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 Foot-and-mouth disease virus (FMDV) is one of highly contagious pathogens of 

cloven-footed animals, attaches with host cell surface receptors, including the 

integrins and heparan sulfate, for entry into the epithelial cells. FMDV is endemic in 

Pakistan, but limited studies are available on the interaction of local FMDV 

serotypes with host-entry factors. Here, we used anti-receptor antibodies and studied 

the interaction of Pakistani serotypes of FMDV serotypes (A, O and Asia-1) with 

integrins and heparan sulfate. We observed that by blocking integrins αvβ1, αvβ3 

and αvβ6 as well as heparan sulfate by specific monoclonal antibodies, FMDV 

infection of serotype A, O and Asia-1 was prevented. In conclusion, anti-receptor 

antibodies are critically important to inhibit FMDV infection. 
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INTRODUCTION 

 

Foot-and-mouth disease virus (FMDV), belonging to 

Aphthovirus genus and Picornaviridae family, is a single 

stranded RNA virus that causes highly contagious, 

devastating and acute disease of cloven-hoofed animals 

(Basagoudanavar et al., 2019). FMD is endemic in Asia, 

Africa, Middle East and South America. There are seven 

FMDV serotypes (A, O, C, Asia-I, SAT1, SAT2 and 

SAT3), with many subtypes with each serotype. FMDV is 

a non-enveloped, single-stranded, positive sense 8.4 kb 

RNA genome which encodes four structural proteins 

(VP1, VP2, VP3 and VP4) and eight non-structural 

proteins. VP1-VP3 makes the outer capsid shell, while 

VP4 forms the internal surface. VP1 contains an outer 

flexible loop called G-H-loop (major antigenic site) and 

an Arg-Gly-Asp (RGD) motif, which is important in host 

receptor binding (Chamberlain et al., 2015). The virus 

exhibits tropism for epithelial cells of the upper 

respiratory tract. FMDV initially attaches to the hosts’ cell 

surface receptor(s) and subsequently enters the cell(s) by 

receptor-mediated endocytosis. Many receptors, including 

integrins and heparan sulfate proteoglycans (HSPGs), 

have been reported for FMDV. The virus enters into the 

cells after binding to the integrins via clathrin-mediated 

endocytosis or by binding to HSPGs via caveola-mediated 

endocytosis (Wang et al., 2015). 

Foot-and-Mouth Disease (FMD) is endemic in 

Pakistan, with an estimated seroprevalence of 47.1% and 

causes heavy fiscal losses to livestock industry due to 

poor production performance, ban on the export of 

livestock and livestock products to the international 

market, high morbidity and mortality (Nawaz et al., 2019; 

Sajid et al., 2019). Limited studies are available on the 

interaction of host-cell entry factors with FMDV. Current 

study was conducted, for the first time in Pakistan, to 

determine the role of integrins and heparan sulfate 

receptors in FMDV infection using local FMDV serotypes 

prevalent in Pakistan. 

 

MATERIALS AND METHODS 

 

Virus and cells: Baby Hamster kidney (BHK) cell line 

was used in this study as BHK cells express integrins and 

heparan sulfate on their cell surface to facilitate FMDV 

binding and entry. BHL cells were procured from the cell 
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culture collection of Quality Operation Laboratory (QOL), 

University of Veterinary and Animal Sciences (UVAS), 

Lahore-Pakistan. BHK cells were grown in Dulbeco 

Modified Eagle Medium (DMEM) (Invitrogen, UK) 

supplemented with 10% fetal bovine serum (FBS), 

penicillin 100 U/mL, streptomycin 100 µg/mL, 

Amphotericin B 2.5µg/mL, HEPES 10mM, and glutamine 

2mM. The local isolates of FMDV serotypes A, O and 

Asia-1 were obtained from culture bank of QOL, UVAS, 

Lahore-Pakistan. Biological titration of the locally 

isolated FMDV serotypes was performed as tissue culture 

infective dose50 (TCID50) as described by Reed and Muench. 

 

Anti-receptor antibodies: Antibodies against heparan 

sulfate, integrin αvβ3 and αvβ6 (Millipore, USA) and 

anti-αvβ1antibody (Chemicon International, USA) were 

diluted (1:10) in DMEM and used at final concentration of 

10µg /mL. Anti-CD81 (Chemicon International, USA) 

was used as a negative control antibody at a similar 

concentration. 

 

Experimental design: Three different experiments were 

performed to study the role of heparin sulfate and 

integrins, using one FMDV serotype infections in each 

experiment. BHK cells were grown at density of 2.5 × 104 

cells/well in 48-well plates in DMEM by incubating at 

37°C by incubating under 5%CO2 for 24 hours. BHK cells 

were pre-incubated 1ith 100 µL of anti-αvβ3, anti-αvβ1, 

anti-αvβ6, and anti-heparan sulfate antibodies (10 

µg/mL), in separate wells, for 1 hour at 37°C under 5% 

CO2, then FMDV serotype (either A, O, or Asia-1) was 

added to the cells at multiplicity of infection (MOI) of 10 

TCID50/cell and incubated for another 4 hours at 37°C. 

Then, media containing unbound virus and antibodies was 

removed and replaced with fresh medium. To serve as 

positive control in each experiment, BHK cells were 

infected, without pre-treatment with anti-receptor 

antibodies, with one FMDV serotype (either A, O, or 

Asia-1) at MOI of 10 TCID50/cell for 4 hours under 5% 

CO2 at 37°C. For negative control, BHK cells were 

incubated with anti-CD81 for 1 hour at 37°C, followed by 

infection with FMDV (either A, O, Asia-1) at MOI of 10 

TCID50/cell. Cytopathic effects (CPEs) were observed 

after 24 hours under an inverted microscope. In each 

experiment, triplicate wells of BHK cells were used for 

each condition. 

 

RESULTS AND DISCUSSION 

 

Normal BHK cells were observed as shown in Figs. 

1A, 2A, and 3A. CPEs When BHK cells were incubated 

with FMDV serotype A, O and Asia-1, CPEs were 

observed, showing complete destruction of the 

monolayers (Figs. 1B, 2B, and 3B). As BHK cell line is 

an adherent cell line, dead cells were floating while viable 

cells were strictly attached as observed under an inverted 

microscope. Anti-CD81, used as a negative control, did 

not inhibit any FMDV serotype from infecting the BHK 

cells (Figs. 1C, 2C and 3C). It was evident that this 

receptor has no role in FMDV infection. Interestingly, 

when BHK cells were pre-incubated with anti-αvβ3 

(Figures 1D, 2D and 3D), anti-αvβ1 (Figures 1E, 2E and 

3E), anti-αvβ6 (Figs. 1F, 2F and 3F) and anti-heparin-

sulfate (Figs. 1G, 2G and 3G) antibodies, and then 

infected with either FMDV serotype A (Figs. 1D-1G), O 

(Figs. 2D-2G) or Asia-I (Figs. 3D-3G), no CPEs were 

observed after 24 hours of infection. It is also obvious 

from percentages of live and dead cells (Table 1-3). These 

results suggested that integrin αvβ3, αvβ1, αvβ6, and 

heparan sulfate play significant role in establishing 

FMDV infection. 

Prevalence of FMDV is one of the major constraints 

in exporting livestock and livestock products from 

developing countries including Pakistan (Sajid et al., 

2019). Therefore, development of new approaches, e.g., 

using artificial microRNAs (amiRNAs) to inhibit FMDV 

replication, are necessary to control and eliminate FMDV 

(Basagoudanavar et al., 2019). The findings of current 

study, using anti-receptor antibodies against Pakistani 

FMDV serotypes, are analogous to previous studies on 

integrin αvβ3 and αvβ1. It has been shown that integrin 

αvβ3 binds to all serotypes of FMDV (Berinstein et al., 

1995). This finding is important in understanding that 

blocking only one receptor is sufficient to inhibit 

infection. The specificity of αvβ1, αvβ3, and αvβ6 for 

FMDV infection has been studied for three strains of 

FMDV serotype A and two strains of FMDV serotype O 

(Jackson et al., 2004). However, in current study, we have 

 
Table 1: Inhibition of FMDV serotype A by anti-receptor antibodies 

Conditions Live cells 

(%) 

Dead 

cells (%) 

BHK cells + DMEM 100 0 

BHK cells + FMDV serotype A* 0.66 99.33 

BHK cells pre-incubated with anti-αvβ3 + 

FMDV serotype A 

98.66 1.33 

BHK cells pre-incubated with anti-αvβ1 + 

FMDV serotype A 

97.66 2.33 

BHK cells pre-incubated with anti-αvβ6 + 

FMDV serotype A 

98.66 1.33 

BHK cells pre-incubated with anti-heparan 

sulfate + FMDV serotype A 

97.33 2.66 

*Mean. 

 

Table 2: Inhibition of FMDV serotype O by anti-receptor antibodies. 

Conditions Live cells 

(%) 

Dead 

cells (%) 

BHK cells + DMEM 100 0 

BHK cells + FMDV serotype O* 0.33 99.66 

BHK cells pre-incubated with anti-αvβ3 + 

FMDV serotype O 

97.66 2.33 

BHK cells pre-incubated with anti-αvβ1 + 

FMDV serotype O 

98.33 1.66 

BHK cells pre-incubated with anti-αvβ6 + 

FMDV serotype O 

99.66 0.33 

BHK cells pre-incubated with anti-heparan 

sulfate + FMDV serotype O 

97.66 2.33 

*Mean 

 

Table 3: Inhibition of FMDV serotype Asia-1 by anti-receptor antibodies 

Conditions Live 

cells (%) 

Dead 

cells (%) 

BHK cells + DMEM 100 0 

BHK cells + FMDV serotype Asia-1 * 0.66 99.33 

BHK cells pre-incubated with anti-αvβ3 + 

FMDV serotype Asia-1 

98.66 1.33 

BHK cells pre-incubated with anti-αvβ1 + 

FMDV serotype Asia-1 

97.33 2.66 

BHK cells pre-incubated with anti-αvβ6 + 

FMDV serotype Asia-1 

99 1 

BHK cells pre-incubated with anti-heparan 

sulfate + FMDV serotype Asia-1 

98.66 1.33 

*Mean. 
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Fig. 1: Inhibition of FMDV serotype A by anti-receptor antibodies. (A) BHK cells with DMEM. (B) BHK cells with FMDV serotype A. (C) BHK cells 
pre-incubated with anti-CD81, followed by FMDV serotype A infection. BHK cells pre-incubated with anti-αvβ3 (D), anti-αvβ1 (E), anti-αvβ6 (F) 

and anti-heparan sulfate (G), followed by FMDV serotype A infection (Magnification ×200). 
 

  
 

  
 
Fig. 2: Inhibition of FMDV serotype O by anti-receptor antibodies. (A) BHK cells with DMEM. (B) BHK cells with FMDV serotype O. (C) BHK 
cells pre-incubated with anti-CD81, followed by FMDV serotype O. BHK cells pre-incubated with anti-αvβ3 (D), anti-αvβ1 (E), anti-αvβ6 (F) and 

anti-heparan sulfate (G), followed by FMDV serotype O infection (Magnification ×200). 
 

   
 

  
 
Fig. 3: Inhibition of FMDV serotype Asia-1 by anti-receptor antibodies. (A) BHK cells with DMEM. (B) BHK cells with FMDV serotype Asia-1 only. 
(C) BHK cells pre-incubated with anti-CD81, followed by FMDV serotype Asia-1 infection. BHK cells pre-incubated with anti-αvβ3 (D), anti-

αvβ1(E), anti-αvβ6 (F) and anti-heparan sulfate (G), followed by FMDV serotype O infection (Magnification ×200). 

 

studied the specificity of these integrins for FMDV 

serotype Asia-1 as well along with FMDV serotype O and 

A. Differential binding efficiencies of αvβ1and αvβ6, on 

the basis of amino acid residues, have also been studied, 

and shown that αvβ6 has more diverse expression on 

epithelial cells, especially at early stages of virus 

replication (Jackson et al., 2004). It has already been 

reported that αvβ6 plays a role in transporting the virus to 

early endosomes, and that αvβ6 is mainly expressed on 

epithelial cells that are site of FMDV replication 

(Monaghan et al., 2005). Fry and colleagues have shown 

that FMDV binding to heparan sulfate could increase 

integrin-mediated viral entry (Fry et al., 1999). Another 

study has described that attachment of FMDV to heparan 

sulfate can result in caveolae-mediated endocytosis of 

FMDV (O'Donnell et al., 2008). Remarkably, heparin 

sulfate also plays a critical role in binding Hepatitis C 

virus as well. As receptors are crucial for viral tropism 

C D 

E F 

A B 
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and pathogenesis, we have established the role of integrins 

and heparan sulfate receptors in the pathogenesis of 

Pakistan-origin FMDV serotypes.  
 

Conclusions: FMDV interacts with different host cell 

factors at different phases of pathogenesis. This appears to 

be first report on crucial role of integrins and heparins in 

Pakistani FMDV pathogenesis. 
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