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Canine distemper (CD) is a highly contagious viral disease worldwide. Although

live attenuated vaccine is available as a preventive measure against the disease,

cases of vaccination failure highlight the importance of potential alternative

agent against canine distemper virus (CDV). CDV infects cells mainly by binding

signaling lymphocyte activation molecule (SLAM) and Nectin-4 receptor. Here,

to develop a new and safe antiviral biological agent for CD, we constructed

and expressed CDV receptor proteins fused with Fc region of canine IgG-B,

namely, SLAM-Fc, Nectin-Fc and SLAM-Nectin-Fc in HEK293T cells, and antiviral

activity of these receptor-Fc proteins was subsequently evaluated. The results

showed that the receptor-Fc proteins e�ciently bound to receptor binding

domain (RBD) of CDV-H, meanwhile, these receptor-Fc proteins competitively

inhibited the binding of His-tagged receptor proteins (SLAM-His or Nectin-

His) to CDV-H-RBD-Flag protein. Importantly, receptor-Fc proteins exhibited

potent anti-CDV activity in vitro. Treatment with receptor-Fc proteins at the

pre-entry stage dramatically suppressed CDV infectivity in Vero cells stably

expressing canine SLAM. Theminimum e�ective concentration (MEC) of SLAM-Fc,

Nectin-Fc and SLAM-Nectin-Fc was 0.2µg/mL, 0.2µg/mL, 0.02µg/mL. The 50%

inhibition concentration (IC50) of three proteins was 0.58µg/mL, 0.32µg/mL and

0.18µg/mL, respectively. Moreover, treatment with receptor-Fc proteins post viral

infection can also inhibit CDV reproduction, the MEC of SLAM-Fc, Nectin-Fc and

SLAM-Nectin-Fc was same as pre-treatment, and the IC50 of receptor-Fc proteins

was 1.10µg/mL, 0.99µg/mL and 0.32µg/mL, respectively. The results suggested

that the receptor-Fc proteins were more e�ective for pre-entry treatment than

post-infection treatment, furthermore, SLAM-Nectin-Fc was more e�ective than

SLAM-Fc and Nectin-Fc. These findings revealed the receptor-Fc proteins were

promising candidates as inhibitor against CDV.
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Introduction

Canine distemper virus (CDV) is a highly fatal virus that causes severe diseases in many

hosts. It not only harms domestic dogs and fur animals, but also threatens the health of

wild animals, especially rare and endangered animals such as giant panda and African wild

dog (1). CDV spreads across hosts and has caused serious threat in non-human primates

(2, 3), and CDV was supposed to be the possible etiology of human multiple sclerosis (4),

Frontiers in Veterinary Science 01 frontiersin.org

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2023.1180673
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2023.1180673&domain=pdf&date_stamp=2023-05-05
mailto:juanhuang@qau.edu.cn
https://doi.org/10.3389/fvets.2023.1180673
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fvets.2023.1180673/full
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Song et al. 10.3389/fvets.2023.1180673

which raises the concern about possibility of zoonosis. Live

attenuated vaccine is widely used for CDV control strategy in most

countries. This strategy is important in controlling this virus in

dogs, however, maternal antibodies can affect the immune effect

of the canine, and the occurrence of canine distemper (CD) in

immunized animals has been reported (5–7). Moreover, there

is evidence of vaccine-induced CDV infections in wildlife, for

example, CDV cases in wildlife due to the vaccine strain infection

have been reported in South Africa (8). Therefore, there is an urgent

need to develop novel effective treatment methods.

CDV is a member of the genus Morbillivirus, family

Paramyxoviridae, which is a single-stranded non-segmented

negative sense RNA virus (9). The genome encodes 6 structural

proteins: nucleoprotein (N), phosphoprotein (P), matrix protein

(M), fusion protein (F), haemagglutinin (H) and large protein

(L) (10). The viral ribonucleoprotein (RNP) complex comprises

the RNA genome combined with N, L and P protein. M protein

located between the nucleocapsid and the envelope is responsible

for the transcription and budding of the virus (11). The H and F

proteins are viral envelop glycoproteins that involve in the virus-

receptor recognition and host cell entry, especially the H protein

is the key determinant in viral entry by mediating virus-receptor

binding and initiating viral infection (10). The ectodomain (aa

59 to 604 or 607) of H protein comprises three main domains:

stalk, neck, and C-terminal head, the head domain is the major

receptor-binding domain (RBD) (12–14). The H gene sequence

is highly variable, with 19 genotypes currently reported (15), the

variability and genetic diversity of CDV limits the virus-targeted

control strategy of CD.

Currently, two types of host cell receptors have been identified

that play a key role in the pathogenesis of CDV. CDV

establishes the infection by binding signaling lymphocyte activation

molecule (SLAM) receptor expressed by dendritic cells, subsets

of thymocytes, macrophages, and T- and B- lymphocytes, so, the

SLAM receptor is associated with immune-suppression (16). CDV

initiates viral infection by binding H protein to the V domain of

SLAM (17). This facilitates the systemic dissemination of virus

interacts with a second receptor: nectin cell adhesion molecule 4

(Nectin-4), expressed at the basolateral surface of epithelial cells

(17, 18). CDV-H protein binds closely to the V region of the Nectin-

4 receptor and helps the virus attach and invade epithelial cells

(19). Finally, the virus invades the central nervous system (CNS),

inducing severe neurological disease by establishing persistent

infection (16). Considering the important role of SLAM and

Nectin-4 in the host recognition of CDV, pathogenicity, and virus

transmission (20), SLAM and Nectin-4 receptor may be targets for

development of antiviral agents to block CDV infection.

Since the first description in 1989 of CD4-Fc-fusion antagonists

that inhibit human immune deficiency virus entry into T cells,

Fc-fusion proteins have been intensely investigated for their

effectiveness to curb a range of pathologies. In the treatment

of human diseases, Fc-fusion strategies have been used in

therapy including experimental and clinical drugs (21–23). Fusion

proteins based on the immunoglobulin Fc domain show the

ability to facilitate protein expression and enable easy purification

of recombinant protein by protein A chromatography (24).

Additionally, the Fc domain can also prolong the half-life of the

proteins. ACE2 is the in vivo SARS-CoV-2 functional receptor,

recombinant ACE2 (rACE2) was reported to have a short half-life

and fast clearance rate in contrast to a rACE2 with an Fc-fusion

protein (rACE2-Fc) (25). Meanwhile, it has been shown that ACE2-

Fc fusion proteins expressed in both plant and mammalian systems

can inhibit SARS-CoV-2 replication (26–28).

In our study, we engineered SLAM and Nectin-4 by fusing

the Fc region of canine immunoglobulin IgG-B and transiently

expressed the constructs in HEK293T cells using eukaryotic

expression vector. In vitro antiviral assay, SLAM-Fc, Nectin-Fc and

SLAM-Nectin-Fc showed potent preventive and therapeutic effects.

Compared to therapeutic effect of Fc-fusion proteins, SLAM-

Nectin-Fc exhibited better efficacy in pre-entry treatment. So,

receptor-targeted Fc-fusion proteins provided a newmethod for the

control of canine distemper.

Materials and methods

Cells and virus

Human embryonic kidney (HEK) 293T cells were cultured in

growth media composed of Dulbecco’s Modified Eagle Medium

(DMEM, Hyclone, United States) containing 10% fetal bovine

serum (FBS) (BI, State of Israel), 100 U/mL penicillin and 0.1

mg/mL streptomycin at 37◦C in 5% CO2. Vero cells stably

expressing canine SLAM were maintained in above medium

additionally added 0.5mg/mL G418. CDV SD16F strain was grown

in above Vero cells.

Plasmids construction

A total of six recombinant plasmids were designed in this

experiment. For receptor-Fc proteins, extracellular domain of

canine SLAM (GenBank Accession Number: NM_001003084.1) or

Nectin-4 (GenBank Accession Number: NM_001313853.1) were

designed to fuse with the Fc region of canine IgG-B (GenBank

Accession Number: AF354265.1) respectively. Besides, a protein

with combined V region of SLAM and Nectin-4 joined with the Fc

region was also designed (Figure 1). At the same time, another three

proteins were design for binding experiment. His-tag (HHHHHH)

was used to construct SLAM-His and Nectin-His proteins, RBD

of CDV-H protein from SD16F strain (GenBank Accession

Number: MH337872.1) was joined with Flag-tag (DYKDDDDK)

to construct CDV-H-RBD-Flag protein (Figure 1). All sequences

of above constructs were ligated into eukaryotic expression vector

pcDNA3.1 (+) at Hind III and EcoR I restriction sites to construct

the expression vectors pcDNA3.1-SLAM-Fc, pcDNA3.1-Nectin-Fc,

pcDNA3.1-SLAM-Nectin-Fc, pcDNA3.1-SLAM-His, pcDNA3.1-

Nectin-His and pcDNA3.1-CDV-H-RBD-Flag. All of coding

sequences were codon-optimized and commercially synthesized by

Sangon Biotech (Shanghai, China).

Proteins transient expression

All of plasmids were transfected into HEK293T cells with PEI

(Transporter 5 transfection reagent, Polysciences, United States)
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FIGURE 1

Schematic representation of proteins used in the present study. Receptor-Fc fusion proteins (Left) composed the extracellular portions of SLAM

or/and Nectin-4 fused to the Fc portion of canine IgG-B(cIgG-B), the extracellular domain of SLAM or Nectin-4 was also tagged with 6×Histidine

(6His) (Right upper). V: V-set domain, C2: C2-set domain. CDV-H-RBD-Flag protein (Right lower) was designed by joining with receptor binding

domain (RBD) of CDV-H protein and Flag-tag (DYKDDDDK) in the downstream of signal peptide from interleukin 2(IL2).

following the manufacturer’s instructions. In 6-well plates, 2 µg

of each plasmid were transfected with 4 µL PEI per well. The

supernatant and cells were collected 96 h post transfection for

identification by reduced sodium dodecyl sulfate polyacrylamide

gel electrophoresis (SDS-PAGE) and western blot. Briefly, proteins

were transferred to a nitrocellulose membrane and block the

membrane using blocking buffer (Takara, Japan). For receptor-

Fc proteins, the membrane was probed with Fc domain-specific

antibody (AffiniPure Rabbit Anti-Dog IgG-Fc fragment Specific,

Jackson ImmunoResearch, United States) followed by Peroxidase-

conjugated AffiniPure Goat Anti-Rabbit IgG(H+L) (Jackson

ImmunoResearch) with the dilution of 1:5,000 in 1x Tris buffered

saline with 0.05% Tween 20(TBST). For His-tag and Flag-tag

proteins, His-tagmonoclonal antibody (Affinity, United States) and

Flag-tagmonoclonal antibody (Affinity, United States) were used as

a primary antibody, followed by Peroxidase-conjugated AffiniPure

Goat Anti-Mouse IgG(H+L) (Jackson ImmunoResearch) with the

dilution of 1:5,000 in 1xTBST. The membrane was washed with

1xTBST and the signal was developed using an ECL reagent (Tanon,

China). The proteins were subsequently expressed in cells grown in

T25 flasks for purification, 14 µg of each plasmid and 16 µl PEI per

flask were used for transfection.

Proteins purification

Cells and cell culture supernatant were collected for protein

purification. The cell culture supernatant was collected and filtered

by 0.45µm membrane filter (Millipore, United States), then

concentrated by ultrafiltration centrifuge tube (Amicon Ultra-

15 Centrifugal Filter Units, Millipore). Cells were centrifuged

and collected followed by ultrasonication, then the supernatant

obtained by recentrifuged was used for purification. Receptor-

Fc proteins were purified by affinity chromatography using a

1mL HiTrap rProtein A FF column (Cytiva, United States). The

column was washed with sodium phosphate (pH 7.0) followed by

0.1M glycine-HCl (pH 3.5) for receptor-Fc proteins elution. Eluate

fractions were instantly neutralized using 1M Tris-HCl (pH 9.0).

SLAM-His and Nectin-His were purified by His-tagged protein

purification kit (CWBio, China) and 500mM Imidazole for elution.

CDV-H-RBD-Flag was purified by Anti-DYKDDDDK Affinity Gel

(Yeasen, China), the elution method was the same as receptor-

Fc proteins. Then each protein was concentrated by ultrafiltration

centrifuge tube and replaced the buffer with phosphate-buffered

saline (PBS, pH 7.4). The purified proteins were confirmed by

reduced SDS-PAGE and western blot.

CDV-H-RBD binding assay

The binding activities of the purified receptor proteins to

CDV-H-RBD were analyzed by enzyme linked immunosorbent

assay (ELISA). 96-well plate was coated with 100 ng of HEK293T-

produced CDV-H-RBD-Flag, and incubated overnight at 4◦C. The

wells were blocked by 5% bovine serum albumin (BSA) for 2 h at

37◦C. The plate was washed three times with 1x phosphate-buffered

saline containing 0.05% Tween 20(PBST), and incubated for 2 h

at 37◦C with serially diluted (0µg/mL, 0.625µg/mL, 1.25µg/mL,

2.5µg/mL, 5µg/mL, 10µg/mL, 20µg/mL) proteins of SLAM-

Fc, Nectin-Fc, SLAM-Nectin-Fc, SLAM-His, Nectin-His produced

from HEK293T cells, PBS was used as negative controls. After

washing, an anti-Fc domain or anti-6X His-tag antibody diluted

in 1xPBS were added into the wells and incubated for 2 h at

37◦C. After washing again, HRP-fusion secondary antibody was

added to wells and incubated for 2 h at 37◦C. For detection,

Tetramethylbenzidine (TMB) as the substrate solution was added

into the plate after thorough washing. The enzymatic reactions

were stopped by adding 1M H2SO4. OD450 value was obtained

using 96-well microplate reader.

Receptor-Fc proteins and His-tagged
receptors competitively bind to
CDV-H-RBD

The competing effects of receptor-Fc proteins and His-

tagged receptors were analyzed by ELISA. 96-well plate was

coated with 100 ng of HEK293T-produced CDV-H-RBD-Flag and
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incubated overnight at 4◦C. The wells were blocked using 5%

BSA for 2 h at 37◦C. The plate was washed three times with

1xPBST and incubated with serially diluted proteins of SLAM-

Fc, Nectin-Fc, SLAM-Nectin-Fc produced from HEK293T cells,

and PBS as negative control for 2 h at 37◦C. After washing,

SLAM-His was added to SLAM-Fc and SLAM-Nectin-Fc group,

and Nectin-His was added to Nectin-Fc and SLAM-Nectin-

Fc group. His-tag proteins were added an equal amount of

20µg/mL and incubated for 2 h at 37◦C. After washing, His-

tag monoclonal antibody diluted in 1xPBS were added into

the wells and incubated for 2 h at 37◦C. After washing again,

add HRP-fusion secondary antibody to wells and incubated

for 2 h at 37◦C. The detection method is the same as the

binding experiment.

In vitro antiviral assay: pre-treatment

For pre-entry treatment, 100 µL (2×105) of cells were

seeded in 96-well plates and incubated at 37◦C in 5% CO2.

For pre-entry treatment, serially diluted (0µg/mL, 0.02µg/mL,

0.2µg/mL, 2µg/mL, 20µg/mL, 200µg/mL) receptor-Fc proteins

were mixed individually with CDV SD16F strain at a multiplicity

of infection (MOI =0.5), then incubated at 37◦C for 1 h before

viral adsorption for another 1 h. The cells were washed twice

with 1xPBS followed by the addition of DMEM with 2% FBS

after which cells were maintained under standard conditions for

an additional 48 h. PBS was used as negative control instead

of virus.

After 48 h, total RNAs were extracted from cell culture

supernatant using a TaKaRaMiniBESTViral RNA/DNAExtraction

Kit (TaKaRa), and cDNAs were obtained using HiScript II 1st

Strand cDNA Synthesis Kit (Vazyme, China) according to the

manufacturer’s instructions. Real-time fluorescent quantitative

PCR (qPCR) was conducted to amplify a 121 bp region of CDV N

gene, each 25µL PCR reaction contained 5µM forward primer (5′-

GAGCAAGTTTGGATTCTG-3′), 5µM reverse primer (5′-GCAT

CATCAACTTCTATGTC-3′) and 10µM probe primer (5′-(FAM)

TCTCCAACCAGCCTAATTGTCCTT(EcLipse)-3′) (TaKaRa). In

addition to the primers and probe, each 25 µL reaction contained

2 µL of cDNA template, 12.5 µL Premix Ex Taq (Probe qPCR)

(TaKaRa) and 8.5 µL of RNase-free ddH2O. The qPCR underwent

95◦C for 30 s, followed by 40 cycles of 95◦C for 5 s, 55◦C for 10 s

and 72◦C for 20 s. For quantification of CDV viral load, a standard

curve was performed with a recombinant plasmid pMD18-T-N

containing CDV-N gene.

The Vero cells were fixed with 4% paraformaldehyde (Solarbio,

China) for 20min and incubated with 0.2% Triton-X 100 (Solarbio)

for 10min, followed by blocking with 5% BSA for 1 h at room

temperature. Then cells were incubated with the anti-CDV-N

monoclonal antibody (LvDu, Binzhou, China) at 37◦C for 2 h,

followed by washing with PBS thrice. After incubating with

fluorescein isothiocyanate (FITC) conjugated rabbit anti-mouse

IgG (H+L) secondary antibody (Wanleibio, China), and staining

with nuclear staining dye (DAPI, Solarbio) in dark, cells were

observed under fluorescence microscope, multiple random visual

fields were selected to quantify syncytia size and number.

In vitro antiviral assay: post-treatment

Vero cells were cultured in the same way as pre-treatment

experiment. For the post-treatment, CDV SD16F strain

(MOI = 0.5) was adsorbed for 1 h at 37◦C, after washing the

cells with 1xPBS, DMEM with 2% FBS was added. Various

concentrations (0µg/mL, 0.02µg/mL, 0.2µg/mL, 2µg/mL,

20µg/mL, 200µg/mL) of receptor-Fc proteins were directly added

to the culture medium and cells were maintained at 37◦C in a

5% CO2 incubator for 48h. PBS was also used as negative control

instead of virus. The procedure of follow-up experiment is the

same as that of pre-treatment.

Statistical analysis

All experiments were assayed in triplicate and repeated at

least twice. Statistical analysis was performed using GraphPad

Prism software. A log (agonist) vs. normalized response-Variable

slope test was used for EC50 determination. A log (inhibitor)

vs. normalized response-Variable slope test was used for IC50

determination. All values are presented as the mean ± standard

deviation (SD) of three replicates. Multiple comparisons following

one-way ANOVA were performed for statistical analysis. P-values

< 0.05 were statistically significant (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p <

0.001, ∗∗∗∗p < 0.0001).

Results

Proteins purification

We generated Fc-fusion proteins by fusing the SLAM and

Nectin-4 protein to the canine IgG-B Fc region. To produce the

soluble proteins in HEK293T cells, the genes were incorporated

into the pcDNA3.1 (+) eukaryotic system expression vector and

subsequently transfection into HEK293T with PEI. To purify

the proteins, we used rProtein A FF column, His-Tagged and

Flag-Tagged purification Kit. We estimate that the proteins were

relatively pure based on visual inspection of a Coomassie blue

stained gel. Nectin-Fc, SLAM-Nectin-Fc, Nectin-His and CDV-H-

RBD-Flag showed the protein band at 64 kDa, 54 kDa, 38 kDa and

54 kDa, respectively (Figures 2A, C), which was consistent with

the predicted molecular weight of their monomers. Meanwhile,

the protein bands of SLAM-Fc and SLAM-His were larger than

the expected monomer sizes (53 kDa and 27 kDa) (Figures 2A,

C), as previously reported (14). The specificity of HEK293T-

produced proteins was confirmed by western bolt analysis using

Fc-domain-specific, His-specific and Flag-specific antibody. The

results indicated that each purified protein showed single band

which the molecular weight was same as the profiles on Coomassie

blue stained gel (Figures 2B, D).

CDV-H-RBD binding assay

CDV invades and infects cells mainly by binding to SLAM

and Nectin-4 receptor on host cells. The binding specificity of
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FIGURE 2

Detection of purified proteins by reduced SDS-PAGE (A, C) and Western blot (B, D). (A) The culture supernatant was harvested and purified using

HiTrap rProtein A FF column. The purified receptor-Fc fusion proteins were mixed with 5× loading bu�er to conduct SDS-PAGE. HEK293T cells were

used as negative control. (B) Rabbit Anti-Dog IgG-Fc fragment Specific antibody (1:200) was used as the primary antibody, and

Peroxidase-conjugated Goat Anti-Rabbit antibody (1:5,000) was used as the secondary antibody. HEK293T cells were used as negative control. (C)

The culture supernatant and cells were harvested, His-tagged proteins were purified using His-tagged protein purification kit, and CDV-H-RBD was

purified using Anti-DYKDDDDK A�nity Gel. The purified recombinant proteins were mixed with 5× loading bu�er to conduct SDS-PAGE. HEK293T

cells were used as negative control. (D) His-tag monoclonal antibody (1:5,000) was used to verify His-tag proteins, Flag-tag monoclonal antibody

(1:5,000) was used to verify CDV-H-RBD-Flag, and Peroxidase-conjugated Goat Anti-Mouse antibody (1:5,000) was used as the secondary antibody.

HEK293T cells were used as negative control.

SLAM and Nectin to CDV-H-RBD was confirmed by ELISA. The

purified CDV-H-RBD-Flag protein was immobilized in the 96-

wells plate. Seven different dilutions of SLAM-His, Nectin-His,

SLAM-Fc, Nectin-Fc, SLAM-Nectin-Fc, and PBS were added into

the ELISA plate with triplicate wells.

The results showed all of proteins produced substantially

high OD signals with the CDV-H-RBD-Flag compared to

the negative PBS (Figure 3A), indicating that both receptor-

Fc proteins and His-tagged proteins efficiently bound to

CDV-H-RBD. EC50 of receptor-Fc proteins (SLAM-Fc,

Nectin-Fc, SLAM-Nectin-Fc) was 3.41µg/mL, 3.32µg/mL

and 2.19µg/mL, meanwhile, EC50 of SLAM-His and Nectin-

His was 3.36µg/mL and 3.52µg/mL. Moreover, SLAM-Fc,

Nectin-Fc, SLAM-Nectin-Fc, SLAM-His and Nectin-His

showed extremely significant differences (P < 0.01) starting

from 1.25µg/mL, 1.25µg/mL, 0.625µg/mL, 2.5µg/mL and

1.25µg/mL, respectively.

In addition, the SLAM-Nectin-Fc group showed extremely

significant differences (P < 0.01) compared with other proteins

groups under 2.5µg/mL. When the concentration varied at

5µg/mL to 10µg/mL, the SLAM-Nectin-Fc also showed extremely

significant differences (P < 0.01) compared with other proteins

except Nectin-Fc that showed significant differences (0.01 < P

< 0.05). It indicated the binding effect of SLAM-Nectin-Fc to

CDV-H-RBD was higher than other receptor proteins.

Receptor-Fc proteins and His-tagged
receptors competitively bind to
CDV-H-RBD

The results showed that the higher the receptor-Fc protein

concentration, the lower the OD signals (Figure 3B). IC50 of four
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FIGURE 3

CDV-H-RBD binding and competition assay. (A) Binding activity of the purified receptor proteins with CDV-H-RBD-Flag was analyzed by ELISA. PBS

bu�er was used as negative control. Data are presented as mean ± SD of triplicates. (B) Competing e�ect of receptor-Fc fusion proteins and

His-tagged receptor proteins to CDV-H-RBD-Flag was analyzed by ELISA. PBS bu�er was used as negative control. Data are presented as mean ± SD

of triplicates.

groups (SLAM-Fc vs. SLAM-His, Nectin-Fc vs. Nectin-His, SLAM-

Nectin-Fc vs. SLAM-His, SLAM-Nectin-Fc vs. Nectin-His) was

5.01µg/mL, 4.35µg/mL, 4.69µg/mL and 2.74µg/mL, respectively.

Due to the better effect of the binding of SLAM-Nectin-Fc and

CDV-H-RBD, SLAM-Nectin-Fc shows better competitive effect

at the same concentration. When the concentration of receptor-

Fc proteins was at 5µg/mL, the group of SLAM-Nectin-Fc vs.

Nectin-His showed extremely significant differences (P < 0.01)

compared with the group of SLAM-Fc vs. Nectin-His. When the

concentration of receptor-Fc proteins was at 20µg/mL, the group

of SLAM-Nectin-Fc vs. SLAM-His showed extremely significant

differences (P < 0.01) compared with the group of SLAM-Fc vs.

SLAM-His. These data suggested that receptor-Fc proteins can be

used as a pseudo-receptor to bind the virus, then prevent the virus

from binding to native receptor.

In vitro antiviral assay: pre-treatment

We investigated whether receptor-Fc proteins can affect

the cytopathic effect (CPE) induced by CDV, namely syncytia

formation, through indirect immunofluorescence assay. The

magnitude of fluorescence represents the size and number of

syncytia. Strikingly, a clear concentration-dependent decrease in

number and size of the syncytia was observed. When the protein

concentration was 2µg/mL, there was almost no fluorescence in

three groups (Figure 4A).

As for viral RNA level, compared with 0µg/mL group (virus

control group), the viral genome copies of SLAM-Fc and Nectin-

Fc group showed extremely significant differences (P < 0.01)

starting at 0.2µg/mL, but SLAM-Nectin-Fc showed extremely

significant differences (P < 0.01) starting at 0.02µg/mL. When

the concentration of Fc-fusion proteins was at 0.2µg/mL, the

Nectin-Fc group had significantly lower viral genome copies than

SLAM-Fc group (P < 0.01), while the viral genome copies of

SLAM-Nectin-Fc group were significantly lower than that of

SLAM-Fc (P < 0.01) and Nectin-Fc (P < 0.05) group (Figure 4B).

In addition, the 50% inhibition concentration (IC50) of SLAM-

Fc, Nectin-Fc, and SLAM-Nectin-Fc group was 0.58µg/mL,

0.32µg/mL and 0.18µg/mL, respectively (Figure 4C). Among

three groups, SLAM-Nectin-Fc emerged as the most potent

inhibitors of CDV infection.

In vitro antiviral assay: post-treatment

Next, we tested the efficacy of the post-infection treatment.

According to the result of indirect immunofluorescence assay,

it was still observed that the number and size of syncytia

decreased with increasing receptor-Fc proteins concentration.

Fluorescence was significantly decreased at concentration 2µg/mL,

and no fluorescence was observed in three groups when the

protein concentration was 200µg/mL. Based on the result of

20µg/mL, SLAM-Nectin-Fc also emerged as the most potent

inhibitors of CDV infection compared with SLAM-Fc and Nectin-

Fc (Figure 5A).

For viral RNA synthesis, compared with 0µg/mL group, the

viral genome copies of SLAM-Fc and Nectin-Fc group also showed

extremely significant differences (P < 0.01) starting at 0.2µg/mL,

SLAM-Nectin-Fc showed extremely significant differences (P <

0.01) starting at 0.02µg/mL (Figure 5B), this showed that the

minimum effective concentration (MEC) of three receptor-Fc

proteins was 0.2µg/mL, 0.2µg/mL and 0.02µg/mL, respectively,

the same as pre-treatment assay. When the concentration of

Fc-fusion proteins was at 0.2µg/mL, there was no significant

difference in viral load between SLAM-Fc group and Nectin-

Fc group (P > 0.05), while the group of SLAM-Nectin-Fc

have significantly lower viral genome copies than the other two
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FIGURE 4

Dose-dependent e�ect of receptor-Fc fusion proteins on CDV inhibition at the pre-infection phase. (A) Indirect immunofluorescence assay revealed

CDV infection profiles in Vero cells which were pre-treated with six concentrations of SLAM-Fc, Nectin-Fc, and SLAM-Nectin-Fc. (B) Viral genome

copies of CDV in culture supernatant of Vero cells, which were pre-treated with six concentrations of SLAM-Fc, Nectin-Fc, and SLAM-Nectin-Fc.

Data were analyzed by one-way ANOVA using GraphPad Prism software. Significance is presented as ****p < 0.0001. (C) E�cacy of receptor-Fc

proteins for CDV inhibition in Vero cells, which were pre-treated by six concentrations of SLAM-Fc, Nectin-Fc, and SLAM-Nectin-Fc. The data were

showed as mean ± SD of triplicates in individual concentrations.

Fc–fusion protein groups (P< 0.01).The IC50 of SLAM-Fc, Nectin-

Fc, and SLAM-Nectin-Fc group was 1.10µg/mL, 0.99µg/mL and

0.32µg/mL (Figure 5C), respectively.

Discussion

Infection caused by CDV is a highly contagious disease with

high incidence and fatality in the multi-hosts including canine

population. Control of CDV infection in canine population is

highly important since canine animals have historically been

considered the major reservoir for CDV, spill over from viral

reservoirs in canines has implications for endangered wildlife and

other hosts (7, 8). It is of significance to develop novel effective

and safe antiviral agents against CDV, since currently used vaccines

have the drawbacks of immunization failures or vaccine-induced

CD cases (29). In this study, we expressed three soluble receptor-

Fc fusion proteins (SLAM-Fc, Nectin-Fc, and SLAM-Nectin-Fc) in

HEK293T cells, and confirmed the receptor-Fc fusion proteins had

potent antiviral activity against CDV in vitro.

Previous antiviral studies for CDV have achieved great

progress, mainly focused on natural compounds and synthetic

inhibitors. Natural compounds such as South African plants (30),

flavonoids and phenolic acids (31), showed the ability to inhibit

CDV in vitro. Synthetic substances, for example, ribavirin (RBV)

and favipiravir were purine analog drug with a primary antiviral

mechanism of suppressing the RNA-dependent RNA polymerase

(RdRP) activity, also exhibited effective suppression of CDV

replication in vitro (32, 33). Short interfering RNA and A77 1726

suppressed CDV replication by inhibiting viral nucleotide synthesis

(34, 35). Other antiviral inhibitors including polyclonal antibody

showed potential therapeutic effects against CDV infection in

dogs (36). However, chemical drugs may lead to generation
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FIGURE 5

Dose-dependent e�ect of receptor-Fc proteins on CDV inhibition at the post-infection phase. (A) Indirect immunofluorescence assay revealed CDV

infection profiles in Vero cells which were post-treated with six concentrations of SLAM-Fc, Nectin-Fc, and SLAM-Nectin-Fc. (B) Viral genome copies

of CDV in culture supernatant of Vero cells, which were post-treated with six concentrations of SLAM-Fc, Nectin-Fc, and SLAM-Nectin-Fc. Data were

analyzed by one-way ANOVA using GraphPad Prism software. Significance is presented as **p < 0.01, ***p < 0.001, ****p < 0.0001. (C) E�cacy of

receptor-Fc proteins for CDV inhibition in Vero cells, which were post-treated by six concentrations of SLAM-Fc, Nectin-Fc, and SLAM-Nectin-Fc.

The data were showed as mean ± SD of triplicates in individual concentrations.

of drug-resistant mutants, xenogeneic polyclonal or monoclonal

antibody has disadvantages of heterologous reactions and cross-

protection, which restricted its clinical application, therefore, no

antiviral molecular was currently approved for CDV control.

Here, we provide a new biological antiviral strategy by targeting

to receptor proteins instead of high varied CDV, which greatly

decreases the possibility of escaping by CDV variants.

SLAM and Nectin-4 are CDV functional receptors expressed

by host immune cells and epithelial cells respectively (10). Blocking

the binding of CDV-H-RBD and functional receptors (SLAM and

Nectin-4) at the early stage of virus infection will be an effective

approach. Recombinant receptor-Fc proteins generated by fusing

SLAM or/and Nectin-4 extracellular domain to the N terminal

of canine IgG-B Fc region may be a promising choice for early

CD treatment, because the presence of the Fc domain may confer

greater stability to some proteins, and enhance the expression of

proteins in mammalian cells that are otherwise difficult to produce

(37). Moreover, Fc domain increases their half-life and maintains a

proper blood concentration for long-term therapeutic effects (38–

40). Fc region from canine IgG-B increases the likelihood that the

recombinant receptor proteins will be both active and recognized as

self by the recipient species, thereby overcoming immunogenicity

concerns. Here, we show that the recombinant Fc-fusion receptors

have robust competitive binding affinity for CDV-H-RBD, and

potent prophylactic and therapeutic efficacy against CDV infection

in vitro, it indicated the caninised receptor-Fc proteins may be used

as decoy antibody to block viral entry and prevent CDV infections.

Based on the results of pre-entry assay and post-treatment

assay, receptor-Fc fusion proteins had neutralizing activities against

CDV in vitro, and exhibited better inhibition effect in pre-entry

assay than post-treatment assay. This is because virus-receptor

binding is the first step in viral replication, and receptor-Fc fusion

proteins acting as receptor blockers inhibit the early stages of viral

replication. Once the virus has already entered and infected cells,
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inhibiting effect will be compromised. On the contrary, favipiravir

is more effective post CDV exposure, since it must have enough

time to enter cells and switch to active form before its antiviral

effects exhibit (33). Meanwhile, SLAM-Nectin-Fc showed better

anti-virus effect than SLAM-Fc and Nectin-Fc. These data indicates

that receptor-Fc proteins, especially SLAM-Nectin-Fc, have the

potential to be developed as a preventive inhibitor of CDV. Once

the antiviral activity of receptor-Fc proteins against CDV in vivo

was further determined, we can clinically use SLAM-Nectin-Fc

solely or combination of SLAM-Fc and Nectin-Fc to confer a

synergetic biological effect, as previously reported (41). Further

analysis will determine whether those promising candidates can be

considered in the treatment of CDV as well as for the development

of antiviral drugs against other viruses of the genus Morbillivirus,

since they have similar virus-receptor interaction (42).

In conclusion, we showed that HEK293T cells can rapidly

and effectively produce functional receptor-Fc fusion proteins

SLAM-Fc, Nectin-Fc, and SLAM-Nectin-Fc. More importantly,

we have confirmed that SLAM-Fc, Nectin-Fc, and SLAM-Nectin-

Fc have the potential to be developed as anti-CDV agents,

and the efficacy of SLAM-Nectin-Fc was better than SLAM-

Fc and Nectin-Fc. However, animal studies are needed to

confirm the efficacy and safety of receptor-Fc proteins against

CDV before the goal of treatment or prevention can be

further achieved.
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