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Abstract: The integrins function as the primary receptor molecules for the pathogenic infection of
foot-and-mouth disease virus (FMDV) in vivo, while the acquisition of a high affinity for heparan
sulfate (HS) of some FMDV variants could be privileged to facilitate viral infection and expanded cell
tropism in vitro. Here, we noted that a BHK-adapted Cathay topotype derivative (O/HN/CHA/93tc)
but not its genetically engineered virus (rHN), was able to infect HS-positive CHO-K1 cells and mutant
pgsD-677 cells. There were one or three residue changes in the capsid proteins of O/HN/CHA/93tc
and rHN, as compared with that of their tissue-originated isolate (O/HN/CHA/93wt). The phenotypic
properties of a set of site-directed mutants of rHN revealed that E83K of VP1 surrounding the fivefold
symmetry axis was necessary for the integrin-independent infection of O/HN/CHA/93tc. L80 in VP2
was essential for the occurrence of E83K in VP1 during the adaptation of O/HN/CHA/93wt to BHK-21
cells. L80M in VP2 and D138G in VP1 of rHN was deleterious, which could be compensated by
K83R of VP1 for restoring an efficient infection of integrin-negative CHO cell lines. These might
have important implications for understanding the molecular and evolutionary mechanisms of the
recognition and binding of FMDV with alternative cellular receptors.

Keywords: foot-and-mouth disease virus; alternative cellular receptors; site-directed mutations;
phenotypic properties; integrin-independent endocytic pathway

1. Introduction

Foot-and-mouth disease virus (FMDV) is the etiological agent of a highly contagious vesicular
disease in domestic and wild cloven-hoofed animals, mostly cattle, swine, sheep and goats, and many
species of ruminants [1,2]. The virus is the prototypic member that belongs to the genus Aphthovirus
of the Picornaviridae family (http://ictv.global/report/). Seven immunologically and genetically
distinguishable serotypes (O, A, C, SAT1–3 and Asia 1) have been reported, and multiple subtypes occur
in each serotype with varying geographical distributions [3,4]. The viral genome is a positive-sense,
single-stranded RNA approximately 8500 nucleotides in length. The FMDV RNA consists of a single
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large open reading frame (ORF) flanked by the 5′ and 3′ untranslated regions (UTRs) and a poly(A) tail
at its 3′ terminus. There is a small viral protein (termed VPg or 3B) covalently linked to the 5′ terminus
of the genomic RNA [5]. The ORF of FMDV encodes a precursor polyprotein that is subsequently
cleaved into four structural proteins (VP1–4) and several non-structural proteins (Lpro, 2A, 2B, 2C, 3A,
3B1–3, 3Cpro, 3Dpol) [6]. The nonenveloped FMDV virion is assembled from 60 copies each of three
surface-exposed capsid proteins VP1–3 and an internal polypeptide VP4, with icosahedral symmetry
in a diameter of 27–30 nm [7].

The fundamental initial stage in the life cycle of FMDV is represented by the recognition and
binding of receptors on the cell surface that enable virus attachment and entry via the endocytic
pathways [8]. αVβ3 has been identified as a common, RGD (arginine-glycine-aspartic acid, 145–147
residues in VP1)-dependent receptor of FMDV [9]. It could be followed by αVβ6, αVβ1, αVβ8 that are
also involved in FMDV infection [10–12]. The interaction of FMDV with integrin receptors triggers
the internalization events via clathrin-mediated endocytosis, the docking of endosomal membrane
compartments and trafficking with the acidified endosome vesicles throughout the cells, for the
uncoating and release of the viral RNA molecules [13–15]. Although αV-integrins serve as the primary
receptors for the cytopathic infection of FMDV in vivo [16], the adaptation of FMDV to cultured
cells might result in the selection of heparan sulfate (HS)-binding derivatives to establish an efficient
infection in vitro [17]. The HS-derived viruses enter cells through the caveola-mediated endocytic
pathway [18], whereas some soluble αVβ6-integrin resistants and heparin-sensitive mutants acquire
the ability to utilize Jumonji C-domain containing protein 6 (JMJD6) as a third alternative receptor
to form clathrin-coated pits [19,20]. In addition, the entry of virus into the cytoplasm of cells can be
employed by specific artificial receptors or macropinocytosis for the productive infection of some
FMDV serotypes [21–25]. It thus appears that the alteration in receptor utilization of FMDV leads to
expanded host range in cell culture, accompanied by critical amino acid substitutions on the outer
capsid surface [19,21,26,27].

Remarkably, clusters of conserved mutations at or adjacent to the classical RGD motif in the G–H
loop of VP1 (130–165 residues) and compensatory replacements (residues 80 in VP2; 173–175 in VP3;
95–98 in VP1) around the VP1 G–H loop of FMDV would ablate integrin interaction that exhibits the
non-RGD binding capacity to infect the target cells (reviewed in [28]). Sa-Carvalho et al. and Borca
et al. have representatively described that one or two residue substitutions in VP3 (H56R) and VP2
(E134K) could play a key role in HS binding of FMDV [29,30]. A group of positively charged residue
changes (residues 83–85, 108, 110–112 in VP1) surrounding a pore at the icosahedral fivefold axis of the
virion might also have great significance for FMDV infection in an RGD- and HS-independent manner
(reviewed in [28]).

For our initial study, we were concerned that a genetically engineered virus of Cathay
topotype of FMDV serotype O (rHN) with a high affinity for heparin was insufficient to initiate
an integrin-independent entry into HS-positive CHO-K1 cells and mutant pgsD-677 cells [31,32]. It was
subsequently found that the phenotypic properties of its wild-type (wt) and tissue culture (tc) parental
viruses (O/HN/CHA/93wt and O/HN/CHA/93tc) should be distinct from that of rHN in BHK-21 cells
and these two integrin-negative CHO cell lines. Thus, the conservative evolution and compensatory
effects of several individual residues in the potentially functional regions of the capsid proteins of rHN,
O/HN/CHA/93tc and O/HN/CHA/93wt were determined by plaque assays, simulation analysis of virus
passages and confocal microscopy in BHK-21, CHO-K1 and pgsD-677 cells. These data argued for the
adsorption and penetration of FMDV with alternative cellular receptors, which would contribute to
the understanding of FMDV internalization via the integrin-independent endocytic pathway for the
infection of different permissive cells in culture.
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2. Materials and Methods

2.1. Cell Lines, Viruses and Plasmids

BSR-T7/5 cells (which can stably express T7 RNA polymerase) were kindly provided by Prof. Karl-Klaus
Conzelmann (Max von Pettenkofer-Institute and Gene Center, Munich, Germany) and were cultivated
in Glasgow minimal essential medium (GMEM; Gibco) supplemented with 10% fetal bovine serum
(FBS; Gibco), 4% tryptose phosphate broth (BD-Bacto) and 1 mg/mL G418 (Sigma). BHK-21 cells
were obtained from the China Center for Type Culture Collection (CCTCC; GDC010, Wuhan, China)
and were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) containing 10% FBS
and 2 mM L-glutamine (Gibco). Two integrin-negative CHO cell lines (CHO-K1, wild-type, CCL-61;
pgsD-677, N-acetylglucosaminyl and glucuronyltransferase deficient, CRL-2244) were purchased from
the American Type Culture Collection (ATCC; Manassas, VA, USA) and were grown in F-12K nutrient
mixture (Gibco) with 10% FBS, 100 U/mL penicillin and 100 µg/mL streptomycin (Sigma). All cells in
culture were incubated at 37 ◦C in a humidified chamber containing 5% CO2.

O/HN/CHA/93wt, a tissue-originated isolate of Cathay topotype of FMDV serotype O after six
passages in suckling mice, was collected from swine in Zhoukou City of Henan Province of China in
1993 (CNFMDRL, Lanzhou, China). O/HN/CHA/93tc is a cell-adapted derivative after nine passages
of BHK-21 cells cytolytically infected with O/HN/CHA/93wt [33]. Additionally, rHN is a genetically
engineered virus rescued from an infectious full-length cDNA clone [34], pOFS, which contains
the complete genome of O/HN/CHA/93tc with L80M in VP2 and D138G in VP1 deduced from the
capsid-coding regions ([35], see Table 1).

Table 1. Comparative analysis of the complete genomic sequences of O/HN/CHA/93wt, O/HN/CHA/93tc
and its genetically engineered virus (rHN) a.

Genomic
Region Position b

Virus

O/HN/CHA/93wt O/HN/CHA/93tc c rHN d

S
(353) (T) (C) (C)
(361) (A) (G) (G)

IRES
(1–5) (A5) (A5) (A6) £

(279) (C) (A/C) * (C)

Lpro

24 Arg (CGA) Arg (CGA)/Gln (CAA) # Arg (CGA)
87 Glu (GAA) Glu (GAA)/Lys (AAA) # Glu (GAA)

172 Pro (CCA) Pro (CCA) Pro (CCG)
173 Asp (GAC) Asp (GAC) Asp (GAT)

VP2 80 Leu (CTG) Leu (CTG) Met (ATG)

VP3

57 Phe (TTC) Phe (TTC/TTT) $ Phe (TTC)
138 Ala (GCG) Ala (GCG) Ala (GCC)
153 Asn (AAT) Asn (AAT) Asn (AAC)
201 Val (GTG) Val (GTG) Val (GTT)

VP1
83 Glu (GAG) Lys (AAG) Lys (AAG)

138 Asp (GAC) Asp (GAC) Gly (GGC)

2B 107 Ile (ATC) Ile (ATC) Ile (ATA)
a The nucleotide differences in the small (S) fragment and the element of internal ribosome entry site (IRES) of the
5′-UTR, and triple-code codons for each one deduced in the leader proteinase (Lpro), VP1–3 and 2B coding regions
are given in parentheses. The nucleotide mutations and amino acid substitutions (three-letter abbreviations) in the
genomic RNA molecules of O/HN/CHA/93tc and rHN are indicated in underline and bold formats, respectively.
b The positions of nucleotides for each of the viral genes (in parentheses) and amino acid residues for each protein
are independently numbered, referring to O/HN/CHA/93wt. c Mixtures of (*) nucleotides, (#) non-synonymous
and ($) synonymous codons are displayed in the O/HN/CHA/93tc genome. d An adenine nucleotide (£) was
accidentally inserted at the 5′ terminus of IRES, while those of six silent mutations were intentionally introduced for
the construction of an infectious cDNA of rHN [35].
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2.2. Site-Directed Mutagenesis and Transfection

Here, pOFS was used as the original backbone for the construction of site-directed mutated
full-length cDNA clones. The introduction of amino acid mutations in the VP2 and VP1 coding regions
of FMDV were carried out by one-step overlap extension PCR with five pairs of primers (Table S1),
using a QuikChange multisite-directed mutagenesis kit (Stratagene).

BSR-T7/5 cells were seeded in G418-free medium. The plasmid cDNAs were linearized with
Not I (New England Biolabs), purified by the JetQuick PCR product purification spin kit (Genomed)
and transfected into subconfluent monolayers of cultured cells using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol.

2.3. Propagation of Virus Progeny and Sequencing of the Capsid-Coding Regions

The supernatants of transfected cells were serially passaged in BHK-21 cells up to 20 times
(1/10, V/V), following three freeze–thaw cycles. The total RNAs of the harvested viruses were
extracted by using the RNeasy mini kit (Qiagen). The RT-PCR products were amplified with a pair of
primers (204: 5′-ACCTCCGACGGGTGGTACGC-3′, NK61: 5′-GACATGTCCTCCTGCATCTG-3′; [36]).
The DNA fragments spanning the entire capsid-coding regions of FMDV were purified and confirmed
directly by automated sequencing (Liuhe BGI, Beijing, China). The complete nucleotide sequences of
O/HN/CHA/93wt were also determined using previously described methods [37].

2.4. Plaque Assays

The confluent monolayers of BHK-21, CHO-K1 and pgsD-677 cells were cultured in six-well
plates. Serial 10-fold dilutions of virus stocks (200 µL/well) were inoculated onto the surface of cells
for 1 h of incubation. Then, the inocula were removed, 2 mL of overlay medium containing 0.6 gum
tragacanth (MP Biomedicals) and 1% FBS were added and the cells were routinely incubated at 37 ◦C in
5% CO2. Finally, the cultured cells were fixed with cold acetone/methanol (1:1, V/V) and stained with
0.2% crystal violet (Sigma) at 48 h or 72 h post infection [37,38]. The titer of each virus was evaluated
as PFU/mL (plaque forming units, PFU) at least in duplicate per experiment, by counting the number
of plaques formed on cell culture monolayers.

2.5. Plaque Reduction Assays

The appropriate virus concentrations (10–50 PFU/100 µL) were prepared in DMEM and mixed
with equal volumes of soluble heparin sodium (2x mg/mL, x = −4~0; Sigma) or phosphate-buffered
saline (PBS, pH = 7.4) at room temperature for 10 min. Monolayers of BHK-21 cells and two CHO
cell lines were refreshed with PBS (containing 1 mM CaCl2 and 0.5 mM MgCl2), pre-treated with
an RGD-containing peptide (VR-17: 141-VPNLRGDLQVLAQKVAR-157 [39], Invitrogen; 1 mM),
or pre-incubated with JMJD6 polyclonal rabbit antibody (0, 50, 100 µg/mL; Abcam) for 45–60 min at
37 ◦C. Subsequently, the viral samples were added to the monolayers of cultured cells. The reductions
in the average plaque numbers of the selected viruses were measured following the standard plaque
assay procedures described above, as compared to those in PBS solutions.

2.6. Confocal Microscopy

BHK-21 cells and CHO cell lines on glass-bottom cell culture dishes (20 mm, NEST) were inoculated
with the sample preparations of the specific viruses at a multiplicity of infection (MOI) of 10 for 1 h
adsorption at 4 ◦C. The virus suspensions were then removed and the inoculated cells were washed
with ice-cold PBS and incubated in fresh medium at 37 ◦C. At the appropriate times, cells were fixed
with 4% paraformaldehyde, permeabilized with 0.1% Tween 20 in PBS and blocked with 1% bovine
serum albumin. After washing three times with PBS, the fixed cells were incubated with guinea pig
anti-FMDV (serotype O) polyclonal antibody (1:300; CNFMDRL, Lanzhou, China), and clathrin heavy
chain monoclonal antibody (1:1000, Thermo Fisher Scientific) or caveolin-1 polyclonal rabbit antibody
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(1:400, Thermo Fisher Scientific) overnight at 4 ◦C. The cells were washed again with PBS and incubated
with the goat anti-guinea pig IgG H&L (ab150187, Abcam), and goat anti-mouse IgG H&L (ab6785,
Abcam) or goat anti-rabbit IgG H&L (ab6939, Abcam) for 1 h at 37 ◦C. Following immunofluorescence,
the antibody-incubated cells were washed with PBS, nuclei-stained with DAPI (1:10,000, Beyotime)
for 5 min at room temperature, then washed, mounted and viewed under a Leica TCS SP8 confocal
microscope. The images were captured digitally and processed by using Adobe Photoshop software.

3. Results

3.1. E83K in VP1 is Responsible for the Alteration in Cellular Receptor Recognition of O/HN/CHA/93tc to
Establish an Efficient Infection in Integrin-Negative CHO Cell Lines

The mice-originated isolate (O/HN/CHA/93wt) and its BHK-adapted derivative (O/HN/CHA/93tc)
of Cathay topotype of FMDV serotype O were used to perform plaque assays on BHK-21, CHO-K1
and pgsD-677 cells. As a result, O/HN/CHA/93wt was unable to produce plaques on HS-positive
CHO-K1 cells and mutant pgsD-677 cells, whereas O/HN/CHA/93tc formed plaques on these two
integrin-negative CHO cell lines (Figure 1). Comparative analysis of the complete genomic sequences of
O/HN/CHA/93wt and O/HN/CHA/93tc showed only one amino acid substitution (E83K in VP1) in the
capsid-coding regions (Table 1). In this case, site-directed (reverse) mutations were introduced into the
VP2 and VP1 coding regions of pOFS, for the construction of two infectious full-length genome-modified
cDNA clones that contain the whole capsid-coding regions of O/HN/CHA/93wt (M80L in VP2, K83E
and G138D in VP1) and O/HN/CHA/93tc (M80L in VP2, G138D in VP1), in terms of being 100%
identical at the amino acid level (Table 2). The infectious phenotypes of transfected supernatants from
BSR/T7-5 cells (rHNM2080L+K1083E+G1138D and rHNM2080L+G1138D) were examined by standard plaque
assays on BHK-21 cells and two CHO cell lines. As expected, the formation of plaques was observed
on CHO-K1 and pgsD-677 cells infected with rHNM2080L+G1138D, but not rHNM2080L+K1083E+G1138D

(Figure 1). In addition, the results from plaque reduction assays showed that O/HN/CHA/93wt and
rHNM2080L+K1083E+G1138D, but not O/HN/CHA/93tc and rHNM2080L+G1138D, could be almost completely
abolished by the RGD-containing peptide VR-17 for efficient infection of BHK-21 cells (Table 2).
Therefore, it seems that the presence of E83K in VP1 would lead to the initiation of infection of
O/HN/CHA/93tc and rHNM2080L+G1138D in cultured cells in an integrin-independent manner.

1 
 

 

Figure 1. The plaque phenotypes of site-directed mutants of rHN on BHK-21 cells and two CHO cell
lines. The procedures of plaque assays for each virus were done as described in the Materials and
Methods. O/HN/CHA/93wt and O/HN/CHA/93tc could be regarded in parallel as controls.
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Table 2. The phenotypic properties of distinct genetic and engineered foot-and-mouth disease viruses
(FMDVs) in BHK-21 and two CHO cell lines.

Virus a

Individual Amino Acid
Residues b Virus Titer (PFU/mL) c

Inhibition of Viral
Infection in BHK-21

Cells d

VP2 VP1
BHK-21 CHO-K1 pgsD-677 Heparin VR-17

80 83–85 138 145–147

* O/HN/CHN/93wt L EGD D RGD 2.5 × 107 <5 <5 0.5 98
# O/HN/CHN/93tc L KGD D RGD 7.0 × 107 2.4 × 104 5.5 × 102 97 0.2

rHN M KGD G RGD 1.1 × 107 <5 <5 85 0.2
rHNM2080L L KGD G RGD 3.7 × 107 <5 <5 80 0.5
rHNG1138D M KGD D RGD 2.5 × 107 <5 <5 76 0.7

# rHNM2080L+G1138D L KGD D RGD 6.8 × 107 3.2 × 104 6.0 × 102 98 0.2
rHNK1083E M EGD G RGD 4.2 × 107 <5 <5 0.2 98

rHNM2080L+K1083E L EGD G RGD 1.8 × 107 <5 <5 0.4 86
rHNK1083E+G1138D M EGD D RGD 3.0 × 107 <5 <5 0.5 96

* rHNM2080L+K1083E+G1138D L EGD D RGD 5.2 × 107 <5 <5 0.3 96
rHNK1083R M RGD G RGD 5.0 × 107 1.5 × 103 1.2 × 102 95 0.4

$ rHNK1083R+R1145K+D1147E M RGD G KGE <5 <5 <5 — —
a A detailed description for the generation of O/HN/CHA/93wt, O/HN/CHA/93tc, rHN and its site-directed mutants
was provided in the Materials and Methods. The site-directed mutants of rHN are designated with the superscripts
of the original (left) and introduced (right) amino acid residues in the capsid-coding regions. The distribution
of amino acid substitutions in the FMDV capsid is denoted by a four-digit numbering system. The first and last
three digits represent the capsid proteins (2, VP2; 1, VP1) and corresponding positions occupied by specific amino
acid residues in VP2 and VP1, respectively. The predicted amino acid sequences in the capsid-coding regions of
(*) O/HN/CHA/93wt and rHNM2080L+K1083E+G1138D as well as (#) O/HN/CHA/93tc and rHNM2080L+G1138D are 100%
identical to each other. No infectious progeny virus of ($) rHNK1083R+R1145K+D1147E was detectable by the secondary
introduction of R145K and D147E in the classical RGD motif of rHNK1083R. b One-letter amino acid codes are used.
c The titer of each virus was determined by plaque assays on BHK-21, CHO-K1 and pgsD-677 cells (<5, no plaques).
d The inhibition ratio of FMDV infection (%) by heparin (0.5 mg/mL) and VR-17 (1 mM) was analyzed by plaque
reduction assays in BHK-21 cells (comparable to that in PBS solutions; —, not done).

3.2. L80 in VP2 is Involved in the Occurrence of E83K in VP1 during the Adaptation of O/HN/CHA/93wt to
BHK-21 Cells

Subsequently, the transfected viral supernatants were then serially passaged in BHK-21 cells,
and E83K of VP1 was detected in cell-passaged derivatives of rHNM2080L+K1083E+G1138D (10th, Table 3).
Consequently, to simulate the adaptive evolution process of O/HN/CHA/93wt in BHK-21 cells, the other
three site-directed mutants were generated (rHNK1083E+G1138D, rHNM2080L+K1083E and rHNK1083E;
Table 2). It is intriguing that E83K appeared only in VP1 of rHNM2080L+K1083E after eight passages of
BHK-21 cells (Table 3). These results suggested that the co-evolution of L80 in VP2 and E83K in VP1
might have important implications for the recognition and binding of O/HN/CHA/93tc with alternative
receptors on the surface of cells in culture.

Table 3. The sequence divergence in the entire capsid-coding regions of site-directed mutants of rHN
after serial passages in BHK-21 cells a.

Virus
Original Mutation Acquired

Mutation b
No. of

PassagesVP2 VP1

rHN — — — NC 20
rHNM2080L M80L — — NC 20
rHNK1083E — K83E — NC 20
rHNK1083R — K83R — NC 11
rHNG1138D — — G138D NC 20

rHNM2080L+K1083E M80L K83E — E83K in VP1 8
rHNM2080L+G1138D M80L — G138D NC 20
rHNK1083E+G1138D — K83E G138D NC 20

rHNM2080L+K1083E+G1138D M80L K83E G138D E83K in VP1 10
a The transfected viral supernatants were successively passaged at a multiplicity of infection (MOI) of ≈1.0 (1/10,
V/V) up to 20 times in BHK-21 cells. b A single amino acid substitution (E83K in VP1) was found in the capsid-coding
regions of rHNM2080L+K1083E and rHNM2080L+K1083E+G1138D. NC, no change in amino acid sequences of the viral
capsid proteins.
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3.3. Both L80M in VP2 and D138G in VP1 Are Detrimental for the Infection of rHN in Two CHO Cell Lines

As already previously described, E83K was displayed in VP1 of rHN, however, no plaques
were produced by this backbone virus on CHO-K1 and pgsD-677 cells [31]. There were only
two amino acid differences in the capsid-coding regions (L80M in VP2, D138G in VP1) between
O/HN/CHA/93tc (rHNM2080L+G1138D) and rHN (Table 1, see Materials and Methods). To identify
the molecular determinant(s) for the non-infectious phenotypes of rHN in these two CHO cell lines,
rHNM2080L and rHNG1138D were generated from BSR/T7-5 cells by the transfection of the expectant
site-directed mutated plasmid constructions (Table 2). None of them could acquire the ability to form
plaques on CHO-K1 and pgsD-677 cells (Figure 1). Nonetheless, these two site-directed mutants
retained the non-RGD binding capacity for efficient infection in BHK-21 cells (Table 2). These results
demonstrated that L80 in VP2 and D138 in VP1 of O/HN/CHA/93tc were essential to facilitate the
non-integrin-dependent pathway in two CHO cell lines.

3.4. K83R in VP1 of rHN Plays a Functional Role to Expand Virus Tropism to Cell Types

As also mentioned in our previous and present studies, although rHN, rHNM2080L and rHNG1138D

were unable to induce plaques on two CHO cell lines, the pre-treatment with the VR-17 RGD-containing
peptide had no influence on the formation of viral plaques on BHK-21 cells ([31,32], Table 2).
Consequently, two site-directed mutated full-length cDNA clones were constructed by the introduction
of K83R (KGD→RGD, 83–85 residues) as well as K83R, R145K and D147E (RGD→KGE) in the
VP1 coding region of pOFS, respectively (Table 2). Unfortunately, no infectious progeny virus was
detected from the corresponding supernatants of rHNK1083R+R1145K+D1147E after transfection of its Not
I-linearized plasmid cDNAs into BSR/T7-5 cells (Figure 1). In the VR-17 inhibition assay, rHNK1083R

maintained the non-RGD binding capacity to infect BHK-21 cells (Table 2). Interestingly, the results
from plaque assays manifested that K83R of VP1 (rHNK1083R) could compensate the deleterious effects
of L80M in VP2 and D138G in VP1 of rHN for the production of viral plaques on CHO-K1 and
pgsD-677 cells (Figure 1). It was speculated that rHNK1083R was unable to resume the involvement
of the integrin-dependent signaling pathway in BHK-21 cells but could acquire the plaque-forming
ability on two CHO cell lines. Moreover, site-directed mutations in the classical RGD motif were
particularly deleterious for the virus (rHNK1083R+R1145K+D1147E, non-infectious; Table 2, Figure 2),
despite an artificial RGD sequence located upstream of the VP1 G-H loop.

3.5. The Site-Directed Mutants of rHN with a High Affinity for Heparin Allow Caveolin-Mediated Endocytosis
in Cultured Cells

Of the eight site-directed mutants of rHN, the plaque numbers of rHNK1083E, rHNM2080L+1083E,
rHNK1083E+G1138D and rHNM2080L+K1083E+G1138D formed on BHK-21 cells were effectively reduced by
the VR-17 RGD-containing peptide rather than heparin (Table 2). The entry of these four RGD-integrin
binding viruses into BHK-21 cells was dependent on the clathrin-mediated endocytic pathway, whereas
the other five rescued viruses (including rHN) with a high affinity for heparin could enter BHK-21
cells in a caveolin-mediated manner (Table 2, Figure 3). It has already been shown that rHNK1083R

and rHNM2080L+G1138D, two of these five heparin-sensitive viruses, acquired the plaque-forming ability
on two integrin-negative CHO cell lines (see Figure 1). The number of plaques formed by rHNK1083R

and rHNM2080L+G1138D on CHO-K1 and pgsD-677 cells was significantly reduced by the addition
of heparin, and yet the pre-incubation with JMJD6 antibodies had little impact on the number of
plaques produced by these two site-directed mutants (Figure 4). As a matter of fact, rHNK1083R and
rHNM2080L+G1138D were extensively colocalized with caveolin, but there was slight colocalization of
clathrin in not only HS-positive CHO-K1 cells but also mutant pgsD-677 cells (Figure 5). These results
offered an insight into the internalization of a cell-adapted Cathay topotype virus and its genetically
engineered FMDV variants with a high affinity for heparin and non-RGD binding capacity, for the
infection of cultured cells.
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Figure 3. Interactions of site-directed mutants of rHN with clathrin and caveolin-1 in BHK-21 cells.
The infection of BHK-21 cells with each virus (10 MOI) for the study of the internalization events was
examined by immunofluorescence and confocal microscopy, as described in the Materials and Methods.
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At 15 min after the incubation temperature was raised from 4 ◦C to 37 ◦C, the cells were fixed and
stained for virus (red) and either clathrin (green) or caveolin-1 (green) with the appropriate antibodies.
Scale bars = 10 µm.

Viruses 2020, 12, 1147 10 of 15 

 

 
Figure 4. Effects of heparin and JMJD6 antibody on the infectivity of the specific FMDVs in two 
integrin-negative CHO cell lines. The plaque reduction assays were performed after the neutralization 
of FMDV with heparin (2x mg/mL, x = −4~0) or by pre-treatment with blocking antibodies to JMJD6 
(0, 50, 100 μg/mL) on (A,B) CHO-K1 and (C,D) pgsD-677 cells. 

 
Figure 5. Analysis of the endocytic pathway of the specific FMDVs in (A) CHO-K1 and (B) pgsD-677 
cells. The detailed procedures of immunofluorescence and confocal microscopy for the entry of 
O/HN/CHA/93tc, rHNM2080L+G1138D and rHNK1083R into these two non-integrin CHO cell lines were 
processed as described in the Materials and Methods. Virus (red), and clathrin (green) or caveolin-1 
(green) upon entering the cell were probed after a shift to 37 °C for 15 min. Scale bars = 10 μm. 

Figure 4. Effects of heparin and JMJD6 antibody on the infectivity of the specific FMDVs in two
integrin-negative CHO cell lines. The plaque reduction assays were performed after the neutralization
of FMDV with heparin (2x mg/mL, x = −4~0) or by pre-treatment with blocking antibodies to JMJD6
(0, 50, 100 µg/mL) on (A,B) CHO-K1 and (C,D) pgsD-677 cells.
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Figure 5. Analysis of the endocytic pathway of the specific FMDVs in (A) CHO-K1 and (B) pgsD-677
cells. The detailed procedures of immunofluorescence and confocal microscopy for the entry of
O/HN/CHA/93tc, rHNM2080L+G1138D and rHNK1083R into these two non-integrin CHO cell lines were
processed as described in the Materials and Methods. Virus (red), and clathrin (green) or caveolin-1
(green) upon entering the cell were probed after a shift to 37 ◦C for 15 min. Scale bars = 10 µm.
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4. Discussion

The flexibility of non-RGD-dependent receptor usage reflects quasispecies dynamics of FMDV
populations within various tissue-specific cells from susceptible host species [41–44]. The efficiency
of the primary and alternative receptor utilization of FMDV might be related to the viral serotype,
due to the structural differences on the capsid surface [45–47]. It has been characterized that the
representatives of FMDV serotype O (O1Camp and O/TAW/2/99) bind to soluble αVβ6 with relatively
higher affinity than αVβ3 for virus adsorption and penetration [48]. The ligand-binding domain
of the subunit of β6 appears to contribute to the internalization of the virus [47,49], but there was
no detectable level of the β6 subunit by western blotting analysis in BHK-21 cell lysates [38,50].
Therefore, it would be understandable for the alteration in the receptor recognition and binding of
a cell-adapted Cathay topotype derivative (O/HN/CHA/93tc) of FMDV serotype O to establish an
efficient infection in BHK-21, CHO-K1 and pgsD-677 cells (Figure 1, Table 2).

The distinct phenotypic properties of rHN, rHNM2080L and rHNG1138D in the integrin-independent
infection of BHK-21 and CHO cell lines (Figure 1, Table 2) might be influenced by the differences
of disaccharide sequences and binding properties of the cell-specific HS species [51]. This in turn
could be helpful to explain the 10- to 50-fold decrease in the titers of rHNK1083R and rHNM2080L+G1138D

in pgsD-677 cells (comparable to that in CHO-K1 cells, Table 2). Despite this, the results from
plaque reduction assays and confocal microscopy forced us to reconsider the capacity of these two
heparin-sensitive viruses for the efficient infection of cultured cells in an integrin-independent manner
(Table 2, Figure 3, Figure 4, Figure 5). The cumulative findings in non-RGD-containing variants
of FMDV serotypes O, A, C have proposed that the positively charged residues at receptor-related
protein-binding sites might also act as one of the molecular determinants for JMJD6-mediated infection
of pgsD-677 cells [52,53]. The possibility of lipid raft-dependent macropinocytosis was eliminated
by the attachment of heparin-sensitive mutants (Figure S1) and the activation of dextran uptake by
non-integrin-binding variants (Figure S2) on the surface of JMJD6-positive CHO cells. These seemingly
puzzling results could no doubt further enrich our knowledge of early internalization events in the
non-integrin-dependent cell entry of FMDV.

The nucleotide differences in the complete genomic sequences of O/HN/CHA/93wt,
O/HN/CHA/93tc and rHN provided evidence of the evolutionary fitness in a broad spectrum of
extinction escape viral mutants (Table 1). It has been widely accepted that E1083K in VP1 might
be one of the dominant determinants for the non-RGD binding capacity of FMDV during cell
adaptation [31,54–56]. The results from successive passages of site-directed mutants in BHK-21 cells
retrospectively reminded us that the VP2 and VP1 coding sequences of rHN were not thought to be
amplified from the same cDNA templates (Table 3, [35]). Molecular modeling has revealed that two
functionally defined capsid residues at positions 80 of VP2 (L80M) and 138 of VP1 (D138G) were
located far away from the primary mutation (E83K in VP1), but somewhere nearby the classical RGD
motif in the G–H loop of VP1 (Figure 2, [31,32]). By this token, it was to be regretted but came as no
surprise that none of the infectious RGD- and HS-independent viruses could be rescued successfully by
the replacements of R145K and D147E in VP1 of rHN for the infection of two CHO cell lines (Table 2).

Indeed, the most comparable other example was O/CHA/90, an inactivated vaccine candidate
of Cathay topotype of FMDV serotype O [57]. E83K and the other three interfacial residues (H108Y,
R172, T174F/Y) in VP1 surrounding the fivefold axis of the virion appear to be implicated in the altered
receptor recognition of its BHK-adapted derivative (vac-O/CHA/90) for the infection of cultured cells
and animals [54]. H108 and T174 were mapped in VP1 of O/HN/CHA/93tc and, instead, the conserved
cysteine residues co-existing elsewhere on the FMDV capsid (C2078 and C2130) could tolerate change in
the flexibility of the VP1 G–H loop for modulating antigenicity and cell adaptation capacity (Table S2).
Clusters of ligand residues overlapping antigenic sites still participate in the compatibility of FMDV
with moderate infectivity in tissue culture, by stereo- and electro-chemical modification in ionic,
polar and sulfur groups (reviewed in [28]). As compared with that of O/HN/CHA/93tc, rHN had a
relatively lower virulence with a partial loss of antigenicity in vivo [34,35]. Accordingly, the potential
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implications of conservative and compensatory evolution in the functional capsid regions of rHN
should be and have already been taken into account for developing anti-FMDV vaccine candidates
with improved immunogenicity and stability [34,58,59], and companion diagnostic preparations [60].

5. Conclusions

In general, two positively charged residues (E83K/K83R in VP1) surrounding the pentamer axis
were crucial in the response to the integrin-independent infection of a few genetic and engineered
FMDVs (Cathay topotype, serotype O) in BHK-21 and CHO cell lines. The presence of E83K in VP1
might have co-evolved with L80 in VP2, and the introduction of K83R in VP1 might compensate for the
deleterious effects of L80M in VP2 and D138G in VP1 upon the interaction of FMDV with alternative
cellular receptors. These data prompt efforts to interpret the alternative receptor usage of FMDV
involved in genetic heterogeneity, viral pathogenesis and antigenic variation.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/10/1147/s1,
Figure S1: The attachment of FMDV on the surface of CHO cell lines, Figure S2: The uptake of dextran stimulated
by FMDV internalization into CHO cell lines, Table S1: The primer pairs used for the construction of the full-length
genome-modified cDNA clones of FMDV, Table S2: Comparison of the deduced amino acid sequences in the
capsid coding regions of O/CHA/90, O/HN/CHA/93wt, and their derivatives.
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