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ABSTRACT

Introduction. Foot-and-mouth disease (FMD) is a highly contagious, economically significant disease of cloven-hoofed animals, characterized by vesicular symp-
toms. There are seven known foot-and-mouth disease virus (FMDV) serotypes (A, 0, C, SAT 1, SAT 2, SAT 3 and Asia 1), whichimmunologically differ from each other.
Special attention has been recently paid to FMDV of SAT2/XIV topotype (South African Territories 2) due to its rapid spread. One of the key methods of FMD control
is vaccination and assessment of the susceptible animal immune status.

Objective. Development and testing of an enzyme-linked immunosorbent assay (ELISA) system based on the indirect liquid-phase blocking ELISA for the deter-
mination of antibodies to structural proteins of SAT2/XIV FMDV in order to evaluate the effectiveness of an FMD vaccine based on SAT-2/XIV/2023 FMDV antigen
in the process of its production and subsequent use.

Materials and methods. The test material included experimental serum samples collected from cattle, pigs and white mice. The developed ELISA test system
for assessing the level of post-vaccination antibodies against SAT2/XIV FMDV was validated through comparative testing with commercial test-kits: Test-kit for
the determination of SAT 2 FMDV antibodies (Federal Centre for Animal Health, Russia) and “Solid-phase competitive ELISA for antibodies specific to FMDV serotype
SAT 2" (IZSLER & The Pirbright Institute, Italy/Great Britain).

Results. The effectiveness of the proposed test system in detecting the induction of antibodies against SAT2/XIV FMDV was higher than that of other ELISA
systems with the pronounced topotype specificity to the SAT2/VII FMD agent. Specific antibodies were detected in individual cattle on day 7 post vaccination.
High diagnostic sensitivity (90%), specificity (98%) and accuracy (95%) ensured high degree of the ELISA results consistency with the known diagnostic status of
the tested animals (k-criterion — 0.896).

Conclusion. Thus, the ELISA system for assessing humoral immunity against SAT2/XIV FMDV, which is 100% homologous with the vaccine strain and demonstrates
high diagnostic parameters, is a reliable tool for assessing the quality of the SAT2/XIV FMD vaccine.
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PazpaboTka 1 npumeHeHne UMMYHODEPMEHTHOIA
TeCT-CUCTeMbI 1A OLEHKN FyMOPabHOT0 UMMYHUTETA
npoTMB BUPYCa ALLypa Tonotuna SAT2/XIV

H. H. NyroBckas, 10. C. Enbkuua, M. A. lesyenko, bl. M. fToumypapos, H. [I. Kniokuna, [1. B. Muxanuwun, A. B. bopucos
OTBY «DefepanbHblit LieHTp oxpaHbl 380poBbA XuBOTHbIX» (OTBY «BHUIU3X»), yn. [Bapaeiickas, 6, mkp. I0pbesew, 1. Bnagumup, 600901, Poccua

PE3IOME

BBepeHue. fliuyp — BbICOKOKOHTArMo3Has, 3KOHOMUYECKHN 3HaUUMasa 60Ne3Hb NAPHOKOMBITHBIX XKUBOTHbIX, XapaKTepU3yIoLLaaca Be3MKYAPHLIMU CUMNTOMA-
mu. [A3BecTHbl 7 cepoTunoB Bupyca Autypa (A, 0, C, SAT 1, SAT 2, SAT 3 u Asia 1), ummyHonoruyeckm oTnvatLLmxca mexay cooii. B nocnestee Bpems ocoboe
BHUMaHue yaensetca Tonotuny Bupyca Awypa SAT2/XIV (South African Territories 2) BBuay ero 6bicTporo pacnpoctpaHeHus. OZHUMM U3 OCHOBHbIX METOL0B
60opb6bl € ALLYPOM ABNAKTCA BaKUNHONPOUNAKTIKA 11 OLieHKA MMMYHHOTO CTaTyca NorofoBbA BOCMPUUMUMBbIX KUBOTHBIX.
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Lienb uccnepoBanua. Pa3pa6oTka v UCnbiTaHne MMMYHOGEPMeHTHOI TeCT-CUCTEMbI Ha 0CHOBE HENPAMOTO XUAK0ha3HOro GNoKMpyioLLLero BapuaHTa UMMYHo-
$EepMEHTHOro aHanu3a AnA onpeseNneHna aHTUTeN K CTPYKTYpHbIM 6enkam Bupyca Awypa tonotuna SAT2/XIV ana oueHKmM 3QOeKTUBHOCTI NPOTUBOALLYPHOI
BaKLMHbI Ha 0CHOBE aHTUreHa BUpYca AlLypa Wwramma SAT-2/XIV/2023 npu ee npou3BOACTBE M NOCNELYHOLLEM NPUMEHEHUH.

Marepuanbi u meTofbl. MccnesyembiM Matepuanom Cyunn SKcnepuMeHTanbHble 06pa3Lbl CbIBOPOTKM KPOBM KPYMHOr0 POraToro ckoTa, CBUHeiA 1 enbix
mblwwedt. MicnbiTanue pa3paboTtaHHoit MIMMYHOepMEHTHOI TeCT-CUCTEMbI 1A OLLEHKIN YPOBHA NOCTBAKUMHANbHDBIX aHTUTEN K BUPYCY ALypa TonoTuna SAT2/XIV
MPOBOAAY B CPABHEHUN C KOMMEPYECKUMY Habopamu: AnA onpeaeneHna aHTuTen K upycy awypa SAT 2 (OTBY «BHUN3M», Poccua) n Solid-phase competitive
ELISA for antibodies specific to FMDV serotype SAT 2 (IZSLER & The Pirbright Institute, ranua/Benukobputatus).

Pesynbratbl. JOYeKTMBHOCTL NPeANOXEHHOI TeCT-CUCTEMbI B PErvCTpaLyi BbipaboTki aHTUTeN K BUPYCY ALypa Tonotuna SAT2/XIV 6bina Bbilue, yem y Apyrux
UMMYHODEPMEHTHBIX TeCT-cucTeM, 06n1ajatoLLnX BbIpaXKeHHOI TonoTUNOCNeLMPUUHOCTLIO K Bo3byauTento Alwypa Tonotuna SAT2/VII. Y otaenbHbix ocobeit
KpYMHOro poraToro ckota cneuuuyeckue aHTUTeNa BbIABNANM Ha 7-€ CyT Nocse BakLMHaLMK. Bbicokne 3HaueHna AuarHocTuyeckoil uysctuTenbHocti (90%),
ANArHoCTUYecKkoi cneunduuHocT (98%) 1 AnarHoCTMUeckoi ToYHOCTH (95%) onpeseninu BbICOKYI CTeneHb COrNacoOBaHHOCTY Pe3yNbTaToB peakLuui MMMy-
HO(EepMEHTHOr0 aHanu3a C U3BECTHbIM AArHOCTUYECKUM CTaTYCOM 06CneayeMbIX XUBOTHBIX (k-Kputepuil — 0,896).

3akniouenue. Takum 06pa3om, UMMYHODepMeHTHaA TeCT-CCTEMa ANA OLEHKN yMOPanbHOro IMMYyHUTETa NPoTIB BUpYca Alypa Tonotuna SAT2/XIV, umeto-
was 100%-1o cTeneHb FoMONOrMN ¢ BAKLMHHBIM LUTAMMOM, 06MajjatoLias BbICOKUMY AUAarHOCTUYECKUMM NOKa3aTeNAMU, ABNAETCA HAieXKHbIM UHCTPYMEHTOM
OLIeHKN KauecTBa BaKLyHbI NpoTu Aypa SAT2/XIV.

KnioueBbie cnosa: Bupyc Awlypa cepotuna SAT 2, uMMyHOGEPMEHTHbII aHani3, ryMOpabHblil UIMMYHUTET

bnaropapHocTu: Pabota npoBeaeHa 3a cuet cpeacte ObY «BHUN3X» B pamkax HayuHo-UccnefoBaTenbekux pabot no Teme «BetepuxapHoe bnarononyune.
ABTOpbI BbIpaxatoT 6narofapHoCTb COTPYAHIUKAM cekTopa buoTexHonorum nabopatopuy npodunaxtvky Awypa OrbY «BHUN3X»: Bemywemy BeTepuHapHoMy
Bpauy A. A. XaputoHoBoii, rasHbiM cneuuanuctam E. A. Pasrynaesoii u 0. 0. byauHoii — 3a BbINONHeHe 0TAeNbHbIX 3TanoB paboTbl.

[ina yntuposauus: Jlyrosckas H. H., Enbkuna 10. C., Wesyenko M. A., foumypagos bl. M., Kniokuna H. 1., Muxanuwun 1. B., bopucos A. B. Pazpabotka u npu-
MeHeHYe IMMYHOGePMEHTHON TeCT-CuCcTeMbl ANA OLIeHKM FyMOPanbHOT0 UMMYHUTETa NpoTyB Bupyca Awypa Tonotuna SAT2/XIV. Bemepunapus cezodus. 2025;
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KoHdnukT unTepeco: ABTopbl 3asBNAIOT 06 OTCYTCTBIAM KOHOMMKTA UHTEPECOB.
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INTRODUCTION

Foot-and-mouth disease (FMD) is a highly contagious,
economically significant disease of cloven-hoofed an-
imals, which is characterized by vesicular symptom:s.
There are seven known FMDV serotypes: A, O, C, SAT 1,
SAT 2, SAT 3 and Asia 1, which immunologically differ
from each other.

The disease causative agent in the susceptible an-
imals is an Aphthovirus of the Picornaviridae family,
which is a capsid enclosing a positive sense RNA chain.
The capsid of an icosahedron structure with a sedimen-
tation coefficient 1465, is formed of 60 copies of a proto-
meric subunit consisting of four structural proteins (SP):
VP1-VP4.VP1-VP3 surface polypeptides carry epitopes
responsible for the FMDV serotype specificity and in-
ducing production of the virus neutralizing antibodies.
The priority polypeptide is VP1, which features the ma-
jor antigenic site located within the G-H loop region.
The internal protein VP4 is highly conserved across
the serotypes of the pathogen, and antibodies against
VP4 epitopes do not confer protection against the
infection [1, 2].

Domesticated animals, mainly cattle, pigs, sheep,
goats, buffaloes (Bubalus bubalis), as well as camels and
New World camelids, are FMD susceptible. However, the
FMDV is sometimes isolated from wild cloven-hoofed
animals such as wild pigs, antelopes and deer. Cross-
infection between wild and domestic cloven-hoofed
animals is therefore possible through direct or indirect
contact. In sympatric species, this is one of the most
likely routes of FMDV transmission. The primary FMDV

reservoir is cattle, as this species is characterized by the

virus carrier phenomenon. The virus carriers are individ-
uals in whose oropharynx the virus persists for more

than four weeks after infection. In cattle, this condition

usually persists for up to six months, but in some indi-
viduals it lasts for up to three years. In wild animals, the

virus carrier state was proven only for African buffaloes

(Syncerus caffer), some individuals of which maintained

the virus for five years, and in the herd the pathogen

can circulate for 24 years or more. This characteristic
of cattle significantly complicates FMD control efforts,
particularly in the disease endemic areas. Such areas in-
clude a number of countries in Africa, Middle East, and

Asia, as well as in a limited area of South America [1],
which in turn creates a serious risk of FMD spread

outside the endemic territories.

The FMD control consists in timely preventive mea-
sures, such as effective epidemiological disease control;
vaccination of domestic and farm animals against FMD;
movement control of wild cloven-hoofed animals in
border areas at risk of the pathogen introduction from
the FMD-infected countries; monitoring tests to assess
the immunity level of farm and domestic animals, in-
cluding retrospective FMD diagnosis. Since the viruses
of different serotypes induce virtually no cross-immu-
nity, and the vaccines, which are based on strains differ-
ent from the field ones, may provide weak protection
even within the same serotype, the development of
vaccine formulations requires meticulous strain selec-
tion to ensure maximum possible protection of the ani-
mal population against FMD in a specific region [1, 2].
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Recently, special attention has been paid to sero-
type SAT 2 FMDV, which is exotic for many regions of
the world, including for Russia. The name itself, which
is an English abbreviation of South African Territories,
indicates the origin of this serotype. FMD outbreaks
caused by serotype SAT 2 virus, whose representatives
are characterized by high genetic variability and are
divided into 14 topotypes (I-XIV), are periodically re-
ported in the African continent [3]. Until recently, the
FMD epidemic situation in Africa was generally asso-
ciated with the members of serotype SAT 2 topotype
VII (SAT2/VII), but in 2022, rapid spread of SAT 2 topo-
type XIV (SAT2/XIV) virus started, which resulted in its
spread outside the endemic territories. FMD outbreaks
caused by SAT2/XIV topotype virus were reported in
2023 in some Eurasian countries, including Iraq, Jordan,
and Turkey.

Serotype SAT 2 FMDV, which circulated in Iraq in
2023, is closely related to the virus isolates recovered in
Ethiopia in 2022 (SAT2/ETH/3/22 and SAT2/ETH/2/22).
Both viruses were isolated from the infected cattle in
March 2022. According to the reports, the virus current-
ly isolated in Jordan is also related to the specified Iraqi
virus. The spread of the exotic foot-and-mouth disease
virus to large susceptible cattle and buffalo populations
in Iraq poses risk to numerous animal populations in
Iran, Turkey, as well as a number of other countries in
the Middle East, and raises serious concern [4].

Close cooperation with the CIS and Middle East
countries, trade and economic ties of the Russian Fed-
eration with the African countries, where preventive
vaccination of livestock against serotype SAT 2 FMDV is
not carried out, increase the risk of this serotype FMDV
introduction into our country. This is why greater rele-
vance is now placed on the production of the vaccines
against serotype SAT 2 FMDV, including SAT2/XIV FMDV,
as well as on the development and introduction of di-
agnostic test systems to assess the effectiveness of the
vaccination and the strength of the immunity against
this topotype virus in farm and domestic cloven-hoofed
animals and to detect post-infection FMDV antibodies
in the sera of the unvaccinated animals.

The Federal Centre for Animal Health has developed
and successfully tested a mono- and polyvalent vaccine
based on the antigen of FMDV strain SAT-2/XIV/2023 [4].
The strain was obtained by adapting the FMDV iso-
late recovered at the Federal Centre for Animal Health
from the bovine pathological material delivered from
the Hashemite Kingdom of Jordan in August 2023 to
the reproduction in the primarily trypsinized porcine
kidney monolayer cell line, in the continuous cell cul-
tures BHK-21/SUSP/ARRIAH, IB-RS-2, PSGK-30, as well
as in cattle and pigs. SAT-2/XIV/2023 strain was depos-
ited in the All-Russian State Collection of Exotic FMDV
Types and Other Animal Pathogens of the Federal Cen-
tre for Animal Health in 2023 and was proposed for
the manufacture of vaccine products and diagnostic
tools [5, 6]. This necessitated the development of an
enzyme-linked immunosorbent assay (ELISA) system
to objectively and reliably evaluate the antigenic and
immunogenic properties of the FMD vaccine based on

SAT-2/XIV/2023 virus antigen, as well as the immune
background and intensity of post-vaccination immu-
nity in the susceptible animals.

The paper describes the stages of the development
and testing of the ELISA system based on an indirect
liquid-phase blocking enzyme-linked immunosorbent
assay intended for assessment of the humoral immuni-
ty against SAT2/XIV FMDV.

MATERIALS AND METHODS

Serum samples. Experimental serum samples collec-
ted from cattle, pigs, and white mice served as the ELISA
test material.

Preparation of immunospecific reagents. The anti-
gen of FMDV strain SAT-2/XIV/2023 intended for the
production of ELISA-specific components (antigen,
capture (coating) and detector antibodies) was isola-
ted from the inactivated virus-containing BHK-21 cell
suspension according to the following procedure. At
the first stage, the antigenic source materials were pu-
rified from cellular debris by low-speed centrifugation
(Avanti J-26 XP; Beckman Coulter, USA) for 30 minutes.
The supernatant was discarded and used to precipitate
the viral antigen with 8% polyethylene glycol of molec-
ular weight 6,000 g/mol (PEG 6,000) and 0.85% NaCl
for 18-20 hours at (6 + 2) °C. The precipitated antigen
was pelleted using Avanti J-26 XP centrifuge (Beckman
Coulter, USA) at 6,000 rpm and 4 °C for 60 minutes. The
supernatant was removed, and the pellet was re-sus-
pended in 1/500 of the original volume of the starting
material using phosphate buffered saline solution (PBS)
at pH 7.4.The resulting suspension was then thorough-
ly homogenized with 50% chloroform and fractiona-
ted at 3,000 rpm and 4 °C for 15 minutes using Allegra
X-22R Centrifuge (Beckman Coulter, USA). The upper
aqueous fraction was an intermediate substance in
the form of a concentrated, partially purified antigen,
hereinafter referred to as a precipitate of the antigen
of FMDV strain SAT-2/XIV/2023 (AQ, . e SAT2/XIV).
A, ccipitare 2AT2/XIV was then fractionated using a dis-
continuous sucrose density gradient comprising suc-
cessive layers of 20, 30, 40, 50% sucrose in PBS on Opti-
ma L-80 XP Ultracentrifuge (Beckman Coulter, USA) at
24,000 rpm and 4 °C for 3 hours.

The antigenic fractions were analyzed spectrophoto-
metrically at 260 nm wavelength and by electrophoretic
separation of protein molecules in the polyacrylamide
gel. 30-50% sucrose fractions containing VP1-VP3 SP
(an intact FMDV SAT-2/XIV/2023 antigen representing
146S particles), free from impurities or comprising their
minimal amount, were combined, labeled as 146S-Ag
SAT2/XIV and then used to manufacture the immuno-
specific components of the liquid-phase blocking ELISA
(LPB-ELISA): FMDV capture and detector antibodies as
well as antigen.

Rabbits and guinea pigs were immunized twice with
146S-Ag SAT2/XIV at a dose of approximately 0.3 and
0.15 mg/animal, respectively. The antigen intended
for administration was mixed with ISA-206 adjuvant in
equal proportions. The bleeding was performed on day
35 post the first vaccination.
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All animal experiments were conducted in strict
compliance with the interstate standard for the ac-
commodation and care of laboratory animals GOST
33215-2014, adopted by the Interstate Council for
Standardization, Metrology and Certification, as well
as in accordance with the requirements of Directive
2010/63/EU of the European Parliament and of the
Council of 22 September 2010 on the protection of an-
imals used for scientific purposes.

Standard panel of strain-specific bovine and porcine
serum samples was used to select the working dilutions
of the LPB-ELISA components, including capture and
detector antibodies, antigen and rabbit anti-guinea pig
IgG secondary antibody immunoperoxidase conjugate.
The panel included both homologous and heterolo-
gous samples obtained for other FMDV serotypes, as
well as normal serum, collected from the animals not
vaccinated against FMD.

ELISA. The test was carried out according to the rec-
ommendations of the World Organization for Animal
Health (WOAH) for LPB-ELISA [1] and instructions for
use of the ELISA test kit for detection of antibodies
against FMDV SP using the optimal concentration of
immunospecific reagents selected during the test sys-
tem development. Diagnostic LPB-ELISA test-kit for
the detection of antibodies to SAT 2 FMDV (SAT2/VII
topotype) SP manufactured by the Federal Centre for
Animal Health, as well as a commercial test-kit for the
detection of antibodies to serotype SAT 2 FMDV “Solid-
phase competitive ELISA for antibodies specific to
FMDV serotype SAT 2, hereafter SAT2-IZSLER" (IZSLER
& The Pirbright Institute, Italy/UK) were also used ac-
cording to the manufacturer’s instructions.

The virus neutralization test (VNT) of the FMDV was
performed in the continuous porcine kidney cell line
IB-RS-2 in accordance with the WOAH recommendations.
Microneutralization technique with 96-well flat-bottom
cell culture plates was used for the virus neutralization.
Approximately 10> TCID, /0.05 mL (tissue culture in-
fective dose of the virus, causing death in 50% of the
cells) of the virus was added to the tested and control
serum samples two-fold diluted with Eagle’s nutrient
medium (permissible range 10'*-10>* TCID, /0.05 mL.
The sera were incubated for 1 hour at 37 °Cwith 5% CO,,
then 0.05 mL of IB-RS-2 cell culture suspensions at a
concentration of 10 cells/mL were added to each plate
well and incubated under the same conditions for 48—
78 hours. The test results were recorded as the virus
cytopathic effect (CPE) developed in the control wells
with the infected cell culture and without test animal
sera. The virus-neutralizing antibody (VNA) titer was
defined as the highest serum dilution that inhibits the
viral cytopathic effect (CPE) by 50% [1].

Alignment of amino acid sequences. The amino acid
sequences of VP1 protein of the FMDV of different SAT 2
topotypes were aligned according to information
obtained from GenBank NCBI and the Federal Centre
for Animal Health database: SAT2/ETH/2/2022 (Gen-
Bank: WKE35517.1); SAT2/JOR/11/2023 (GenBank:
WURO05443.1); SAT-2/XIV/2023 (the Federal Centre for
Animal Health database); SAT2/ETH/2/91 (GenBank:
WKE35516.1); SAT2/ERI/4/98 (GenBank: AAR09103.1);
SAT2/LIB/39/2012 (GenBank: AFU55195.1); SAT2/EGY/
Ismailia/2018 (GenBank: QZE50286.1); SAT2/EGY/Beni-
Suef-2/2018 (GenBank: QEI49588.1); SAT2/EGY/Dakahlia/
2017 (GenBank: AXR97922.1)[7,8,9,10,11,12,13, 14].

FMDV isolate Topotype Location Amino acid sequence
SAT2/ETH/2/2022 v 1 ttsagegadv vtidptthgg aarptrrvht dvaflldrst hvhitnkttin idlmdtkeka
SAT2/J0R/11/2023 X 1 | R T
SAT2/XIV/2023 XIwv 1 S U S o
SAT2/ETH/2/91 AV 1 —_——————— svt-a—i— ————————— R
SAT2/ERI/4/98 VII 1 —t--8-—-- nVgeg-—K—- @-———————= ———— B Y—————— e
SAT2/LIB/39/2012 WII 1 —t--5-——— nvgeg—k— e-—-—————— ——— —g——8-V W-————- K——
SAT2/EGY/Ismalia/2018 VII g | ERelLR t--8-——— IVGEg-—K—— €-————— - ———— g8~V V———Ti—————
SATZ/EGY/Beni-Suef-2/2018 WVII 1
SAT2/EGY/Dakahlias2017 WII 1
SAT2/ETH/2/2022 XIv 61 Ivgailrsat yyfcdleiac vgdhkrvywg pngapratgl gdnpmvishn rvtrfaipyt
SAT2/J0R/11/2023 XIv 6l | - R e e S S G TR, e R
SAT2/XIV/2023 XIv g1 | - e e e e o e T S NS & B
SAT2/ETH/2/91 XIv 61 ——— - e f— ———t-t- ————§—— g
SATZ/ERI/4/58 WVII 61 e - =———t——f—- ---——-ft--- ——————yakg g--—-———— E-
SAT2/LIB/3%/2012 VII 61 XL g
SATZ/EGY/I=smalia/2018 VII 61 e ——e-t-—f--
SAT2/EGY/Beni-Suef-2/2018 WII 61 —e-tk-f——
SAT2/EGY,/Dakahlia/2017 WII 61 §m ——— e P e e [
SAT2/ETH/2/2022 XIv 121 aphrllstvy ngectynkss tairgdravl vakyadnkht lpstfnfghv tadapvdvyy
SAT2/J0R/11/2023 XV T P s U = = W T T I . N S
SAT2/XIV/2023 xv 0 I 2SO e R R e bl
SAT2/ETH/2/91 XIv B N d-k-a- ———-—————— e | ot SIS D i
SNT2/ERT/4/98 VII 191 | ——mmmmm t-ta ———————— P R wi- —gq———fF- v-k——
SAT2/LIB/3%/2012 VII 121 | ——mmmmm d-——fy ———————— B A t-— - -w-k
SAT2/EGY/Ismalia/2018 VII 1905 | pessememesma v-k—py as—-———— B s PO SN ARS. S —
SNT2/EGY/Beni-Suef-2/2018 VII B N B i v-t-pv ap-——————i S C— st-- ——p-————-8- -v-k--———
SAT2/EGY/Dakahlia/2017 VII 121 —————————— ————-ketp ——————— o L+ SO e, N T AR
SAT2/ETH/2/2022 Xv 181 rmkraelycp rallpaynha grdrfidapig wekgl
SAT2/J0R/11/2023 XIv 181 | ——————— —_— I
SAT2/XIV/2023 XIv 181 | ————————- —_— L E
SAT2/ETH/2/91 XV ALY | e —-d-v pe
SAT2/ERI/4/98 VII 181 | —————————— P —d-- --rgtl
SAT2/LIB/39/2012 VII 181 E N s
SAT?/EGY/Ismalia/2018 VII 181 PO D . v M S .
SAT2/EGY/Beni-Suef-2/2018 WII 181 B e s S S o
SAT2/EGY/Dakahlias2017 WIT 181 —————————— —p—————fg—— §————————— ——T-L

Fig. 1. Amino acid sequences of VP1 polypeptide of serotype SAT 2 topotype XIV and VIl FMDV obtained from NCBI and
Federal Centre for Animal Health databases (up to 216 a.r.), G-H loop area is highlighted in red
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Fig. 2. Location of SAT-2/XIV/2023 strain on serotype SAT 2 FMDV
phylogenetic tree. The dendrogram is based on the comparison of VP1 gene

nucleotide sequences. Topotypes I-XIV are in square brackets

Polyacrylamide gel electrophoresis. Electrophoretic
separation of proteins in polyacrylamide gel was per-
formed as previously described [15, 16].

Statistical analysis was carried out using online re-
sources, including MedCalc’s Diagnostic test evaluation
calculator (https://www.medcalc.org/calc/diagnostic_
test.php), Kappa Calculator (https://www.easycalcula-
tion.com/statistics/cohens-kappa-index.php).

RESULTS AND DISCUSSION

Development of SAT2/XIV-ARRIAH test system.
The effectiveness of the vaccine, immune background
and anti-FMDV immunity strength in the susceptible
animals are assessed by the level of the specific virus
neutralizing (protective) antibodies in the sera of an-
imals after vaccination or infection. In the laboratory
diagnostics, two key methods are used to examine se-
rum samples for the antibodies to the FMDV SP: VNT
and ELISA [1,2,17,18,19].

The developed ELISA system, designed primarily to
evaluate the antigenic and immunogenic activity of
the FMD vaccine containing genotype SAT2/XIV FMDV
antigen, is based on LPB-ELISA. This ELISA variant, rec-
ommended by the WOAH as one of the key methods
of retrospective FMD diagnosis aimed at the monitor-
ing the FMD vaccine immunogenicity, assessing the
immunity strength, and FMD monitoring tests, has

been adapted for the Federal Centre for Animal Health,
optimized, and modified. An undeniable advantage

of the LPB-ELISA is that the formation of the 'antigen -
antibody' complex occurs in the liquid phase, i.e., under
conditions that closely mimic the natural environment.
In this case, there is no deformation of the virion and

the antigenic sites do not change, which makes it sim-
ilar to the VNT in cell culture or chicken embryonated

eggs [1,17,18,19].

When creating the test systems for FMD diagnosis,
the developers strive for the ELISA serotype specificity.
Indeed, within the serotype, the FMDV:s of different ge-
netic lineages, as a rule, reveal a serological relationship.
However, when testing the primarily vaccinated young
animals, the test systems for detecting the certain se-
rotype FMDV antibodies produced by different manu-
facturers may demonstrate strain/genotype specificity.
This is of great importance in assessing the antigenic
and immunogenic activity of a FMD vaccine. It is es-
sential to carefully select the tool to obtain the most
objective and reliable information.

Two test systems were earlier developed at the
Federal Centre for Animal Health to assess humoral
immunity against SAT 2 topotype VIl FMDV based
on SAT2/LIB/39/2012 and SAT2/ERI/98 strains, which
demonstrated a high degree of relatedness and, as a
result, interchangeability [3]. These test systems were
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Antigenic relatedness of subtype SAT 2 FMDV strains determined
in the virus neutralization test, r

Serum samples

I nean M FMDV neutralization test*
mean

SAT2/LIB/39/2012 SAT2/ERI/98 SAT-2/X1V/2023

SAT2/1IB/39/2012 1.0 0.36 0.06
SAT2/ERI/98 0.69 1.0 0.16
SAT-2/XIV/2023 0.14 0.16 1.0

*1,2 0.3 - dlose relatedness; r, < 0.3 — low relatedness.
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supposed to be able to provide a full-scale ELISA moni-
toring of the effectiveness of the vaccine containing the
antigen of the new FMDV strain. Data on the genetic
and serological matching of SAT 2 FMDV strains and
isolates of topotypes VIl and XIV were analyzed, and
the feasibility of developing a new test system for SAT 2
FMDV of topotype XIV was considered.

To identify the genetic relationship (homology) be-
tween topotypes VIl and XIV, amino acid sequences of
SAT 2 FMDV VP1 protein were compared. As can be seen
in Figure 1, the vaccine FMDV strain SAT-2/XIV/2023

had 100% homology with the FMDV isolate recovered
in the Hashemite Kingdom of Jordan in 2023 (SAT2/
JOR/11/2023) in the amino acid sequence of VP1 poly-
peptide. Both viruses differed from SAT2/ETH/2/2022
isolate recovered in Ethiopia in 2022 by one amino acid
substitution in the G-H loop region and by 20 substi-
tutions from another Ethiopian isolate SAT2/ETH/2/91.

These viruses belong to topotype XIV of SAT 2 sero-
type and significantly differ from the isolates of SAT 2
topotype VIl virus, which directly affects the antigenic
matching of SAT 2 virus strains belonging to different
topotypes. The phylogenetic tree of the SAT 2 FMDV
in Figure 2, based on the comparison of VP1 gene nu-
cleotide sequences clearly demonstrates the topotypic
(genotypic) differences between the virus strains.

When studying the antigenic matching of the vaccine
strain SAT-2/XIV/2023 (topotype XIV) and FMDV strains
SAT2/LIB/39/2012 (topotype VII) and SAT2/ERI/98 (topo-
typeVIl), alow degree of relatedness between the strains of
different topotypes was established in VNT in IB-RS-2 cell
culture: 0.06-0.16. Meanwhile, strains SAT2/LIB/39/2012
and SAT2/ERI/98 showed close relatedness between each
other: 0.36 and 0.69, respectively (Table 1), which indicat-
ed good cross-protection between these FMDVs.
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o 1 2 3 4 5 & 7 8

Sucrose gradient fractions

9 i0 11 12 13 14 15 16 17 18

VPl |
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Sucrose gradient fractions

Fig. 3. Isolation of 146S-Ag SAT2/XIV during fractionation of SAT2/XIV Ag

A - sedimentation profile of SAT2/XIV Ag

precipitate

using sucrose gradient ultracentrifugation:

precipitate

with wavelength 260 nm at 1:10 dilution;

B - electrophoregram of sucrose gradient fractions, including SP VP1, VP2, VP3 of SAT-2/XIV/2023 FMDV strain
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1 2
Fig. 4. 12% polyacrylamide gel electrophoresis
of SAT-2/XIV/2023 FMDV antigen:
1=SAT2/XIVAG,, . iate before fractionation by sucrose
gradient ultracentrifugation; 2 — 1465-Ag SAT2/XIV

Thus, when developing an enzyme-linked immu-
nosorbent assay system to assess the antigenicity and
immunogenicity of the vaccine against SAT2/XIV FMD,
the production strain SAT-2/XIV/2023 was selected.

Special attention was paid to the extraction of 146S
component from the inactivated virus-containing
suspension of BHK-21 cell culture (1465-Ag SAT2/XIV)
when preparing specific LPB-ELISA reagents for the
detection of antibodies to SAT2/XIV FMDV SP. It is an
intact antigen with sedimentation coefficient of 146S,
that is, an antigen with an unaltered structure, repre-
senting virions that have lost their infectivity during the
inactivation process. This antigen consists of a capsid
enclosing inactivated RNA. The integrity of the capsid
ensures the immunogenicity of the FMD vaccine, since
the surface polypeptides VP1-VP3 induce the produc-
tion of the virus neutralizing strain/serotype-specific
antibodies. Use of highly purified 146S antigen during
the ELISA "liquid phase", when an immune complex
with specific antibodies is formed in the test sample, as
well as for the immunization of rabbits and guinea pigs
for the production of capture (coating) and detector
antibodies, respectively, allows for the determination
of the level of humoral immunity against FMD with the
highest possible reliability.

The use of antigens with a lower degree of purifi-
cation in the ELISA, i.e. partially purified antigen (an-
tigenic precipitate) or antigen-containing cell suspen-
sion, which are characterized by the presence of ballast
proteins in the form of residual cell debris and serum
albumin, can lead to biased test results.

During antigen fractionation by ultracentrifugation
in a 20-50% sucrose gradient, the majority of 146S par-
ticles accumulated at the interface between the 30 and
40% sucrose layers as an opalescent band. The gradient
fractions collected at 1 mL were analyzed spectropho-
tometrically at a wavelength of 260 nm to construct
SAT2/XIV AG,,. ipiare S€dimentation profile and by electro-
phoretic separation of protein molecules in a 12% poly-
acrylamide gel (Fig. 3B).

Fractions with the highest accumulation of VP1-VP3
structural polypeptides and the lowest content or ab-
sence of impurities were selected for 146S antigen. As a
result, after combining the fractions, 1465-Ag SAT2/XIV
was obtained with a protein concentration of ap-
proximately 0.55 mg/mL. Figure 4 shows an electro-
phoregram of SAT-2/X1V/2023 FMDV antigen in 12%
polyacrylamide gel before and after fractionation by
sucrose-gradient ultracentrifugation.

Table 2
ELISA and VNT results of serum samples collected from cattle vaccinated against
SAT2/XIV FMD (adsorbed monovalent vaccine)

Test system

SAT2/XIV- SAT2/VII-

Serum

PL 2500, | Pl 2500, | =070 | N = 2100y
25 25 pos/n pos/n
pos/n pos/n
s odpy | Defore 0/16 0/16 0/16 0/16
o vaccination
whole dose 0/5 0/5 0/5 0/5
1/4 0/5 0/5 0/5 0/5
Sy, 3 PV
1/16 0/5 0/5 0/5 0/5
control 0/1 01 0/1 01
whole dose 1/5 0/5 0/5 0/5
1/4 1/5 0/5 0/5 0/5
S,o, 7 dpv
1/16 1/5 1/5 0/5 0/5
control 0/1 01 0/1 01
whole dose 5/5 4/5 3/5 3/5
1/4 4/5 2/5 1/5 3/5
S, 14 dpv
1/16 2/5 1/5 0/5 1/5
control 01 01 0/1 0/1
whole dose 5/5 4/5 3/5 4/5
1/4 4/5 1/5 1/5 2/5
S, 21 dpv
1/16 2/5 1/5 0/5 1/5
control 0/1 0/1 0/1 0/1

S, — bovine sera; Pl — inhibition percent; TDOSVNA — positive (protective) titre of virus
neutralizing antibodies; pos/n — number of positive reactors against total number of the

animals in the group; dpv — day post vaccination.
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Table 3
ELISA results of serum samples collected from white mice immunized with
an adsorbed monovalent vaccine against SAT2/XIV FMDV

Test system
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Serum samples | Vaccine dose SAT2/XIV- SAT2/VII- SAT2-IZSLER
ARRIAH ARRIAH Pl > 70%
PL>50% | Pl >50% ms= 00
whole dose 67.5% 64.4% 30.6%
S, 14dpv 1/4 64.9% 50.1% 14.9%
116 21.1% 5.9% 22.3%
whole dose 71.6% 65.3% 32.5%
1/4 63.5% 48.0% 43.7%
S, 21 dpv
116 12.5% 1.7% 1.8%
control 6.1% 0.35% 2.4%

S —white mouse sera; P — inhibition percent; dpv — day post vaccination; positive Pl values

mur

are in bold.
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The resulting 146S-Ag SAT2/XIV was used to man-
ufacture immunospecific components of LPB-ELISA:
capture and detector antibodies, and FMDV antigen.

The test system for the determination of SAT2/XIV
FMDV SP antibodies demonstrated specificity and
sensitivity in determining the immune status of the
tested animals when using immunospecific reagents
in the following working dilutions: capture antibo-
dies - 1:1000, detector antibodies — 1:5000, FMDV anti-
gen - 1:1000, or 0.55 pg/mL, commercial anti-species
conjugate — 1:1500, or 0.75 pg/mL.

When interpreting the ELISA results, it is necessary
to establish qualitative assessment criteria. For this
purpose, the cut-off value is determined - a positive
and negative threshold (PNT) that allows classifying the
tested biological samples as positive or negative for a
specific infectious agent.

In the developed SAT2/XIV-ARRIAH test system, the
qualitative analysis of the ELISA results is based on a
PNT of 50% PI (percentage of inhibition) [1]. The cal-
culation was performed based on the data obtained

Table 4
ELISA results of serum samples collected from cattle and pigs before and after vaccination against serotype SAT 2 FMD and challenge

Test system

during testing of 176 serum samples collected from
clinically healthy cattle and pigs not vaccinated against
FMD. Mean Pl and standard deviation from the mean
(SD) were obtained. The mean PI for this serum sam-
ple panel (n = 176) was 21.09%, SD - 14.67%. The PNT
was calculated by the formula: PNT=PI__+2SD and
amounted to 50.43%.

Thus, the PNT value for the qualitative characteristics
of the serum samples tested for the presence of SAT2/XIV
FMDV antibodies using the proposed test system cor-
responded to the predicted 50% PI, which indicated
the optimal choice of working dilutions of the immu-
nospecific components that determined the accuracy
and objectivity of the analysis.

Trials of SAT2/XIV-ARRIAH test system. SAT2/
XIV-ARRIAH ELISA system was evaluated during the
assessment of the antigenicity and immunogenicity of
SAT2/XIV monovalent adsorbed FMD vaccine in com-
parison with other test systems for SAT 2 FMD diagno-
sis (Table 2). For this purpose, fifteen black-and-white
bull calves were vaccinated once with the vaccine at
different doses: whole dose, 1/4 dose and 1/16 dose,
with five animals per each vaccine dose. One control
animal was not vaccinated. Blood for testing in ELISA
and VNT was collected from all animals on day 0, 3,7, 14,
21 post administration of the vaccine against SAT2/XIV
FMD. The serum samples were tested for SAT 2 FMDV
antibodies using the following ELISA systems: SAT2/XIV-
ARRIAH based on SAT-2/XIV/2023 strain; SAT2/VII-ARRIAH
based on SAT2/LIB/39/2012 strain; SAT2-IZSLER, and
SAT-2/XIV/2023 VNT.

As can be seen from Table 2, the effectiveness of
SAT2/XIV-ARRIAH test system was higher in record-
ing the specific antibody production as compared to
other test systems under study. Already on day 7, one
seropositive animal was detected in each of the three
groups of vaccinated cattle, and one positive reactor
was detected using SAT2/VII-ARRIAH test system. In
the other two reactions, the specific antibodies were
detected only on day 14. As a result, the number of
positive reactors detected using ELISA and VNT on day
14-21 post administration of different vaccine doses

Samples SAT2/XIV-ARRIAH SAT2/VII-ARRIAH SAT2-IZSLER
serum Plpm >50% PIPM > 50% Plpm >70%
Spor 0dpv 232 0/16 - 13.9 0/16 - 223 0/16 -
S, 0dpv 25.1 0/37 - 303 0/37 - 20.2 0/37 -
Smr 16-28 dpv SAT2/LIB/39/2012 68.2 28/30 93.3 83.7 29/30 96.7 90.2 29/30 96.7
S,, 14-35 dpv SAT2/LIB/39/2012 70.1 14/15 93.3 89.5 1515 100.0 87.6 1515 100.0
Sy, 21-45 dpv/dpi SAT2/ERI/98 59.5 23/35 65.7 80.3 27135 771 89.1 29/35 82.9
Syor 14-21 dpv SAT-2/XIV/2023 76.8 30/30 100.0 63.8 24/30 80.0 72.6 18/30 60.0

S,.,, — bovine sera; Spc, — porcine sera; Pl — inhibition percent; pos/n — number of positive reactors against total number of the animals in the group;
SP — seropositivity (number of positive reactors); dpv/dpi — day post vaccination/infection.
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was the following: SAT2/XIV-ARRIAH - 22/30 (73.3%),
SAT2/VII-ARRIAH - 13/30 (43.3%), SAT2-IZSLER - 8/30
(26.7%), SAT2/XIV-VNT - 14/30 (46.7%), which indica-
ted an undeniable advantage of SAT2/XIV-ARRIAH test
system as for its diagnostic sensitivity.

An experimental saponin-containing vaccine with
inactivated FMDV strain SAT-2/X1V/2023 also induced
humoral response when administered to the laboratory
white mice. Animals weighing 24-26 g were vaccinated
once with the vaccine at different doses: whole dose,
1/4 dose and 1/16 dose, at 0.4 mL per animal (13 ani-
mals for each vaccine dose). Eleven control mice were
not vaccinated. Blood was collected in pools on days
14 and 21 after vaccination. The results are presented
in Table 3. As in the experiment with cattle, SAT2/XIV-
ARRIAH test system demonstrated higher sensitivity as
compared to other test systems for SAT2/VII topotype.

The vaccine containing SAT-2/X1V/2023 FMDV anti-
gen, as well as SAT2/XIV-ARRIAH diagnostic test kit sup-
plied with the vaccine, were tested in the field, namely
in Jordan. According to the data provided by the Jor-
danian side, both the monovalent adsorbed vaccine
against SAT2/XIV and the homologous test system for
evaluating the effectiveness of manufactured by the
Federal Centre for Animal Health vaccine demonstra-
ted convincing results of the vaccine’s antigenicity af-
ter double vaccination of cattle. All vaccinated animals
(10 animals) demonstrated protective antibody level
with Pl = 84.58 + 12.56, while the unvaccinated
controls (2 animals) did not show any antibodies to the
SAT2/XIV FMDV (Pl =35.34+2.21).

To confirm the reliability of the ELISA data, 163 se-
rum samples collected from pigs and cattle were tes-
ted using the following test systems: SAT2/XIV-ARRIAH,
SAT2/VII-ARRIAH, SAT2-IZSLER. The results of parallel
serum tests before and after whole-dose vaccination
against SAT2/XIV FMD agent (vaccine based on strain
SAT-2/X1V/2023) and SAT2/VII FMD agent (vaccines
based on strains SAT2/LIB/39/2012 and SAT2/ERI/98),
as well as after challenge with FMDV strain SAT2/ERI/98
are shown in Table 4.

The analysis of the resulted data demonstrated pro-
nounced topotype specificity of the test systems for this
panel of samples. The bovine sera against FMDV SAT-2/
XIV/2023 antigen tested positive in 100% of cases using
ELISA SAT2/XIV-ARRIAH test system, and in 80 and 60%
cases using SAT2/VII-ARRIAH and SAT2-IZSLER, respec-
tively. While seropositivity of animals against SAT2 to-
potype VI FMDV in SAT2/VII-ARRIAH and SAT2-IZSLER
test systems was 91.27 and 93.2%, respectively, in SAT2/
XIV-ARRIAH test system it amounted to 84.1%.

Determining diagnostic parameters of SAT2/XIV-
ARRIAH test system. During SAT2/XIV-ARRIAH valida-
tion, such basic diagnostic parameters as sensitivity,
specificity, accuracy, and the k-criterion were deter-
mined as described earlier [20]. Table 5 shows the data
on statistical processing of ELISA results for 301 serum
samples collected from unvaccinated cattle and from
cattle vaccinated against SAT2/XIV FMDV.

As evident from the results, 90% diagnostic sensitivi-
ty, 98% diagnostic specificity, and 95% diagnostic accu-

Table 5

Diagnostic parameters of the test systems for detecting antibodies to SAT 2 FMDV SP,
defined for the SAT2/XIV topotype

Test systems used

SAT2/XIV-ARRIAH

sensitivity

90.24%
(83.58-94.86%)

Diagnostic parameters (n = 301),
(95% confidence interval)

specificity

98.31%
(95.15-99.65%)

accuracy

95.02%
(91.91-97.18%)

K-criterion®

0.896

SAT2/VII-ARRIAH

55,0%
(41.6-67.9%)

98,1%
(89.9-100.0%)

75.2%
(66.2-82.9%)

0.516

SAT2-IZSLER

40,0%
(27.6-53.5%)

100,0%
(93.3-100.0%)

68.1%
(58.7-76.6%)

0.385

*K-criterion — consistency between ELISA test results of individual serum samples
and the animals' diagnostic status; < 0 — no consistency; 0-0.20 — insignificant;

0.21-0.40 — low; 0.41-0.60 — moderate; 0.61—0.80 — significant; 0.81—1.00 — high.

racy of SAT2/XIV-ARRIAH ELISA system demonstrated a
high degree of consistency between the ELISA results
and the known diagnostic status of the tested animals
(k-criterion - 0.896).

Currently only one test system for retrospective FMD
diagnosis, capable of detecting SAT2 FMDV SP antibo-
dies using ELISA is reliably known to be available on
the global market. This is Solid-phase competitive ELISA
test kit for antibodies specific to FMDV serotype SAT 2
produced by IZSLER & The Pirbright Institute (Italy/
United Kingdom) [21].

The use of monoclonal antibodies in diagnostic ELISA
systems for serotyping specific FMDV antibodies is
designed to create the versatility of analysis within a
specific FMDV serotype (the possibility of detecting an-
tibodies induced against different FMDV strains of the
same serotype in the tested sera or blood plasma with
the same sensitivity), that is, the test system should
have wide serotype specificity.

However, in the case of SAT2-IZSLER test system,
pronounced topotype specificity was observed. When
testing samples of monospecific bovine or porcine sera
against SAT2/VIl and SAT2/XIV FMDV using SAT2-IZSLER,
the highest number of positive results was obtained
for sera against topotype SAT2/VII, while antibodies to
topotype SAT2/XIV were detected with lower efficien-
cy than in case of SAT2/XIV-ARRIAH test system. This
indicates that the use of SAT2-1ZSLER kit to study the
antigenicity and immunogenicity of the FMD vaccine
comprising SAT-2/XIV/2023 FMDV antigen, does not
allow for an objective and reliable assessment of the
vaccine effectiveness using ELISA. Thus, the ELISA sys-
tem for assessing humoral immunity against SAT2/XIV
FMDV, which has a 100% degree of homology with the
vaccine strain and high diagnostic performance, is an
indispensable and currently irreplaceable tool for eval-
uating vaccine quality in ELISA.

CONCLUSION

The developed test system based on a liquid-phase
blocking ELISA variant for detection of SAT2/XIV FMDV
SP antibodies is specific and sensitive. The uniqueness
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of the test system consists in a 100% degree of homo-
logy with the vaccine products, which allows for the
most reliable and effective assessment of the antigen-
ic and immunogenic properties of the vaccine during
its production and subsequent use in the field. During
validation trials, this test system demonstrated high di-
agnostic sensitivity (90%), diagnostic specificity (98%),
and diagnostic accuracy (95%), indicating a strong con-
sistency between ELISA results and the known diagnos-
tic status of the tested animals (k-criterion - 0.896).
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