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Abstract: Foot-and-mouth disease (FMD) is a highly contagious and economically devastating disease
affecting cloven-hoofed livestock worldwide. FMD virus (FMDV) type A is one of the most common
causes of FMD outbreaks among the seven FMDV serotypes, and its serological diagnosis is therefore
important to confirm FMDV type A infection and to determine FMD vaccine efficacy. Here, we
generated monoclonal antibodies (mAbs) specific to FMDYV type A via hybridoma systems using an
inactivated FMDV type A (A22/Iraq/1964) and found 4 monoclones (#29, #106, #108, and #109) with
high binding reactivity to FMDV type A among 594 primary clones. In particular, the #106 mAb had
a higher binding reactivity to the inactivated FMDV type A than the other mAbs and a commercial
mAb. Moreover, the #106 mAb showed no cross-reactivity to inactivated FMDV type South African
territories 1, 2, and 3, and low reactivity to inactivated FMDV type O (O; Manisa). Importantly, the
solid-phase competitive ELISA (SPCE) using horseradish peroxidase (HRP)-conjugated #106 mAb
detected FMDV type A-specific Abs in sera from FMD type A-vaccinated cattle more effectively than
a commercial SPCE. These results suggest that the newly developed FMDV type A-specific mAb
might be useful for diagnostic approaches for detecting Abs against FMDV type A.

Keywords: foot-and-mouth disease; type A; structural protein; monoclonal antibody; solid-phase
competitive ELISA; sensitivity

1. Introduction

Foot-and-mouth disease (FMD) is a highly contagious disease in cloven-hoofed animals and is
caused by infection with an FMD virus (FMDV), a member of the genus Aphthovirus in the family
Picornaviridae [1]. Because FMDV can rapidly spread between susceptible animals, the disease is listed
as one of the most important animal diseases by the World Organization for Animal Health. FMD
outbreaks result in a devastating impact on economies due to constraints on the international trade of
livestock and animal products [2-4]. FMDV exists in seven distinct serotypes comprising O, Asia 1, A,
C, and South African territory (SAT) 1, 2, and 3 [5,6]. FMDV type A is one of the most widespread
FMDYV serotypes worldwide, and FMD type A outbreaks occur in many countries, including South
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Korea [7]. Thus, an inactivated FMD vaccine using a predominant FMDV type A strain, A22/Iraq/1964,
has been widely used for preventing FMDV type A infections [8-10].

Recently, various diagnostic approaches, including the virus neutralization test (VNT), liquid-phase
blocking ELISA (LPBE), and solid-phase competitive ELISA (SPCE), have been internationally accepted
for detecting FMDV-specific antibodies (Abs) after vaccination and infection [11]. VNT is considered
the gold standard for detecting Abs to structural proteins (SPs) of FMDV, but it has several limitations,
such as requiring restrictive biocontainment facility, being time consuming, and having high costs.
In addition, the VNT is more prone to variability than ELISA-based tests because of the use of various
primary cells and cell lines with different sensitivities. Due to its ease of use, LPBE has been applied as
the routine FMDV screening method, but it also has several drawbacks, including a lack of antigen
stability and false positive reactions [12,13]. SPCE is an assay based on a competition between sera Abs
and antigen-specific monoclonal Ab (mAb) to bind to antigens and has been developed for detecting
FMD Abs [14,15]. Notably, SPCE has been reported to have a higher specificity than the LPBE for
detecting Abs to SPs of the FMDV [16].

Since the first reported FMDYV type A outbreak in South Korea in 2010 [17], the Korean government
adopted a routine vaccination program against FMDV type A. Despite this effort, the outbreak of FMD
type A occurred in pigs in 2018 and put animal health authorities on alert. Currently, vaccination is
considered the best strategy for controlling FMD outbreaks, and therefore postvaccination serological
tests become an important indicator for evaluating preventive immunization programs. SPCE has
been adopted as a screening method for evaluating the immune status after FMD vaccination, because
VNTs require more time and is more labor-consuming than SPCE. For effective FMD postvaccination
monitoring, it is necessary to improve the sensitivity and specificity of antigen-specific mAbs in SPCE.

In this study, we produced 4 mAbs (#29, #106, #108, and #109) against inactivated FMDV type
A (A22/Iraq/1964) via hybridoma systems. The #106 mAb showed a higher binding reactivity to the
inactivated FMDV type A than those of the other mAbs and a commercial mAb. In addition, the
#106 mADb had no cross-reactivity against inactivated FMDV types SAT 1, 2, and 3 as well as low
cross-reactivity to an inactivated FMDV type O (O; Manisa). Importantly, the SPCE using a horseradish
peroxidase (HRP)-conjugated #106 mAb more effectively detected FMDV type A-specific Abs in the
sera from FMDV type A-vaccinated cattle compared to a commercial SPCE. These findings suggest that
the newly developed mAb might be useful for the serodiagnosis for postvaccination of FMDV type A.

2. Results

2.1. Production of Anti-FMDYV Type A mAbs

To generate anti-FMDV type A mAbs, we immunized the footpads of BALB/c mice with inactivated
FMDV type A (A22/Iraq/1964) mixed with the TiterMax Gold adjuvant on days 0, 14, and 28. Serum
samples were obtained from the immunized mice two weeks after each immunization. Production of
polyclonal Abs specific to FMDV type A was determined in the sera by ELISA. Bovine serum albumin
(BSA) was used as a negative control. As shown in Figure 1A, binding reactivity to FMDV type A
antigen dramatically increased in the sera obtained after the second and third immunizations. Two
weeks after the last immunization, lymphocytes were obtained from a popliteal lymph node of the
immunized mice and were then fused with FO myeloma cells to generate Ab-secreting hybridoma cells.
Since FMDV type O is widely distributed among seven serotypes and shares 91.2% identity with the
amino acid sequence of FMDV type A [18], ELISA was performed in culture supernatants of primary
clones using plates coated with inactivated FMDYV type O (O; Manisa) and type A (A22/Iraq/1964) to
select primary clones secreting Abs specific to FMDV type A. Among 594 primary clones, we found
that the Abs secreted from one primary clone, namely #373, was highly bound to the inactivated FMDV
type A but weakly bound to an inactivated FMDV type O; there was a 1.9-fold increase in the OD
ratio of FMDV type A to type O (Figure 1B). Then, we selected the primary clone and performed cell
subcloning followed by ELISA screening. Of the 109 subclones, the mAb secreted from 4 subclones,
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designated as #29, #106, #108, and #109, had higher binding reactivities to the inactivated FMDV
type A but not the type O compared to those of the other subclones (OD ratio of FMDV type A to
type O: 2.9 for #29, 3.1 for #106, 3 for #108, and 2.9 for #109) (Figure 1C). The 4 mAbs were purified
from culture supernatants by large-scale cultures following purification using a protein G column for
further experiments.
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Figure 1. Production of anti-FMDV type A mAb-secreting hybridomas. BALB/c mice were immunized
thrice with 10 ug of inactivated FMDV type A (A22/Iraq/1964) mixed with the TiterMax Gold adjuvant
by footpad injection on days 0, 14, and 28. Levels of FMDV type A-specific Abs were measured in
serum samples collected from the vaccinated mice two weeks after each immunization (A), in culture
supernatants of primary clones (B), and in culture supernatants of subclones (C) by ELISA. Corrected
OD values are shown. The numbers in B and C indicate fold differences in OD values of Abs reacted to
inactivated FMDV type A compared to inactivated FMDYV type O.

2.2. Comparison of Binding Reactivity and Characterization of the mAbs Against FMDV Type A

To compare the binding reactivities of the generated mAbs to FMDV type A, we prepared a 2-fold
serial dilution of mAbs and performed ELISAs using the diluted mAbs on the inactivated FMDYV type
A (A22/Iraq/1964)-coated plates. BSA was used as a negative control. As shown in Figure 2A, ELISA
showed that the #106 mAb had the highest OD values compared to those of the other mAbs, indicating
that the #106 mAb most effectively bound to the inactivated FMDYV type A. We also determined the
binding efficacies of the mAbs by calculating the half-maximal effective concentration (ECsy). The
ECsg of the #106 mAb was 5 ng/mL, which was almost 2-fold lower than those of the #29 (12 pug/mL)
and #109 (10 pg/mL) mAbs, and almost 25-fold lower than that of the #108 mAb (124 pg/mL) (Table 1).
To further confirm the binding reactivities of the mAbs, ELISA was performed using a consistent
amount of the mAbs on plates coated with serially diluted FMDV type A (A22/Iraq/1964). As expected,



Pathogens 2019, 8, 301 40f12

the #106 mAb showed significantly higher OD values compared to those of other mAbs (p < 0.05)
when using the inactivated FMDV type A antigen at 2.5, 5, and 10 ug/mL (Figure 2B). That is, the
#106 mAD robustly reacted to the inactivated FMDV type A and was selected for further experiments.
Additionally, isotypes of the mAbs were determined using an Ab isotyping kit, and all mAbs were
IgG2b, kappa (k)-chain isotypes (Table 1).

Labeling mAbs with various reporter molecules, such as horseradish peroxidase (HRP), is
extensively used for immunoassays [19]. Thus, we conjugated the #106 mAb to HRP using an HRP
conjugation kit and confirmed the binding reactivity of the HRP-conjugated #106 mAb by ELISAs
using serially diluted HRP-conjugated #106 mAb on inactivated FMDV type A (A22/Iraq/1964)-coated
plates or a consistent amount of HRP-conjugated #106 mAb on plates coated with serially diluted
FMDV type A. As expected, the HRP-conjugated #106 mAb showed higher OD values compared to
those of BSA. Notably, the HRP-conjugated #106 mAb had significantly higher OD values than those
of an HRP-conjugated commercial mAb named PrioCHECK conjugate (Figure 2C, D). The ECs¢ of
the HRP-conjugated #106 mAb was almost 14-fold lower than that of the commercial PrioCHECK
conjugate (5 pg/mL for HRP-conjugated #106 mAb versus 69 pg/mL for the PrioCHECK conjugate)
(Table 1). These results indicate that the HRP-conjugated #106 mAb has a higher binding reactivity to
FMDYV type A than the PrioCHECK conjugate.
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Figure 2. Binding reactivity of the mAbs against FMDV type A. (A,C) ELISA plates were coated with
5 ug/mL BSA (negative control) or inactivated FMDV type A (A22/Iraq/1964) overnight at 4 °C. After
washing and blocking with 5% skim milk in phosphate buffer saline (PBS), the plates were incubated
with 2-fold serial dilutions of either mAbs, followed by incubation with HRP-conjugated anti-mouse
IgG (A) or HRP-conjugated #106 mAb and PrioCHECK conjugate (C). (B,D) Two-fold serial dilutions
of BSA (negative control) or inactivated FMDV type A (A22/Iraq/1964) were coated overnight onto
ELISA plates. After washing with 0.05% Tween-20 in PBS (PBST), the plates were blocked with 5%
skim milk in PBS and then incubated with 30 pg/mL mAbs, followed by HRP-conjugated anti-mouse
IgG (B) or 150 pg/mL HRP-conjugated #106 mAb and 150 pg/mL PrioCHECK conjugate (D). Corrected
OD values are shown. The data are presented as the mean + SD. Significant differences were analyzed
by one-way ANOVA, * p < 0.05, ** p < 0.01, and *** p <0.001.
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Table 1. Isotypes and ECsj values of the mAbs.

MAbD Isotype Light chain ECsp against Inactivated

FMDYV Type A (ug/mL)
#29 IgG2b K 12
#106 IgG2b K 5
#108 IgG2b K 124
#109 IgG2b K 10
HRP-conjugated #106 IgG2b K 5
PrioCHECK conjugate IgG1 K 69

2.3. Specificity of the mAb against FMDYV Serotypes

To assess the specificity of the #106 mAb to different FMDV serotypes, we performed ELISAs using
serially diluted, purified #106 mAb, HRP-conjugated #106 mAb, or the commercial mAb (PrioCHECK
conjugate) on plates coated with inactivated FMDV types O (O; Manisa), SAT 1, SAT 2, or SAT 3.
FMD type A (A22/Iraq/1964) was used as a positive control. As shown in Figure 3A,B, ELISAs
showed that both purified #106 mAb and HRP-conjugated #106 mAb had significantly 3-fold higher
OD values to FMDV type A than those from other FMDV serotypes when using the maximum
amounts of mAb (p < 0.001). Even though the #106 mAb reacted to the inactivated FMDV type O,
the degree of reactions was significantly lower than that of the inactivated FMDV type A (p < 0.001).
The PrioCHECK conjugate showed no cross-reactivity to FMDV serotypes O and SAT (Figure 3C).
We further confirmed the specificity of the #106 mAb by ELISAs using a consistent amount of the
purified #106 mAb or HRP-conjugated #106 mAb on plates coated with various concentrations of the
FMDYV serotypes. Consistently, both purified and HRP-conjugated #106 mAbs showed basal levels
of OD values (0.05-0.09 OD: BSA 0.05-0.08 OD) against the inactivated FMDV types SAT 1, 2, and 3,
demonstrating that the #106 mAb had no cross-reactivity to FMD type SAT. We observed that both
purified and HRP-conjugated #106 mAbs showed cross-reactivity to the inactivated FMDV type O
with increasing amounts of mAb or antigen, but the degree of the OD values against inactivated FMDV
type O was significantly 3-fold lower than that against the inactivated FMDV type A when using the
maximum amount of antigen (p < 0.001) (Figure 3D,E). Cross-reactivity to FMDV serotypes O and SAT
was not observed by the PrioCHECK conjugate (Figure 3F). Collectively, our results reveal that the
#106 mADb has high specificity against FMDV type A but not FMDV type O.

2.4. Evaluation of the mAb in SPCE for Detection of SP Abs from FMDYV Type A-Vaccinated Cattle

To investigate whether the generated #106 mAb is useful for the detection of SP Abs against FMDV
type A in SPCE, we first applied the HRP-conjugated #106 mAb to SPCE using a FMDV type A reference
strong positive and negative sera, and the ability of the #106 mAb was compared with the commercial
PrioCHECK conjugate. The HRP-conjugated #106 mAb showed a high OD value in the FMDV type
A negative sera, which was comparable to the OD value of the PrioCHECK conjugate. In contrast,
in the presence of the FMDYV type A strong positive sera, both the HRP-conjugated #106 mAb and
PrioCHECK conjugate had OD values as low as basal levels. The percentage of inhibition (PI) values
for SPCE was also similarly observed using the HRP-conjugated #106 mAb and PrioCHECK conjugate
(80 + 0.45% and 77 + 0.16%, respectively) (Figure 4A), suggesting that the generated mAb can be
applied to detect the presence of FMDV type A-specific SP Abs in the sample from susceptible animals.
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Figure 3. Specificity of the #106 mAb against different FMDV serotypes. (A—C) ELISA plates were
coated overnight with 5 pg/mL BSA (negative control), 1:500 dilutions of virus culture supernatants of
FMDYV types SAT 1, 2, or 3 (inactivated), or 5 pg/mL of inactivated FMDV types A (A22/Iraq/1964),
or O (O Manisa). After washing with PBST and blocking with 5% skim milk in PBS, the plates
were incubated with 2-fold serial dilutions of either purified #106 mAb, followed by HRP-conjugated
anti-mouse IgG (A), HRP-conjugated #106 mAb (B), or PrioCHECK conjugate (C). (D-F) Two-fold
serial dilutions of BSA (0.08-5 pug/mL, negative control), virus culture supernatants of FMDV SAT 1,
2, and 3 (1:12800-1:200, inactivated), or inactivated FMDV type O and A (0.08-5 pg/mL) were coated
overnight onto ELISA plates. After washing with PBST, the plates were blocked with 5% skim milk in
PBS and then incubated with 30 ug/mL purified #106 mAb, followed by HRP-conjugated anti-mouse
IgG (D), 3 ug/mL HRP-conjugated #106 mAb (E), or a predetermined dilution of PrioCHECK conjugate
(F). Corrected OD values are shown. The data are presented as the mean + SD. Significant differences
were analyzed by one-way ANOVA, *** p < 0.001.

We finally evaluated the ability of #106 mAb to detect FMDV type A-specific SP Abs via SPCE using
sera from cattle vaccinated with a bivalent vaccine containing inactivated FMDV type A (A22/Iraq/1964)
and type O (O; Manisa), following national routine vaccination programs in South Korea. Since the
PrioCHECK SPCE is commonly used as a primary screening method worldwide, we simultaneously
performed the commercial PrioCHECK SPCE for comparison. The PI value using HRP-conjugated
#106 mADb was 89 + 5%, while the PI value using the commercial mAb was 77 + 13% (Figure 4B).
Notably, SPCE using the HRP-conjugated #106 mAb showed PI values above 50 (cutoff value) in all the
serum samples. However, the commercial SPCE exhibited PI values below 50 in one out of 12 samples
under the same conditions. The results suggest that the use of the #106 mAb could improve the SPCE
sensitivity for detecting FMDV type A SP Abs in the samples collected from susceptible animals.
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Figure 4. Detection of FMDV type A-specific structural protein (SP) Abs using the #106 mAb in SPCE.
(A) Inactivated FMDV type A-coated plates were incubated with FMDV type A reference positive or
negative sera. After washing, the plates were further incubated with assay buffer only (marked as
“No Ab”) for a negative control, 0.3 pg/mL HRP-conjugated #106 mAb, or a predetermined dilution of
PrioCHECK conjugate for 1 h at RT. Data shown are the mean values + SD of duplicate samples and
are representative of three similar independent experiments. (B) FMDYV type A-coated plates were
incubated with serum samples from FMDV type A-vaccinated cattle (1 = 12) followed by incubation
with HRP-conjugated #106 mAb or PrioCHECK conjugate for 1 h at RT. Data are presented as the
mean + SD of 12 samples and are presentative of two similar independent experiments. Significant
differences were analyzed by a two-tailed ¢-test, ** p < 0.01.

3. Discussion

Diagnostic approaches for detecting Abs against FMDV are important to certify the health status
of individual animals prior to import or export, to confirm suspected cases of FMD, to substantiate the
absence or presence of FMDV infection, and to determine the efficacy of vaccines [11]. Since FMDV
type A is one of the most common causes of FMD outbreaks [7], the vaccination against FMDV type A
has been considered the best strategy for controlling FMD outbreaks. In this study, we developed #106
mADb specific to FMDV type A and focused on FMD type A in order to check the ability of our mAb
to evaluate the FMD type A-specific vaccine efficacy (antibody production) using serum samples of
vaccinated animals. The #106 mAbD effectively bound to the inactivated FMDV type A. The #106 mAb
had no cross-reactivity to inactivated FMDV types SAT 1, 2, and 3, and low reactivity to inactivated
FMDYV type O (O Manisa). Importantly, the use of HRP-conjugated #106 mAb in SPCE detected
FMDV type A SP Abs in sera from FMD type A-vaccinated cattle more effectively than a commercial
SPCE, suggesting that the #106 mAb could improve SPCE sensitivity.

In this study, using hybridoma systems, we selected the FMDV type A-specific #106 mAb, which
had a higher antigen binding reactivity than those from other mAbs. Compared to a commercially
available mAb, HRP-conjugated #106 mAb bound more efficiently to the inactivated FMDV type A.
The comparison of the binding strength of the commercial mAb to our #106 mAb is limited as the
antigenic origin of the commercial mAb is not known. The robust antigen binding capacity of #106
mADb could be advantageous to apply in various approaches, including mAb-based ELISA, fluorescent
immunohistochemistry, or flow cytometry to detect the FMDV type A antigen. Because FMDYV has
seven different serotypes with high homology in amino acid sequences [18], cross-reactivity of the
FMDV mAb is undesirable in terms of the correct diagnosis of certain FMDV subtypes. Here, we
evaluated the cross-reactivity of the #106 mAb to FMDV types SAT 1, 2, and 3, which caused recent
outbreaks in Africa [20-22] and FMDV type O, one of the widely distributed serotypes [7]. Fortunately,
the #106 mAb had no cross-reactivities to the inactivated FMDV serotypes SAT 1, SAT 2, and SAT 3. The
#106 mAb showed low reactivity to the inactivated FMDV type O (O Manisa). This reactivity could
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result from the high amino acid sequence identity (91.2%) between the serotypes A22/Iraq/1964 and O
Manisa [18]. The commercial mAb had no cross-reactivity against FMDV type O, and SAT 1, 2, and 3,
but #106 mAb showed more sensitivity to FMDV type A than the commercial mAb. A further study on
cross-reactivity to other serotypes, including FMDV types Asia 1 and C, should be performed to fully
investigate the specificity of this mAb. Also, the strength of the mAb can be improved by conjugation
with various materials such as nanoparticles or by molecular engineering such as affinity maturation,
specificity modulation, or stability engineering of the mAb as previous studies described [23-25].
The control and prevention of FMD are mainly based on vaccinations [26], and inactivated FMD
vaccines are commonly used to combat the disease [27]. Because animals immunized with inactivated
FMD vaccines produce Abs specific to the SPs [12], the diagnosis of SP Abs is considered the best way
to evaluate the vaccine efficacy and is currently performed by three internationally accepted tests,
including VNT, LPBE, and SPCE [11]. Among these tests, SPCE is widely used for primary screening to
determine SP Abs in field samples due to the time and labor consumption of VNTs as well as the lack
of antigen stability of LPBE. For the accurate diagnosis of FMD, SPCE for FMD is currently also needed
to improve sensitivity and specificity [28]. Many efforts have been made to develop mAbs against SP
Abs for FMDV type A [29-31], but it has been required to develop a FMDV type A SPCE with higher
sensitivity and specificity until now. Herein, we demonstrated that our generated #106 mAb was more
effective at detecting FMDV type A-specific SP Abs in the sera collected from the FMD-vaccinated
cattle than a commercial SPCE. Notably, the use of our mAb in SPCE was able to detect FMDV type A
SP Abs in all tested samples. However, the commercial SPCE failed to detect the Abs in one sample
out of the 12 tested samples. The false negative diagnosis might result in not only the inaccurate
investigation of the vaccine efficacy but also the misinterpretation of the infection status of animals
before international trade, resulting in facilitating the spread of the disease. Although the high binding
reactivity of the #106 mAb to FMDV type A can make false positive results, there is very low chance
to cause problems because of false positives if our mAb is only used for evaluating FMDV type A
vaccine efficacy. Notably, #106 mAb conjugate also showed a capability of reducing a false negative
result when using PrioCHECK (Figure 4). Given the difficulty in obtaining the field samples until now,
further study should be performed using large numbers of samples as well as diverse samples from
other susceptible animal species, such as pigs and goats, to validate the broad use of our #106 mAb.

4. Materials and Methods

4.1. Mouse Immunization and Hybridoma Preparation

Six- to eight-week-old female BALB/c mice were purchased from Orient Bio (Gyeonggi-do, Korea)
and housed in a specific pathogen-free facility at the Korea Research Institute of Bioscience and
Biotechnology (KRIBB). Handling of mice and experimental procedures were reviewed and approved
by the Institutional Animal Care and Use Committee of the KRIBB and were performed according to
the Guidelines for Animal Experiments of the KRIBB (Approve number: KRIBB-AEC-17191). Mice
were immunized thrice with 10 ug of inactivated FMDV type A (A22/Iraq/1964, Pirbright Institute,
Pirbright, UK) mixed with the TiterMax Gold adjuvant (Sigma-Aldrich, St. Louis, MO, USA) by
footpad injection on days 0, 14, and 28. Two weeks after each injection, sera from the immunized
mice were collected. On day 42 after the initial administration, cells were isolated from the popliteal
lymph nodes of the immunized mice and fused with myeloma FO cells (ATCC CRL1646) as previously
described [32] to obtain hybridomas that produced anti-FMDV type A Abs.

4.2. Isotype Identification

The isotype of the mAbs was identified with an immunoglobulin isotyping kit (Roche Diagnostic,
Mannheim, Germany). Briefly, mAbs were diluted in PBS, pH 7.2 at a concentration of 1 pg/mL. The
diluted mAbs (150 pL) were added into the development tubes. The tubes were incubated at RT for
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30 seconds and then vortexed to completely suspend the colored latex. Isotyping strips were placed in
each development tube, and the results were interpreted after 10 minutes.

4.3. Conjugation of mAb with HRP

The mAb was conjugated with HRP using an HRP conjugation kit (Abcam, MA, USA) according
to the manufacturer’s instructions. Briefly, the modifier reagent was added to the mAb (v:v = 1:10) and
gently mixed. The mixture was then added to the lyophilized HRP and incubated at RT for 3 h. The
reaction was stopped using the quencher reagent (v:v = 1:10) and stored at 4 °C until further use.

4.4. ELISA

MaxiSorp 96-well plates (Thermo Scientific, Roskilde, Denmark) were coated with 5 pg/mL
inactivated FMDV type A (A22/Iraq/1964) in PBS overnight at 4 °C. Wells coated with 5 ug/mL
BSA were used as negative controls. The plates were blocked with 5% skim milk in PBS for 2 h at
37 °C and washed with PBST. The plates were then incubated with the culture supernatants from
the clones, and various concentrations of purified mAbs, HRP-conjugated mAb, or PrioCHECK
conjugate (HRP-conjugated mAb specific to FMDV type A included in a PrioCHECK®FMDYV Type
A Kit (Prionics AG, Schlieren-Zurich, Switzerland) for 2 h at 37 °C. In the case of incubating with
the culture supernatants of the clones and the purified mAbs, the plates were further incubated with
HRP-conjugated anti-mouse IgG (1:5000) (Cell Signaling Technologies, Danvers, MA, USA) for 1 h
at 37 °C. In separate experiments, MaxiSorp 96-well plates were coated with various concentrations
of inactivated FMDV type A (A22/Iraq/1964) or BSA (negative controls) in PBS overnight at 4 °C.
After blocking, the plates were incubated with either purified mAbs for 2 h at 37 °C, followed by
incubation with HRP-conjugated anti-mouse IgG (1:5000) for 1 h at 37 °C or HRP-conjugated mAb
and PrioCHECK conjugate for 2 h at 37 °C. Following PBST washing, the reactions were developed
with the chromogenic tetramethylbenzidine (TMB) substrate (BD Biosciences, San Diego, CA, USA)
and terminated with 2N H,SO,. Optical densities (ODs) were measured at 450 nm using a Versamax
microplate reader (Molecular Devices, San Francisco, CA, USA).

In cross-reactivity experiments, MaxiSorp 96-well plates were coated with 1:500 dilution of virus
culture supernatants of FMDV types SAT 1, 2, and 3 (inactivated) and 5 pg/mL inactivated FMDV
types A (A22/Iraq/1964) or O (O Manisa; Pirbright) overnight at 4 °C. Wells coated with 5 pg/mL BSA
were used as negative controls. After blocking, the plates were incubated with various concentrations
of the purified mAb for 2 h at 37 °C, followed by HRP-conjugated anti-mouse IgG (1:5000) for 1 h at
37 °C, or various concentrations of HRP-conjugated mAbs or PrioCHECK conjugate for 2 h at 37 °C.
In separate experiments, MaxiSorp 96-well plates were coated with various concentrations of virus
culture supernatants of FMDV types SAT 1, 2, and 3 (1:12,800-1:200, inactivated), inactivated FMDV
type O (O Manisa, 0.08-5 pug/mL; Pirbright), or BSA (0.08-5 png/mL, negative controls) in PBS overnight
at 4 °C. The FMD viruses SAT1/BOT/1/68, SAT2/ZIM/5/81 and SAT3/SIM/4/81 were used for antigen
preparation in a baby hamster kidney 21-cell line. Twenty-four hours after virus infection, the viruses
were inactivated by 0.003 N of binary ethylenimine for 24 h and concentrated with polyethylene glycol
6000 (Sigma-Aldrich). The virus was layered on 15%—-45% sucrose density gradients and centrifuged.
After the ultracentrifuge tube was punctured, 1 mL fractions were collected and then used for the
experiments. After blocking, the plates were incubated with either 30 pg/mL purified mAb for 2 h at
37 °C, followed by incubation with HRP-conjugated anti-mouse IgG (1:5000) for 1 h at 37 °C, or 3 ug/mL
HRP-conjugated mAb, or PrioCHECK conjugate (diluted according to the manufacturer’s instructions)
for 2 h at 37 °C. After PBST washing, the reactions were developed with TMB and terminated with 2 N
H,SO4. OD values were measured at 450 nm using the Versamax microplate reader.

4.5. Cattle Sample Collection

According to the national policy, routine vaccination programs against the FMDV types O and A
have been performed in cattle in South Korea. Blood samples were collected from FMDV (A22/Iraq/1964
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and O; Manisa)-vaccinated cattle to slaughter at slaughterhouses, and serum samples were obtained
with support from the Animal and Plant Quarantine Agency (Gimcheon, South Korea).

4.6. SPCE

Levels of Abs against SPs of FMDV type A in serum samples were determined by SPCE
using HRP-conjugated mAb or commercial SPCE (PrioCHECK®FMDV Type A; Prionics AG,
Schlieren-Zurich, Switzerland). The assays were performed according to the manufacturer’s
instructions. Briefly, PrioCHECK plates coated with FMDV type A antigens were incubated with 1:5
dilutions of FMDV type A reference strong positive or negative sera (contained in the commercial SPCE
kit) or serum samples from vaccinated cattle for 1 h at RT. After washing, the PrioCHECK conjugate
(diluted following the manufacturer’s instructions) or 0.3 pug/mL of HRP-conjugated mAb was added
to the plates and incubated for 1 h at RT. The plates were washed, and the TMB substrate was added.
The reaction was stopped with 2 N H,SO4. OD values were measured at 450 nm using the Versamax
microplate reader. The OD at 450 nm (OD 450 nm) of all samples were expressed as percentage Pls
relative to the maximum of OD 450 nm. FMDYV type A SP Abs were considered to be absent and
present in the samples if the PI was below 50% and equal to or above 50%, respectively.

4.7. Statistical Analysis

Data are presented as the means + standard deviation (S5D) and represent at least two independent
experiments. Statistical differences between the two groups or multiple groups were assessed using
two-tailed Student’s f-test or one-way ANOVA followed by Bonferroni correction (ANOVA/Bonferroni),
respectively. p values less than 0.05 (p < 0.05) were considered statistically significant. All analyses
were performed using GraphPad PRISM software.

5. Conclusions

In conclusion, we herein report the development and application of a newly generated #106 mAb
against SPs of FMDV type A. Our mAb showed high binding reactivity to inactivated FMDV type A
(A22/Iraq/1964), low cross-reactivity to inactivated FMDV type O (O; Manisa), and no cross-reactivity
to inactivated FMDV types SAT 1, 2, and 3. Importantly, the SPCE using HRP-conjugated #106
mAD increased the sensitivity for detecting FMDV type A-specific Abs in the sera from FMDV type
A-vaccinated cattle compared to a commercial SPCE. Therefore, the diagnostic application of our mAb
might be useful for improving current SPCEs for determining the vaccine efficacy of FMDV type A.

Author Contributions: Conceptualization, H.P.; methodology, Q.T.N.,].Y,,].N., S.R., HM.P. and M.-Y.P; validation,
B.KK.,]J-WB.,S-HW. and K.-S.C.; formal analysis, Q.T.N. and ].Y.; investigation, Q.T.N. and ].Y.; writing-original
draft preparation, Q.T.N.; writing-review and editing; ].Y. and H.P,; supervision, H.P; project administration, H.P;
funding acquisition, H.P.

Funding: This research was supported by grants from the R&D Convergence Program of National Research
Council of Science & Technology of Republic of Korea (Grant No. CAP-16-02-KIST) and the KRIBB Research
Initiative Program, Republic of Korea.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Pereira, H. Foot-and-mouth disease. In Virus Disease of Food Animals; Gibbs, E.PJ., Ed.; ACA Press Inc:
London, UK, 1981; Volume 56, pp. 333-363.

2. Knight-Jones, T.; Rushton, ]. The economic impacts of foot and mouth disease—What are they, how big are
they and where do they occur? Prev. Vet. Med. 2013, 112, 161-173. [CrossRef] [PubMed]

3. Pendell, D.L.; Leatherman, J.; Schroeder, T.C.; Alward, G.S. The economic impacts of a foot-and-mouth
disease outbreak: A regional analysis. Am. J. Agric. Econ. 2007, 39, 19-33. [CrossRef]

4. Perry, B.D,; Rich, K. M. Poverty impacts of foot-and-mouth disease and the poverty reduction implications of
its control. Vet. Rec. 2007, 160, 238-241. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.prevetmed.2013.07.013
http://www.ncbi.nlm.nih.gov/pubmed/23958457
http://dx.doi.org/10.1017/S1074070800028911
http://dx.doi.org/10.1136/vr.160.7.238
http://www.ncbi.nlm.nih.gov/pubmed/17308024

Pathogens 2019, 8, 301 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Grubman, M.J.; Baxt, B. Foot-and-mouth disease. Clin. Microbiol. Rev. 2004, 17, 465-493. [CrossRef]
[PubMed]

Jamal, S.M.; Belsham, G.J. Foot-and-mouth disease: Past, present and future. Vet. Res. 2013, 44, 116.
[CrossRef] [PubMed]

King, D.; Di-Nardo, A.; Henstock, M. OIE/FAO Foot-and-Mouth Disease Reference Laboratory Network:
Annual Report2017. In Proceedings of the OIE/FAO FMD Laboratory Network Meeting, Pretoria, South Africa,
29-30 November 2017; pp. 6-17.

Park, M.E.; You, S.H.; Lee, S.Y.; Lee, K.N.; Ko, M.K ; Choi, ].H.; Kim, B.; Lee, ].S.; Park, ] H. Inmune responses
in pigs and cattle vaccinated with half-volume foot-and-mouth disease vaccine. J. Vet. Sci. 2017, 18, 323-331.
[CrossRef]

Choi, J.H.; Jeong, K.; Kim, S.M.; Ko, M.K,; You, S.H.; Lyoo, Y.S.; Kim, B.; Ku, ].M; Park, ].H. Synergistic effect
of ribavirin and vaccine for protection during early infection stage of foot-and-mouth disease. J. Vet. Sci.
2018, 19, 788-797. [CrossRef]

Horsington, J.; Nfon, C.; Bittner, H.; Durr, P.A.; Singanallur, N.; Alexandersen, S.; Vosloo, W. The protective
capacity of high payload FMDV A22 IRQ vaccine in sheep against direct-contact challenge with a heterologous,
contemporary FMDV A strain from South East Asia. PLoS ONE 2018, 13, e0195302. [CrossRef]

OIE. Manual of Diagnostic Tests and Vaccines for Terrestrial Animals; OIE: Paris, France, 2008.

Clavijo, A.; Wright, P; Kitching, P. Developments in diagnostic techniques for differentiating infection from
vaccination in foot-and-mouth disease. Vet. J. 2004, 167, 9-22. [CrossRef]

Haas, B. Application of the FMD liquid-phase blocking sandwich ELISA. Problems encountered in
import/export serology and possible solutions. In Proceedings of the Session of the Research Group
of the European Commission for the Control of Foot and Mouth Disease, Vienna, Austria, 19-22 September
1994; pp. 19-29.

Mackay, D.K.; Bulut, A.N.; Rendle, T.; Davidson, F.; Ferris, N.P. A solid-phase competition ELISA for
measuring antibody to foot-and-mouth disease virus. J. Virol. Methods 2001, 97, 33-48. [CrossRef]

Paiba, G.A.; Anderson, J.; Paton, D.].; Soldan, A.W.; Alexandersen, S.; Corteyn, M.; Wilsden, G.; Hamblin, P;
MacKay, D.K.; Donaldson, AL Validation of a foot-and-mouth disease antibody screening solid-phase
competition ELISA (SPCE). |. Virol. Methods 2004, 115, 145-158. [CrossRef] [PubMed]

Sevik, M.; Ozturk, FEE].T.J.O.V.; Sciences, A. Comparative evaluation of liquid-phase blocking ELISA
and solid-phase competition ELISA methods for the detection of antibodies to the structural proteins of
foot-and-mouth disease types O and A viruses. Turk. . Vet. Anim. Sci. 2013, 37, 523-528. [CrossRef]

Park, J.; Lee, K;; Ko, Y;; Kim, S.; Lee, H.; Park, J.; Yeh, J.; Kim, M.; Lee, Y.; Sohn, H. Diagnosis and Control
Measures of the 2010 Outbreak of Foot-and-Mouth Disease A Type in the Republic of Korea. Transbound.
Emerg. Dis. 2013, 60, 188-192. [CrossRef] [PubMed]

Yoon, S.H.; Park, W.; King, D.P,; Kim, H. Phylogenomics and molecular evolution of foot-and-mouth disease
virus. Mol. Cells 2011, 31, 413-421. [CrossRef] [PubMed]

Wisdom, G.B. Horseradish peroxidase labeling of IgG antibody. In The Protein Protocols Handbook; Human
Press: Totowa, NJ, USA, 2009; pp. 681-683. ISBN 978-1-58829-880-5.

Pinto, J. Foot-and-Mouth Disease Situation Food and Agriculture Organization of the United Nations Monthly Report;
FAO: Roma, Italy, 2017; pp. 21-25.

FAO calls for urgent action to tackle FMD outbreak in Egypt. Vet. Rec. 2012, 170, 350.

Ahmed, H,; Salem, S.; Habashi, A.; Arafa, A.; Aggour, M.; Salem, G.; Gaber, A.; Selem, O.; Abdelkader, S.;
Knowles, N.J.T; et al. Emergence of Foot-and-Mouth Disease Virus SAT 2 in Egypt During 2012. Transbound.
Emerg. Dis. 2012, 59, 476-481. [CrossRef]

Ducancel, F.; Muller, B.H. Molecular engineering of antibodies for therapeutic and diagnostic purposes.
MADbs 2012, 4, 445-457. [CrossRef]

Tiller, K.E.; Tessier, PM. Advances in Antibody Design. Annu. Rev. Biomed. Eng. 2015, 17,191-216. [CrossRef]
Khoshnejad, M.; Brenner, ].S.; Motley, W.; Parhiz, H.; Greineder, C.E,; Villa, C.H.; Marcos-Contreras, O.A.;
Tsourkas, A.; Muzykantov, V.R. Molecular engineering of antibodies for site-specific covalent conjugation
using CRISPR/Cas9. Sci. Rep. 2018, 8, 1760. [CrossRef]

Abubakar, M.; Kanwal, S.; Saeed, A. Persistence, emergence and distribution of foot and mouth disease virus
(FMDV); global and pakistan perspectives. Pak. ]. Life Soc. Sci. 2012, 10, 84-90.


http://dx.doi.org/10.1128/CMR.17.2.465-493.2004
http://www.ncbi.nlm.nih.gov/pubmed/15084510
http://dx.doi.org/10.1186/1297-9716-44-116
http://www.ncbi.nlm.nih.gov/pubmed/24308718
http://dx.doi.org/10.4142/jvs.2017.18.S1.323
http://dx.doi.org/10.4142/jvs.2018.19.6.788
http://dx.doi.org/10.1371/journal.pone.0195302
http://dx.doi.org/10.1016/S1090-0233(03)00087-X
http://dx.doi.org/10.1016/S0166-0934(01)00333-0
http://dx.doi.org/10.1016/j.jviromet.2003.09.016
http://www.ncbi.nlm.nih.gov/pubmed/14667530
http://dx.doi.org/10.3906/vet-1303-26
http://dx.doi.org/10.1111/j.1865-1682.2012.01333.x
http://www.ncbi.nlm.nih.gov/pubmed/22630568
http://dx.doi.org/10.1007/s10059-011-0249-6
http://www.ncbi.nlm.nih.gov/pubmed/21448588
http://dx.doi.org/10.1111/tbed.12015
http://dx.doi.org/10.4161/mabs.20776
http://dx.doi.org/10.1146/annurev-bioeng-071114-040733
http://dx.doi.org/10.1038/s41598-018-19784-2

Pathogens 2019, 8, 301 12 of 12

27.

28.

29.

30.

31.

32.

Sobrino, E; Saiz, M.; Jimenez-Clavero, M.A.; Nunez, ].I.; Rosas, M.E; Baranowski, E.; Ley, V. Foot-and-mouth
disease virus: A long known virus, but a current threat. Vet. Res. 2001, 32, 1-30. [CrossRef] [PubMed]
Kang, Y.L,; Jeong, ].Y.; Choi, H.Y.; Zhang, Y.; Liu, Y.; Lee, H.].; Choi, ].C.; Lee, S.H.; Lee, B.J.; Lee, SW,; et al.
Evaluation and optimization of a conventional SPCE for FMD post-vaccination monitoring. BMC Vet. Res.
2018, 14, 371. [CrossRef] [PubMed]

Lin, T; Li, J.; Shao, ].J.; Cong, G.Z.; Du, ].Z; Gao, S.D.; Chang, H.Y. Develope monoclonal antibody against
foot-and-mouth disease virus A type. Virol. Sin. 2011, 26, 273-278. [CrossRef] [PubMed]

Cho, ].G; Jo, Y.J.; Sung, ] H.; Hong, ] K.; Hwang, J.H.; Park, ].H.; Lee, K.N.; Park, S.G. Monoclonal and
polyclonal antibodies specific for foot and mouth disease virus type A and type O VP1. Hybridoma 2012, 31,
358-363. [CrossRef]

Yang, M.; Xu, W.; Bittner, H.; Horsington, J.; Vosloo, W.; Goolia, M.; Lusansky, D.; Nfon, C. Generation of
mAbs to foot-and-mouth disease virus serotype A and application in a competitive ELISA for serodiagnosis.
Virol. . 2016, 13, 195. [CrossRef]

Heo, C.K.; Woo, M.K;; Yu, D.Y.; Lee, ].Y.; Yoo, ].S.; Yoo, H.S.; Ko, J.H.; Kim, ].M.; Choi, J.Y.; Kim, L.G.; et al.
Identification of autoantibody against fatty acid synthase in hepatocellular carcinoma mouse model and its
application to diagnosis of HCC. Int. J. Oncol. 2010, 36, 1453-1459.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1051/vetres:2001106
http://www.ncbi.nlm.nih.gov/pubmed/11254174
http://dx.doi.org/10.1186/s12917-018-1686-7
http://www.ncbi.nlm.nih.gov/pubmed/30486820
http://dx.doi.org/10.1007/s12250-011-3199-4
http://www.ncbi.nlm.nih.gov/pubmed/21847759
http://dx.doi.org/10.1089/hyb.2012.0034
http://dx.doi.org/10.1186/s12985-016-0650-z
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Production of Anti-FMDV Type A mAbs 
	Comparison of Binding Reactivity and Characterization of the mAbs Against FMDV Type A 
	Specificity of the mAb against FMDV Serotypes 
	Evaluation of the mAb in SPCE for Detection of SP Abs from FMDV Type A-Vaccinated Cattle 

	Discussion 
	Materials and Methods 
	Mouse Immunization and Hybridoma Preparation 
	Isotype Identification 
	Conjugation of mAb with HRP 
	ELISA 
	Cattle Sample Collection 
	SPCE 
	Statistical Analysis 

	Conclusions 
	References

