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Poxviridae

Chordopoxvirinae

MOCV

SQPV

BPSV
ORFV

Adapted from Darby et al, 2014, PlosOne
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LSDV genome
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FIG. 1. Linear map of the LSDV genome. ORFs are numbered from left to right based on the position of the methionin
ORFs transcribed to the right are located above the horizontal line; ORFs transcribed to the left are below. Genes with sin
members of gene families are colored according to the figure key. ITRs are represented as black bars below the ORF map.



LSDV genome sequencing

Partial genome sequencing
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Protocols

A robust, cost-effective and widely applicable whole-genome sequencing =)
protocol for capripoxviruses

Elisabeth Mathijs *, Andy Haegeman, Kris De Clercq, Steven Van Borm, Frank Vandenbussche

Full genome sequencing long-range PCR PacBi®@ {)NANOPORE

Technologies




LSDV epidemiology till 2017

KX683219/LSDV/IKSGP0240/Kenya/1974
100 | NC/003027/LSDV/NI-2490/Kenya/1958 Field 1

AF325528/LSDV/Neethling/NI-2490/Kenya/1958
100 | MNO72619/LSDV/Kenya/1958
AF409137/LSDV/Warmbath/SouthAfirca/1999
KY702007/LSDV/Bujanovac/Serbia/2016 Classical field
MT643825/LSDV/249/Bulgaria/2016 strains
KY829023/LSDV/Evros/Greece/2015 Field 2
MH893760/LSDV/Dagestan/Russia/2015 KSGP O 240
MNB42592/L SDV/Kubash/Kazakhstan/2016
KX894508/LSDV/155920/srael/2012
MN995838/LSDV/pendik/Turkey/2014

Subgroup 1.2:

100

— =100

MNB36839%/L SDV/Onderstepoort/SouthAfrica/1991

100 MNG636840/LSDV/Potchefstroom/SouthAfnca/1993
I} MNB38838/L SDV/Polokwane/SouthAfrica’/1993

MNG63684 /. SDV/Onderstepoort/SouthAfrica/1997

MNG36842/L SDV/Potchefstroom2202/SouthAfrica/1oes | Subgroup 1.1

MNGB36841/LSDV/Potchefstroom2201/SouthAfrica/1993

- KX764645/LSDV/Neethiing-vaccine-OBP/SouthAfirca kO Neeth lin g
AF409138/L SDV/Neethling/vaccine/L W1959/SouthAfica | Vaccine
MK441838/L SDV/Herbivac/LS/vaccine/SouthAfrica strains

MG972412/L.SDV/Cro2016/Croatia/2016
KX764644/LSDV/Neethling-Herbivac/vaccine/SouthAfirca
KX764643/L SDV/SIS-Lumpyvax/vaccine/SouthAfirca/1999

AUSTRALL

Z | AY077835.1/Goatpox virus/Pellor/Kazakhstan/2020
i 100 AY077836/Goatpox virus/G20-LKV/Kazakhstan/2020

Adapted from Ma et al, 2022 — based on full genome sequences



Poxviruses have low mutation rate
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LSDV epidemiology till 2017

. I = % KX683219/LSDV/KSGP0240/Kenya/1974
R - - ks
3 \;}%;’{*' A 100 | NC/003027/LSDV/NI-2490/Kenya/1958 Field 1
‘ = ; AF325528/LSDV/Neethling/NI-2490/Kenya/1958
100 [ MNO72619/LSDV/Kenya/1958

AF409137/LSDV/Warmbath/SouthAfirca/1999 Subgroup 1.2:
KY702007/L.SDV/Bujanovac/Serbia/2016 Classical field
06| MT643826/LSDV/249/Bulgaria2016 strains

KY829023/LSDV/Evros/Greece/2015
MH893760/LSDV/Dagestan/Russia/2015
MNE42592/L SDV/Kubash/Kazakhstan/2016
KX894508/LSDV/155920/srael/2012
MN995838/LSDV/pendik/ Turkev/2014

Field 2 KSGP O 240
——— {100

Recombinant field

— @ MH646674/LSDV/Saratov/Russia2017 ~ Strains
MNEB36839/LSDV/OnderstepoorvSouthArnca/ 1991
MN636840/LSDV/Potchefstroom/SouthAfrica/1993

100 | MNB36838/LSDV/Polokwane/SouthAfrica/1993 Subgroup 1.1:
100 MN636843/LSDV/Onderstepoort/SouthAfrica/ 1997 a.o.
MNB36842/L SDV/Potchefstroom2202/SouthAfrica/1993 | Neethling
MN636841/LSDV/Potchefstroom2201/SouthAfrica/1993 Zf‘r‘;f:;e
100 | KX764645/LSDV/Neethling-vaccine-OBP/SouthAfirca
AF409138/LSDV/Neethling/vaccine/LW1959/SouthAfrica
MK441838/LSDV/Herbivac/LS/vaccine/SouthAfrica

100| MG972412/L.SDV/Cro2016/Croatia/2016
KX764644/LSDV/Neethling-Herbivac/vaccine/SouthAfirca

O classical wild type strains

AUSTRALIA KX764643/LSDV/SIS-Lumpyvax/vaccine/SouthAfirca/1999
* recombinant wild type strains | AY077835.1/Goatpox virus/Pellor/Kazakhstan/2020
//M»\A 100 | AY077836/Goatpox virus/G20-LKV/Kazakhstan/2020
.t)}' -~
Recombinant strains cluster more closely to vaccine Adapted from Ma et al, 2022 — based on full genome sequences

strains, but behave as wild type field strains




LSDV epidemiology 2019-2022
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MWA435866 1__Lumpy_skin_disease_virus_isolate_SA-Nesthiing
MNG36839.1__Lumpy_skin_disease_virus_isolate_LSD-103-GP-RSA-1991_complete_gename
MNG36838.1__Lumpy_skin_disease_virus_isolate_LSD-56-LP-RSA-1993_complete_genome
MNE36841.1__Lumpy_skin_disease_virus_isolate_LSD-220-1-NW-RSA-1993_complete_genome
MNG36840.1__Lumpy_skin_disease_virus_isolate_LSD-24B-NW-RSA-1993_complete_gename
MNB36842 1__Lumpy_skin_disease_virus_isalate_LSD-220-2-NW-RSA-1993_complste_genome

Khabarovsk :I MNG36843.1__Lumpy_skin_disease_virus_isalate_LSD-148-GP-RSA-1997_complete_gename

p)

KXT64644.1__Lumpy_skin_disease_virus_strain_Neethling-Herbivac_vaccine_complete_genome
IKXT64643.1__Lumpy_skin_disease_virus_strain_SIS-Lumpyvax_vaccine_complete_genome
MG972412.1__Lumpy_skin_disease_virus_isolate_Cro2016_complete_genome
KX764645 1__Lumpy_skin_disease_virus_strain_Neethling-LSD_vaccine-OBP_complete_genome
HB977629.1_Sequence_1_fram_Patent_W02009101604
AFA09136.1__Lumpy_skin_disease_virus_isolate_Neethling_vaccine_L\W_1959_complete_genome
MK441838 1__Lumpy_skin_disease_virus_strain_Herbivac_LS
MW656252 1 Lumpv skin disease virus isolate LSDV Haden RSA 1954 comnlete aenome
01542833 1__Lumpy_skin_disease_virus_isolate_L.SDV_Russia_Tyumen_2019_camplete_genome
HE46674.1__Lumpy_skin_disease_virus_strain_LSDV_Russia_Saratov_2017_complete_genome
M&30217.1__Lumpy_skin_disease_virus_isolate_LSDV_Russia_Saratov_2019_complete_genome
713.2__Lumpy_skin_disease_virus_isolate_LSDV_KNM_Taiwan_2020_complete_genome
MZ577074.1__Lumpy_skin_disease_virus_strain_20L43_Ly-Quoc_VNM_20_complete_genome
MZ577075.1__Lumpy_skin_disease_virus_strain_20L70_Dinh-To_VNM_20_complete_genome
MZ577073.1__Lumpy_skin_disease_virus_strain_20L42_Quyet-Thang_YNM_20_complete_genome
MZ577076.1__Lumpy_skin_disease_virus_strain_20L81_Bang-Thann_VNM_20_complete_genome
ONGB16408 1__Lumpy_skin_disease_virus_strain_LSDV_NMG_2020_partial_genome
MW732649.1__Lumpy_skin_disease_virus_strain_LSDY_HongKong_2020
MW355344.1__Lumpy_skin_disease_virus_strain_China_GDO1_2020_complete_genome
OM984486.1__UNVERIFIED__Lumpy_skin_disease_virus_strain_LSDY_FJ2019_complete_genome
ON152411.1__Lumpy_skin_disease_virus_isolate_LSDV72_Prachuapkhiriknan_Thailand_2021_complete_genome
OM9B4485 1__Lumpy_skin_disease_virus_strain_LSDV_xJ201901_complete_gename
OM793602.1__Lumpy_skin_disease_virus_isolate_LSDV_Russia_Tomsk_2020_complete_gename
OM793603.1__Lumpy_skin_disease_virus_isolate_L SDV_Russia_Khabarovsk_2020_complete_genome
MT992618.1__Lumpy_skin_disease_virus_isalate_KZ-Kostanay-2018
MT134042.1 Lumpv skin disease virus strain LSDV Russia Udmurtiva 2019 complete aenome
KX683219.1__Lumpy_skin_disease_virus_strain_KSGP_0240
MW631933 1__Lumpy_skin_disease_virus_isolate_LSD_complete_gename
NC_003027.1__Lumpy_skin_disease_virus_NI-2490_complete_gename_reference
AF325528 1__Lumpy_skin_disease_virus_NI-2490_isolate_Neethling_2490_complete_gename
MNO72619.1__Lumpy_skin_disease_virus_isolate_Kenya_complete_genome
OK422492 1_Lumpy_skin_disease_virus_isolate_L SDV_Cattle_India_2019_Ranchi-1_P10_complete_gename
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MWBB3897.1__UNVERIFIED_ Lumpy_skin_disease_virus_isalate_LSDV_Cattle_India_2019_Ranchi-1_genomic_sequence_sequence
QK422493.1__Lumpy_skin_disease_virus_isalate_LSDY_Cattle_India_2019_Ranchi-1_P30_complete_genome
0K422494.1__Lumpy_skin_disease_virus_isolate_LSDV_Cattle_India_2019_Ranchi-1_P50_complete_genome
MN395838.1_ Lumpy_skin_disease_virus_isolate_pendik
MT643825.1__Lumpy_skin_disease_virus_strain_210LSD-249_BUL_16

KY829023 3__Lumpy_skin_disease_virus_isolate_Evros_GR_15
KYT02007.1__Lumpy_skin_disease_virus_isolate_SERBIA_Bujanovac_2016_complete_gename
WMNG42592.1__Lumpy_skin_disease_virus_strain_Kubash_KAZ_16

MT130502 2__Lumpy_skin_disease_virus_strain_Neethling-RIBSP_vaccine
ONO10590.1__Lumpy_skin_disease_virus_strain_Nesthling-RIBSP_7C_genomic_sequence

— MWO30512.1__Mutant_Lumpy_skin_disease_virus_clone_Neethling-RIBSP_TK-_EGFP_complete_genome
| Kx894508.1__Lumpy_skin_disease_virus_isolate_155920_2012
MHB93760:2__Lumpy_skin_disease_virus_strain_LSDV_Russia_Dagestan_2015_complete_gename
MwB990334 _Lumpy_skin_disease_virus_strain_LSDV_Russia_Dagestan_2015_75_passage

- ONDD?DEf . Lumpy_skin_disease_virus_isolate_Atyrau-5BJN_IL-18_partial_genome

LSD_LOB.
\ LSD_L09
LSD_Ns_31

| LSD_L0B

LSD_NS_30

LSD_L10

AF409137 17Lur‘n‘ﬁ& skin_disease_virus_NW-LW_isolate_Neethling_Warmbaths_LW_complete_genome

MEETE2ERI_ANMPY-skin_disease_virus_isolate_LSDV_280-KZN_RSA_2018_camplete_genome

] MT007950.1_UNVERIFIED_ Lumpy_skin_disease_virus_isolate_Namibia_2016_9F_genomic_sequence_sequence
MT007951.1_NVERIFIED__Lumpy_skin_disease_virus_isolate_Namibia_2016_10F_genomic_sequence_sequence

NC_004002.1__Sheeppox_virus_17077-99_complete_genome

0.004

NC_004003.1__Goatpox_virus_Pellor_complete_genome
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Recombinant LSDV strains
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Recombinant LSDV strains - origin

* Natural recombination in the field? Safety of LAV LSDV vaccines?
* Posterior vaccine control of LSDV vaccine used in Kazakhstan before the emergence of
recombinant strains

1. Confirming vaccine virus Titer \/

2. Check for contaminants using real-time PCR \/
« Bluetongue virus - BTV
* Foot-and-mouth disease virus — FMD
» Epizootic hemorrhagic disease virus — EHDV
+ Rift Valley fever virus — RVFV
* Parapox — PaPx

3. Confirming capripox, LSDV, vaccine status using (real-time) PCR '
« Pan Capripox
« DIVA1: Vac: Pos - Field type: Pos !
« DIVAZ2: Vac: Pos - Field type: Pos !
« DIVA3: LSDV - Field type SPPV/GTPV

1kb ladder

1. Lumpivax vaccine

2. SPPV RM65 vaccine

3. Field type SPPV

4. Field type LSDV

5. LSDV vaccine (Neehtling)
6 Neg

1kb ladder




Recombinant LSDV strains - origin

4. Partial genome sequencing
- Regionl1,2,3 =3 1 clonesequenced == Field type GTPV

+ Region 6 - 1 clone sequenced ===—==p | SDV
* Region 4 = 24 clone sequenced === Field type GTPV + Field type LSDV +
Neethling vaccine
« Region 5 —> 22 clone sequenced === Field type LSDV + Neethling vaccine
e |
4 5 6 3 1 2
* Neethling vaccine LSDV
* Field type LSDV . B
* Field type GTPV . vaccines @\"y
« Suggestive for presence of " N
recombinants The Importance of Quality Control of LSDV Live Attenuated

Vaccines for Its Safe Application in the Field

Andy Haegeman *, Ilse De Leeuw !, Meruyert Saduakassova 2, Willem Van Campe 3, Laetitia Aerts ¢,
Wannes Philips #, Akhmetzhan Sultanov 2, Laurent Mostin 3 and Kris De Clercq '



Recombinant LSDV strains - origin

5. Full length genome sequencing of two vaccine batches using lllumina

+ De novo assembly failed

*  Mapping reads using perfect mode

- Presence of neethling strain
- Presence of KSGP-0-240
- Presence of GTPV

- Clear differences in constitution between both vaccine batches

* lterative assembly strategy

- Presence of neethling strain

- Presence of KSGP-0-240

- Presence of GTPV

- Presence of recombinant strains



Recombinant LSDV strains - origin

5. Full length genome sequencing

* Conclusion

One specific badly produced and insufficiently controlled LSDV vaccine was
responsible for the release of recombinant LSDV strains in the field

viruses Mo

Article
Recombinant LSDV Strains in Asia: Vaccine Spillover or
Natural Emergence?

Frank Vandenbussche 1'+@, Elisabeth Mathijs 1'+@, Wannes Philips 1 Meruyert Saduakassova 2 Tlse De Leeuw *,
Akhmetzhan Sultanov ?, Andy Haegeman *© and Kris De Clercq **®



Recombinant LSDV strains - diagnhostics

R.S. Field strains

Vaccine strains

——i{100

KX683219/LSDV/IKSGP0240/Kenya/1974
100 | NC/003027/LSDV/NI-2490/Kenya/1958

AF325528/LSDV/Neethling/NI-2490/Kenya/1958
100 [ MNO72619/LSDV/Kenya/1958
AF409137/LSDV/Warmbath/SouthAfirca/1999
KY702007/LSDV/Bujanovac/Serbia/2016
MT643825/LSDV/249/Bulgana/2016
KY829023/LSDV/Evros/Greece/2015
MH893760/LSDV/Dagestan/Russia/2015
MNE42592/L SDV/Kubash/Kazakhstan/2016
KX894508/LSDV/155920Msrael/2012
MN995838/L SDV/pendik/Turkevi2014

@ MT134042/LSDV/Udmurtiya/Russia/i2019
A MW355944/1 SDV/GD01/China/2020
_|1oo [
100

100

— @ MH646674/LSDV/Saratov/Russia/2017
MNB636839/L SDV/Onderstepoort/SouthAfrica/1991
MNG636840/LSDV/Potchefstroom/SouthAfnca/1993

100| MN636838/LSDV/Polokwane/SouthAfrica/1993
100 MN636843/LSDV/Onderstepoort/SouthAfrica/ 1997
MNB36842/L SDV/Potchefstroom2202/SouthAfrica/1993
MN636841/LSDV/Potchefstroom2201/SouthAfrica/1993
100 | KX764645/LSDV/Neethling-vaccine-OBP/SouthAfirca
AF409138/L SDV/Neethling/vaccine/LW1959/SouthAfric:
MK441838/LSDV/Herbivac/LS/vaccine/SouthAfrica
100| MG972412/LSDV/Cro2016/Croatia/2016
KX764644/LSDV/Neethling-Herbivac/vaccine/SouthAfirc
KX764643/LSDV/SIS-Lumpyvax/vaccine/SouthAfirca/19
| AY077835.1/Goatpox virus/Pellor/Kazakhstan/2020

100 AY077836/Goatpox virus/G20-LKV/Kazakhstan/2020

pan-capripox DIVA PCR
PCR { A \
Haegeman et Agianniotaki Vidanovic Agianniotaki Sprygin
al, 2013 et al, 2017 et al, 2021 et al, 2021 et al, 2018
D5R GPCR EEV and LW8 EEV ORF008
Pan capripox DIVA assay DIVA assay Wild type assay Vaccine type assay
LSDV + wild wild Wwild Not
type type type detected
Vaccine | Vaccinetype - Vaccine Type
LSDV + Saratov not Not or
type detected detected | not detected
Lspy + | Vaccine Vaccine Not Vaccine
type type detected type




Recombinant LSDV strains - diagnhostics

Field strains

R.S.

Vaccine strains

Haegeman et Agianniotaki Vidanovic Agianniotaki Under
i | mmaw | adaen o eden | e
Pan capripox DIVA assay DIVA assay Wild type assay D'VA&'
New DIVA test under development at EURL:
- ‘recombinant’ and ‘classical’ field strains identified as wild type strains
- Neethling based vaccine strains identified as vaccine strains wild
- in silico: ok! type
- validation parameters: ok!
*;;2031\;::::;:‘:5”‘ s B10: DIVA Rec LSDV Eulgaric CS: DIVA Rec LSDV viet zol 68 _?;:ngn;i:ﬁ:nzzvaxnsm E10: DIVA Rec LSOV Bulgarie CE: DIV& Rec LSOV wiet 20168 |
N 27645 - Wlld
e — 26 345 HEX ST ey
FAM 7 '.'_;-' R S 22045 a"{ ] type
Recombinant field strain -~ a gfgziz ;
I /
: $ 10e] | == Vaccine strain
/== Classical field strain R /
/ “ / .
= Vaccine
1&_\__»?_::{//: e s —— T = ——— type

Combination with existing DIVA test will allow to downstream differentiate
‘recombinant’ from ‘classical’ field LSDV strains




Recombinant LSDV strains — pathogenesis,

transmission, vaccine efficacy

> I m Dact Dath Oq en eSiS-Vi ru I ence? > Transbound Emerg Dis. 2021 May;68(3):1377-1383. doi: 10.1111/tbed.13798. Epub 2020 Sep 20.

A lumpy skin disease virus which underwent a
recombination event demonstrates more aggressive
growth in primary cells and cattle than the classical
field isolate

Svetlana Kononova ', Aleksandr Kononov ', Irina Shumilova !, Olga Byadovskaya T,
Alexander Nesterov ', Pavel Prutnikov !, Shawn Babiuk 2, Alexander Sprygin '

H H > i. :9: . doi: 10. fuets. 3 llecti .
> I m paCt transm ISSIOn? Front Vet Sci. 2022 Oct 20;9:1001426. doi: 10.3389/fvets.2022.1001426. eCollection 2022.

Experimentally controlled study indicates that the
naturally occurring recombinant vaccine-like lumpy
skin disease strain Udmurtiya/2019, detected during
freezing winter in northern latitudes, is transmitted
viaindirect contact

[ranshoundory and Enierging Diseases

SHORT COMMUNICATION WILEY

Alexander Nesterov !, Ali Mazloum ', Olga Byadovskaya !, Irina Shumilova 1,

OverWi ntering Of recombinant Iumpy Skin disease Vi rus in Antoinette Van Schalkwyk 2 3, Alena Krotova !, Vladimir Kirpichenko 4, Irina Donnik 3,
. . llya Chvala ', Alexander Sprygin !
northern latitudes, Russia

IrinaShumilova® | AlenaKrotoval | Alexander Nesterov! | OlgaByadovskaya® | .pathogens m\D\Pﬂ
Antoinette van Schalkwyk? | Alexander Sprygin' © 7

Article

A Recombinant Vaccine-like Strain of Lumpy Skin Disease
Virus Causes Low-Level Infection of Cattle through
Virus-Inoculated Feed

Irina Shumil 1, Al der N !, Olga Byadovskaya !, Pavel Prutnikov !, David B. Wallace >3,
Maria Mokeeva !, Valeriy Pronin !, Aleksandr Kononov !, Ilya Chvala ! and Alexander Sprygin !*(

» Impact vaccine efficacy?
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