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AbSTRACT. Interleukin 18 (IL-18) plays an important role in the T-helper-cell type 1 immune response against intracellular parasites, bacteria 
and viral infections. It has been widely used as an adjuvant for vaccines and as an anticancer agent. However, IL-18 protein lacks a typical 
signal sequence and requires cleavage into its mature active form by caspase 1. In this study, we constructed mammalian expression vectors 
carrying cDNA encoding mature canine IL-18 (cIL-18) or mouse IL-18 (mIL-18) fused to the human IL-2 (hIL-2) signal sequence. The 
expressed proIL-18 proteins were processed to their mature forms in the cells. The supernatants of cells transfected with these plasmids 
induced high interferon-γ production in canine peripheral blood mononuclear cells or mouse splenocytes, respectively, indicating the secre-
tion of bioactive IL-18. Using reverse genetics, we also generated a recombinant canine distemper virus that expresses cIL-18 or mIL-18 
fused to the hIL-2 signal sequence. As expected, both recombinant viruses produced mature IL-18 in the infected cells, which secreted 
bioactive IL-18. These results indicate that the signal sequence from hIL-2 is suitable for the secretion of mature IL-18. These recombinant 
viruses can also potentially be used as immunoadjuvants and agents for anticancer therapies in vivo.
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Canine distemper virus (CDV) is an enveloped, negative-
sense, single-stranded RNA virus of the genus Morbillivirus 
in the family Paramyxoviridae, which causes a highly conta-
gious and fatal multisystemic infection in domestic and wild 
carnivores [26]. CDV has ideal features for a live vaccine, 
because it not only induces an innate immune response, but 
also induces an adaptive immune response, which elicits 
life-long immunity in animals. In the 1950s, live attenuated 
CDV vaccines were introduced to prevent and reduce the 
incidence of canine distemper (CD) in susceptible animals. 
However, severe clinical CD outbreaks in immunized dogs 
have recently been documented [4, 16, 21]. Therefore, it is 
very important to improve the effects of the current vaccine. 
The production of highly neutralizing antibodies has always 
been used as a substitute marker to evaluate the immunoge-
nicity and protective capacity of CDV vaccines, however, the 
induction of cell-mediated immunity has also been shown to 
be important for successful vaccination [1, 11, 15, 31].

IFN-γ is an important activator of macrophages and is 
critical for innate and adaptive immunity against viral and 
intracellular bacterial infections and for tumor control. 
IFN-γ is produced by NK cells and by natural killer T cells, 

CD4+ Th1 cells and CD8+ cytotoxic T lymphocytes, once 
antigen-specific immunity develops [33]. IL-12 and IL-18 
are potent activators of IFN-γ production in NK and T cells 
and promote the development of T-helper type 1 responses 
[8, 39]. IL-12 has been extensively tested for its adjuvant 
activity. Increasing the dose of recombinant human IL-12 in 
a human cytomegalovirus (CMV) vaccine increased the anti-
CMV gB IgG titer and CMV-specific CD4+ T-cell prolifera-
tion [17]. DNA expressing IL-12 has also been shown to be 
an effective adjuvant for the simian immunodeficiency virus 
gag pDNA vaccine in rhesus macaques [32]. However, IL-12 
is encoded by 2 separate genes, IL12A(p35) and IL12B(p40), 
requiring it to be cloned and expressed as 2 separate subunits 
in an in vitro study. It has been reported that IL-18 can also 
augment the IFN-γ-inducing capacity and antitumor activity 
independently of IL-12 [12]. To date, IL-18 has been used 
as a vaccine adjuvant and enhanced vaccine efficiency in 
mouse, cats, pigs and other mammals [20, 25, 28].

IL-18 is synthesized as a biologically inactive precursor 
protein (proIL-18, 22 kDa) by cells of the immune system 
and other types of cells [12]. ProIL-18 lacks a typical signal 
sequence for secretion [27] and is processed into its mature 
active form (mature IL-18, 18 kDa) by caspase-1 cleavage. 
Without the caspase-1 cleavage process, the mature IL-18 
protein cannot be efficiently secreted across the cell mem-
brane. Several reports have indicated that the addition of 
a signal sequence derived from various secreted proteins 
enhances the extracellular secretion of bioactive IL-18 [14, 
24, 29]. It has been reported that the fusion of the canine 
IL12-p40 signal sequence (cIL-12p40ss) to mature canine 
IL-18 (cIL-18) enhanced the secretion efficiency of bioac-
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tive IL-18 [37].
In the present study, we compared the secretion efficiency 

of signal sequence for bioactive cIL-18. We also generated 
a recombinant CDV (rCDV) expressing mature IL-18 as a 
new potential candidate vaccine adjuvant or anticancer re-
agent [34]. Interestingly, a recent study demonstrated that 
rCDV expressing rabies virus (RAbV) G protein (RV-G) 
protected both dogs and mice against RAbV challenge [39], 
even though mice are not a susceptible natural host of CDV. 
Therefore, we also tested mouse IL-18 in a similar manner.

MATERIALS AND METHODS

Cells and viruses: b95a (marmoset lymphoblastoid) 
cells [19] were maintained in RPMI 1640 medium (Gibco, 
Carlsbad, CA, U.S.A.), and HEK293 and 293T cells were 
cultured in Dulbecco’s modified Eagle’s medium (Sigma, St. 
Louis, MO, U.S.A.) supplemented with 5% FCS (Sigma), 
100 U/ml penicillin G and 100 µg/ml streptomycin (Invi-
trogen, Carlsbd, CA, U.S.A.). The Yanaka strain of CDV 
[10] and the rCDVs were cultured with b95a cells in RPMI 
1640 medium supplemented with 2% FCS. Canine PbMCs 
were isolated with Ficoll–Paque Plus (GE Healthcare, Am-
ersham, U.K.), according to the manufacturer’s instructions, 
from freshly drawn venous blood anticoagulated with 0.2 M 
EDTA, and maintained in RPMI 1640 medium supplement-
ed with 10% FCS. Mouse spleen cells were prepared with a 
standard method and were cultured in RPMI 1640 medium 
supplemented with 10% FCS.

Mammalian expression plasmids: Canine PbMCs and 
mouse splenocytes were lysed with Isogen reagent (Nippon 
Gene, Tokyo, Japan) for RNA extraction, and the total RNAs 
isolated were reverse transcribed with SuperScript II Re-
verse Transcriptase (Invitrogen) and a random 6-mer primer. 
To construct a mammalian expression plasmid encoding the 
entire cIL-18, the full-length cIL-18 cDNA was amplified by 

PCR using canine PbMC cDNA, LA-Taq DNA polymerase 
(TaKaRa, Otsu, Japan) and a primer pair with SacI restric-
tion sites (SacI-cIL18 F and SacI-cIL18 R, Table 1). This 
was then inserted into the pCAGGS mammalian expression 
vector to generate pCAG–cIL18. To construct a mammalian 
expression plasmid encoding mature cIL-18 fused to the 
cIL12-p40 signal sequence, the cIL12-p40 cDNA was am-
plified by PCR from canine PBMC cDNA with a primer pair 
with AflII and KpnI restriction sites (AflII-cIL12p40 F and 
KpnI-cIL12p40 R, Table 1) and inserted into the pCAGGS 
vector, generating pCAG–cIL12p40. The cDNA of mature 
cIL-18, encoding amino acids 37–193, was amplified by 
PCR using a primer pair with NdeI and KpnI restriction 
sites (NdeI-mature-cIL18F and KpnI-mature-cIL18R, Table 
1). pCAG–cIL12p40 was digested with NdeI immediately 
downstream from the cIL12-p40 signal sequence, and with 
KpnI, and then introduced the mature cIL-18 cDNA digested 
with NdeI and KpnI, generating pCAG–cIL12ss–cIL18. 
To construct a mammalian expression plasmid encoding 
mature cIL-18 or mIL-18 fused to the human IL-2 signal 
sequence, cDNA encoding mature cIL-18 or mature mIL-18 
(amino acids 36–192) was amplified by PCR using primer 
pairs with NcoI and BglII restriction sites: for cIL-18, NcoI-
mature-cIL18 F and BglII-mature-cIL18 R; for mIL-18, 
NcoI-mature-mIL18 F and BglII-mature-mIL18 R (Table 1). 
The cDNAs were digested with NcoI and BglII and inserted 
into the restriction sites in the eukaryotic expression vector 
pFuse–hIgG2–Fc2 (InvivoGen, San Diego, CA, U.S.A.), 
which contains the hIL-2 signal sequence for the secretion of 
fused proteins, generating pFuse–hIL2ss–cIL18 and pFuse–
hIL2ss–mIL18.

Generation of rabbit polyclonal antibody against cIL-18: 
The cDNA of cIL-18 was cloned into pET42 (b) E. coli 
expression vector (Novagen, Darmstadt, Germany) in frame 
with C-terminal of glutathione-s-transferase (GST) (pET42-
cIL18). A 1-liter culture of E. coli (bL21 strain) transformed 

Table 1. Primers used for PCR amplification

Name Primer sequences
SacI-cIL18 F 5′-GAGCTCATGGCTGCTAACCTAATAGAAG-3
SacI-cIL18 R 5′-GAGCTCATAGAACGGTTGGTCGGATG-3′
AflII-cIL12p40 F 5′-CCTTAAGATGCATCCTCAGCAGTTGGTCATCTCC-3′
KpnI-cIL12p40 R 5′-GGGTACCCTAACTGCAGGACACAGATGCCCAGTC-3′
NdeI-mature-cIL18 F 5′-GCATATGGTACTTTGGCAAGCTTGAACCTAAAC-3′
KpnI-mature-cIL18 R 5′-GGTACCCTAGCTCTTGTTTTGAACAGTGAAC-3′
NcoI-mature-cIL18 F 5′-CCATGGCCTACTTTGGCAAGCTTGAACCTAAAC-3′
BglII-mature-cIL18 R 5′-AGATCTCTAGCTCTTGTTTTGAACAGTGAAC-3′
NcoI-mature-mIL18 F 5′-ATAGCCATGGCTAACTTTGGCCGACTTCAC-3′
BglII-mature-mIL18 R 5′-GGGGAGATCTCTAACTTTGATGTAAGTTAGTG-3′
FseI-cIL18-CDV F 5′-GGCCGGCCaaactcattataaaaaacttagggctcaggtagtccaacaATGGCTGCTAACCTAATAGAAG-3′
FseI-cIL18-CDV R 5′-GGCCGGCCTCTACTAGCTCTTGTTTTGAACAGTG-3′
FseI-hIL2ss-CDV F 5′-GGCCGGCCTCTaaactcattataaaaaacttagggctcaggtagtccaacaATGTACAGGATGCAACTCCT-3′
FseI-hIL2ss-cIL18-CDV R 5′-GGCCGGCCCTAGCTCTTGTTTTGAACAGTGAAC-3′
FseI-hIL2ss-mIL18-CDV R 5′-GGCCGGCCCTAACTTTGATGTAAGTTAGTG-3′
CDV-N F 5′-TGGTTGGTGATCCGAAAATCAACGGACC-3′
CDV-N R 5′-CCCTCCCATGGAGTTTTCAAGTTCAACACC-3′

Restriction sites are underlined. CDV transcription signal unit sequences are described in lowercase letters.
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with pET42-cIL18 was incubated at 37°C. When the optical 
density at 600 nm (OD600) reached 0.4, expression of the 
recombinant protein was induced by the addition of 1 mM 
isopropyl-β-D-thiogalactopyranoside. After a 4-hr incuba-
tion, the E. coli was washed with PbS, suspended with 
sonication buffer (0.5% Triton X-100, 50 mM Tris-HCl [pH 
8.0], 1 mM EDTA and 10 mM dithiothreitol) and sonicated 
with Sonifier450 (Branson, North Olmsted, OH, U.S.A.) 
for 5 min on ice. The lysate was incubated with 0.2 mg/ml 
lysozyme (Wako, Osaka, Japan), 10 µg/ml DNase I (Roche, 
Mannheim, Germany) and 1 mM MgCl2 for 45 min at room 
temperature. The lysate was added with 7 mM EDTA, incu-
bated for 30 min at 37°C and then centrifugation at 12,000 
× g for 20 min. The pellet containing purified inclusion bod-
ies of GST-cIL18 fusion protein (2.5 mg) was mixed with 
complete Freund’s adjuvant (Difco, Sparks, MD, U.S.A.) 
and immunized into rabbit. After 2 weeks, the rabbit was im-
munized with 2.5 mg of GST-cIL18 mixed with incomplete 
Freund’s adjuvant (Difco). After 2 weeks, the serum was col-
lected. The specificity of the antiserum against cIL-18 was 
confirmed by immunoblotting (data not shown).

Immunoblotting: 293T cells were transfected with the 
mammalian expression plasmids using FuGENE®6 Trans-
fection Reagent (Invitrogen), according to the manufac-
turer’s instructions, and each cell lysate was subjected to 

immunoblotting analysis. Briefly, the lysates were separated 
with 12% SDS-PAGE, and the separated proteins were trans-
ferred onto an Immobilon-P membrane (Millipore, billerica, 
MA, U.S.A.). The membrane was blocked with block ACE 
reagent (DS Pharma biomedical, Osaka, Japan) and then in-
cubated with rabbit anti-cIL-18 antibody, rabbit anti-mIL-18 
antibody (Invitrogen) or mouse anti-glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) monoclonal antibody (GE 
Healthcare) overnight at 4°C. The membrane was washed 
3 times with 0.05% Tween-PbS and incubated with a 
1:2,000 dilution of horseradish-peroxidase-conjugated goat 
anti-rabbit immunoglobulin antibody or rabbit anti-mouse 
immunoglobulin antibody (Dako Cytomation, Glostrup, 
Denmark) for 1 hr at 37°C. The immunoreactive bands 
were detected with ECL Prime Western blotting Detection 
Reagent (GE Healthcare). Chemiluminescence was scanned 
with a luminescent image analyzer (LAS-1000UV Minisys-
tem; Fujifilm, Tokyo, Japan).

Recovery of recombinant viruses: To generate rCDV, 
we used reverse genetics to recover the recombinant virus 
previously established in Paramyxovirus [3, 23]. Plasmid 
pCDV containing the full-length cDNA of the RNA genome 
of the CDV Yanaka strain was constructed previously [10]. 
The entire coding region of cIL-18, hIL-2ss–cIL-18 and 
hIL-2ss–mIL-18 was amplified with primer pairs containing 

Fig. 1. Mammalian expression plasmids for canine and mouse IL-18. (A) Schematic 
representation of IL-18 constructs. From top to bottom: full-length sequence of 
canine IL-18, mature canine IL-18 fused to the canine IL-12 signal sequence, 
mature canine IL-18 fused to the human IL-2 signal sequence and mature mouse 
IL-18 fused to the human IL-2 signal sequence were inserted into the pCAGGS 
and pFuse–hIgG2–Fc2 vectors. (b) The expression of IL-18 by transfected 293T 
cells was analyzed with immunoblotting using anti-GAPDH, anti-cIL-18 and 
anti-mIL-18 antibodies. 1. Mock; 2. pCAG–cIL18; 3. pCAG–cIL12ss–cIL18; 4. 
pFuse–hIL2ss–cIL18; 5. pFuse–hIL2ss–mIL18.
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the CDV transcription signal unit and the FseI restriction 
site: for entire cIL-18, FseI-cIL18-CDV F and FseI-cIL18-
CDV R; for hIL-2ss–cIL-18, FseI-hIL2ss-CDV F and 
FseI-hIL2ss-cIL18-CDV R; and for hIL2ss-mIL18, FseI-
hIL2ss-CDV F and FseI-hIL2ss-mIL18-CDV R (Table 1). 
The PCR products were inserted into the FseI site in pCDV. 
The resulting full-genome plasmids were used to generate 
rCDVs with reverse genetics, as previously described [10]. 
In brief, HEK293 cells infected with vaccinia virus encoding 
T7 RNA polymerase were transfected with the full-genome 
plasmid, together with expression plasmids encoding rinder-
pest virus nucleoprotein (N), phosphoprotein (P) and large 
protein (L) (pKS–N, pKS–P and pGEM–L, respectively), 
using FuGENE®6 Transfection Reagent (Invitrogen). Two 
days later, transfected HEK293 cells were overlain with 
b95a cells. Syncytia were observed approximately 10 days 
later. The viruses were harvested, and their titers were de-
termined with the limiting dilution method and expressed as 
the 50% tissue culture infective dose (TCID50). To confirm 
IL-18 mRNA expression, the viral RNAs were extracted 
with Isogen reagent and reverse transcribed. PCR amplifi-
cation was performed using the N gene primers (CDV-N F 
and CDV-N R, Table 1) or the cIL-18 or mIL-18 primers 
described above. Protein expression was confirmed with an 
immunoblotting analysis, as described above, using rabbit 
anti-N antibody [13].

Growth kinetics analysis: Monolayers of b95a cells in a 
24-well plate were infected with virus at a multiplicity of 
infection of 0.01. The infected cells and their supernatants 

were harvested daily, and the titers of the released viruses 
and cell-associated viruses were determined as TCID50 using 
standard methods.

In vitro bioassay for IL-18: Supernatants (100 µl) pre-
pared from 293T cells transfected with the mammalian 
expression plasmids or b95a cells infected with CDVs were 
added to 105 canine PbMCs in 100 µl of culture medium in 
a 96-well plate. After 48 hr, the supernatant from each well 
was examined for canine IFN-γ with an ELISA (Quantikine 
Canine IFN-γ Immunoassay; R&D Systems, Minneapolis, 
MN, U.S.A.), according to the manufacturer’s instructions. 
Alternatively, 50 µl of the supernatant was added to 106 
mouse spleen cells in 50 µl of culture medium. After 48 hr, 
IFN-γ secretion was detected with the Mouse IFN-gamma 
ELISpot Kit (R&D Systems), and the frequency of mouse 
IFN-γ-secreting cells was quantified according to the manu-
facturer’s instructions.

RESULTS

Bioactivity of recombinant IL-18 with different signal se-
quences in mammalian cells: First, we compared the secre-
tion efficiency of the signal sequence with that of mature cIL-
18. 293T cells were transfected with recombinant plasmids 
encoding entire cIL-18 (pCAG–cIL18) or mature cIL-18 
fused to the cIL-12 signal sequence (pCAG–cIL12ss–cIL18) 
or to the human IL-2 signal sequence (pFuse–hIL2ss–cIL18) 
(Fig. 1A). The expression of cIL-18 protein in the cells was 
detected with an immunoblotting analysis. The proIL-18 (22 
kDa) protein was detected in all the transfected cells, whereas 
mature cIL-18 (18 kDa) was detected in the cells transfected 
with pCAG–cIL12ss–cIL18 or pFuse–hIL2ss–cIL18, but 
not in cells transfected with pCAG–cIL18 (Fig. 1b).

To examine the bioactivity of the cIL-18 secreted from the 
transfected cells, the culture supernatant was cocultured with 
canine PBMCs, and the amount of canine IFN-γ produced 
by the PbMCs was measured. The supernatants of the cells 
expressing entire cIL-18 induced little IFN-γ production 
compared with the control, whereas the supernatants of cells 
expressing cIL-12ss–cIL-18 slightly enhanced the induction 
efficiency, as in the previous report [37]. Interestingly, the 
supernatant of cells transfected with pFuse–hIL2ss–cIL18 
induced significant IFN-γ production (Fig. 2A). This result 
suggests that the human IL-2 signal sequence is more ef-
fective for expressing mature IL-18 in vitro than the canine 
IL12-p40 signal sequence. We then used hIL-2ss to express 
bioactive mouse IL-18 (Fig. 1A). We only detected mature 
mIL-18 in the pFuse–hIL2ss–mIL18-transfected cells (Fig. 
1b). The supernatant from cells transfected with this plas-
mid also effectively stimulated mouse spleen cells to secrete 
IFN-γ (Fig. 2B). These results indicate that the human IL-2 
signal sequence is suitable for the secretion of bioactive IL-
18 protein from cells.

Generation of rCDVs expressing canine or mouse IL-
18: To generate rCDVs expressing IL-18, we constructed 
CDV full-genome plasmids containing cDNA encoding the 
entire cIL-18, hIL-2ss–cIL-18 or hIL-2ss–mIL-18 sequence 
(Fig. 3A). The rCDVs were rescued from the plasmids as de-

Fig. 2. Induction of IFN-γ by incubating canine or mouse immune 
cells with the supernatant from transfected cells. (A) The superna-
tant from transfected 293T cells or mock-transfected 293T cells 
was cocultured with canine PbMCs. After 48 hr, the supernatant 
was examined for IFN-γ production with an ELISA. Three inde-
pendent experiments were performed (n=3). (b) The supernatant 
from transfected 293T cells or mock-transfected 293T cells was 
cocultured with mouse spleen cells in a polyvinylidene difluoride 
(PVDF)-backed microplate coated with monoclonal antibody 
specific for mouse IFN-γ in a humidified 37°C incubator for 48 hr. 
The supernatant was examined for IFN-γ production by counting 
the individual blue–black spots under a stereomicroscope. Three 
independent experiments were performed (n=3).
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scribed in the Methods section, and we successfully gener-
ated the rCDVs. The expression of mRNA from the inserted 
gene in each viral genome was confirmed by RT-PCR (Fig. 
3b). To identify the IL-18 proteins expressed by the viruses, 
infected b95a cells were subjected to an immunoblotting 
analysis. Two bands corresponding to proIL-18 and mature 
IL-18 were detected (Fig. 3C), and each sample showed a 
similar band pattern, corresponding to that of the mamma-
lian expression plasmids (Fig. 1b).

We then examined the growth kinetics of the rCDVs. As 
shown in Fig. 4, all the recombinant viruses showed slightly 
higher peaks for cell-associated virus than for released 
virus, and the maximum titers were similar to that of the 

parental Yanaka strain (Fig. 4). These results demonstrate 
that in b95a cells, IL18 inserted into the CDV genome and 
expressed from recombinant viruses had no obvious effect 
on viral replication or growth kinetics.

Bioactivity of IL-18 produced by rCDV: To investigate 
whether the mature IL-18 protein expressed by rCDV 
was bioactive, we harvested the supernatants of the virus-
infected cells and cocultured them with canine PbMCs. The 
supernatant contained infectious CDV released from the 
cells, but the parental CDV induced little IFN-γ production 
in the PbMCs (Fig. 5A) because CDV infection of canine 
PBMCs is inefficient [10]. The supernatant from the rCDV–
cIL18-infected cells induced slight IFN-γ production, and 

Fig. 3. Generation and in vitro characterization of rCDVs expressing mature canine or mouse IL-18 
fused to the human IL-2 signal sequence. (A) Schematic model of the rCDV genome with the FseI 
site introduced between the N and P genes and hIL2ss–IL18 inserted at the FseI site. (b) The resulting 
viruses were harvested and identified by RT-PCR using primers complementary to the CDV-N gene 
and the canine IL-18 or mouse IL-18 gene. (C) Recombinant viruses were identified by immunoblot-
ting analysis. Cell lysates were examined with anti-CDVN, anti-GAPDH, anti-cIL-18 or anti-mIL-18 
antibody. 1: b95a; 2: parental CDV (Yanaka strain); 3: rCDV–cIL18; 4: rCDV–hIL2ss–cIL18; 5: 
rCDV–hIL2ss–mIL18.
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as expected, rCDV–hIL2ss–cIL18 induced significant 
IFN-γ production (Fig. 5A). Similarly, the supernatant from 
rCDV–hIL2ss–mIL18-infected cells also stimulated mouse 
spleen cells and induced IFN-γ production (Fig. 5B). The 

increased IFN-γ expression in PBMCs and splenocytes con-
firmed the biological activity of IL-18 secreted by rCDV–
hIL2ss–cIL18- and rCDV–hIL2ss–mIL18-infected cells.

DISCUSSION

based on its biological activity, IL-18 has been 
widely used as a vaccine adjuvant for infectious diseases 
[5, 6, 12, 18]. Various expression systems and cytokine 
signal peptides have been used to express bioactive IL-18. 
For example, feline IL-18 fused to human immunoglobulin 
κ was constructed as a DNA vaccine adjuvant and enhanced 
the efficacy of a feline leukemia virus DNA vaccine [14]. 
The signal sequence from the human IL-1β receptor antago-
nist protein fused to mature feline or equine IL-18 induced 
IFN-γ production in a KG-1 assay [24]. Porcine IL-18 fused 
to the baculovirus gp67-encoded signal sequence displayed 
bioactivity in a baculovirus system [22]. In the present study, 
we evaluated the utility of the human IL-2 signal sequence 
and demonstrated that it is more efficient than the previously 
reported canine IL12-p40 signal sequence [37] and that it 
can be used to express both canine and mouse IL-18.

The human IL-2 signal sequence contains 21 amino acids 
and shares the common characteristics of the signal peptides 
of other secretory proteins. Intracellular cleavage of the IL-2 
signal peptide occurs after Ser20 and leads to the secretion 
of the antigenic protein. The signal sequences of canine and 
mouse IL-2 also consist of 20 amino acids, whereas the ho-
mology of the canine IL-2 signal sequence with that of the 
human sequence is 80% and that of the mouse IL-2 signal 
sequence is only 60%. Meanwhile, the human IL-2 signal 
sequence derived from the plasmid we used, pFuse–hIgG2–
Fc2, can function in a variety of commonly used mammalian 
cells, from human cells to Chinese hamster cells. Therefore, 
rCDV–hIL2ss–cIL18 and rCDV–hIL2ss–mIL18 can secrete 
functional IL-18 after undergoing the proper processing in 
an appropriate host. The difference in the intracellular pro-

Fig. 4. Kinetics of recombinant viruses in b95a cells. The infected cells and supernatants were har-
vested separately every 24 hr after infection for 7 days. The titers of the viruses released into the 
supernatant (A) and the cell-associated viruses (b) were determined with a TCID50 assay.

Fig. 5. Induction of IFN-γ production in canine or mouse immune 
cells after coculture with supernatant harvested from different 
recombinant-virus-infected b95a cells. (A) b95a cells were in-
fected with parental CDV (Yanaka strain), rCDV–cIL18 or rCDV–
hIL2ss–cIL18 for 48 hr. The supernatants were then harvested and 
cocultured with canine PbMCs for 48 hr. The supernatants were 
examined for IFN-γ production with an ELISA. Three independent 
experiments were performed (n=3). (b) b95a cells were infected 
with parental CDV (Yanaka strain) or rCDV–hIL2ss–mIL18 for 
48 hr. The supernatants from the infected b95a cells or mock-
infected b95a cells were then cocultured with mouse spleen cells 
in a PVDF-backed microplate coated with monoclonal antibody 
specific for mouse IFN-γ in a humidified 37°C incubator for 48 
hr. The supernatants were then examined for IFN-γ production by 
counting the individual blue–black spots under a stereomicroscope. 
Three independent experiments were performed (n=3).
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cessing efficiency of cIL-18 and mIL-18 (Figs. 1B and 3C) 
may be attributable to their respective primary sequences 
immediately downstream from the cleavage site (cIL-18: 
37-YFGKLEPKLS, mIL-18: 36-NFGRLHCTTA). We will 
also examine the secretion efficiencies of cIL-18 and mIL-18 
at protein level using ELISA in the future.

To date, divalent vaccines based on several recombinant 
viruses that encode CDV glycoproteins (hemagglutinin [H] 
and fusion [F]) have been investigated to protect against 
CDV and other pathogens. For example, vaccines based on 
recombinant vaccinia viruses or canarypox vectors engi-
neered to express CDV glycoproteins have been tested in 
dogs and ferrets [30, 35]. These vaccines elicited protective 
immune responses, but it has yet to be determined whether 
the duration of these immune responses is equivalent to that 
of the responses induced with conventional live CDV vac-
cines [2]. It has been reported that 2 replication-competent 
canine adenovirus type 2 (CAV2)-based vaccines, express-
ing the CDV H and F antigens, protected dogs against CDV 
challenge [9]. It is well known that CAV2 vaccines are easily 
recovered from the respiratory tracts of sentinel dogs [7].

In the case of CDV, live attenuated vaccines are known 
to confer long-lasting immunity, and recombination of the 
CDV genome is impossible during the viral replication cy-
cle. Therefore, the development of CDV-based multivalent 
vaccines is the most appropriate approach to the develop-
ment of vaccines against CDV and other pathogens. A recent 
study demonstrated that an attenuated rCDV vaccine strain 
expressing RV-G conferred protective immunity against 
challenge with RAbV in mice and dogs, providing particu-
larly effective protection for more than a year in dogs [40]. 
This result confirms that CDV is a suitable vaccine vector.

Many recent studies have indicated that IL-18 plays an 
important role not only in host defenses against pathogens 
but also in immunotherapies for cancer [reviewed in 34]. 
Oncolytic virotherapy has been used as a novel strategy for 
cancer treatment. Interestingly, previous reports have shown 
that CDV and measles virus (MV), a human Morbillivirus, 
have oncolytic activity. CDV was shown to infect lympho-
blasts isolated from canine lymphoma patients, leading to 
cell death by apoptosis [38]. In our previous study, we also 
demonstrated that recombinant MV, which was mutated so 
that it could not bind to the lymphoid-cell receptor SLAM, 
showed oncolytic activity against breast cancer in vivo [36]. 
Extrapolating from these data, we surmise that application 
of rCDV–hIL2ss–cIL18 plays a positive role in the cancer 
therapy using oncolytic activity of CDV.

In conclusion, we constructed an efficient secretion sys-
tem of cIL-18 and succeeded in generating rCDV expressing 
bioactive IL-18. The recombinant CDV, rCDV–hIL2ss–
cIL18, could offer a new approach to investigating the role 
of IL-18 in the host defense mechanism, the pathogenesis of 
infectious diseases and the treatment of cancer in the host.
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