion facilitated the induction of type one IFN [26,27]. Vaccination
with Npro deleted virus induced a strong antibody response with sig-
nificantly increased protection against highly virulent CSFV [25,28].
Similarly, a BVDV virus with mutations in both the Npro protease
coding sequence as well as the Erns RNase region, failed to induce PI in
calves [29]. The Npro potentially reduces type I IFN by decreasing in-
terferon regulatory factor-3 (IRF-3). The phosphorylation of IRF-3 re-
sulted in its conformational change with increased binding ability to
DNA. Phosphorylated IRF-3 binding to DNA up-regulated the IRF-3
transcriptional as well as interferon (IFN)-responsive genes to produce
type I IFN [30,31]. While, BVDV Npro decreased the IRF-3 level via
proteasomal degradation, leading to decreased expression of type I IFN
[32,33].

The current study showed a strong association of BVDV Npro with
cellular S100A9 protein. Inhibition of S100A9 protein expression by
small interfering RNA (siRNA) enhanced the virus replication in in-
fected cells. Overexpression of bovine S100A9 enhanced the
ncpBVDV2a 1373 mediated Type-I interferon production. These results
indicated that BVDV Npro reduced the S100A9 protein availability/
activity in infected cells resulting in reduced Type-I interferon pro-
duction.

2. Materials and methods

2.1. Cell cultures, virus and plasmids

BVDV-free Mardin Darby bovine kidney (MDBK) cells or human
embryonic kidney 293T cells (American Tissue Culture Collection,
Manassas, VA) [34] were grown and maintained in minimal essential

medium (MEM, Gibco BRL, Grand Island, NY) (pH 7.0–7.4) supple-
mented with 10% BVDV free fetal bovine serum (FBS) (PPA, Pasching,
Austria), penicillin (100 U/ml) and streptomycin solution (100 μg/ml)
(Sigma-Aldrich, St. Louis MO). Bovine aortic endothelial cells (BAEC)
(passage 3) were kindly provided by Dr. John Neill, National Animal
Disease Center, United States Department of Agriculture, Agricultural
Research Service, Ames, IA, USA and were grown in Bovine Endothelial
Cell Growth Medium (Cell Applications, Inc., San Diego, CA) supple-
mented with 10% BVDV free fetal bovine serum (FBS) (PPA, Pasching,
Austria), penicillin (100 U/ml) and streptomycin solution (100 μg/ml)
(Sigma-Aldrich, St. Louis, MO).

The non-cytopathic (ncp) BVDV2a-1373 was propagated and ti-
trated in MDBK cells. Titrated virus was aliquoted and stored at −80 °C
until use. The p3XFLAG-CMV-10 (Sigma-Aldrich, St. Louis, MO) or
pEGFP C1 (Clontech Laboratories Inc., Mountain View, CA) plasmid
was transformed and amplified in DH5α strain of Escherichia coli (E coli)
(Life Technologies, Grand Island NY). After amplification, plasmids
were extracted through QIAGEN Plasmid Mini Kit (QIAGEN,
Germantown, MD) and stored at −80 °C until use.

2.2. p3XFLAG-Npro Construction

We chose to clone the Npro gene from ncp BVDV2a-1373 as BVDV
suppresses type 1 IFN production in vitro [35] and the ncp BVDV2a-
1373 is one of the high pathogenic BVDV strains [36]. To construct the
Npro plasmid, total RNA extracted from ncp BVDV2a-1373 using
QIAamp viral RNA mini-kit (QIAGEN, Germantown MD) was used as a
template. The obtained RNA was used as a template to create Npro
complementary DNA (cDNA). The BVDV Npro cDNA was made through
reverse transcription–polymerase chain reaction (RT-PCR) using the
OneStep RT-PCR kit (QIAGEN, Germantown MD). Npro-forward and
-reverse primers such as 5′CGGAATTCTGCTGGAGTGAATACTGAAGAG
ATAGT 3′ and 5′CGGGATCCATTAATCGTGGCGAAAATAATTACAA 3′
were designed respectively to amplify the segment encoding Npro
protein from nucleotide 389 to 892, according to the sequence of ncp
BVDV2a-1373 from the GenBank (Accession No., AF145967) (Fig. 1A).
Amplification of cDNA was performed using a temperature profile of
50 °C for 30min, 95 °C for 15min, followed by 30 cycles of (95 °C for
10 s, 52 °C for 30 s and 72 °C for 30 s) respectively. Upon completion of
the 30 cycles, the resultant was prolonged for 7min at 72 °C. The PCR
product was analyzed on 1% agarose gel. The amplified DNA as well as
p3XFLAG-CMV- 10 (6.4 Kb) plasmid were double digested by EcoRI,

Fig. 1. p3XFLAG-Npro and p3XFLAG-S100A9 con-
struction and knock down of S100A9 protein through
siRNA. The BVDV Npro cDNA was made through RT-PCR
targeting Npro protein from nucleotide 389 to 892 (A).
The p3XFLAG-Npro or p3XFLAG-S100A9 vector were
constructed and transfected in to 293T cells. After 24 h
post transfection, cells were harvested and conformed for
Npro-FLAG (B) or S100A9-FLAG (C) expression by wes-
tern blot.
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and BamH1 (Sigma, St. Louis, MO) for 2 h. The Npro cDNA was then
ligated into the p3XFLAG-CMV- 10 vector using T4 ligase (Sigma, St.
Louis, MO), to get p3XFLAG –Npro vector. The p3XFLAG –Npro was
then transformed into E. coli- DH5α competent cells (Life Technologies,
Grand Island, NY) for amplification. After amplification, the insertion of
Npro to p3XFLAG-CMV in p3XFLAG –Npro vector was confirmed
through restriction enzyme reaction digestion as well as by DNA se-
quencing. The restriction enzyme digestion of p3XFLAG –Npro vector
with EcoRI, and BamH1 (Sigma, St. Louis, MO) gave 503 base pairs (bp)
Npro and 6.4 Kb p3XFLAG-CMV vector portion.

2.3. pEGFP C1-Npro Vector construction

The pEGFP-C1 plasmid was kindly provided by Dr. Adam Hoppe,
Department of Chemistry and Biochemistry, South Dakota State
University, Brookings, SD. The pEGFP-C1 plasmid was utilized to con-
struct pEGFP C1-Npro Vector by inserting Npro gene at EcoRI and Bam
HI restriction site as described above in p3XFLAG-Npro Construction.
The insertion of Npro gene was then confirmed by restriction digestion
using EcoRI and Bam HI enzymes, which yield 503 bp Npro and 4.7 Kb
pEGFP vector as well as by nucleotide sequencing of Npro.

2.4. p3XFLAG-S100A9 vector construction

The S100A9 gene was cloned into the p3XFLAG-CMV-10 plasmid for
co-precipitation experiments. The total RNA was extracted from MDBK
cells using TRIzol reagent (Invitrogen, Grand Island NY). The total RNA
extracted from MDBK cells was used as template to generate to syn-
thesize S100A9 cDNA using One step RT PCR kit (QIAGEN). The
S100A9 forward:5′ GAAGATCTGATGACTTGCAAAATGTCGCAGCT3´;
and S100A9 reverse: 5′CGGGATCCTTAGGGGGTGCCCTCCCC3 primers
were designed to clone S100A9 gene from 108th nucleotide to 400th as
described by the bovine S100A9 cDNA sequence published in GenBank
(Accession Number: XM_005203730). The forward and reverse primers
contained BglΙΙ and BamH1 restriction sites, respectively. Amplification
of S100A9 cDNA was performed using a temperature profile of 50 °C for
30min, 95 °C for 15min, followed by 30 cycles of (95 °C for 10 s, 52 °C
for 30 s and 72 °C for 30 s) respectively. Upon completion of the 30
cycles, the reaction was prolonged for 7min at 72 °C. The obtained
S100A9 cDNA was then inserted into p3XFLAG vector using BglΙΙ and
Bam H1 restriction sites to get p3XFLAG- S100A9 plasmid. The inser-
tion of S100A9 was then confirmed using BglΙΙ and Bam H1 restriction
digestion as well as nucleotide sequencing. The restriction digestion
yielded 292 bp S100A9 and 6.4 Kb p3XFLAG-CMV.

2.5. Transfections

The 293T cells have a higher transfection efficiency as compared to
MDBK cells, therefore 293T cells were used to express the BVDV or
bovine gene in those cells as per the practice used earlier [37,38]. 293T
cells were transfected with p3XFLAG-S100A9, pEGFP C1-Npro or
p3XFLAG-Npro plasmids carrying bovine S100A9 or BVDV Npro gene
respectively. The 293T cells were transfected using X-tremeGENE HP
DNA Transfection Reagent (Roche Applied Science, Indianapolis, IN),
according to the manufacturer's protocol. Briefly, 293T cells were
plated for 18 h before transfection at a concentration of 7.5× 105 cells/
well in six-well culture plates and were 85–95% confluent at the time of
transfection. During transfection, the growth media was replaced with
500 μl of serum-free Opti-MEM (Life Technologies). The plasmid DNA
was diluted in Opti-MEM to get a final concentration of 1 μg plasmid
DNA/100 μl medium (0.01 μg/μl). Then 4 μl of the transfection reagent
was added to the DNA- Opti-MEM mixture and mixed gently. The ob-
tained transfection reagent-DNA- Opti-MEM mixture was added to
293T cells drop by drop. Then the cells were incubated at 37 °C for 6 h.
After 6 h, an additional 2.4 ml of pre-warmed growth media [MEM,
supplemented with 10% FBS, penicillin (100 U/ml) and streptomycin

solution (100 μg/ml)] was added to each well and the plates were re-
incubated at 37 °C with 5% CO2 for 24 h. The cells were then harvested
for western blot analysis to confirm the protein expressions (Fig. 1 B
and C) as per the method described below in section 2.6.

2.6. Western blot analysis

The protein expression of Npro-FLAG, Npro-GFP and, S100-FLAG in
293T transfected cells were confirmed by Western blot analysis. A total
5× 106 transfected cells were cultured in 6-well plates for 48 h. The
cells were washed once with PBS, then lysed with 0,5 ml ice-cold
radioimmunoprecipitation assay (RIPA) buffer/well containing protei-
nase inhibitor (Sigma, St. Louis, MO) for 30min. The cell lysate was
transferred to 1.5ml tube and centrifuged at 500× g for 20min.
Supernatants were collected and total protein concentration was esti-
mated using Lowry method [39]. A total 30 μg protein was loaded in
each well of 12.5% sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS-PAGE) for separation followed by blotting onto a ni-
trocellulose membrane (Invitrogen, Grand Island, NY). Membrane was
blocked overnight at 4 °C with 3% nonfat milk in Tris Buffered Saline
(TBS) (Sigma, St. Louis, MO). The membrane was then incubated
overnight at 4 °C with either mouse anti-FLAG monoclonal antibody
(Sigma-Aldrich) or rabbit anti-GFP polyclonal antibody (Abcam, Cam-
bridge, MA) with 1:5000 dilution in 3% nonfat milk -TBS (pH of 8.0).
The membrane was then washed three times with TBS and incubated
with secondary goat anti-mouse antibody (IRDye® 800CW Goat, LI-
COR, Lincoln NE) or goat anti-rabbit antibody (IRDye® 680RD, LI-COR)
at a dilution of 1:5000 in 3% nonfat milk in TBS for 1 h at room tem-
perature. Finally, the blot was analyzed using Odyssey fluorescent
imaging instrument (LI-COR Biosciences, Lincoln, NE, USA) (Fig. 1B
and C).

2.7. Mass spectrometry

2.7.1. Mass spectrometry analysis: cellular protein immunoprecipitation
using anti-FLAG IgG1 mAb

Immunoprecipitation procedures were performed as previously de-
scribed by Free et al. [40]. Briefly, 293T cells were plated in six, 6-well
plates for 24 h before transfection. The plates were then divided into
two groups with three plates each for three replicates. One group was
transfected with p3XFLAG-Npro, while the other group was transfected
with empty p3XFLAG, as described above. Twenty-four hr after trans-
fection, cells were harvested and lysed using in 1ml of ice-cold in-house
solubilization/lysis buffer (50mM [4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid: HEPES], 1 mM EDTA, 10% glycerol, 1%
Triton X-100, 150mM NaCl, 50mM NaF, and 40mM Na4P2O7) with pH
of 7.4 containing protease inhibitor cocktail (Sigma, St. Louis, MO), for
1 h at 4 °C. The cell lysates were then centrifuged at 20,000× g at 4 °C
for 5min. The supernatant was collected and pre-cleared using protein
G magnetic beads (Dynabeads® Protein G., Life Technologies) by in-
cubation for 10min at room temperature. The protein G magnetic beads
were removed by centrifugation for 5min at 1000–2500×g and the
supernatant was collected. The supernatants were then transferred into
clean tubes with 100 μl of murine anti-FLAG IgG1 mAb-agarose slurry-
beads (Sigma-Aldrich, Louis, MO). The mixture was incubated on a
rocking platform overnight at 4 °C. The next day, the beads were wa-
shed three times with 1ml ice-cold solubilization/lysis buffer. Finally,
the proteins were eluted from the samples and the control beads by
adding 5 packed gel volumes of 0.1M glycine HCl buffer, pH 3.0. (Life
Technologies, CA). The collected proteins were stored at −20 °C for
further use.

2.7.2. Mass spectrometry analysis: protein precipitation after
immunoprecipitation

A total of 340 μl of 100% trichloro acetic acid (TCA) (Sigma, St.
Louis, MO) was added for every 1ml of eluate for protein precipitation
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in on ice for 3 h. The eluate-TCA mixture was then centrifuged at
11,000× g at 4 °C for 30min to obtain protein pellet. The obtained
protein pellets were dissolved in one ml of cold 98% acetone-0.05 N HCl
solution and the tube was centrifuged again for 5min at 16000×g at
4 °C. The supernatant was removed carefully and the pellet was washed
with one ml cold of acetone by centrifuging at 16000×g for 5min at
4 °C. The pellets were stored dry at −80 °C until mass spectroscopy
analysis.

2.7.3. Mass spectrometry analysis and bioinformatics
The mass spectroscopic analysis was performed by Dr. Eduardo

Callegari at the University of South Dakota Mass Spectrometry and
Proteomics Core Facility, Vermillion, SD using nano ESI-Q-Tof micro
mass spectrometer (Micromass, Manchester, UK) while data was ana-
lyzed with MassLynx software 4.1 (Micromass).

2.8. Co-immunoprecipitation

To confirm the interaction between the Npro and bovine S100A9, a
co-immunoprecipitation experiment was performed. The 293T cells
were seeded in six, 6-well plates with the concentration of
7.5× 105 cells/well for 18 h before transfection. Plates were then di-
vided into two groups with three plates each for three replicates. One
group was co-transfected with (p3XFLAG empty plasmid and pEGFP-
C1-Npro) together, while the other group was co-transfected with
(p3XFLAG -S100A9 and pEGFP-C1-Npro) together. The plasmids were
co-transfected as described above using 1 μg of each plasmid/well of
transfection reaction. The plates were incubated for 24 h at 37 °C with
5% CO2 and the cells were lysed by 150 μl of lysis buffer (20mM Tris
HCl pH 8.0, 137mM NaCl, 1% Triton X-100, and 2mM EDTA) to per-
form the immunoprecipitation.

To confirm the interaction between Npro and S100A9, the protein
was immunoprecipitated (isolated) using anti-FLAG beads in both the
groups and analyzed for presence of FLAG as well as GFP (e.g. GFP-
Nrop) through western blot. The western blot was performed using a
mixture of both mouse anti-FLAG monoclonal antibody (Sigma, St.
Louis, MO) or rabbit anti-GFP polyclonal antibody (Abcam, Cambridge
MA) followed by goat anti-mouse antibody (IRDye® 800CW Goat, LI-
COR, Lincoln NE) or goat anti-rabbit antibody (IRDye® 680RD, LI-COR)
and finally blot was analyzed using Odyssey fluorescent imaging in-
strument (LI-COR Biosciences, Lincoln, NE, USA).

2.9. S100A9 knockdown and study of virus growth

To determine if S100A9 has any effect on BVDV or IFNα/β pro-
duction, the MDBK cells or bovine endothelial cells were knock out for
S100A9 gene using anti-S100A9 Small interfering RNA (siRNA) (DNA
Technology, Iowa City, IA). Briefly, cells were cultured for 3 days to
obtain 80–90% confluency. The cells were harvested by trypsinization
and then were washed with culture media. The cells were centrifuged
and adjusted to final concentration as 1×106 cells/100 μl of
Nucleofector® solution (LONZA, Basel, Switzerland) per sample. Thirty
pmol of either S100A9 siRNA or control scrambled siRNA (siRNA of the
reverse sequences of the bovine S100A9 siRNA) were added to the
100 μl cell suspension. The siRNA-cell suspension was then introduced
into an Amaxa (LONZA) certified cuvette and the Nucleofector®

Program X-001 was performed using the Nucleofactor® 2 device,
(LONZA) according to manufacturer's instructions. Upon completion of
the transfection, the cuvette was removed from the device and the
samples were further incubated for 10min at room temperature.
Following incubation, cells were transferred to 6-well plates and media
[MEM media containing 10% BVDV, penicillin (100 U/ml) and strep-
tomycin solution (100 μg/ml)] volume was brought to 1.5 ml/well. The
cells were cultured for 24 h and determined for S100A9 siRNA-medi-
ated knockdown through western blot (Fig. 2).

The S1009 knock out (transfected with S100A9 siRNA) or control

MDBK cells (transfected with scrambled siRNA) were passaged two
times and then infected with one MOI of ncp BVDV2a-1373. The su-
pernatant from infected cells were collected at 12 h, 24 h, 36 h and 60 h
post infection and stored at −80 °C until the viral titration. The virus
titration was determined by serially dilutions of viral sample in MEM
containing MDBK cells as described previously [41]. The end point for
ncp BVDV2a-1373 was determined by staining the MDBK cells with
anti-Erns BVDV mouse mAb (15C5, IDEXX Laboratories, Westbrook,
ME, USA), followed by biotinylated rabbit anti-mouse IgG, (Zymed,
Invitrogen Corporation, Frederick, MD, USA), Streptavidin-HRP, (In-
vitrogen Corporation, Camarillo, CA, USA) and AEC reagent (3 amino-9
ethyl-carbazole, Sigma, St. Louis, MO, USA). The highest dilution with
staining was used as an end point to calculate the TCID50 according to
method, as previously described [41]. The experiment to measure the
BVDV production in S1009 knock out cells were repeated three times in
three different sets of experiments for its repeatability and the data was
analyzed using a paired t-test at 95% level of significance.

2.10. IFN expression

2.10.1. IFN-α/β assay
The IFNα/β production in BVDV-infected bovine endothelial cells

was determined as per the method described by Rubinstein et al. with
some modifications [42]. The p3XFLAG S100A9 transfected or S100A9
knock out bovine endothelial cells were infected with ncp BVDV2a-
1373 at MOI of 5. The bovine endothelial cells treated with poly I:C at a
concentration 1 μg/ml were used as a positive control for the assay
while mock infected cells were used as negative control. After 24 h post
infection, cell supernatant was collected and stored at 4 °C for IFN assay
after BVDV inactivation. Each experiment was done in three replicates
and reproduced three times. The data was analyzed using a paired t-test
at 95% level of significance.

2.10.2. IFN reporter gene assay
The IFN - α/β activity was measured by using the NCL-

1–ISRE–Luc–Hygro cells, (kindly provided by Dr. Clayton Kelling,
University of Nebraska, Lincoln, NE). Briefly, 1.5× 105 cells were
seeded into a 12-well plate and incubated at 37 °C with 5% CO2 for
12 h. After 12 h incubation, the medium was replaced with 0.5 ml of the
test supernatants and reincubated for another 8 h. The cells were har-
vested and lysed with 100 μl passive lysis buffer (Promega, WI), and the
firefly luciferase activity in cell lysate was measured by luciferase re-
porter assay kit (Promega, WI) according to manufacturer's

Fig. 2. The knockout of S100A9 gene in MDBK cells or bovine endothelial
cells. The S100A9 gene was knocked down using anti-S100A9 siRNA while
scrambled siRNA (reverse sequences of the bovine S100A9) was used as ne-
gative control. The knock down of S100A9 gene was confirmed by western blot.
The S100A9 knocked down cells did not show and protein band for S1009A on
western blot analysis (A), while it was present in the Scramble control cell (B).
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instructions. Briefly, 20 μl of cell lysate was added to each well of an
opaque 96-well plate. A100μl of Luciferase Assay Reagent (Promega,
WI) was added one well at a time, and each well was read immediately.
The light produced for a period of 10 s was measured using a Microplate
Reader (BioTek Synergy 2 Multi-detection, Winooski, VT). The experi-
ment to measure IFN - α/β activity in S100A9 knock out or in S100A9
overexpressed cells was done in three replicates and reproduced three
times. The data was analyzed using paired t-test at 95% level of sig-
nificance.

3. Results

3.1. Identification of cellular protein interaction with BVDV2a 1373 Npro
protein through mass spectrometry

Cellular protein interactions with ncp BVDV2a 1373 Npro were
identified in p3XFLAG-Npro transfected 293T cells using co-im-
munoprecipitation technique. The proteins in cell lysate of p3XFLAG-
Npro or p3XFLAG transfected 293T was pulled down (isolated) using
anti-FLAG antibody and examined through mass spectrometry. A total
30 most abundant proteins were identified in p3XFLAG as well as in
p3XFLAG-Npro transfected cells lysate which mainly included keratin
protein for cytoskeletal, ATP synthase, chain B of Immunoglobulin and
protein S100A9. In comparing these two groups, a total of sixteen
proteins were identified which were present in p3XFLAG-Npro trans-
fected cells that were absent in p3XFLAG transfected cells (Table 1).
Among these proteins, S100A9 had the highest mass spectrometry score
(i.e., 295) indicating a strong association between BVDV Npro and
cellular S100A9 (Table 1). The further analysis of S100A9 protein using
MassLynx software 4.1 (Micromass) revealed 7 peptide fragments
(Table 2).

3.2. Co-immunoprecipitation confirms the interaction of BVDV2a 1373
Npro and S100A9 cellular protein

To further confirm the interaction between the BVDV2a 1373 Npro
and cellular S100A9, the 293T cells were co-transfected with pEGFP-
C1-Npro and p3XFLAG -S100A9 plasmid or pEGFP-C1-Npro and
p3XFLAG (empty FLAG plasmid without S100A9). The transfected cells
were lysed and proteins were isolated using the anti-FLAG beads.
Proteins isolated by anti-FLAG beads were analyzed for presence of GFP
(e.g GFP-Npro) as well as FLAG using western blot. The mock trans-
fected 293T cells were used as negative control while cells transfected
with pEGFP-C1-Npro plasmid were used as GFP-Npro positive control.

Cells co-transfected with p3XFLAG (without S100A9) with pEGFP
C1-Npro did not show the presence of Npro while the cells co-trans-
fected with p3XFLAG S100A9 along with pEGFP C1-Npro presence of
both S100A9 as well as Npro proteins (Fig. 3). These resulted further
confirmed a strong association of cellular S100A9 and BVDV Npro
proteins.

3.3. Inhibition of bovine S100A9 by small interfering RNA (siRNA)-
enhanced virus replication

The activity of S100A9 on BVDV replication was measured in
S100A9 knock out MDBK cells. The S100 A9 knock out or control MDBK
cells were infected with ncpBVDV2a 1373 with MOI of 1. The super-
natant was collected at 12 h, 24 h, 36 h and 60 h post infection and
analyzed for BVDV viral titer. The results showed an increase in viral
production by 1.5 log10 at 24 h (p < 0.05) and 0.5 log10 at 36 h in
S100A9 knock out cells, as compared to scrambled siRNA-transfected
cells (Fig. 4). BVDV infected S100A9 gene knock out cells had virus
production of 2.5 ± 0.75 log10/ml, 5.0 ± 0.75 log10/ml, 6 ± 0.75
log10/ml, 6.25 ± 0.75 log10/ml, 5.5 ± 0.75 log10/ml at 12 h, 24 h,
36 h, 48 h and 60 h post infection respectively. In comparison, the
scrambled siRNA-transfected cells had virus production of 3.25 ± 0.75
log10/ml, 3.5 ± 0.75 log10/ml, 5.5 ± 0.75 log10/ml, 6.5 ± 0.75
log10/ml and 5.5 ± 0.75 log10/ml 12 h, 24 h, 36 h and 60 h post in-
fection respectively.

3.4. Overexpression of bovine S100A9 counteracted the interferon Type-I
inhibition induced by ncp BVDV2a 1373

To determine whether the interaction of BVDV Npro with S100A9
affected the ability of Npro to inhibit type 1 (α/β) IFN, an interferon
reporter assay was performed in S100A9 over expressed or S100A9
knock out cells [23]. The S100A9 over expressed or S100A9 knock out
cells were infected with ncp BVDV2a-1373 for 24 h. After 24 h infec-
tion, the supernatant was collected and examined for type 1 interferon
expression through firefly luciferase activity in NCL-1–ISRE–Luc–Hygro
cells. There was significantly higher type 1 interferon expression in
S100A9 overexpressed cells as compared to S100A9 knockout or poly
I:C treated cells (p < 0.05) (Fig. 5) or BVDV2a 1373 infected normal
cells without any. S100A9 overexpressed cells infected with
ncpBVDV2a 1373 showed the luciferase activity reading as 230 ± 5.0
as compared to 148.0 ± 10.0 or 182.0 ± 2.0 in S100A9 knockout
infected with ncpBVDV2a 1373 or cell treated with poly I:C respectively
(Fig. 5).

4. Discussion

In this study, immunoprecipitation coupled with mass spectrometry
demonstrated the interaction of viral ncp BVDV2a 1373 Npro protein
with the cellular S100A9 protein. The interaction was confirmed first by
a co-immunoprecipitation- mass spectrometry experiment targeting
BVDV Npro protein, which showed the co-presence of cellular S1009A.
It was reconfirmed by western blot analysis demonstrated cellular
S1009A protein interaction with BVDV Npro protein. Additionally,

Table 1
Cellular protein interactions with ncp BVDV2 1373 Npro protein. A total
30 proteins were co-immunoprecipitated in the cells transfected with p3XFLAG
(control) or p3XFLAG-Npro plasmid, using anti-FLAG antibody. The compar-
ison between these two groups revealed a total of sixteen proteins which were
present in p3XFLAG-Npro transfected cells that were absent in p3XFLAG
transfected cells. The proteins are ranked according to mass spectrometry score
e.g. highest to lowest in the table, indicating their interaction with viral (ncp
BVDV2 1373) Npro protein.

Protein Cellular function

1. Protein S 100 A9 DAMPs – TLR4 agonist - chemotactic
factor for phagocytes

2. Chaperonin Protein folding
3. Chain A, Class P1 Glutathione S-

Transferase
Cell detoxification

4. dUTPase DNA synthesis
5. Dynein Cell trafficking and Protein Transport
6. Myotrophin NFkappa B signaling
7. Elongation factor 1-delta Protein synthesis
8. Archain Vesicle structure or trafficking
9. Programmed cell death 5 Regulator in both apoptotic and

paraptotic cell deaths
10. Chain A human Rap1a protein Adhesion-related functions such as

phagocytosis, cell-cell contacts and
functional activation

11. Calmodulin Regulator of NF-κB activation in
lymphocytes

12. Spindin Cell cycle and proliferation
13. KH domain –containing RNA

binding –signal, signal
transduction associated protein −1

Required for TCR-induced tyrosine
phosphorylation

14. NADH dehydrogenase Component of complex I of the
respiratory chain

15. Annexin A isoform Cell motility – cell matrix – ion
channel formation

16. Cofilin-1 Actin polymerization – cytoskeleton
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SiRNA-knockdown experiments showed a significant increase in BVDV
titers (p < 0.05) by more than one log in S100A9 knock down cells at
24 h post infection while overexpression of S100A9 enhanced type 1
interferon production, indicating a functional relationship between
BVDV pathogenesis and cellular S100A9 protein.

Currently there is very little is known about the role of S100A9 in
viral infections. A previous study showed that S100A9 was upregulated
in response to poly I:C, a synthetic analog of viral double-stranded RNA
(dsRNA) with increase type 1 IFN [43]. The human papillomavirus
infection also increased systemic levels of S100A8 and S100A9 [44].
Likewise, S100A9 increased 60-fold in patients with coronavirus in-
duced severe acute respiratory syndrome [45].

S100A9 exhibits its effect through two well characterized PRRs:

TLR4 and receptor advanced glycation end products (RAGE) [10,46].
Both PRRs use independent downstream pathways [13]. When TLRs are
stimulated by alarmins (i.e., PAMPs and DAMPs), they recruit one or
more adapter proteins, such as MyD88 (a downstream signaling pro-
tein). Activated MyD88 further activates signaling molecules, including
phosphatidylinositol-3–kinase (PI3K), mitogen-activated protein ki-
nases (MAPK) (i.e., c-Jun NH2-terminal kinase [JNK], p38, and extra-
cellular signal-regulated kinase (ERKs), v-akt murine thymoma viral
oncogene homolog (Akt), interferon regulatory factor (IRF), β-catenin
[47], as well as nuclear factor-кB (NF-кB) [48]. Increased NF-кB ex-
pression increased the pro-inflammatory cytokines including chemo-
kine ligand 2(CCL2), interleukin-1 (IL-1), interleukin-6 (IL-6), and
tumor necrosis factor-α (TNF-α), interleukin-8 (IL-80, monocyte-chemo

Table 2
The peptide fragments present in S100A9 protein. The cellular S100A9 protein was analyzed through nano ESI-Q-Tof micro mass spectrometer (Micromass,
Manchester, UK) using MassLynx software 4.1 (Micromass). Software revealed seven peptide fragments in S100A9 protein.

Protein S100-A9 [Homo sapiens]

Observed Mr (expt) Mr (calc) Delta Miss Score Expect Rank Unique Peptide

503.2925 1004.5704 1004.5655 0.0050 1 46 6.1 5 U R.KDLQNFLK.K
815.8993 1629.7840 1629.7895 −0.0054 0 70 0.021 1 K.QLSFEEFIMLMAR.L + Ox1
871.9211 1741.8276 1741.8192 0.0084 0 100 1.8e-06 1 U K.VIEHIMEDLDTNADK.Q
602.9818 1805.9236 1805.9312 −0.0076 0 (69) 0.024 1 R.NIETIINTFHQISVK.L
903.9719 1805.9292 1805.9312 −0.0019 0 76 0.0045 1 R.NIETIINTFHQISVK.L
602.9838 1805.9299 1805.9312 −0.0013 0 (47) 3.5 1 R.NIETIINTFHQISVK.L
903.9783 1805.9420 1805.9312 0.0109 0 (76) 0.0048 1 R.NIETIINTFHQISVK.L

Fig. 3. Interaction of BVDV2a 1373 Npro and S100A9
cellular protein. The interaction of BVDV Npro with
S100A9 protein in cells were confirmed by co im-
munoprecipitation assays. The 293T cells were co-trans-
fected with pEGFP-C1-Npro and p3XFLAG -S100A9
plasmid or pEGFP-C1-Npro and p3XFLAG. At 24 h post
transfection, cells were lysed and the proteins were iso-
lated (by co-immunoprecipitation) using the anti-FLAG
beads. Isolated proteins were analyzed for presence of
GFP (e.g GFP-Npro) as well as FLAG using western blot
using anti-GPF or anti-FLAG antibodies. The mock
transfected 293T cells were used as negative control
while cells transfected with pEGFP-C1-Npro plasmid
were used as GFP-Npro positive control. Lane (1) The
293T cells without co-transfection did not show the pre-
sence of GFP-Npro or FLAG- S100A9, Lane (2) cells
transfected with pEGFP-C1-Npro alone and showed the
presence of GFP-Npro, Lane (3) cells transfected with
p3XFLAG -S100A9 and showed the presence of S100A9,
Lane (4) cells were co transfected with empty p3XFLAG
along with pEGFP C1-Npro and did not show the presence
of Npro (the FLAG size was 8 aa and was seen at very
lower side of the gel). Lane (5) Cell lysates from cells co-

transfected with p3XFLAG S100A9 along with pEGFP C1-Npro which showed the presence of S100A9 as well as Npro.

Fig. 4. Inhibition of bovine S100A9 by small inter-
fering RNA (siRNA)-enhanced virus replication. The
S100 A9 knock down or control MDBK cells were infected
with ncpBVDV2a 1373 with MOI of 1. The supernatant
was collected at 12 h, 24 h, 36 h or 60 h post infection and
analyzed for BVDV viral titer. There was a significant
increase in viral production by 1.5 log10 at 24 h
(p < 0.05) in S100A9 knocked out cells while at 36 h in
S100A9 knock out cells also increased (0.5 log10) virus
production compared to scrambled siRNA-transfected
cells. Error bars are SEM.
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attractant protein–1, chemokine ligand 1 (CXCL1 or GRO-α), type 1 IFN
[49–51]; vascular endothelial growth factor (VEGF), granulocyte-mac-
rophage colony-stimulating factor (GMCSF) and matrix metalloprotei-
nases (MMP2 and MMP9) [52] with upregulated adhesion molecules
and antiapoptotic proteins such as B-cell CLL/lymphoma-2, Bcl-XL
[53].

Since S100A9 is integral to so many important immune pathways, it
is a “logical” target for viral protein interference with cell defense
mechanisms [54]. In this study, virus titer increased by one log in the
absence of S100A9; whereas, overexpression of S100A9 in cells infected
with ncp BVDV2a-1373 overcame the interferon inhibition. This is
consistent with Npro inhibition of IFN-1 through a dual mechanism that
includes degradation of IRF-3 in the proteasome [33].

The results of this study indicated that S100A9 interacted with ncp
BVDV2a-1373 Npro. The interaction of BVDV2a-1373 Npro with cel-
lular S100A9, potentially reduced the availability of S100A9 and
therefore reduced the type 1 interferon production. Hilton et al., 2006
[55] and Chen et al., 2007 [56] found that NPro blocks IRF-3 from
binding to DNA. Additionally, NPro has the property of targeting IRF-3
for polyubiquitination and subsequent destruction by cellular multi-
catalytic proteasomes, indicating that Npro induces immune suppres-
sion through multiple pathways that need to be further explored.

It has been suggested that BVDV infection, in persistently infected
(PI) animals, may lead to immunosuppression through neutrophil dys-
function [57]. Modified live BVDV cp strains caused a decrease in cir-
culating lymphocytes and neutrophils and also suppressed neutrophil
functions [58,59]. These effects could be explained by the interaction of
S100A9 with the virus Npro, as S100A9 has a major role in the mi-
gration of phagocytes [60,61] and neutrophil oxidative burst [62].
Additionally, an important sequela of BVDV infection is the increase in
secondary bacterial infection [63]. Interaction of Npro with S100A9
protein could have potent antimicrobial and chemotactic effects that
could increase the incidence of secondary infections [60].

S100A8/S100A9 functions as an endogenous TLR4 ligand that is
essential to the amplification of lipopolysaccharide (LPS) effects on
phagocytes upstream of TNF-α [64]. One study showed a decline in
S100A8/S100A9 levels in patients that survived sepsis, whereas non-
survivors had increased serum levels of S100A8/S100A9 [65]. This
higher mortality with BVDV mucosal disease where sudden death often
occurs could also be due to an increase level of S100A9 that amplifies
the inflammatory response, thus increasing the chance of endotoxic
shock. The interaction of BVDV Npro with S100A9 found in this study
creates several questions that need to be answered regarding BVDV
pathogenesis and role of DAMPs in viral infection.

5. Conclusion

Bovine viral diarrhea virus (BVDV) is an immunosuppressive virus.

There are a number of studies which demonstrated that the non-
structural protein Npro, is responsible for its immunosuppressive effect.
However, very little is known of the mechanism of how Npro protein
induces immunosuppression. The current study demonstrated that Npro
interacts with the cellular S100A9 protein. S100A9 is a member of the
danger associated molecular patterns (DAMPs) and play an important
role in innate immune response. Interaction of BVDV Npro with cellular
S100A9 protein, potentially reduced its availability/activity in virus
infected cells leading to reduced type 1 interferon production and
higher virus production.
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