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Type I interferon (IFN-I) plays a major role in antiviral and inflammatory processes of the infected host. In the
bovine industry, the bovine respiratory disease complex is a major cause of economic and health problems. This
disease is caused by interactions of pathogens, together with environmental and host factors. Several pathogens
have been identified as causal agents of respiratory diseases in cattle. To better understand how primary in-
fections by viruses predispose animals to further infections by pathogenic bacteria, tools to accurately detect
antiviral and immunoregulatory cytokines are needed. To facilitate the detection and quantification of bovine
IFN-I, we have established a new specific and sensitive bioassay studies in the bovine host. This assay is based on
a Madin-Darby Bovine Kidney (MDBK) cell line that carries a luciferase gene under the control of the IFN-I
inducible bovine Mx1 promoter. Specific luciferase activity was measured after stimulation with serial di-
lutions of recombinant bovine alpha and beta IFNs and human IFN-a. With this novel bioassay we have suc-
cessfully measured IFN-I production in supernatant from MDBK cells after stimulation of Toll-like receptors
(TLR3, TLR7 and TLR8) and RIG-I-like receptors (RIG-I and MDADS), after viral infection with bovine respiratory
pathogens, but also in samples from infected calves. Finally, this new bioassay is an easy-to-use and low cost tool
to measure the production of bovine Type-I Interferon.

1. Introduction

In response to bacterial or viral infections, hosts mount an innate
immune response in which interferons play a major role. This response is
induced by the detection of Pathogen Associated Molecular Patterns
(PAMPs). Interferons (IFNs) are classified into three subgroups: types I,
I, and III IFNs. Theses cytokines are mainly involved in antiviral ac-
tivity, anti-proliferative activity, stimulation of cytotoxic T cells and
modulation of the immune response (Pestka, 2007). Type I interferon
(IFN-I) is the main cytokine in the development of antiviral and in-
flammatory processes in an infected host. Generally, the detection of
viral PAMPs by Pattern Recognition Receptors (PRRs) lead to the

induction of IFN-a and IFN-p (Randall and Goodbourn, 2008). The
PAMPs from RNA viruses are mainly detected by the cytoplasmic re-
ceptors Melanoma Differentiation-Associated protein 5 (MDAS), the
Retinoic acid-inducible gene (RIG-I), and the Toll-like receptors (TLRs) 3
and 7 (Randall and Goodbourn, 2008). Stimulation of these PRRs causes
the activation of the transcription factors NFkB and interferon regulator
factors (IRFs) that will lead to the production of several cytokines
including IFNs. The binding of the IFN-I on the Interferon alpha/beta
receptor (IFNAR) leads to rapid activation of Interferon-Stimulated
Genes (ISGs), including myxovirus resistant (MX) genes, by different
signaling pathways including the JAK/STAT (Janus Kinase/Signal
transducer and activator of transcription), MAPK (Mitogen-activated
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protein kinases), NFkB and PI3K-AKT (Phosphatidylinositol-3-kinase /
Protein kinase B) pathways (Hervas-Stubbs et al., 2011). However, it is
well known that some viruses escape the IFN-antiviral response thanks
to an IFN-antagonism function of specific viral proteins such as the non-
structural protein 1 (NS1) of influenza A virus (Randall and Goodbourn,
2008).

Bovine respiratory disease complex (BRDC) is a major disease of
young cattle caused by interactions of pathogens, environmental and
host factors. These pathogens include viruses and bacteria that are often
found in combinations. The most prevalent respiratory viruses are
bovine herpesvirus type 1 (BoHV-1), bovine respiratory syncytial virus
(BRSV or bovine orthopneumovirus), bovine parainfluenza type-3 virus
(BPIV-3), bovine coronavirus (BCoV) and sometimes bovine viral diar-
rhea virus (BVDV) and influenza D virus (IDV) (Grissett et al., 2015;
Mitra et al., 2016; Zhang et al., 2019). The mechanisms by which bovine
respiratory viruses modulate the IFN-I response were described for some
respiratory viruses. Previous studies have indeed demonstrated that
BRSV limits the IFN-I response thanks to nonstructural proteins 1 and 2
(NS1 and NS2) (Bossert et al., 2003; Valarcher et al., 2003). One of the
mechanisms described shows that NS1 and NS2 block the activation of
interferon regulator factor 3 (IRF3) in infected bovine cells (Bossert
et al., 2003). The BVDV counteracts the IFN-antiviral response by the
nonstructural proteins NP and the glycoprotein Erns (Alkheraif et al.,
2017; Baigent et al., 2002; Chen et al., 2007; Hilton et al., 2006; Ziircher
et al., 2014). It has been demonstrated that NP™ inhibits IFN-B activation
by down-regulating the IRF3 pathway in BVDV-infected cells (Alkheraif
et al., 2017). However, for IDV and BCoV, our knowledge of their ability
to hijack the interferon system is very limited. The assessment of IFN-I
activity according to the type of viral infection will highlight the po-
tential of some of these viruses to inhibit the production of IFN-I and
escape the innate immune response.

To measure bovine IFN-I, IFN-a or IFN-f, several tools are available
like classical enzyme-linked immunosorbent assay (ELISA), antiviral
assay or non-viral IFN assay. Several manufacturers have developed
commercial ELISA kits to quantify bovine IFN-a and IFN-f. A single
manufacturer’s kit has so far been validated on the bovine model to
detect protein in nasal and oral swabs (Cortese et al., 2017; Kroeker
et al., 2020). So far, a non-viral IFN assay was used by others. Previous
studies used the MDBK-t2 bioassay system, a stable cell line with the
chloramphenicol acetyltransferase (CAT) gene under the control of
human MxA promoter (Fray et al., 2001). The induction of MxA pro-
moter by IFN leads to the production of the CAT protein, which is
measurable by a commercial ELISA kit with anti-CAT antibody. Authors
confirmed the specific response of this bioassay by using recombinant
bovine IFN-al. This tool has been successfully used to measure the
production of IFN-I from bovine nasal fibroblasts and bronchoalveolar
macrophages after BRSV infection (Valarcher et al., 2003). Nevertheless,
the previous bioassay developed by Fray et al has drawbacks (Fray et al.,
2001). Indeed, the CAT gene is under the control of a human MxA
promoter in a bovine cell line. Authors tested the sensitivity of their
method to bovine IFN-a but not to IFN-B. Moreover, the use of recom-
binant bovine IFN-al, with a concentration calculated in international
units (IU), as an external reference is prone to errors and precludes
comparison between assays and experiments. Indeed, the international
unit titer of commercial cytokines is determined via cytopathic inhibi-
tion assay on infected cells. Finally, this Mx/CAT reporter gene assay
bioassay requires the use of a CAT ELISA which remains cumbersome
and costly.

The present study reports on the development of a specific, sensitive,
rapid,easy, and cheap method to measure the concentrations of bovine
IFN-I in various biological fluids and culture supernatants. A luciferase
reporter cell line was established by cloning the Firefly luciferase gene
under the control of IFN-I inducible bovine Mx1 promoter. This tool has
been used to quantify bovine IFN-I in medium of MDBK cells treated
with specific agonists of PRRs or infected by different RNA viruses
implicated in BRDC, as well as in nasal samples collected on IDV-
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infected calves.
2. Materials and methods
2.1. Cells

Madin-Darby Bovine Kidney cells (NBL-1, ATCC) were cultured in
Dulbecco’s Modified Eagle’s Medium supplemented with 4.5 g/1 glucose
(DMEM High Glucose), 10% fetal bovine serum (FBS), penicillin (100 U/
ml), and streptomycin (100 pg/ml) and incubated at 37 °C in 5% CO2
atmosphere.

2.2. Virus

The influenza D virus strain D/bovine/France/5920/2014 was pre-
pared in Human Rectal Tumor (HRT-18G) cells and titrated on Swine
Testis (ST) cells using the tissue culture infectious dose 50 (TCIDsg)
method, as previously described (Salem et al., 2019). The bovine coro-
navirus strain BCoV/France/19-pool-LBA/2014 was isolated from
young cattle with respiratory clinical signs and amplified on HRT-18G
cells, as previously described (Salem et al., 2020). BCoV production
was titrated on ST cells using the TCID50 method. The bovine respira-
tory syncytial virus isolate 3761 (BRSV-3761) was isolated from a nasal
swab of a calf with respiratory clinical signs (Riffault et al., 2006). BRSV-
3761 was amplified on Bovine Turbinate (BT) cells and titrated on
MDBK cells by the TCID50 method (Riffault et al., 2006). The NADL
strain of bovine viral diarrhea virus was amplified and titrated on MDBK
cells, as previously described (Mendez et al., 1998).

2.3. Plasmid construction

As previously described, the genomic DNA derived from MDBK cells
was used to amplify the Mx promoter by PCR with bMx1 F (5-
AGAGGTACCGTGGGGAGGACACTTGTTGT-3') and bMx1 R (5'-
AGACTCGAGCCGTCCCCAGCGCAGAGA-3') primers containing the
Kpnl and Xhol sites, respectively (Yamada et al., 2009). The PCR product
was digested with Kpnl and Xhol enzymes and ligated into Kpnl/Xhol
sites of the pGL4.10 vector (Promega). The firefly luciferase gene under
the control of bovine Mx promoter was digested by restriction enzymes
Kpnl and Xbal and inserted into Kpnl/Xbal sites of the pcDNA3.1(+)
vector. This vector was named pcDNA3.1(+)pBovMxLuc. The CMV
promoter of the pcDNA3.1(—) plasmid was removed by Bglll/BamHI
digestion. After purification and self-ligation a pcDNA3.1(—) without
CMV promoter was obtained and named pcDNA3.1(—)pCMVless. The
pBovMxLuc reporter vector was obtained by the insertion of the frag-
ment containing the firefly luciferase gene and the Mx promoter from
the pcDNA3.1(+)pBovMxLuc into the pcDNA3.1(—)pCMVless by the
restriction enzymes site Kpnl and Bbs1.

2.4. Establishment of a stable cell line

The nucleofection of pBovMxLuc reporter vector was performed in
MDBK cells by using the 4D-Nucleofector™ X Unit and the SF Cell Line
4D-Nucleofector™ X Kit L (Lonza) according to the manufacturer’s in-
structions. Briefly, 100 pl of 4D nucleofactor solution containing 5 x 10°
cells were mixed with 3 pg of pBovMxLuc reporter vector in nucleo-
cuvette. After using the FS-100 program of the nucleofactor, the
nucleofected cells were cultivated into 6-well plates with 400 pl of
DMEM High Glucose supplemented with 10% fetal bovine serum,
penicillin (100 U/ml), and streptomycin (100 pg/ml), and incubated at
37 °C and 5% CO2 for 24 h. After incubation, the medium was replaced
with 3 mL of new medium containing 2.5 mg/ml of G418 (Gibco) and
incubated for another 3 days. The Neomycin resistance gene of
pBovMxLuc reporter vector confers resistance to the G418. The culture
medium was replaced with fresh medium containing G418 and cells
were re-incubated until the death of non-transfected cells. By repeating
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serial dilution in 96-well plate with medium supplemented by 2.5 mg/
ml of G418 (Gibco), 8 cell clones were amplified. To select the most
relevant clone for the development of the bioassay, each clone was
stimulated with 100 ng/ml of bovine IFN-a (Bio-Rad) and the luciferase
signal was measured as described below. The clone F11 of MDBK-MxLuc
with the highest ratio between the presence and absence of interferon
was selected to establish the bioassay.

2.5. Reporter assay

IFN-I protein concentrations were determined by the measurement
of IFN-I-related activity to induce luciferase expression in MDBK-MxLuc
cells. Briefly, 1. 10° cells were seeded into 24 well plates with 1 ml of cell
culture medium and incubated at 37 °C in 5% CO2 atmosphere for 24 h.
The medium was replaced with 1 ml of a 1:5 dilution of sample in me-
dium supplemented by 10% FBS. Standards were obtained by the use of
recombinant bovine IFN-a and IFN-$ (PBP019 and PBP032, respectively;
BioRad) diluted from 6 pg/ml to 100 ng/ml, and the recombinant
human IFN-a (PHP107Z, BioRad) diluted from 0.06 to 1000 IU/ml in
medium with 10% FBS. Cells with diluted samples and standards were
incubated 8 and 24 h. Cell culture medium was removed, and cells were
lysed with 100 pl of Passive Lysis Buffer (PLB, Promega) at room tem-
perature for 30 min. The quantification of the firefly luciferase activity
was obtained after mixing 10 1 of the lysate and 50 pl Luciferase Assay
Substrate (Promega) into the wells of a 96-well opaque white plate and
the use of CLARIOstar microplate Reader (BMG LABTECH). Relative
bovine Mx promoter activation was calculated as a fold change of the
normalized Firefly luciferase activity of the samples and standards to the
control condition without interferon. The fold changes values and
standard concentrations were log-transformed. The nonlinear regression
curves of human IFN-a and bovine IFN-B correspond to the four-
parameter dose-response curves calculated on GraphPad software (La
Jolla) with at 95% confidence interval. The linear regression curve of
bovine IFN-a was calculated on GraphPad software (La Jolla) with at
95% confidence interval. Relative sample concentrations were calcu-
lated by using the standard curve using recombinant bovine IFN-o, and
according to the dilution factor.

2.6. Stimulation and infection of MDBK to stimulate IFN-I secretion

MDBK cells were stimulated in 24-well plates with poly (I:C) HMW
(1 pg/ml), LyoVec Poly(I:C) HMW (500 ng/ml), R848 (1 pg/ml), “all
from Invivogen”, or infected by IDV (MOI = 1), BCoV (MOI = 1), BRSV
(MOI = 0.5) or BVDV (MOI = 0.025). The poly (I:C) HMW, LyoVec Poly
(I:C) HMW and R848 were used as agonists of TLR3, RIG-I/MDA5 and
TLR7/8 pathways, respectively. At 2, 4, 8 and 24 h post-stimulation or
-infection, supernatants were collected to quantify the IFN-I proteins
using the MDBK-MxLuc bioassay system. In addition, cell lysate was
recovered to quantify IFNA gene expression after mRNA extraction.

2.7. In vivo samples

In a previous study, 8 calves were inoculated by nebulization with
107 TCID50 of D/bovine,/France/5920/2014 in 10 ml of DMEM medium
and 5 control animals were inoculated with 10 ml of DMEM. Nasal
swabs were collected daily to 21 days post-infection (dpi) in 1 ml of PBS
and stored at —80 °C (Lion et al., 2021). Interferon production from
nasal swabs of 4 control and 4 IDV-infected calves collected at 2, 7 and
14 dpi were analyzed in the present study.

2.8. RNA extraction and real time RT-PCR

Total RNA was extracted from stimulated or infected MDBK cells with
NucleoSpin RNA kit (Macherey Nagel) according to the manufacturer’s
instructions. The real-time RT-PCR was performed using the iTaq Uni-
versal SYBR Green One-Step Kit (Bio-Rad) and specific primers for IFNA,
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GAPDH, RPL19 and YWHA?7 genes. The IFNA primers are: forward, 5’-
CTGCTCTGACAACCTCCCAG-3' and reverse, 5’-CTCTTCAGCACAGAG
GGCTC-3'. The GAPDH primers are: forward 5’-ACAGTCAAGGCAGA-
GAACGG-3' and reverse, 5’-GGTTCACGCCCATCACAAAC-3'. The RPL19
primers are: forward 5’-GCAGATCCGGAAGCTGATCA-3' and reverse, 5’-
GGTATCGTCTAAGCAGCCGG-3'. The YWHA? primers are: forward 5’-
CTACCGCTACTTGGCTGAGG-3' and reverse, 5’-GAGAGCAGGCTTTCT-
CAGGG-3'. Relative expression (fold change relative to control) of the
IFNA gene was calculated using the 2~22€T method with GAPDH, RPL19
and YWHA7 as the reference genes for normalization (Livak and
Schmittgen, 2001).

3. Results
3.1. Optimization of incubation time for the bioassay

The incubation time required to activate the luciferase signal from
the MDBK-MxLuc with a wide range of recombinant human IFN-a
(rhulFN-a) was first evaluated. A luciferase signal was measured after 8
and 24 h post-stimulation (Fig. 1). A luciferase signal was detected be-
tween 0.06 and 1000 IU/ml of rhulFN-a for both incubation times. The
nonlinear regression curves were obtained with 4 parameters. By com-
parison, after 24 h incubation, the variability amongst experimental
replicates was lower than after 8 h. Therefore, an incubation time of 24 h
was then validated and selected for further experiments when assaying
bovine IFN references and unknown samples.

3.2. Determination of IFN-I standard curves

The recombinant bovine alpha and beta IFNs and human IFN-a were
used to identify the best reagents for the external reference of our
bioassay (Fig. 2). Luciferase induction was dose-dependent for each
interferon tested, but the relations between intensity of luciferase signal
and IFN concentration were different. The recombinant human IFN-a
induced a signal above background between 0.06 and 1000 IU/ml, with
a R? of the nonlinear regression curve of 0.99. The bovine IFN-« also
induced a positive signal at concentrations between 0.006 and 100 ng/
ml. Moreover, this cytokine had a linear regression curve with a R =
0.96 and a limit of detection of 11.8 pg/ml. The bovine IFN-§ induced a
positive luciferase signal between 0.006 and 100 ng/ml but the
nonlinear regression curve, with an R? = 0.99, showed that the limit of
detection was 77.6 pg/ml. Collectively, these data indicate that the
MDBK-MxLuc is a sensitive assay to measure bovine IFN-I concentra-
tions in culture medium.

3.3. Stability of the cell clone

To confirm the stability of the MDBK-MxLuc, bioassays were
repeated using cells at different passages with human and bovine IFNs
(Fig. 3). Regardless of the number of passages, cells emitted a luciferase
signal after stimulation with 0.06 to 1000 IU/ml of recombinant human
IFN-a (Fig. 3a). A plateau signal was found above 250 units for each cell
passage. The R? regression coefficient was higher than 0.99 and
remained stable, even after 25 passages. The cells were also sensitive to
bovine IFN-a until passage 35 with R? = 0.95 (Fig. 3b). These results
show that the established MDBK-MxLuc cell line was stable until at least
its 35th passage.

3.4. Quantification of IFN-I from in vitro samples

To validate the usefulness of this bioassay, IFN-I levels were
measured in supernatants of MDBK cells stimulated with various PRRs
agonists or infected with viruses related to BRD (Fig. 4). The bovine
IFNA gene expression was also quantified in cells from the same
conditions.

Poly(i:c), lyovec-poly(i:c) and R848 treatments induced a very early
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24 hours post-stimulation
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Fig. 1. The luciferase activity of MDBK-MxLuc cells was rhulFN-a dose dependent after 8 and 24 h post-stimulation.

A total of 1 x 10° cells were seeded into 24 well plates and stimulated with 0.06 to 1000 IU/ml of recombinant human IFN-a for 8 h (left panel) or 24 h (right panel)
before cell lysis and measurement of luciferase activity. The fold changes between the luciferase activity of the standard samples and the luciferase activity of the
control sample were calculated. Results represent the mean fold changes values with the SEM and standard concentrations transformed in log. The nonlinear

regression curve and the R? of the equation are represented.

human IFNa
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Fig. 2. The MDBK-MxLuc bioassay is sensitive to rbIFN-« and rbIFN-.
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A total of 1 x 10° cells were seeded into 24 well plates and stimulated with 0.06 to 1000 IU/ml of rthulFN-a, or 6 pg/ml to 100 ng/ml of each rbIFN-a and rbIFN-§ for
24 h before cell lysis and measurement of luciferase activity. Results represent the mean fold changes + SEM. The regression curves and the R are represented.

increase in IFNA gene expression, as expression was maximal at 2 h post-
stimulation before a gradual decline (Fig. 4a). In comparison to the
control condition, the fold increases were 35.7, 65.2 and 1.7 for poly(i:
c), lyovec-poly(i:c) and R848, respectively. By using the MDBK-MxLuc
bioassay and the bovine IFN-a standard curve, cytokine synthesis from
supernatants was observed 2 to 24 h post-stimulation with a maximum
level at 4 h. Thus the maximum IFN-I level was 141, 4877 and 0.4 ng/ml
for poly(i:c), lyovec-poly(i:c) and R848, respectively. In comparison to
the control condition, the fold increases were 1.4 x 10°%, 4.8 x 10* and
3.9 for poly(i:c), lyovec-poly(i:c), and R848, respectively. Protein levels
remained high in the culture supernatants, even after 4 h, which can be
explained by the interferon half-life. The time lag between the maximum
levels of mRNA and protein was consistent with the time needed for
protein synthesis upon gene trasncription.

Using the same approach, mRNA (IFN-a) and protein (IFN-I) levels
were measured from MDBK cells infected with several viruses (Fig. 4b).
Compared to the control condition, viruses induced a rapid upregulation
of IFN transcription. Indeed, all infections led to an overexpression of
IFNA gene from 2 hpi, and to high levels of IFN-I secretion in superna-
tants at 4 hpi. In detail, the maximal fold increases of IFNA gene
expression were 1.2 and 1.7 at 4 hpi for IDV and BCoV, respectively.
BRSV and BVDV infections induced a strong overexpression of IFNA
gene at 2 hpi with a fold change of 2.1 and 1.5, respectively. By using the
MDBK-MxLuc bioassay system, at 4 hpi, the IFN-I concentrations were,
584, 820, 1092 and 832 pg/ml in the supernatant of MDBK cells infected

by IDV, BCoV, BRSV and BVDV, respectively compared to 102 pg/ml in
the uninfected control condition. As mentioned above, the time lag
observed between the maximum levels of mRNA overexpression at 2 hpi
and protein synthesis at 4 hpi was consistent with the time needed to
translate mRNA into proteins.

3.5. Quantification of IFN-I from in vivo samples

After validation of this newly developed bioassay to quantify IFN-I
production under in vitro conditions, the bioassay was confronted to in
vivo samples to assess its performances as a tool to quantify type I IFNs in
a variety of bovine samples (Fig. 5). To this end, IFN-I levels were
quantified in nasal swabs collected on four control and four IDV-infected
calves from a previous study (Lion et al., 2021). At 2 dpi, the levels of
IFN-I were well above the detection limit for all IDV-infected calves with
a range of 134 to 3298 pg/ml, while the lowest concentration was a
control calf (#9238) with only 121 pg/ml. At 7 and 14 dpi IFN-I con-
centrations were strongly reduced, indicating that the production was
transient. These data indicate that the MDBK-MxLuc bioassay is efficient
at quantifying IFN-I from in vivo samples.

4. Discussion

In the present study, we developed a specific non-viral bioassay to
quantify bovine IFN-I. The use of a gene reporter assay under the control
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activities + SEM, the regression curves and the R? are represented for passages numbers 15 (black circle), 20 (white circle), 25 (gray circle), 30 (black diamond) and 35 (white diamond).
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Fig. 4. Detection of IFN-I production from in vitro samples by the MDBK-MxLuc cells.

The MDBK cells were stimulated with poly(I:C), Lyovec-poly(I:C), R848 or infected by IDV, BCoV, BRSV or BVDV for 24 h. Total mRNA was extracted from cells to quantify the relative expression of IFN-a by real-time
RT-PCR and the IFN-I protein level was measured by the MDBK-MxLuc bioassay with rbIFN-a as standard. (A) Data represent the mean + SEM of relative IFNA gene expression (top panel) and the IFN-I protein level
(bottom panel) from stimulated MDBK cells. (B) Data represent the mean + SEM of relative IFNA gene expression (top panel) and the IFN-I protein level (bottom panel) from infected cells.
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Fig. 5. Detection of IFN-I production from in vivo samples by the MDBK-MxLuc assay.
The nasal secretions of four control or IDV-infected calves were collected at 2, 7 and 14 days post-infection. The IFN-I protein level was measured by the MDBK-
MxLuc bioassay with rbIFN-a as standard. Data represent the cytokine level of each animal.

of an ISG promoter including Mx to measure IFN-I production has
already been described in other models (Francois et al., 2005; Lleonart
et al., 1990; Schwarz et al., 2004). For bovine samples, Fray et al. had
developed a MDBK-t2 bioassay system based on MDBK cells with the
CAT reporter gene under the control of the human MxA promoter (Fray
et al., 2001). However, this MDBK-t2 tool has the disadvantage to
require an ELISA kit for the CAT protein quantification, which remains
expensive. Moreover, the authors used the recombinant bovine rbIFN-a1
(Novartis) as an external reference which is expressed in international
units per milliliter and cannot easily allow for comparison between
laboratories and experimental conditions. This tool was previously used
to quantify IFN-I from in vitro infection by BRSV (Valarcher et al., 2003).

The present model was established to be as sensitive as MDBK-t2
system, but easier to use and less expensive than previously available
tool. To increase specificity of the model, the promoter that controls the
reporter gene is the specific bovine Mx1 promoter previously described
(Yamada et al., 2009). To reduce the costs, the Firefly luciferase gene
was placed under the control of the bovine Mx1 promoter. Indeed, the
total cost for the analysis of 96 samples with our newly developed
MDBK-MxLuc bioassay is approximatively 4 times cheaper than when
using the CAT-ELISA kit.

After transfection and cloning by limiting dilution, a cell clone was
isolated and used to optimize and characterize the new bovine IFN-I
bioassay system. As for the pre-existing MDBK-t2 bioassay, the MDBK-
MxLuc was sensible to bovine IFN-a and this even after 35 cell pas-
sages. In the first model, authors determined a range of induction be-
tween 0.063 and 250 IU rbIFN-a/ml (Fray et al., 2001). The rbIFN-«
(Novartis) used by the authors was not commercially available, but the
use of rbIFN-u (Bio-Rad) confirmed the sensitivity of the MDBK-MxLuc
in a dose-dependent manner and with a range of cytokine concentra-
tions between 0.012 and 100 ng/ml. As for the previous model, the
present new bioassay can also be used with samples obtained 8 to 24 h
post-stimulation. However, the tested samples with low IFN-I concen-
trations were easier to test after 24 h of incubation. As demonstrated, the
MDBK-MxLuc was also sensitive to rbIFN-p with concentrations from
0.078 to 100 ng/ml. Thus, this tool detects IFN-a and IFN-f with high
sensitivity. It would be interesting to compare our model with the pre-
vious MDBK-t2 system. The replacement of the human promoter by the
bovine Mx1 promoter may improve the sensibility to detect bovine IFN-
L. Indeed, while the nucleotide sequences of human and bovine MxI
promoters have been shown to be similar, the nature and location of the
response elements such as interferon-stimulated response elements
(ISREs), GC boxes and Spl sites are different (Thomas et al., 2006;
Yamada et al., 2009).

To validate the use of MDBK-MxLuc as a new tool to quantify bovine
IFN-I, it was assessed with biological samples from in vitro stimulation or
infection but also from nasal swabs of experimentally infected calves. As
expected, MDBK stimulation by PAMPs induced rapid IFN-a transcrip-
tion from 2 h post-stimulation followed by the production of the protein
detected by the bioassay from 4 h post-stimulation. As demonstrated in
previous studies, TLR3, TLR7/8 and RIG-I/MDAS5 pathways activation
by agonists led to an increase in antiviral and pro-inflammatory re-
sponses (Carneiro et al., 2017; Chiba et al., 2012; Reid et al., 2021). We
showed here for the first time that the activation of these pathways leads
to IFN-I synthesis. The detection of IFN-a mRNA increase after MDBK
infection by viruses was also confirmed by the quantification of IFN-I
production with the bioassay. As mentioned above, these viruses
involved in BRDC have already been demonstrated to induce IFN-I
synthesis and/or transcription. As for bovine nasal fibroblasts and
alveolar macrophages, we confirmed that BRSV infection increases both
bovine IFN-« transcription and IFN-I synthesis (Valarcher et al., 2003).
Also, we confirmed that BVDV induces IFN-I production from MDBK as
previously described (Maldonado et al., 2020). We showed for the first
time that BCoV can induce the production of IFN-I in vitro. Finally, we
confirmed the overexpression of IFNA gene induced by IDV that was
previously identified in cattle and mouse models but also in human cells
(Oliva et al., 2019; Salem et al., 2019; Skelton et al., 2019). From the in
vitro and in vivo samples, we also confirmed that IDV leads to IFN-I
production as observed in human study (Skelton et al., 2019). Indeed,
the authors observed that IDV increased IFN-p production in supernatant
of A549 cells at 48 hpi with 200 pg/ml (Skelton et al., 2019). In contrast
to a previous study where the authors failed to show variations in IFN-I
production from nasal secretion of cows vaccinated with Bovi-Shield
GOLD FP 5 L5 HB and ENVIRACOR® J-5 (Zoetis) by using an ELISA
kit, we were able to demonstrate a strong and rapid IFN-I production in
nasal cavities of IDV-infected calves.

In conclusion we have developed a bioassay for the quantification of
IFN-I at a low cost, and with high sensitivity and ease of implementation
to quantify bovine IFN-I cytokine from various biological samples.
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