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In this study, we provide the first comprehensive annotation of canine interferon-l (CaIFN-l, type III IFN).
Phylogenetic analysis based on genomic sequences indicated that CaIFN-l is located in the same branch with
Swine IFN-l1 (SwIFN-l), Bat IFN-l1 (BaIFN-l), and human IFN-l1 (HuIFN-l1). CaIFN-l was cloned,
expressed in Escherichia coli, and purified to further investigate the biological activity in vitro. The recom-
binant CaIFN-l (rCaIFN-l) displayed potent antiviral activity on both homologous and heterologous animal
cells in terms of inhibiting the replication of the New Jersey serotype of vesicular stomatitis virus (VSV), canine
parvovirus, and influenza virus A/WSN/33 (H1N1), respectively. In addition, we also found that rCaIFN-l
exhibits a significant antiproliferative response against A72 canine tumor cells and MDCK cells in a dose-
dependent manner. Furthermore, CaIFN-l activated the JAK-STAT signaling pathway. To evaluate the ex-
pression of CaIFN-l induced by virus and the expression of IFN-stimulated genes (ISGs) induced by rCaIFN-l
in the MDCK cells, we measured the relative mRNA level of CaIFN-l and ISGs (ISG15, Mx1, and 2¢5¢-OAS)
by quantitative real-time PCR and found that the mRNA level of CaIFN-l and the ISGs significantly increased
after treating the MDCK cells with viruses and rCaIFN-l protein, respectively. Finally, to evaluate the binding
activity of rCaIFN-l to its receptor, we expressed the extracellular domain of the canine IFN-l receptor 1
(CaIFN-lR1-EC) and determined the binding activity via ELISA. Our results demonstrated that rCaIFN-l
bound tightly to recombinant CaIFN-lR1-EC (rCaIFN-lR1-EC).

Introduction

Interferons (IFNs) were first discovered for their ability
to interfere with influenza virus replication and are now

recognized as the first line of defense against viral infections
and have important roles in increasing the lyticpotential of
natural killer (NK) cells and immune surveillance for ma-
lignant cells (Lindenmann 1982; Biron 1998; Chill and
others 2003; Dupuis and others 2003; Ank and others 2006;
Tezuka and others 2012; Li and others 2013). IFNs play a
critical role in modulating the innate and adaptive immune
systems, and there are 3 types of IFNs (types I, II, and III)
distinguished based on their receptor complex (Smith and
others 2005). Type I IFNs include a, b, o, k, e, t, z and d
subtypes, which were well identified and characterized. Some
of subtypes, including IFN-a and IFN-b, play an important
role in innate and adaptive immune defenses against viral
replication and in immune cell maturation (Biron 1998; Le
Bon and others 2003), but some subtypes of type I IFN,
including IFN-d and IFN-t, are not virally inducible and

produced constitutively by embryonic trophectoderm and
involved in maternal recognition during pregnancy and al-
low the pregnancy to become established (Roberts and
others 1999; Demmers and others 2001). The IFN-d has
been identified in some hoofed animals, including porcine,
sheep, and horse, while IFN-t was only found in ruminants
(Lefevre and others 1998; Cochet and others 2009). The
IFN-o shows a high activity against many virus infections
and are found in human, pig, cat, and rabbit (Hauptmann
and Swetly 1985; Charlier and others 1993; Yang and others
2007; Zhao and others 2009). The type I IFNs have been
exploited for the systemic treatment of human HIV, hepa-
titis B and C infection (Levin and others 1982; Manion and
others 2012), but beyond that, type I IFNs play an important
role in livestock farming, and IFN-a is well studied in pigs
and used as a powerful adjuvant for a recombinant protein
vaccine against foot-and-mouth disease virus in swine
(Cheng and others 2006, 2007a, 2007b). As to type II and
type III IFNs, both have one member each, IFN-g and IFN-
l, respectively.
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Type III IFNs were first identified and referred to as IFN-
l1, IFN-l2, and IFN-l3 (also known as IL-29, IL-28a, and
IL-28b) in 2002 by 2 independent groups (Kotenko and
others 2002; Sheppard and others 2003). Both groups also
reported the novel receptor, IFN-lR1 (also known asIL-
28RA), through which (upon interaction with IL-10R2) type
III IFNs mediate their biological activities. Type I and type
III IFNs represent the first line of defense against viral in-
fection in mammals, and both of them share many biological
activities. For example, type III IFNs are directly induced in
response to viral infection and have similar mechanisms of
activating the JAK-STATs and MAPK signaling pathways,
and antiproliferative and antitumor strategies, though they
are not highly homologous (only 15%–20% amino acid
identity) to type I IFN (Ank and others 2006, 2008; Zitz-
mann and others 2006; Iversen and Paludan 2010; Kotenko
2011; Zhou and others 2011a). In contrast to type I IFNs, the
type III IFN’s receptor complex includes IFN-lR1 and IL-
10R2, while the type IIFN’s receptor complex is comprised
of IFNAR1 and IFNAR2 (Sheppard and others 2003). Fur-
thermore, the expression distribution of IFN-lR1 is different
from IFNAR1 and IFNAR2, and the absence of IFN-lR1 in
the central nervous system and bone marrow endows type
III IFN treatments with less side effects in humans (Witte
and others 2009). As type III IFNs display antiviral activities
and the distribution of their receptor complex is distinct
from the type I IFN receptor, IFN-l has the potential for
in vivo antiviral activity with fewer side effects than IFN-a
(Friborg and others 2013). Several studies show that IFN-l
share the potential for treatment of chronic Hepatitis C in-
fection (Pagliaccetti and Robek 2010; Thomas and others
2012; Friborg and others 2013). To date type III IFNs have
been identified in humans, mice, chicken, cattle, bats, and
canines (Kotenko and others 2002; Sheppard and others
2003; Lasfar and others 2006; Karpala and others 2008;
Diaz-San Segundo and others 2011; Zhou and others
2011b). Numerous type III IFNs have also been identified in
the publicly available whole-genome sequence data from a
variety of other species (www.ncbi.nlm.nih.gov).

Recently, several canine IFNs have been identified: IFN-
a, IFN-b, IFN-g, IFN-e, and IFN-k (belonging to types I and
II) (Himmler and others 1987; Devos and others 1992;
Zucker and others 1992; Iwata and others 1996). One canine
IFN-l has been identified (Yang and others 2013) while its
function remains unclear.

Here, phylogenetic analyses of type III IFNs indicated
that canine IFN-l is IFN-l1. Canine IFN-a7 and canine
IFN-l were cloned and expressed in Escherichia coli. Re-
combinant canine IFN-l (rCaIFN-l) displayed both antivi-
ral activity and antiproliferation activity. In addition,
rCaIFN-l induced increased expression of IFN-stimulated
genes (ISGs) than the control. Additionally, rCaIFN-l ac-
tivated the JAK-STAT pathway. These results indicate that
CaIFN-l behaves like its homologs in other species and has
the potential to be developed as a novel protein pharma-
ceutical.

Materials and Methods

Virus stocks and cells

The New Jersey serotype of Vesicular stomatitis virus
(VSV) and the canine parvovirus were propagated in the

Madin-Darby bovine kidney (MDBK) cell line (ATCC
CCL-22). The influenza viruses A/WSN/33(H1N1) (H1N1-
WSN), A/PR8/34(H1N1) (H1N1-PR8), and A/California/
04/2009(H1N1) (H1N1-CA04) were propagated in 10-day-
old SPF chicken embryonated eggs. The MDBK, MDCK
(ATCC CCL-34), A72 canine tumor, and human amnion
WISH (ATCC CCL-25) cell lines were cultured in Dul-
becco’s modified Eagle’s medium (DMEM; GIBICO) sup-
plemented with 10% heat-inactivated fetal bovine serum
(FBS; GIBICO).

Phylogenetic analyses of canine IFN-k

To intensively study canine IFN-l, 23 IFN sequences
(Table 1) from 10 species acquired from NCBI (www
.ncbi.nlm.nih.gov/) were used to perform an alignment using
ClustalW (EBI, www.ebi.ac.uk/clustalw) (Thompson and
others 2002). A phylogenetic tree of the newly discovered
canine IFN-l sequences and other publicly available rep-
resentative IFN sequences was constructed using the MAGA
program (version 5.0) and neighbor-joining analysis with
the following parameters: method = NJ, substitution model =
Poisson correction method, and 1000 bootstrap replicates
(Tamura and others 2011).

Construction of recombinant expression plasmids

The construction of recombinant expression plasmids for
CaIFNs and the extracellular domain of CaIFN-lR1 (CaIFN-
lR1-EC) was performed as previously described (Yang and
others 2013) based on the gene sequences of rCaIFN-l
(ATCC: KC754970.1), CaIFN-a7 (ATCC:AB125936.1),
and CaIFN-lR1 (ATCC: XM_850017.3). The CaIFN-lR1-
EC sequence was compared and selected according to the
known extracellular domain of HuIFN-lR1. Briefly, PCR
products encoding the mature CaIFNs and CaIFN-lR1-EC

Table 1. Query Sequences Used

for the Phylogenetic Analyses

Species Gene Accession No.

Canine IFN-a5 NM_001006647.1
Canine IFN-a6 NM_001007128.1
Canine IFN-a7 NM_001006654.1
Canine IFN-a8 NM_001007130.1
Canine IFN-b1 NM_001135787.1
Canine IFN-e KC527684.1
Canine IFN-k KC754971.1
Canine IFN-g NM_001003174.1
Canine IFN-l KC754970.1
Chicken IFN-l3 NM_001128496.1
Human IFN-l1 NM_172140.1
Human IFN-l2 NM_172138.1
Human IFN-l3 NM_172139.2
Machin IFN-l4 KC525948.1
Murine IFN-l2 NM_001024673.2
Murine IFN-l3 NM_177396.1
Swine IFN-l1 NM_001142837.1
Swine IFN-l3 NM_001166490.1
Baboon IFN-l4 KC525947.1
Chimpanzee IFN-l4 NM_001276259.1
Bat IFN-l1 HQ201956.1
Bat IFN-l2 HQ201955.1
Silurana IFN-l3 NM_001171766.1
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protein were cloned into the pET21a vector (Novagen) to
generate the recombinant plasmids pET21a/CaIFNs and
pET21a/CaIFN-lR1-EC; sequences were verified by se-
quencing. In addition, a termination codon was added ahead
of the 6-His sequence in pET21a/CaIFN-lR1-EC to gener-
ate CaIFN-lR1-EC protein without a 6-His tag, while
CaIFNs had a 6-His tag.

Expression and purification of rCaIFN-k,
CaIFN-a7, and CaIFN-kR1-EC

Protein expression and purification was performed as
previously described (Yang and others 2013). Briefly, the
recombinant plasmids were transformed into E. coli strain
BL21 (DE3). Cells were grown in LB medium, and re-
combinant protein expression was induced with IPTG. The
cells were collected by centrifugation, and the precipitation
was disrupted by ultrasonication. The CaIFNs and CaIFN-
lR1-EC purifications were performed using nickel-chelating
Sepharose (GE Healthcare) and cation-exchange columns
(GE Life), respectively. Then, all of the purified proteins
were fractionated by gel filtration on a Superdex-200 col-
umn (GE Healthcare) according to the supplier’s instruc-
tions. The purity of the proteins was analyzed by 12%
SDS-PAGE, and their concentrations were assessed using a
BCA protein assay kit (CW Bio) according to the supplier’s
instructions.

ELISA for the binding of rCaIFN-k to CaIFN-kR1-EC

To analyze the binding activity of rCaIFN-l to CaIFN-
lR1-EC, ELISAs were performed as previously described
(Xue and others 2010). Briefly, 1mg rCaIFN-l was added to
wells that had been coated with rCaIFN-lR1-EC protein
(500 ng/well) overnight at 4�C and then incubated at 37�C
for 1 h, and washed with PBST (0.2% Tween) 6 times. The
wells were then incubated with rabbit anti-His-tag antibody
at 37�C for 1 h and washed 4 times. HRP-labeled secondary
antibody (1:10,000) was added for 1 h at 37�C and washed 4
times. The color was developed using a mixture of TMB
(tetramethylbenzidine) and H2O2, and the reaction was
stopped using 50 mL 1 M H2SO4. Absorbance values were
measured in an ELISA plate reader at 450 nm. The rCaIFN-
a7 protein and BSA were used as control. All experiments
were performed in triplicate.

Antiviral activities assay of rCaIFN-k in vitro

The antiviral activities of rCaIFN-l and rCaIFN-a7 were
determined via the cytopathic effect (CPE) inhibition
method based on the VSV/MDCK, VSV/MDBK, VSV/
WISH, CPV/MDCK, and WSN/MDCK systems according
to previously described protocols (Armstrong 1971; Taira
and others 2005). Briefly, cells were cultured in 96-well
plates until they reached monolayer status at 37�C in humid
air with 5% CO2. Then, the cells were washed and stimu-
lated with 100mL of 4 fold serial dilutions of rCaIFN-l for
12 h, and the cells were then challenged with 100 TCID50

viruses per well and cultured until the CPE of virus-infected
cells without rCaIFN-l treatment appeared. Cultures were
stained with crystal violet. The rCaIFNs titers (U/mg) are
expressed as the reciprocal of the dilutions that led to 50%
virus-induced cell lysis by the Reed–Muench method.

Antiproliferation activity assay of rCaIFN-k
in canine cell lines

The antiproliferation activity of rCaIFN-l and rCaIFN-a7
in the MDCK and A72 cell lines was measured as previ-
ously described (Loveland and others 1992; Tsang and
others 2007). Briefly, MDCK and A72 cells were cultured in
96-well plates with DMEM containing 10% bovine serum at
37�C in humid air with 5% CO2 until the cells reached
monolayer status. A dilution series of rCaIFN-l was then
added to the cells, which were incubated for 72 h. Then,
20 mL (5 mg/mL) MTT solution was added to each well and
mixed gently. The cells were further incubated for 4 h, and
DMSO was added to each well to elute the dye after the
media was removed by aspiration. The color intensity at
490 nm was measured using an ELISA plate reader. The
data were reported as the percentage of growth, which was
calculated as (OD of sample/OD of mock) · 100%.

JAK-STAT pathway activation by rCaIFN-k

The ability of rCaIFN-l and rCaIFN-a7 to activate the
JAK-STAT signal pathway was measured by the IFN-
stimulated response element (ISRE)-luciferase assay, as pre-
viously described with some modifications (Schindler and
Darnell 1995; Zhao and others 2012). Briefly, the MDCK
cells were cultured in 24-well plates with DMEM containing
10% bovine serum at 37�C in humid air with 5% CO2 until
the cells reached monolayer status. Then, the cells were
transfected with 250 ng of ISRE-luc plasmids containing
50 ng of the reference Renilla luciferase reporter vector
pRL-TK (Promega) using Lipofectamine 2000 (Invitrogen).
Following incubation at 37�C for 24 h, 10U rCaIFN-l (the
antiviral units of rCaIFN were determined according to the
anti-VSV activity at 12 h post-IFN treatment) was added to
each well and gently mixed prior to incubation for 6 h. Then,
the cells were lysed in Reporter Lysis Buffer (Promega), and
luciferase activity was measured. All tests were performed in
triplicate. The results are reported as the relative luciferase
activity presented as the ratio of the firefly luciferase activity
to the renilla luciferase activity.

Real-time quantitative PCR assay of virus-induced
rCaIFNs and rCaIFNs-induced ISGs in MDCK cells

A real-time quantitative PCR assay was used to quantify
the expression levels of CaIFN-l and CaIFN-a7 induced by
virus at different time points. Briefly, MDCK cells were
infected with VSV, H1N1-WSN strain, H1N1-PR8 strain, or
H1N1-CA04 strain at 0.01 m.o.i. in 12-well plates, and the
cell cultures were collected at 2, 4, 8, and 12 h after infec-
tion for RNA isolation. To evaluate the mRNA levels of
chosen ISGs at different time points after rCaIFNs treat-
ment, MDCK cells were treated with 100 U/mL rCaIFN-l
and rCaIFN-a7 for the indicated durations. The antiviral
units of rCaIFN-l and rCaIFN-a7 were determined ac-
cording to the anti-VSV activity at 12 h post-IFN treatment.
Cell samples were collected at 2, 4, 8, 12, and 24 h post
rCaIFNs treatment for RNA extraction. Untreated MDCK
cells were collected at 0 h as a calibrator to evaluate the
mRNA levels of rCaIFNs and the chosen ISGs. b-actin was
used as a housekeeping gene for sample normalization.

Total RNA was extracted from the MDCK cells with
anRNA isolation kit (Qiagen) following the manufacturer’s
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instructions. qRT-PCR was performed using an ABI-Prism
65H0 sequence detection system and SYBR green PCR master
mix (Newpep), as previously described (Qu and others 2013).
Samples were analyzed in triplicate. Levels of mRNA were
calculated using the 2–DDCt method, which expresses mRNA in
treated cells relative to mock-infected cells after normalizing
to b-actin. The primers for qRT-PCR are listed in Table 2.

Results

Phylogenetic analysis shows that CaIFN-k
is related to IFN-k1

To gain insight into the canine IFN-l, BLASTn was
performed using the IFN-l sequences from different species
in GenBank, and a phylogenetic tree was constructed using
the MAGA program and neighbor-joining analysis method
based on the DNA sequences. The nucleic acid sequence
analysis revealed that the newly found CaIFN-l had high
similarity to swine IFN-l1 (SwIFN-l1), human IFN-l1
(HuIFN-l1), and bat IFN-l1 (BaIFN-l1), the sequence
identity values were 82.7%, 80.5%, and 75.9% respectively.
The amino acid sequence analysis results showed that
CaIFN-l also has high identity to SwIFN-l1, HuIFN-l1,
and BaIFN-l1, the values were 77.4%, 73.2%, and 70%
respectively (Table 3). The CaIFN-l, SwIFN-l1, BaIFN-l1,
and HuIFN-l1 genes formed a phylogenetic cluster, and the
CaIFN-l gene displayed the highest similarity to SwIFN-l1
in the model tree (Fig. 1).

Expression and purification of CaIFNs
and CaIFN-kR1-EC in E. coli and rCaIFN-k
binds to CaIFN-kR1-EC in vitro

The expression and purification of rCaIFNs and CaIFN-
lR1-EC were performed as described previously (Yang and
others 2013). The purity of the rCaIFNs and CaIFN-lR1-EC
protein was *98% as judged by SDS-PAGE assessment
(Fig. 2A, B). The rCaIFN-a7, rCaIFN-l, and CaIFN-lR1-
EC proteins also migrated at their expected sizes: *20, 20,
and 24 kDa, respectively.

ELISAs were used to evaluate the binding activity of
rCaIFN-l to rCaIFN-lR1-EC. The extra cellular domain of
the CaIFN-lR1 protein was expressed in E. coli strain BL21
(DE3), and then excess purified CaIFN-lR1-EC was used to
coat the wells of a plate for ELISAs. We found that the

signal intensity was directly proportional to the concentra-
tion of rCaIFN-l protein added to the wells, indicating that
rCaIFN-l bound to CaIFN-lR1-EC (Fig. 2C).

rCaIFN-k has a wide range of antiviral activity

The purified rCaIFN-l protein produced in E. coli was
tested via the CPE inhibition assay using VSV/MDCK,
VSV/MDBK, VSV/WISH, CPV/MDCK, and H1N1-WSN
strain/MDCK systems. The rCaIFN-l protein demonstrated
unequal biological activities in different systems, such as
higher antiviral activity in the VSV/MDCK and VSV/MDBK
systems than other systems. The antiviral activity of rCaIFN-l
was more effective than rCaIFN-a7 on the CPV/MDCK
and H1N1-WSN strain/MDCK systems but less active than
rCaIFN-a7 on the VSV/MDCK and VSV/MDBK systems
(Table 4).

Assessment of antiproliferation activity
on MDCK and A72 cell lines in vitro

The proliferation inhibition activities of rCaIFN-l and
rCaIFN-a7 were tested on the MDCK and A72 cell lines. As
shown in Fig. 3, cell growth was inhibited by 50% when
*600 pg/mL rCaIFN-l or 220 pg/mL rCaIFN-a7 was added
to A72 malignant tumor cells. For MDCK cells, *20,000 pg/
mL rCaIFN-l and 4500 pg/mL rCaIFN-a7 resulted in 50%
cell growth inhibition, respectively. Both rCaIFN-l and
rCaIFN-a7 displayed significant proliferation inhibition ac-
tivities in a dose-dependent manner, but the antiproliferation
activity of rCaIFN-l was lower than that of rCaIFN-a7 on
both MDCK and A72 cell lines.

rCaIFN-k activates the JAK-STAT
signaling pathway

To determine whether rCaIFN-l could activate the JAK-
STAT pathway, rCaIFN-l was incubated with MDCK cells
transfected with ISRE-luc plasmids. Luciferase fluorescence
was then determined using a luminometer. Comparing to
the untreated group, the expression of luciferase were sig-
nificantly induced in the rCaIFN-l-treated and rCaIFN-a7-
treated groups (Fig. 4), indicating that both rCaIFN-l and
rCaIFN-a7 activate the JAK-STAT signaling pathway in vitro.
The potency of rCaIFN-a7 activation was *2 fold greater
than that of rCaIFN-l.

Table 2. Primer Sequence Used in This Study

Gene Primer name Sequence 5¢-3¢

OAS OAS-forward TTCACATCATCTCCACTT
OAS-reverse ACCCTTGACAACTTTAGA

ISG15 ISG15-forward TCTGTGCCCCTGGAGGACTTGA
ISG15-reverse TGCTGCTTCAGCTCTGATGCCA

Mx1 Mx1-forward GAATCCTGTACCCAATCATGTG
Mx1-reverse TACCTTCTCCTCATATTGGCT

b-actin b-actin-forward CGAGACATTCAACACCCCAAC
b-actin-reverse AGCCAGGTCCAGACGCAAG

CaIFN-l CaIFN-l-forward GTTCCAGTCTCTGTCACC
CaIFN-l-reverse CCAGTTCTTCCAGGAGAG

CaIFN-a7 CaIFN-a7-forward GAGATGGTCCGAGCAGAA
CaIFN-a7-reverse TCATTCCTTCCTCCTGATTCT
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CaIFN-k expression can be induced
in MDCK cells by several viruses

IFNs are produced in response to viral infection and in-
duce an antiviral state in virtually all cell types. To deter-
mine whether CaIFN-l is induced by viral infection in
MDCK cells, real-time qPCR was used to measure CaIFN-l
mRNA expression. The relative mRNA production of
CaIFN-l and CaIFN-a7 were compared, and the results
demonstrated that the expression of both CaIFN-l and
CaIFN-a7 was induced by VSV, H1N1-WSN strain, H1N1-
PR8 strain, and H1N1-CA04 strain (Fig. 5).

In VSV-infected cells, CaIFN-l and CaIFN-a7 were in-
duced to a higher level with rapid kinetics compared with
that in influenza virus-infected cells. Both the CaIFN-l and
CaIFN-a7 expression induced by VSV reached a peak at
12 h p.i. In addition, the expression of CaIFN-l was less
than that of CaIFN-a7 (Fig. 5A). In all 3 influenza virus-
infected groups, the expression of CaIFN-l and CaIFN-a7
behaved differently from that of VSV-infected cells. The
results of the influenza virus-infected groups indicated that
expression of CaIFN-l and CaIFN-a7 reached peak at dif-
ferent time points after infection by H1N1-WSN strain,
H1N1-PR8 strain, and H1N1-CA04 strain, that is, 2, 12, and
4–8 h p.i., respectively (Fig. 5B, D). Furthermore, the ex-
pression of CaIFN-l in the H1N1-WSN strain-infected and
H1N1-CA04 strain-infected groups was higher than the
expression of CaIFN-a7, while their expression levels were
comparable in the H1N1-PR8 strain-infected group (Fig.
5C). The different expression behaviors of CaIFN-l and
CaIFN-a7 in the influenza virus-infected groups may be
related to the different pathogenicity of these 3 influenza
viruses.

rCaIFN-k induces the expression of ISGs
in MDCK cells

To elucidate the effect of CaIFN-l on the expression of
ISGs, we used real-time qPCR to measure the mRNA ex-
pression of ISG15, Mx, and OAS in MDCK cells following
a 12 h treatment with recombinant CaIFNs. ISG15 is an

FIG. 1. Phylogenetic tree analysis of several IFNs in ca-
nine and other species. The newly identified CaIFN-l was
labeled with black triangle. The phylogenetic tree was
generated with the MAGA program (version 5.0) using the
neighbor-joining method.

FIG. 2. SDS-PAGE analysis of purified rCaIFNs ex-
pressed in Escherichia coli. BL21(DE3) and the binding
activity of rCaIFN-l to rCaIFN-lR1-EC in vitro according
to ELISA assay. Lane M, molecular weight markers in kDa;
lane 1 (A), lane 2 (A), lane 1 (B) represent purified rCaIFN-
l, rCaIFN-a7, and rCaIFN-lR1-EC respectively. The
rCaIFN-l was added in the wells coated with rCaIFN-lR1-
EC, then the rabbit anti-His-tag antibody was added to
detect the rCaIFN-l (6 his-tag) that binding to rCaIFN-lR1-
EC (C). Data are mean (n = 3) – SEM.

Table 4. Antiviral Activities of rCaIFN-l
and rCaIFN-a on Different Systems

Antiviral activity ( · 106U/mg) on the cells

CaIFN
VSV/

MDCK
VSV/

MDBK
VSV/
WISH

CPV/
MDCK

WSN/
MDCK

IFN-l 0.55 0.056 < 0.00006 0.035 0.0012
IFN-a 198.10 10.1 < 0.00006 0.012 0.0006

Data are shown as the mean of 3 independent experiments. Data
are mean (n = 3) – SEM.
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ubiquitin-like protein modifier, which is reversibly conju-
gated to different viral and cellular proteins, mediating
considerable antiviral responses (Yanguez and others 2013).
2¢,5¢-OAS is also an important antiviral protein responsible
for the IFN antiviral effect. We found that the ISG15 and
2¢,5¢-OAS mRNA levels stably increased during both rCaIFN-l
and rCaIFN-a7 treatments (Fig. 6A), reaching a peak at 12 h
p.i. and then sharply declining at 24 h p.i. Comparing the
rCaIFN-l and rCaIFN-a7-treated groups, we found that the
ISG15 and 2¢,5¢-OAS mRNA levels induced by rCaIFN-a7
were greater than those induced by rCaIFN-l.

Mx1 protein was selected as an indicator induced by
CaIFNs. Mx proteins are IFN-induced members of the dy-
namin superfamily of large GTPases, and both type I (a/b)
and type III (l) IFNs can induce the expression of Mx pro-
teins. These proteins can inhibit a wide range of viruses by
blocking an early stage of the replication cycle (Haller and
others 2007). Some studies show that Mx1 protein can also
inhibit the replication of influenza virus in mice (Staeheli and
others 1986; Arnheiter and others 1996). Here, we found that
the Mx mRNA level stably increased during treatment from 2

to12 h p.i. in both groups, followed by a sharp decline at 24 h
p.i. (Fig. 6B). In contrast to the expression behavior of ISG15
and 2¢5¢-OAS, the Mx1 mRNA level induced by rCaIFN-l
was higher than that induced by rCaIFN-a7. As Mx1 protein
can inhibit the replication of influenza virus, these results
indicate that CaIFN-l may inhibit H1N1-WSN strain repli-
cation better than CaIFN-a7 in MDCK cells.

Discussion

IFNs are defined by their ability to induce resistance to
viral infection. Although all types of IFNs stimulate innate
and adaptive immune mechanisms that contribute to the
clearance of viral infections, only type I and type III IFNs
are directly produced in response to viral infections. Type
III IFNs, which include IFN-l1, 2, and 3, were first dis-
covered in 2002/2003 and mediate antiviral responses sim-
ilar to Type I IFNs via a distinct receptor complex. IFN-l1
is more effective than the other 2 family members. In ca-
nines, 3 type-III IFN family genes were predicated using a
combination of protein sequence and genomics-based
methods (Fox and others 2009), one of the dog IFN-l genes
is located on chromosome 24 and has a single predicted
exon; the other 2 are multi-exon genes that are neighbors of
unknown distance and orientation on chromosome 1.
However, only one IFN-l genes located on chromosome 24
is obtained in MDCK cells using RT-PCR method in our
study and it has been confirmed that the single-exon gene
produces a protein (Yang and others 2013), and the other 2
multi-exon genes might not transcript in MDCK cells or
might be pseudogenes. However, the exact function of the
canine typeIII IFN is still unclear. In this study, we provide
the first detailed report of the functional characteristics of
the newly found CaIFN-l protein.

Our nucleic acid and amino acids sequence analysis re-
vealed that the newly found CaIFN-l has high homology to
swine IFN-l1 (SwIFN-l1), human IFN-l1(HuIFN-l1), and
bat IFN-l1(BaIFN-l1), indicating that CaIFN-l is CaIFN-l1.
In addition, a previous study confirmed that the CaIFN-l gene
is located on chromosome 24 of the canine genome (Yang
and others 2013), which is consistent with the predicted
results that there are 3 IFN-ls in canines and that CaIFN-l1 is
located on chromosome 24 (Fox and others 2009). Thus, the
newly found CaIFN-l is homologous to IFN-l1.

The binding of IFNs to their receptors is the first step to
initiate the signal transduction to achieve antiviral action.
Here, we determined whether rCaIFN-l interacted with
rCaIFN-lR1-EC protein using ELISAs. The results showed
that rCaIFN-l bound to recombinant CaIFN-lR1-EC pro-
tein with high affinity.

To explore the antiviral potency of CaIFN-l, we systemat-
ically analyzed its antiviral activities in different cells and
against different viruses. The results showed that there are some
differences in antiviral activity against various viruses between
rCaIFN-l and rCaIFN-a7. For instance, rCaIFN-a7 was more
active against VSV, but rCaIFN-l was more active against
CPV and influenza virus (H1N1-WSN strain). These results
suggest different functions for these IFNs in vivo, which may
be related to the different distributions of their receptors.

Type I IFNs are considered to execute their antiproliferative
function via cell-cycle arrest and/or by inducing apoptosis. To
explore whether CaIFN-l inhibited proliferation, the MDCK
and A72 (tumor cell) lines were selected. CaIFN-l exhibited an

FIG. 4. Luciferase reporter assay. Relative luciferase ac-
tivity is presented as the ratio of the reporter plasmid and the
reference Renilla luciferase reporter plasmid. Data are mean
(n = 3) – SEM.

FIG. 3. Comparison of the antiproliferation activity in 2
canine cell lines between rCaIFN-l and rCaIFN-a7 pro-
duced in E. coli. BL21(DE3). Data are mean (n = 3) – SEM.
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antiproliferation function in a dose-dependent manner, and the
inhibitory effects of CaIFN-lon tumor cells were better than on
MDCK cells, indicating that CaIFN-l has the potential of to be
an antitumor drug.

Previous studies demonstrate that IFN-l is preferentially
induced by intranasal influenza A virus infection and is the
predominant IFN induced by influenza A virus infection
in vivo ( Jewell and others 2010). In the experiments de-
scribed herein, we examined the mRNA level of CaIFN-l in
influenza virus- and VSV-infected cells using real-time
qPCR. We found that the expression of CaIFN-l is higher
than that of CaIFN-a7 in both the H1N1-WSN strain- and
H1N1-CA04 strain-infected groups, while the expression of
CaIFN-l and CaIFN-a7 were comparable in the H1N1-PR8
strain-infected group. Perhaps the best interpretation of
these results is that IFN-l plays a more important role than
CaIFN-a7 in anti-influenza A virus infection.

HuIFN-ls signals through an IFN-lR1 and IL-10R2 re-
ceptor complex to induce a subset of type I-associated genes
(Kotenko and others 2003; Dumoutier and others 2004),
which explains some of their type I IFN-like properties. To
explore whether CaIFN-l had type I IFN-like properties in

MDCK cells, the expression levels of 3 ISGs were measured.
Like IFN-ls in other species, CaIFN-l induced the expres-
sion of ISG15, Mx1, and 2¢,5¢-OAS in MDCK cells. How-
ever, CaIFN-l clearly contrasted with type I IFNs. We found
that the ISG15 and 2¢,5¢-OAS mRNA levels induced by
rCaIFN-a7 were greater than those induced by rCaIFN-l, but
the Mx1 levels displayed the opposite response. Previous
results show that Mx1 protein can inhibit the replication of
influenza virus in mice (Staeheli and others 1986; Arnheiter
and others 1996); so the higher expression of Mx1 induced by
rCaIFN-l might endow IFN-l with better antiviral activity.

Overall, these results indicate that CaIFN-l is an important
mediator of the antiviral and antitumor response. These data
also suggest a potential therapeutic role for type III IFNs.
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