R

{aiyersidad FACULTAD DE VETERINARIA

DEPARTAMENTO DE SANIDAD ANIMAL

TESIS DOCTORAL

ESTUDIO DE LA PATOGENIA DEL MAEDI-VISNA OVINO Y SU
APLICACION EN EL DIAGNOSTICO Y CONTROL DE LA
ENFERMEDAD

PhD THESIS

STUDY OF OVINE MAEDI-VISNA PATHOGENIA AND ITS
APPLICATION IN DIAGNOSTIC AND ILLNESS CONTROL

Memoria que presenta para optar al grado de Doctor

ELENA GAYO ROCES

DIRECTORES:
Juan Francisco Garcia Marin

Silvia Preziuso

Ledn, julio de 2018







ESTUDIO DE LA PATOGENIA DEL MAEDI-VISNA OVINO Y SU
APLICACION EN EL DIAGNOSTICO Y CONTROL DE LA
ENFERMEDAD

STUDY OF OVINE MAEDI-VISNA PATHOGENIA AND ITS
APPLICATION IN DIAGNOSTIC AND ILLNESS CONTROL

Memoria presentada por Elena Gayo Roces para optar al grado de Doctor,
dentro del Programa de Doctorado “Ciencias Veterinarias y de los
Alimentos”’, dirigida por el Dr. Juan Francisco Garcia Marin y la Dra. Silvia

Preziuso y tutorizada por el Dr. Juan Francisco Garcia Marin.

Ledn, julio de 2018



La autora de esta Tesis Doctoral ha disfrutado de una ayuda del Programa de
Formacion de Profesorado Universitario (FPU) del Ministerio de Educacion, Culturay

Deporte, con referencia FPU13/01081 (2014-2018).

La mayor parte de la financiacién necesaria para llevar a cabo los trabajos que
componen esta memoria la ha aportado el proyecto LE361A12-1 de la Junta de Castilla
y Ledn (2014-2017), con colaboracién del fondo Fondi di Ateneo per la Ricerca (FAR) de

la Universita degli Studi di Camerino (Italia), con referencia FAR-Preziuso.



“HIGIA PECORIS, SALUS POPULI”’

"LA HIGIENE DEL GANADO, LA SALUD DEL PUEBLO"

Escudo de la Profesion Veterinaria en Espafia

“QUIERO COMPARTIR CON USTEDES EL SECRETO QUE ME HA LLEVADO A ALCANZAR

TODAS MIS METAS: MI FUERZA RESIDE UNICAMENTE EN MI TENACIDAD".

Louis Pasteur

A mi familia

A los que han contribuido a hacer esta tesis doctoral una realidad



AGRADECIMIENTOS

Llegado el final de esta tesis doctoral, son muchos a los que quiero expresar mi mas
profundo agradecimiento por su apoyo, tanto profesional como personal. En las siguientes
lineas me gustaria destacar a unas cuantas personas que han contribuido de forma especial en
esta tesis, aunque harian falta muchas paginas para poder expresar mi gratitud a todos los que

me han acompafiado a lo largo de estos ultimos afios.

Gracias a mi director, Juan Francisco Garcia Marin, por haberme dado la oportunidad
de realizar este trabajo de investigacién y por compartir conmigo su gran conocimiento en el
campo de la patologia, tanto dentro como fuera de la facultad. Gracias por su paciencia, su
vocacion y su incesante surgir de ideas, por preocuparse por mi formacién y mi futuro y por

sacar siempre tiempo de donde no habia. Por todo, muchas gracias.

Ringrazio la Prof.ssa Preziuso, co-relatrice e colonna portante del mio lavoro in questi
ultimi due anni. Grazie di cuore per avermi introdotto al mondo della biologia molecolare, per

la incrollabile passione per la ricerca che dimostra e per incoraggiarmi sempre.

Quiero agradecer a todos mis compafieros del Departamento de Sanidad Animal de la
Universidad de Ledn, profesores y becarios, por haber compartido conmigo conocimientos,
laboratorios y risas. Gracias a mis “mamis” del depar Claudia y Maria José, por esos “holita”,
por su alegria contagiosa, su perfeccionismo y gran rigor cientifico y por su gran apoyo. Gracias
a Ana Balseiro, por estar siempre disponible, tenerme en cuenta en sus proyectos y hacerme
tanto reir. Por esas caritas verdes del whatsapp. Gracias a Laura Polledo, por haber sido mi

guia y haberme enseiado tantas cosas a pesar de la distancia.

Al grupo del café, a los de siempre, a los nuevos y a los que ya no estan. Gracias por
haber compartido conmigo tantos momentos de alegria y desesperacion, por esos ratos de

desconexién en los que arreglabamos el mundo, por esas cenas y cafias y por esa visita a Italia.



Ringrazio il Prof. Rossi e tutto il Dipartimento di Anatomia Patologica della Universita
degli Studi di Camerino per il supporto che mi hanno fornito e per le conoscenze e i materiali
che hanno messo a mia disposizione. Ringrazio anche il Prof. Cuteri e il personale del

Dipartimento di Malattie Infettive, per aver condiviso con me i laboratori per 9 mesi.

A mis amigas de Gijon, gracias por todo lo que me han aguantado y porque lo seguiran

haciendo, por estar siempre ahi.

A mis compafieros y amigos de veterinaria, gracias por su apoyo, por creer siempre en

mi y por subirme la moral. “Creu’” que sois increibles.

A Donal y a Olivia, muchas gracias por la ayuda con el inglés.

A toda la gente que he conocido en Ledn durante esta tesis doctoral, incluso fuera de
la Universidad, y especialmente a Maribel, con esa gracia del sur (oeste) que siempre me saca

una sonrisa. Gracias por acogerme en casa Yy por sacar siempre tiempo para mi.

Gracias a mis padres y a mi hermano, por confiar en mi, y apoyarme en cualquier

proyecto.

Grazie Valerio, per essere stato al mio fianco dal primo giorno di questa tesi dottorale.
Per credere in me, per come sei e perché sempre ci sei. Per supportarmi e sopportarmi, per

tanti km. Grazie di cuore.

A todos lo que han contribuido a que hoy pueda estar escribiendo estas lineas, y que

por motivos de espacio no puedo nombrar personalmente, GRACIAS.



Indice



1.

.

V.

INDICE GENERAL/INDEX

ADFEVIGEUIGS ...ttt ettt ettt ettt et s e s bt e e s b e e sabe e e aaeeesabeeebeeesnreesnenesanes 1
INErOAUCCION Y OBJELIVOS ...eoeeeviee ettt ettt e e e e st e e e bae e e e sanae e e e naaeas 4
LAV R oY gl ] o oo [ge | (oo IR USSR 9
3.1. RESENA HISTORICA Y SITUACION ACTUAL ....ovveieieiieiereieeseeie et 10
3.2  ETIOLOGIA ...ttt 15
3.2.0 ClasifiCACION ....eeeeeieeiiie ettt ettt ettt et e st e e b e e s e s e e sar e saree e eneeesaree s 15
3.2.2 ESErUCTUIA VIFICA. ueee ittt ettt ettt et et e st e e st e s b e e s e e sareeesmeeesanee s 17
3.2.3 Variabilidad genética VIriCa .......ccoccuveeiieieee et 19
330 PATOGENIA. ..ottt sttt et e b e b e s bt e s st st e sate et e e nneebees 21
3.3.1. Infeccidn, replicacion y diseminacion del Virus........ccccoeeevccieeecciiee e, 21
3.3.2. RESPUESTA INMUNITAMIA ..evviiiieiiiiiiiieeee ettt e e e e e s s bere e e e e e e e e 24
3.3.3 GENESIS 1€SIONAN .. .eiiiiiieie e s e s 31
3.3.4 Genética del hoSPEdAdOr ........uiviiiiiei e 32
3.4. TRANSMISION Y VIAS DE CONTAGIO ....cuuruureririrrnmerrenenenesseesesseisessseseessessessaensessns 35
3.5. FORMAS CLINICAS ......eviverreiieectete ettt a e ae bbbt b s 39
3.5, L FOIMaA S DIt O A i naen 39
3.5.2 FOIM@ MAMATIA ciiiiuiiieiiiiee ettt sttt e et e s st e s st e e s s e e e s s mreee s s nreeesenreeesennees 40
3.5.3 FOIM@ NEIVIOS@.cciiuiiieiiiiee ettt ettt et e s et e e st e e s st e e s s mre e e s s nreeessnreeesenneees 41
3.5.4 FOIM@ @rtiCUIAr .ottt et e e e e sab e e snee s 43
3.6. DIAGNOSTICO....cuvririricicitetitie i sse e 44
3.6.1 Clinico y anatomopPatolOZIiCO......ccuueiieiiiieeeciee e et 44
3.6.2 Histopatoldgico e inmunohistoqUIMICO .......vviiiiciiieiiieeccce e 45
3.6.3 INMUNOIOZICO. ..ccicuiiiieiciiie ettt e e e e s e e s sb e e e e s sbee e e s abaeeesnsbaeeesnres 47
I SRR N OV 4 Y7o T PSR SPR 52
3.6.5 Amplificacion de acidos NUCIEICOS......ccuuuiieeiiiiiecciie e e 52
3.7. PREVENCION Y CONTROL ....vvvveiececececeeeeeeeeseseseseeesese ettt sesesesesesessssssssassssssssaees 54
Estandarizacion y puesta a punto de tECNICAS .............cccueeeeecveeeeeeiiieeeeeiieeeeecee e eecveee e 57
4.1 INMUNOHISTOQUIMICA .......oovvieireteeeteisie et 58
B2 PCRuee e s st e et nnees 60
4.2.1 Extraccion de ADN Proviral. .....c.cocceeveeriiniiniiniiniecieenee et saees 61
4.2.2 Obtencién de células blancas de leche para extraccion de ADN..........cccccvvevveeneen. 63
4.2.3 PCR clasica y anidada. .......ccceeriiiiiniiceceesee et 64

4.3 TECNICA DE CITOLOGIA EN LECHE .....voviueieiieeiieieiie et sssnns 72



Vi.

Vil.

4.4 TECNICA DE INMUNOCITOQUIMICA EN MUESTRAS DE LECHE ......cucvevveeececrereiereaen 75

A L= 1 oY | o APPSR 76
PRIMER TRABAJO ...ttt ettt ettt st st st ettt sttt e n e beesreesanesaneeas 77
Serological ELISA results are conditioned by individual immune response in ovine maedi

visna. Small Rumin Res 2017, Vol 157, 27-31 ... 77
ABSTRACT ..ttt ettt ettt et e e ettt e e e e e s bbb et eeeeaesaanbbaeeeeeeeesaanbbbeeaeeeeeaannreaaeeas 77
INTRODUCTION ..ttt sttt ettt ettt st st st e bt e b e s bt e smeesme e et e e b e e nbeesbeesanesanenas 79
MATERIAL AND IMETHODS ...ttt sttt sttt st r e b sreesanesane e 80
LY =] U PP PPPPPPPPPPPPPPPPRE 83
(D] R O1 U ] [ PP PP PPPPPPPPPPPPPIRE 87
ACKNOWLEDGMENTS .. e 89
REFERENCES ...ttt ettt ettt st st ettt b e s bt e sae e st e b e e b e e sbeesreesanesaneeas 90
RY=o 1014l [o R d e ] T ] Lo N R 93
SEGUNDO TRABAJO......eeiiteieetteiee sttt ettt ettt sttt st sttt sb e sbe e bt e saee st et e e neennees 94

Inflammatory Lesion Patterns in Target Organs of Visna/Maedi in Sheep and their
Significance in the Pathogenesis and Diagnosis of the Infection J. Comp. Path. 2018, Vol.

159, 49-56. ...ttt ettt e b e bt st s e et b e b e b e sheesanesreea 94
ABSTRACT .ttt ettt ettt sttt et e b e s bt e s bt e s at e st e et e et e e bt e s be e she e sae e et e e b e e b e e e neeneeeeaee 95
INTRODUCGTION ..iiiiiiiiiiieittetetetttettteteteeeteeeteeetettteeeeeeteeaeeeteteteaeteteeeeraeeraeeaeeeaeeeeareeereeaneeenannn 96
MATERIALS AND METHODS ....coeiiiiiiiiiiiiiitiitieeiteteteeeeteeteeeeeeeeeeeeeeeeeeeeeereeeeesereeererererereserenenen 97
=] U PP P PP PPPPPPPPPPPPPPPRE 100
DISCUSSION ...ttt ettt ettt st ettt ettt e bt s bt st et e e be e beesbeesaeesatesabesabeenbeebeennees 104
ACKNOWLEDGES ...ttt ettt ettt sttt ettt sbe e sttt e b e sbeesatesabesabeebeenneas 108
REFERENCES ...ttt ettt ettt e e e e ettt e e e e s e e et e e e e e e e s annbeneeeeeeesannnnne 108
T@ICEI tIADGJO ....vveeeeeiiie ettt ettt e ettt e et e e et e e s te e e s s bbe e e e sbbaeessasbaeeesasbaeeesnteeessnsens 113
TERCER TRABAIJO ... e e e e e e e e e 114
Characterization of minimal lesion related to viral infection in mammary gland and milk in
dairy sheep Visna/maedi . Enviado a BMC Veterinary Research .............cccccoeeevuveecrnnnne. 114
AB ST RACT e a e e e e e e e e e 115
BACKGROUND ...cottiiitiiiiiitttittttiteteteteetteteeeeeeeeteeeeeeereeererarareetearerateettetartreraaerarareaerarerererareren 117
MATERIAL AND METHODS .....ccoittiiiiiiiitittiitiieeititteeeeeeeeeeeeeeeeeeeeererererererererererererererrrrr. 117
RESULTS -ttt ettt sttt st ettt e b bt b e s bt s ae e et e et e e be e s beesbeesaeesatesabeeabeenbeenbeennees 122
DISCUSSION ...ttt ettt ettt et ettt b e s bt et et e et e sbeesbeesbeesaeesabesabeeabeebeenbeennees 128
CONGCLUSIONS ...ttt ettt st st st st b e bt e sse e sme e et e e b e e sbeesbeesanesanenas 133

SUPPLEMENTARY MATERIALS ....ceiiiiiiiiiiiiirttccc e 133



ACKNOWLEDGIMENTS .....iiiieeiieeee ettt st e s e e s e e sennneeesanneeenan 135

DECLARATIONS ...ttt ettt ettt ettt ettt sh et b e st s bt et sbesat e besheenbesbeeatenbesaeenbeseeeaeens 136
REFERENGCES ...ttt sttt ettt sttt st b e eat et be et bt et e b e sheentesbeeaaenbesueentesbeeatens 136
(V1 @V o T (o R e T ] Lo SR 142
CUARTO TRABAJOD ...ttt ettt ettt ettt e e e e e s ettt e e e e e s e abeeteeeeeesesnnnraaeeeas 143

Genetic Characterization and Phylogenetic Analysis of Small Ruminant Lentiviruses
Detected in Spanish Assaf Sheep with Different Mammary Lesions Viruses 2018, 10(6),

315; doi: 10.3390/V10060315......ccceiieieierieeienteeteseesseeeeseeseenseseeensessesneensesseensessesneenees 143
ABSTRACT ..ttt ettt e e e e e ettt e e e e s e s bb e et e e e e e se bbbt e eeeeee s s anbbbeeeeeeeesannreaaeeas 143
INTRODUCGTION ..cciiiiiiiiiiitttee e e e ettt e e e e e ettt e e e s e s bttt e eeeesessasnbeteeeesesasannsseaaeeessssnnnnnes 145
MATERIAL AND METHODS .....oiiitiiiiiieiieiie ettt ettt st sttt sbe e st st ee e 147
RESULTS -ttt ettt ettt sttt et ettt e b e s bt she e sat e st e e bt e b e e bt e sbeesmeeemteemneenneenseen 150
DISUSSION .ottt ettt ettt sttt ettt et e s bt e s bt e satesatesate e bt e beesbeesaeesmteemteemneenneenneen 162
CONCLUSIONS . s 165
SUPPLEMENTARY MATERIALS ... s 166
AUTHOR CONTRIBUTIONS. ... 166
ACKNOWLEDGIMENTS ...ttt ettt ettt ettt st st e b et e s st emeeeeeenees 167
CONPFLICTS OF INTEREST ...etteittieittete ettt sttt sttt sit e sttt et sbeesbeesaeesanesaneens 167
REFERENCES ...ttt ettt st st et b e s bt e sae e sae e st e e b e eneebeennees 167
IX.  DiSCUSION GIODQI.........ccceveeiiiiiee ettt et e e s rbe e e e s eabe e e s s sabeeeesnnres 173
Ko RESUIMEBN ...ttt s s 190
X1 CONCIUSIONES ...ttt ettt et sttt et ettt et s bt e s bae e s bt e e sbeesabeesbeeesabeesaneeenas 195
D (/BN T T Lo T P PPPPPPPPRE 198
XU CONCIUSIONS ...ttt st ettt e b e bt saee st e st e et e sbeeeneenaee 203
) (LA 21 o) oo [ ) (o I SRS 206

XV. Anexo I: Trabajos en formato origingl..............c.ccouuieciieiiiiiieeeesiiee et esree e seee e e 245



I. Abreviaturas



| Abreviaturas

ADN/DNA: Acido desoxirribonucleico/ Deoxyribonucleic Acid

APO: Adenomatosis pulmonar ovina

APOBEC3: Apolipoprotein B editing enzyme catalytic polypeptide-like 3
ARN/RNA: Acido ribonucleico/ Ribonucleic Acid

CA: Cépside

CAEV: Caprine arthritis encephalitis virus, virus de la artritis y encefalitis caprina
CCR: C-C Motif Chemokine Receptor, Receptor de quimiocinas C-C

DPPA: Dipeptide-binding Protein

Gp135: Glicoproteina 135

HIV: Human immunodeficiency virus, virus de la inmunodeficiencia humana
HPL: High Proviral Load

ICQ/ICC: Inmunocitoquimica/ Immunocitochemistry

IDGA: Inmunodifusion en gel de agar

IFN: interferon

Ig: Immunoglobulin, inmunoglobulina

IHQ/IHC: Inmunohistoquimica/ Immunohistochemistry

IL: interleucina

KIR: killer Inmunoglobulin-like Receptor

LAMP: Loop-mediated Isothermal Amplification

LPL: Low Proviral Load

LTR: Long terminal repit

LVPR/SRLV: Lentivirus de los pequefios rumiantes/ Small Ruminant Lentiviruses.
MA: matriz proteica

MHC: Major Histocompatibility Complex, complejo mayor de histocompatibilidad
MV: Maedi-Visna

NK: Células Natural Killer

NP: nucleoproteina



| Abreviaturas

OIE: Organizacién Mundial de Sanidad Animal

PCR: polymerase chain reaction, reaccién en cadena de la polimerasa
PND: Principal Neutralization Domain

RIA: Radioinmunoensayo

RIPA: Radioinmunoprecipitacidon

RT: Retrotranscriptasa Inversa.

Rt-PCR: Real Time PCR, PCR a tiempo real.

SIV: Simian immunodeficiency virus, virus de la inmunodeficiencia de los simios
SNC/CNS: Sistema nervioso central/ Central nervous system

SU: proteina de superficie

Th: Linfocitos T Helper

TLR: Toll-like receptors

TM: glicoproteina transmembrana

TMEM: Transmembrane Protein, proteina transmembrana.

TNF: Tumoral Necrosis Factor, Factor de necrosis tumoral

TRIM: Tripartite Motif-containing Protein

VMV: Visna/maedi virus

WB: Western Blot
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Il Introduccion y objetivos

La enfermedad del Maedi-Visna (MV) ovino estd producida por la infeccién por un
retrovirus, lentivirus de los pequefios rumiantes (LVPR), y esta ampliamente extendida entre la
ganaderia ovina a nivel mundial desde hace décadas (Lujan et al., 1993; Lujan, 2001). Afecta al
ovino adulto y conduce a un sindrome multisistémico caracterizado por una pérdida progresiva
de peso y una inflamacidn intersticial cronica no purulenta del pulmdn, glandula mamaria,
articulaciones y tejido nervioso (Dawson, 1987). En Espafa tiene una gran importancia,
especialmente en la comunidad de Castilla y Ledén, donde es habitual encontrar
seroprevalencias superiores al 80%, principalmente en rebafios de produccidn intensiva de
leche (Sotelo 1998; Leginagoikoa et al., 2006). Las formas respiratoria y mamaria son, en
general, las de presentacién mas frecuente, aunque en ovino de produccién lechera de Castilla
y Ledén se han diagnosticado numerosos casos de la forma nerviosa (Gomez et al., 1999;
Benavides et al., 2006c; Benavides et al., 2007b). La intensificacion de la produccién lechera y
la seleccién genética han dado lugar a un aumento de la prevalencia de algunas enfermedades,
especialmente de origen infeccioso, entre las que se encuentra el MV ovino, y que supone

pérdidas econémicas importantes (Peterhans et al., 2004; Benavides et al., 2013).

Actualmente no hay vacunas eficaces disponibles frente al MV y la mayoria de los métodos
de control se basan en la deteccién precoz de ovinos infectados para limitar la diseminacion
del virus o incluso su erradicacion (Polledo et al., 2013). El test ELISA se ha descrito como el
método mas eficaz para el diagndstico precoz de los animales infectados (de Andrés et al.,
2005; Minguijon et al., 2015), aunque se conoce que no todos los animales infectados son
positivos al mismo, como ocurre en las infecciones recientes, en diferentes cepas viricas o en la
utilizacion de test que utilizan diferente antigenos viricos (de Andrés et al., 2005; Glaria et al.,
2012; de Andrés et al., 2013). En estudios llevados a cabo en casos clinicos de la forma
nerviosa sea podido comprobar que cada individuo presenta un patron de lesién diferente,
principalmente histiocitico o linfocitico, que representan distintos estadios inmunopatoldgicos

(Polledo et al., 2012b) y que podrian condicionar la positividad en test serolégicos o la
5
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presencia de virus en los tejidos. El tipo linfocitico se caracterizada por la presencia de
abundantes linfocitos T con predominio del CD8+ y con escasa presencia virica en el tejido y el
tipo histiocitico por lesiones mas graves y extensas areas de malacea con predominio de
macréfagos y numerosos linfocitos B y con abundante antigeno virico en la lesién. Estos
patrones podrian estar relacionados con la respuesta inmune individual de cada animal
(Polledo et al., 2012b) tal y como también se ha descrito en otras infecciones por lentivirus
como virus de la inmunodeficiencia humana (HIV) y de los simios (SIV) (Kim et al., 2004; Freel

et al., 2011).

Como primer objetivo, desarrollado en el primer y segundo trabajo de esta tesis
doctoral, se plantea hacer un estudio detallado de los patrones inmunopatoldgicos del MV en
ovinos naturalmente infectados en los tres principales 6rganos diana del mismo animal,
estableciendo un modelo en cada individuo, ademas de estudiar cdmo influyen estos patrones
en el desarrollo de la enfermedad y en la respuesta seroldgica. Para ello, se llevard a cabo una
valoracion conjunta de los tipos de lesidn e intensidad de la misma en SNC, pulmdn y mama de
cada animal en una seleccidén sistematica de muestras. Asimismo, se comprobard y evaluara la
relacién entre la respuesta seroldgica (ELITEST®) y el tipo (linfocitica/histiocitica) e intensidad y
extensién de la lesiéon (minima, moderada o grave). Los resultados obtenidos se aplicaran en el
diagndstico de la enfermedad y se estudiard su posible aplicacion en los programas de control.
Este objetivo permitiria, entre otros logros, conocer por qué los animales presentan diferentes

niveles de respuestas en test serolédgicos, aunque la gravedad de la lesién sea similar.

El segundo objetivo, llevado a cabo en el tercer trabajo de esta tesis, se centra en la
mama y plantea comprobar qué células participan en la infeccién inicial de la glandula
mamaria y en la progresién de la misma en animales naturalmente infectados, asi como en el
papel que tiene la mama y leche en la transmision de la infeccién. Para ello se estudiaran las

células que participan en la infeccion en las lesiones de minimas a moderadas o graves,
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prestando especial atencion a los macroéfagos, las células epiteliales acinares y a los espacios
perivasculares y valorando el papel de las células del sistema inmune en ambos casos y su
relacidn con la patogenia de la lesién mamaria. La identificacion de las células portadoras del
VMV en tejido mamario y en leche y la evaluacién de la relacidn entre positividad en leche y el
tipo e intensidad de la lesién en la mama permitira ampliar el conocimiento sobre la patogenia

de la enfermedad y sobre la posibilidad de transmisién del virus por via lactégena.

Un tercer objetivo, también llevado a cabo en el tercer trabajo, es determinar la
relacidn entre las diferentes técnicas empleadas en el diagndstico del MV, tanto en el animal
vivo como postmortem, valorando su especificidad y sensibilidad, y establecer si es posible una

técnica “gold standard” de referencia.

La técnica de PCR plantea numerosos problemas para la deteccién de VM,
presentando habitualmente numerosos falsos negativos en animales con infeccidn conocida.
Por ello se plantea un cuarto objetivo encaminado a resolver este problema mediante el
estudio de las cepas de MV circulantes en la regidn de Castilla y Ledn y su deteccién mediante
técnicas de PCR, asi como a la obtencién de un drbol filogenético con las cepas de distintos
ovinos naturalmente infectados. Ello tiene gran interés por la posibilidad de aplicar estos
conocimientos de forma directa en el diagndstico de la enfermedad mediante la elaboracién
de nuevos primers especificos para dichas cepas, incrementando la sensibilidad de la PCR, o

bien desarrollar test ELISA mas especificos frente a determinadas variedades genéticas.

Todo lo expuesto anteriormente hace que los estudios planteados en esta tesis
presenten gran interés en el conocimiento de la patologia del MV en todas sus formas y su
relacidn con la evolucion del curso de la infeccidn, dirigido todo ello al diagnéstico eficaz y
especifico del mayor niumero de animales infectados tanto en el animal vivo como post-
mortem. Asi mismo, podrian constituir una herramienta eficaz para el diagndstico precoz y

para conocer el porqué de los falsos negativos, permitiendo su aplicacion en planes de control

7
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mas rdpidos, econdmicos y eficaces, que siempre estdn condicionados por el método de
diagndstico y por la evolucién lenta de la infeccidon, que a su vez muestra caracteristicas

diferentes en cada ovino infectado.



I1I. Revision bibliogradfica



1l Revisidn bibliografica

3.1. RESENA HISTORICA Y SITUACION ACTUAL

La primera descripcion del maedi visna (MV) ovino se realizé en el afio 1915 en
Sudafrica por Mitchell, que hablaba de una enfermedad pulmonar con lesiones que se
correspondian a una neumonia catarral crénica con presencia de foliculos linfoides, que asocid
a la ya conocida adenomatosis pulmonar ovina (APO). Posteriormente, también en Sudafrica,
Kock observa en 1929 ovinos con una enfermedad similar a la descrita por Mitchell pero que
no presenta las caracteristicas de la APQ, lo que le lleva a diferenciarlas como dos entidades
diferentes: la ya conocida adenomatosis pulmonar ovina, y una nueva enfermedad
caracterizada por neumonia crénica y presencia de foliculos linfoides que coincide con la
descrita con anterioridad (Dawson, 1980). En la misma época, Marsh (1923) describe en
Estados Unidos una enfermedad con lesiones similares a las anteriores que llamé neumonia
progresiva ovina. Fue Kock quien sugirid en 1929 que tanto él como Mitchell y Marsh se

encontraban ante la misma enfermedad (Dawson, 1980).

El virus de la artritis encefalitis caprina, también perteneciente al grupo de los
lentivirus de los pequefios rumiantes (LVPR), se descubre mas tarde en Estados Unidos (Cork et
al., 1974), aislandose por primera vez en 1980 (Crawford et al., 1980). Esta enfermedad pronto
se describe en otros paises, con unos efectos que parecen ser incluso mas graves que en la

especie ovina (Minguijon et al., 2015).

La enfermedad cobra entre los afios 1939 y 1965 una marcada importancia al
introducirse en Islandia a partir de la importacion de veinte corderos de raza Karakul
procedentes de Alemania (Animal Breeding Department of the University of Halle), en cuyo
rebafio no se habian observado signos clinicos, y que se introdujeron con la idea de mejorar la
produccidn ovina (Palsson, 1990). Dichos corderos suponen ademads la importacion de la

adenomatosis pulmonar ovina y la paratuberculosis, tres enfermedades que se empezaron a
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llamar “enfermedades lentas’™ (Sigurdsson, 1954a; Sigurdsson, 1954b), y que causaron una
importante epizootia con altas mortalidades en la cabafa ovina islandesa, considerandose la

importacidon mas nefasta en la historia de la ganaderia ovina por muchos autores (Lujan, 2001).

Durante esta epizootia se describen las lesiones de las formas pulmonar y nerviosa
(Sigurdsson et al., 1952; Sigurdsson, 1954a) y se consigue aislar e identificar por primera vez el
agente causal. Asi, se aisla en 1957 el virus en cerebro de ovinos con sintomas nerviosos y en
pulmén de animales con sintomas respiratorios durante los siguientes afios (Sigurdardottir
and Thormar, 1964; Thormar, 2013). En 1965 se erradica el MV en Islandia, siendo junto con
Nueva Zelanda y Australia los Unicos paises libres de infeccidn, con la diferencia que en los dos
ultimos no ha sido erradicada sino que nunca ha sido introducida (Dawson, 1980; Reina et al.,
2009a). En honor a los importantes esfuerzos llevados a cabo por los investigadores islandeses
en la erradicacidn, se denominé a la enfermedad con términos propios del pais que reflejaban
los principales sintomas de la misma en esa época: Maedi (disnea) y Visna (emaciacion).
Durante los afios 80, la infeccién estaba distribuida por Francia e Italia (Russo et al., 1980;
Agrimi et al., 1984; Caporale et al., 1985), mientras que en Noruega y Dinamarca habia un bajo
grado de infeccion (Hoff-Jorgensen, 1985 ; Krosgrud, 1985). Por lo tanto, durante la década de
los 90 habia marcadas diferencias respecto a la epidemiologia en los distintos paises europeos:
en Islandia, Noruega, Suecia e Irlanda la enfermedad habia sido practicamente eliminada o
erradicada, mientras que en otros paises como Dinamarca, Espafia, Holanda, Reino Unido,
Francia o Bélgica los niveles de seropositividad en los rebafios eran elevados (Peterhans et al.,

2004).

En Espaia se llevaron a cabo numerosas importaciones de ovinos, principalmente
machos mejorantes, durante la década de los afios 70, principalmente razas de
centroeuropeas como la Fleischschaf, la Landschaf o la Berrichon du Cher, el Merino precoz

francés, o la Suffolk inglesa (la Romanoff rusa o la Assaf israelita lo fueron de forma muy
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localizada y limitada), siendo a principios de la década de los 80 cuando comienzan a
diagnosticarse casos de MV en Espafia. Sin embargo, en los trabajos realizados o dirigidos por
el Profesor José Maria Santiago y Luque en la Facultad de Veterinaria de Zaragoza a finales de
los afios 50 y principios de los 60 no se observaron casos de esta enfermedad. Estos trabajos
incluyeron el estudio pormenorizado de la patologia respiratoria de miles de ovinos adultos
localizados en Navarra, Aragén, Castelldn y Valencia. En los mismos se diagnostican por
primera vez en Espafia la APO y varias formas desconocidas de pardsitos pulmonares, no
describiendo nunca lesiones que pudieran a asociarse a MV, a pesar de que el Profesor Luque
conocia bien esta enfermedad, tal y como reflejado en la introduccién de las Tesis Doctorales
por él dirigidas (Pascual, 1961; Dualde, 1964). Es por ello que pensamos que el MV fue una
enfermedad introducida en Espafia a partir de la década de los afios 70 del siglo pasado por
alguna de las razas mencionadas, extendiéndose rapidamente entre un colectivo ovino
autodctono que nunca habia tenido contacto previo con la enfermedad, tal y como ocurrié por

ejemplo en Islandia.

En la actualidad, la enfermedad del MV estd ampliamente distribuida por la geografia
mundial, siendo endémica en muchos paises. Segun datos de la Organizacién Mundial de
Sanidad Animal (OIE), la enfermedad esta presente en Estados Unidos y Canada, asi como en
América del Sur, aunque los datos disponibles son escasos en este continente al igual que
ocurre en Asia y Africa (Fig.1). A nivel de Europa, no se han detectado casos desde el afio 2005

al 2013 dnicamente en Croacia, Ucrania, Republica Checa, Irlanda e Islandia (www.oie.int).
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Fig.1: Mapa de distribucion mundial del MV segun datos de la OIE recogidos en el primer trimestre de

2017 (www.oie.int).

En Espafia, la enfermedad se considera endémica aunque los datos de prevalencia
varian en funcién del estudio y del area geografica estudiada. Fue descrita por primera vez en
la década de los 80 (Badiola et al., 1983; Gonzalez et al., 1984; Gonzalez et al., 1985),
centrandose los primeros estudios en la forma respiratoria de la enfermedad, aunque
posteriormente se demostré asi mismo la importancia de la forma mamaria con una elevada
incidencia (Badiola y Gonzalez., 1990; Lujan et al., 1991; Carey and Dalziel, 1993; Pekelder et
al., 1994; Zink and Johnson, 1994). En la década de los 90 se estimé la prevalencia tanto en
Pais Vasco como en el Valle del Ebro entorno al 50% (Badiola y Gonzélez., 1990), mientras que
en otro estudio conjunto con Aragdn, sur de Navarra y la Rioja se habla de prevalencias entre
el 95-97,5% a nivel de rebafios afectados y entre el 38,6-44,7% a nivel de infeccién individual
en animales adultos de mas de dos afios de edad (Lujan et al., 1993). Posteriormente, en otro
trabajo realizado en Aragén sobre 554 rebafios entre los afios 2002 y 2007 se observd una
prevalencia del 100% a nivel de rebafio y un 52,8% de prevalencia media (Pérez et al., 2010).

En el primer estudio realizado en Aragdn se empled la técnica de inmunodifusién en gel de
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agar (IDGA) y en el segundo un test ELISA, que aumentaba la sensibilidad. No obstante, el
incremento significativo con respecto al primer estudio ocurrid en la provincia de Huesca,
asociado a un notable incremento de explotaciones en estabulacién permanente. En Catalufia
se estiman como infectados el 85-95% de los rebafios y el 58,3% de los ovinos en un estudio
llevado a cabo en 210 rebafios con diferentes sistemas de manejo y nimero de animales (Alba
et al., 2008), mientras que en Galicia se observa un 52,6% de rebafnos afectados y 24,8% de
prevalencia individual en un estudio realizado en ovino de carne semi-intensivo (Lago et al.,
2012). En Asturias se estimé una seroprevalencia individual del 24% (Espi et al., 2001), en
Navarra del 89% en rebafios y 26% individual (Ameztoy et al., 1998), en Murcia del 21,7% en
rebafios y del 13,9% individual (Ledn and Pats, 1996) o en Sevilla del 31% en rebafos (Artigas

et al., 1999).

En Castilla y Ledn, se ha observado una seroprevalencia del 77% (Leginagoikoa et al.,
2006), estimandose que la prevalencia en el norte de Espafia es del 80% si se consideran
Unicamente rebafos lecheros de raza Assaf Espanola, y llegando en particular en la provincia
de Ledn a prevalencias de 96,8% en rebafios de produccion intensiva de la misma raza (Sotelo,
1998). En el mismo afio Reviriego realizé un estudio epidemiolégico en la provincia de Avila, en
el que se observd una prevalencia de rebafios del 30% e individual del 14,95% (Reviriego,
1998). Las presentaciones mas frecuentes de la enfermedad en esta zona geografica son la
respiratoria, la mamaria, y especialmente la nerviosa (Gomez et al., 1999; Benavides et al.,
2006c; Benavides et al., 2007a; Benavides et al., 2009; Benavides et al., 2013; Polledo et al.,
2013). La enfermedad del MV ovino tiene por tanto una elevada importancia en nuestra
region, suponiendo pérdidas econdmicas destacables, pudiendo considerarse como Ia
enfermedad de origen infeccioso de mayor prevalencia en ganado ovino de produccién lechera

intensiva (Benavides et al., 2013; Polledo et al., 2013).
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Todos estos estudios de prevalencia realizados desde principios de los afios ochenta
demuestran que la infeccion estd ampliamente extendida y con una elevada prevalencia en los
rebafios afectados, siendo, probablemente una de las enfermedades infecciosas mas comunes

en ganado ovino adulto en Espafia.

3.2. ETIOLOGIA

3.2.1 Clasificacion

El virus Visna/maedi (VMV) forma parte de la familia Retroviridae, subfamilia
Orthoretrovirinae, género Lentivirus, y subgénero Lentivirus de los pequefios rumiantes (LVPR)
(Buitrago et al., 2012) que engloba las distintas cepas de MV y de la Artritis Encefalitis Caprina
(CAEV). Dentro del género Lentivirus, se encuentran otros virus como el HIV o el SIV con los
que comparte caracteristicas patoldgicas similares (Pétursson et al., 1991; Thormar, 2005;

Leroux et al., 2010), resultando su estudio de gran interés.

Los LVPR son un grupo heterogéneo de virus que actualmente se clasifican
filogenéticamente en cinco genotipos designados con las letras de la A a la E (Fig.2), que
difieren en un 25-37% en las secuencias de nucledtidos (Reina et al., 2006; Glaria et al., 2012;
Ramirez et al., 2013; Minguijon et al., 2015; Crespo et al., 2016). Los estudios filogenéticos y
aislados ovinos y caprinos realizados en las Ultimas décadas en distintas areas geograficas
demuestran la existencia de una transmisidn virica entre ambas especies e incluso a rumiantes
salvajes (Shah et al., 2004a; Shah et al., 2004b; Pisoni et al., 2007; Erhouma et al., 2008; Glaria
et al., 2009; Olech et al., 2012; Fras et al., 2013; Kuhar et al., 2013; Santry et al., 2013). El
genotipo A es el que ha sido mdas habitualmente identificado en los casos de MV, y se
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subdivide a su vez en los subgrupos Al1-A4, donde se englobarian las cepas respiratorias y
nerviosas aisladas en el norte de Espafia (Glaria et al., 2012). El B incluye las formas del CAEV y
se subdivide en B1, B2 y B3, aislandose el B2 en ovinos con lesiones artriticas estudiados en
Aragdn, aungue con una variacidon en el genoma a nivel del gen pol, de tipo maedi (Glaria et
al., 2009). En el grupo C se encuentran las cepas noruegas aisladas en caprino y rumiantes
salvajes (Gjerset et al., 2009) y el grupo D contiene secuencias de ovinos Suizos y Espafioles
caracterizados por particularidades en el gen pol, siendo este ultimo el grupo el
filogenéticamente mas distante (Shah et al., 2004a; Shah et al., 2004b; Reina et al., 2006). El
genotipo E ha sido descrito en Italia y esta confinado por el momento a esta drea geogrifica

(Gjerset et al., 2009).

Gansu - CHI
Shanxi - CHI

<
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\

Fig. 2. Arbol filogenético que comprende las secuencias de LVPR del GenBank (Ramirez et al., 2013).
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Al Ovine and caprine
A2 Qvine
A3 Ovine and caprine
Ad Ovine and caprine
AS Ovine and caprine
A6 Ovine and caprine
AT Caprine
AB Caprine
A9 Ovine and caprine
AlD Caprine
All Ovine and caprine
A12 Ovine and caprine
Al3 Ovine and caprine
Al4 Caprine
~ Al50vine

B1 Ovine and caprine

SRLV B

B2 Ovine and caprine
B3 Ovine and caprine

C Owine and caprine

D Owine and caprine

El Caprine |
E2 Caprine |

L AT

Fig. 3: Tipos y subtipos de LVPR detectados en ovinos y caprinos (Minguijén et al., 2015).

3.2.2 Estructura virica

El VMV se trata de un virus ARN cuyos viriones son particulas esféricas de 80-100
nanometros de didmetro y que presentan una estructura tipica en la que se diferencian tres
capas: un complejo nucleoprotéico central de geometria helicoidal donde se localiza el
genoma virico (8.4-9.2 kb) constituido por dos cadenas monocatenarias de ARN de sentido
positivo, y numerosas copias de la retrotranscriptasa inversa junto con otras enzimas como la
proteasa o la integrasa; una cdpside proteica de forma icosaédrica de 60 nm de diametro que
posee la proteina immunogénica p25; y una envoltura externa que se trata de una bicapa
lipidica derivada de la célula huésped y de la insercién de glicoproteinas del virus, compuesta
principalmente por dos subunidades, gp135 de superficie (SU) o gp46 (TM). Entre las dos

ultimas capas descritas se halla una matriz proteica que favorece la unién de las mismas (Fig.4)
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(Pétursson and Georgsson, 1992; Coffin et al., 1995; Murphy et al., 1999). Los lentivirus estan
compuestos aproximadamente por un 60% de proteina, 35% de lipidos, 3% de carbohidratos y
1% de acidos nucleicos (ARN) (Pétursson and Georgsson, 1992). Los viriones son relativamente
poco resistentes a agentes quimicos y bastante a las radiaciones ultravioleta, la congelacion, la
sonicacién y a la desoxirribonucleasa (Thormar, 1961; Thormar, 1965). El VMV tiene la
capacidad como el resto de retrovirus de utilizar un intermediario de ADN para dirigir la
sintesis de sus proteinas desde su ARN gendmico a través de la enzima transcriptasa inversa
(Coffin, 1996). Los lentivirus en particular, contienen de 3 a 6 genes accesorios y exclusivos de

este grupo que los hace mas complejos que otros retrovirus (Clements and Gabuzda, 1989).

_Surface Protein (SU)

ENV
Transmembrane Protein (TM)

Integrase (IN)
Protease (PR) POL

anscriptase (RT)
gocapsid (NC)

. GAG
atrix (MA)

Capsid (CA)
RNA (viral genome)

Fig.4: Esquema de la estructura virica de un lentivirus (Minguijon et al., 2015).

El genoma del VMV estd compuesto por 6 genes, que del extremo 5’ a 3’ son: gag, pol,
vif, vpr, rev y env, codificados por dos moléculas iguales de ARN monocatenario de unos 9000-
10000 pares de bases, con un extremo 5’ metilado y uno 3’ poliadenilado (Coffin, 1996). Los
genes principales son: 5’- gag- pol- env- 3’, que codifican los componentes de la particula virica
(genes estructurales), y los genes reguladores vpr, vif y rev, encargados de regular la expresion

de los mismos (genes reguladores) (Clements and Wong-Staal, 1992; Pépin et al., 1998; Leroux
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et al., 2010; Minguijon et al., 2015) (Fig. 5). El gen gag codifica tres proteinas estructurales
internas de las que derivardn proteinas de la nucleocdpside, de la matriz proteica y de la
capside, como la proteina p25 y p28 de la capside que participan en la estimulacion de la
respuesta inmune humoral durante la infeccién. El gen pol contiene fundamentalmente
enzimas como la transcriptasa inversa y la integrasa responsables de la integracién del genoma
virico en la célula hospedadora, mientras que el gen env codifica las glicoproteinas de
superficie, gp135 (SU) y transmembrana gp46 (TM) de la estructura proteica de superficie,
participando de este modo en la asociacion y entrada del virus en la célula huésped. En los
extremos del ARN se encuentran dos secuencias largas de bases repetidas (LTR) que participan

en la integracién del genoma virico en el de la célula hospedadora (Leroux et al., 2010).

SRLV
U3 R _US 5
o i - — SN
5LTR  |gag [vif v \l' 2 LTR
tat ||| env
HIV-1
rev.
- e
5LTR 929 ] [vif ] [ \i—trs
[ pol [ Tverd[] [__env LR

Fig. 5: estructura del genoma de LVPR y HIV-1, incluido para su comparacion (Stonos et al., 2014).

3.2.3 Variabilidad genética virica

Mientras que los genes gag y pol y algunas regiones del env estan bastante
conservados, otras regiones como las del gen env que codifican proteinas de superficie donde

se unen los anticuerpos, presentan una gran variabilidad, contribuyendo al fallo de la

19



1l Revisidn bibliografica

respuesta inmune humoral frente al VMV (Ramirez et al., 2013), y a la variabilidad genética
asociada a las diferente cepas (Carey and Dalziel, 1994). En los LVPR, se han identificado 5
regiones variables (V1-V5) y 4 regiones conservadas (C1-C4) en la proteina env. La proteina V4
de los LVPR, estructural y funcionalmente analoga a la V3 del HIV se ha asociado a la
colonizacion de varios érganos diana (pulmdn, glandula mamaria, encéfalo y articulaciones)
(Minguijon et al., 2015). Se ha descrito que las mutaciones en V4 dan lugar a diferentes
subpoblaciones, como ocurre en otros lentivirus (Ramirez et al., 2012). Una de las regiones
mas conservadas del genoma de los lentivirus es el primer punto de unién al ARN", (PBS-
GAACAGGGACUUGAA), donde la lisina del hospedador transfiere hibridos de ARN al ARN
gendmico del virus, sirviendo como primer para la transcriptasa inversa (Foley, 2000). El tracto
de polipurina, Rev responsive element (RRE) y otros elementos involucrados en la replicacion y
empaquetamiento del genoma virico presentan también un alto grado de conservacidn entre

los lentivirus (Foley, 2000).

La variabilidad genética tipica de los retrovirus da lugar a la formacion de diferentes
quasispecies, descritas por primera vez por Manfred Eigen (Eigen, 1971), y que se define como
al conjunto de virus presentes en un individuo infectado (Ojosnegros et al., 2011). Mediante
mutacion, recombinacién y presion selectiva por parte del hospedador aparecen
constantemente nuevas quasispecies en los individuos infectados (Ramirez et al., 2013). Se
puede producir una variacion en la frecuencia de las formas genéticas en una poblacién virica
por diferentes circunstancias como la presidon selectiva ejercida por el sistema inmune,
produciéndose un “archivo” de secuencias viricas en forma de provirus que pueden re-
emerger. La variabilidad genética entre quasispecies depende de un conjunto complejo de
factores como una elevada re-infeccién virica, mutaciones, recombinacién retroviral o
seleccidn por el sistema inmune del hospedador (Pasick, 1998; Korber et al., 2001; Ojosnegros

etal., 2011; Smyth et al., 2012).
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La recombinacidn es un evento temprano que se produce antes de la integracion,
durante la retrotranscripcién. De forma conjunta la recombinacion y mutacidn de los
retrovirus supera con creces las de otros virus animales (Murphy et al., 1999). Se trata de una
herramienta evolutiva importante, al producir un beneficio genético que facilita la adaptacion,
integracion y persistencia del virus. En ausencia de recombinacion los lentivirus tienden a
acumular mutaciones deletéreas (Minguijon et al., 2015). La hipermutacién se debe a la falta
de capacidad de “lectura de prueba” de la retrotranscriptasa y de la deaminacién citosina a
uracilo en la cadena simple de ADN que se transcribe (Minguijon et al., 2015). Esta variabilidad
permite a los LVPR evadir la respuesta inmune del hospedador (Narayan et al., 1977b) y pasar

la barrera interespecie (Murphy et al., 1999).

3.3. PATOGENIA

3.3.1. Infecciodn, replicacion y diseminacion del virus

Cuando el VMV alcanza el organismo, los mecanismos de replicacidn son similares a los
de otros retrovirus (Pétursson et al., 1991). El tropismo de los LVPR depende de las
interacciones virus-hospedador a diferentes niveles: celular (receptor, pre-integracion e
integracion, post-integracion del genoma virico en el ADN del hospedador); del 6rgano o tejido

y del hospedador (individuo, raza o especie) (Minguijén et al., 2015).

La célula diana principal es el monocito (Gendelman et al., 1985; Gendelman et al.,
1986), que transporta el virus sin que pueda ser detectado por el sistema inmune,
produciéndose la replicacion virica fundamentalmente en la maduracién de esta célula a
macrofago (Narayan, 1983; Narayan et al., 1983; Peluso et al., 1985; Clements et al., 1994;
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Zhang et al., 2000), aunque también se ha demostrado la replicacién virica in-vivo en otras
células como las células dendriticas aferentes a ganglios linfaticos (Gorrell et al., 1992; Ryan et

al., 2000).

El mecanismo de infeccion comienza con la interaccidn y fusidon de la glicoproteina
gp135 de la envoltura viral externa con la membrana celular de la célula huésped (Crane et al.,
1991), liberdndose el ARN en el citoplasma de la misma una vez que la particula viral se
encuentra en el interior. La transcriptasa inversa comienza la transcripcion a una doble cadena
de ADN, creandose en un primer momento una cadena de ARN y otra de ADN, y
posteriormente, actuando como polimerasa, dos cadenas de ADN, como ocurre en el resto de
los retrovirus. Este ADN viral se fusiona con el ADN gendmico con la ayuda de la integrasa

virica, quedando la célula diana infectada por el virus (provirus) (Fig.6).
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En este momento, el virus puede entrar en fase de latencia, permaneciendo en las
células y eludiendo la respuesta inmune, o replicarse activamente liberando viriones capaces
de infectar otras células utilizando los sistemas enzimaticos de la célula huésped (Zink et al.,
1987). Normalmente, los lentivirus ovinos se replican rapido, dando lugar a sincitios y lisis
celular, por lo que se clasifican como de replicacién rapid/high, mientras que los de caprino
suelen ser slow/low. Los LVPR de fenotipos intermedios se han aislado tanto en ovejas como

en cabras.

En cuanto a la diseminacién del virus a partir de las células diana
(monocitos/macrdfagos y células dendriticas), se han planteado diferentes hipdtesis. Por un
lado, se plantea que esas células podrian migrar a los ganglios linfaticos regionales a partir de
los cuales se produciria una diseminacion sistémica (Bird et al., 1993; Blacklaws et al., 1995b),
o bien los macréfagos/monocitos infectados podrian alcanzar la médula dsea e infectar otras
células precursoras de la estirpe mieloide, de forma que con la maduracién y multiplicacién de
estas células inmaduras, el propio virus favoreceria su replicacidn y diseminacién, permitiendo
el paso de células infectadas a sangre periférica de forma crénica (Gendelman et al., 1985;

Blacklaws, 2012).

Durante la viremia el virus se distribuye por todo el organismo, principalmente SNC,
pulmén, articulaciones o glandula mamaria (Narayan et al., 1983), de donde puede ser aislado
(Cadoré et al., 1993). Al no expresar las células infectadas proteinas viricas, no es reconocido
por la respuesta inmune, conociéndose este mecanismo de evasién como “caballo de Troya”
(Peluso et al., 1985). El paso de estos monocitos infectados desde sangre periférica a otros
tejidos propicia la replicacion del virus en su diferenciacion a macréfagos tisulares (Narayan,

1983; Narayan et al., 1983; Peluso et al., 1985; Clements et al., 1994; Zhang et al., 2000).

Se ha demostrado que la activacion de macréfagos (principalmente por citoquinas)

supone un incremento de la replicacion virica, al existir una asociacién entre la induccién
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enzimatica de la célula huésped y la expresion virica (Blacklaws, 2012). Sin embargo, a nivel
tisular existen también mecanismos de restriccién de la replicacién virica consistentes en la
limitacion de la maduracién de monocito a macrdfago y en la alteracidén del ensamblaje de las

particulas virales (Kennedy-Stoskopf and Narayan, 1986).

3.3.2. Respuesta inmunitaria

El MV es una enfermedad de progresién lenta con una etapa subclinica que puede
durar meses o afnos, en los que la carga viral es baja (Sigurdsson and Palsson, 1958; Haase et
al., 1977). Cuando el virus alcanza el organismo produce un pico de viremia inicial que induce
una respuesta inmune de forma rapida a las 2-4 semanas post-infecciéon, que permanece
durante unas 6-8 semanas (Begara et al., 1996). Sin embargo, aunque la infeccion induce una
respuesta inmunitaria tanto innata como adquirida, el virus interfiere en la correcta regulacion
y eficacia de la misma (Reina et al., 2007; Blacklaws, 2012) y es capaz de evadirla
permaneciendo de forma crénica en el organismo, pudiendo progresar con el tiempo y dar

lugar a manifestarse la enfermedad (Pépin et al., 1998).

3.3.2.1 Respuesta inmune innata

En la respuesta inmune innata frente a los LVPR participan los receptores toll-like

(TLR), péptidos antivirales, células natural killers (NK) y células Ty & (Stonos et al., 2014).

El papel de los TLR no estad claro en ovinos y caprinos, pero se ha descrito una
activacion de los TLR 7 y 8 durante la infeccidon por LVPR, induciendo la produccién de IFN-a,

IL-6, TNF-a y produciendo un aumento de la expresidon de proteinas antivirales (Blacklaws,
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2012). También se han descrito en LVPR diferentes factores de restriccion virica. Los factores
de restriccién descritos en HIV-1 como axis de este camino antiviral son la proteina tripartite
motif-containing (TRIM) 5a, las proteinas de la familia apolipoprotein B editing enzyme
catalytic polypeptide-like 3 (APOBEC3) y las BST-2/ teterinas (Malim and Bieniasz, 2012). Se
trata de proteinas presentes en las células de mamiferos frente a las cuales los lentivirus
cuentan con diferentes mecanismos de evasién de la restriccion virica, relacionados con las
proteinas viricas Vif, Nef, Vpv y Vpr en el caso del HIV-1. De esta manera, el HIV-1 es capaz de
evadir los factores de restriccion en células humanas permitiendo la replicacidn viral, mientras
que la replicaciéon se ve comprometida en otras especies por la accidn de los factores de
restriccion frente a los que el virus no dispone de mecanismos de evasion especificos (Malim

and Bieniasz, 2012; Crespo et al., 2016;).

Dichos factores de restriccion también se han descrito en los LVPR (LaRue et al., 2008;
Arnaud et al., 2010; Jauregui et al., 2012;). Asi mismo, se ha realizado un estudio genético
detallado de los factores de restriccion en cabras procedentes de un rebafio altamente
infectado (Crespo et al., 2016). En dicho estudio se distinguieron dos grupos, los animales LPL
(low proviral load), con baja carga viral y ausencia de eliminacion virica; y los HPL (high proviral
load), con alta carga viral y eliminacién virica. Tras el cultivo de fibroblastos de la piel de un
animal de cada grupo, se observd una mayor expresion de los factores de restriccién TRIM5aq,
APOBEC3 (A3Z1) en células con infeccion LPL, asi como una mayor actividad proteosémica y
una menor presencia de proteinas viricas mediante inmunocitoquimica en este grupo. Estos
resultados parecen indicar que animales con una mayor expresién de los genes que codifican
estos factores de restriccidn presentan una menor carga viral y suponen un menor riesgo de
diseminacion virica. Los animales LPL, descritos previamente como long term non-progressors
(Stonos et al., 2014), muestran una respuesta serolégica competente aunque son poco
eficientes en la replicacidn virica, aunque no se consideran actualmente en el control de la

enfermedad.
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Asi mismo, se ha descrito un posible rol de las células NK en la infeccién por LVPR
(Stonos et al., 2014) debido a su importancia en el control del HIV-1, donde se cree que
controlan la replicacién viral previamente a la induccidn de linfocitos CD8+ especificos (Alter et

al., 2007).

Por otro lado, se ha descrito el rol de las células yé en el control de las infecciones por
LVPR, ya que constituyen aproximadamente el 70% de todos los linfocitos de rumiantes
jovenes y son una parte importante del sistema inmune innato (Jolly et al., 1997; Ponti et al.,
2008; Kaba et al., 2011). Se ha observado que animales infectados por CAEV muestran una
cantidad de linfocitos yé significativamente mas alta que cabras sanas, sugiriendo su posible
papel en el control de la enfermedad (Jolly et al., 1997; Ponti et al., 2008; Kaba et al., 2011).
Dichas células se localizan en las superficies mucosas, por lo que podrian ser cruciales en la

limitacion de la entrada del virus y la respuesta inmune temprana (Stonos et al., 2014).

3.3.2.2 Respuesta inmune adquirida

La respuesta inmune adquirida comprende la respuesta inmune mediada por células y
mediada por anticuerpos. Durante la infeccién por LVPR ambas vias se activan aunque no estd
claro cuanto influyen en la proteccién del hospedador y cuanto en la progresidon de la
enfermedad (Reina et al., 2008; Stonos et al., 2014). Al igual que ocurre en el HIV-1, el grado
de la respuesta inmune influye en la carga viral, la cual estd relacionada con la gravedad de la
enfermedad y la aparicidn de signos clinicos (Cheevers et al., 2000; Cheevers et al., 2001). Los
animales que responden con una inmunidad celular se suelen llamar long term progressors ya
gue presentan una infeccidn persistente pero poca sintomatologia clinica y baja carga viral
(Stonos et al., 2014). Estos animales producen altas dosis de anticuerpos 1gG2 especificos

frente a la gp135 y una respuesta Th con alta producciéon de IFN-y (Cheevers et al., 2000;
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Cheevers et al., 2001). Los animales con una respuesta humoral se caracterizan por la
presencia de altos titulos de anticuerpos IgGl y un predominio de células Th2 con poca
produccién de 1l-4 (Cheevers et al., 2001; Stonos et al., 2014). Asimismo, las diferencias entre
ambos tipos de respuesta inmune se han descrito en relacion con la presencia de lesiones y de
antigeno virico mediante inmunohistoquimica en tejido nervioso, observandose de forma
subjetiva una mayor cantidad de virus en animales con patrén histiocitico o respuesta inmune
de tipo celular que en los que presentaban un patrén de tipo linfocitico, con predominio de la

respuesta humoral (Polledo et al., 2012b).

3.3.2.2.1 Respuesta inmune humoral

La infeccidn por VMV induce una intensa respuesta inmune humoral en el hospedador
con produccién de anticuerpos desde los 15 dias a varios meses post-infeccion, tendiendo a
fluctuar durante los primeros 6 meses de infeccién (Lacerenza et al., 2006; Rachid et al., 2013).
Al igual que ocurre en el HIV-1 estos anticuerpos tempranos no son neutralizantes, pero
podrian jugar un papel importante en la inmunidad mediada por células. (Perry et al., 1995;
Cheevers et al., 2000; Singh et al., 2006). Las células presentadoras de antigeno interaccionan
con los linfocitos T CD4+, que inducen la proliferacién de linfocitos Th, los cuales a su vez dan
lugar a la produccion de anticuerpos al interactuar con las células B (Woodall et al., 1997;

Mariotti et al., 2007).

La respuesta mediada por anticuerpos de los LVPR normalmente se relaciona con los
epitopos gpl135, gp38 y proteinas de la cdpside (Bertoni et al., 2000). Aunque se secretan
anticuerpos frente a todas las proteinas virales, son generalmente los que se producen frente
a proteinas de la envoltura los que son capaces de neutralizar el virus (Blacklaws, 2012). Los

anticuerpos neutralizantes pueden tardar hasta dos afios en aparecer y pueden controlar la
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infeccién, aunque en la mayoria de los casos se produce una limitacién de la diseminacidn

virica sin producirse una neutralizacion completa (Narayan et al., 1981; Pépin et al., 1998;

Lacerenza et al., 2006).

El fracaso de la respuesta inmune humoral en la neutralizacion del virus puede

explicarse debido a las diferentes estrategias de evasidn de la misma que el virus ha

desarrollado, provocando una persistencia de la infeccién, y haciendo que la presencia de

anticuerpos frente a VMV sean indicativos de infeccion, pero no de niveles altos de proteccion:

a.

Estrategia del ““caballo de Troya™, ya mencionado, en el que el genoma virico
persiste de forma silente en forma de provirus integrado en el genoma del
monocito, evadiendo la respuesta inmune y consiguiendo la dispersién por el
organismo (Narayan et al., 1983).

Variacién antigénica del virus, debido a mutaciones y recombinaciones genéticas.
Las mutaciones se producen sobre todo a nivel del gen env, dando lugar a nuevos
epitopos que los anticuerpos no son capaces de neutralizar (Narayan et al., 1977a;
Narayan et al., 1977b; Haflidadéttir et al., 2008; Arnarson et al., 2017). De esta
forma, se produce una seleccion positiva del gen, especialmente en aminodcidos
del principal neutralization domain (PND) en env, que se asocia a persistencia
virica adquirida a partir de una seleccién de variantes antigénicas de los
reservorios de virus latentes que se transmiten de forma natural (Arnarson et al.,
2017). Las recombinaciones genéticas son también frecuentes en el gen env de los
lentivirus, como se ha estudiado en la cepa 1514 del VMV tanto in vivo como in
vitro (Andrésdottir et al., 2002; Andrésdéttir, 2003). Una de las principales fuentes
de variacién se atribuye a la retrotranscriptasa inversa (RT) en si, que tiene una
tasa de error de 0,2-2 mutaciones por genoma y ciclo (Roberts et al., 1988;

Ojosnegros et al., 2011).
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c. Alta afinidad del virus por las células diana, pudiendo existir una alta absorcion
del virus por parte de monocitos/macréfagos que no se ve compensada con la
capacidad de las defensas humorales para neutralizar el virus (Kennedy-Stoskopf
and Narayan, 1986).

d. Infecciéon de los precursores celulares de monocitos en la médula ésea, sin
producirse respuesta inflamatoria, de tal forma que el virus no es reconocido por
el sistema inmune (Gendelman et al., 1985), ademas de producirse un reservorio
para la formacion de monocitos infectados (de la Concha-Bermejillo, 1997).
También se ha descrito que las células del epitelio bronquioalveolar, con baja tasa
de replicacion virica, podrian desempefar un papel similar actuando como un

reservorio poco accesible al sistema inmune (Staskus et al., 1991).

La respuesta mediada por anticuerpos podria contribuir a la progresién de la infeccién
por LVPR, ya que en un estudio de CAEV se observd que los animales asintomaticos tienden a
desarrollar una respuesta de tipo celular con titulo bajo de IgG2 especificas frente a gp135,
mientras que animales con sintomatologia clinica (artritis) muestran niveles elevados de IgG1 y

un mayor ratio 1gG1/1gG2 que los anteriores (Trujillo et al., 2004; Stonos et al., 2014).

3.3.2.2.2 Respuesta inmune celular

La respuesta inmune celular es probablemente la mas eficiente en el control de la
carga viral de los lentivirus (Stonos et al., 2014). Ademas de intervenir en la respuesta inmune
humoral, los linfocitos T CD4+ participan en mantener activos los linfocitos T citotdxicos,

siendo imprescindibles también para el desarrollo de la respuesta inmune celular.

Se ha observado que una semana después de la infeccidn, se produce a nivel periférico

una intensa activacién linfocitica en respuesta al antigeno gag que, aunque no consigue
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eliminarla, controla de forma efectiva la viremia inicial (Narayan and Clements, 1989;
Blacklaws et al., 1995b), produciéndose una disminucidon del nimero de células infectadas
cuando aparece una respuesta inmune especifica de tipo T (Bird et al., 1993). En concreto, se
ha relacionado la presencia a nivel periférico de un nimero elevado de linfocitos T citotdxico,
especialmente CD8+, con un descenso en los niveles viricos plasmaticos (Lichtensteiger et al.,
1993; Blacklaws et al., 1994; Blacklaws, 2012), tal y como ha sido demostrado en otros
lentivirus como VIS (Schmitz et al., 1999). Se ha descrito una disminucién de la cantidad de
linfocitos CD4+ en animales con infeccién por CAEV y sintomatologia clinica artritica con
respecto a caprinos asintomaticos (Perry et al., 1995), al igual que en VMV ovino, donde se
observé una disminucidn de la proliferacion linfocitica en ovejas con sintomatologia clinica en
comparacion con ovinos asintomaticos (Reina et al., 2007). Este hecho parece indicar que la
infeccién por LVPR interfiere en el procesamiento y presentacidon de antigenos, limitando la
acciéon de activacion de células T CD4+ por parte de las células presentadoras de antigeno y

por lo tanto la induccién de una respuesta citotdxica (Stonos et al., 2014).

Con la replicacidn virica a nivel tisular, se induce una respuesta inflamatoria basada en
la secrecién intensa de linfoquinas que estimularan la diferenciacion de monocitos a
macréfagos. Debido a la continua presentacién de antigeno, se produce una sobreexpresion
del complejo mayor de compatibilidad (MHC) tipo 2 que da lugar a un aumento en la
activacion tanto de linfocitos-T como B (Torsteinsddttir et al., 2007b). Sin embargo, a pesar de
que la proliferacién de linfocitos-T CD8+ citotdxicos controlan la replicacién virica inicial, no se
alcanza una eliminacién completa de la infeccion de forma similar a como ocurre a nivel
periférico (Torsteinsdottir et al., 1992; Bird et al., 1993; Blacklaws et al., 1994; Blacklaws et al.,

1995a; Blacklaws et al., 1995b; Lujan et al., 1995).

Esta regulacidon defectuosa de la respuesta inmunitaria se ha atribuido tanto a una

respuesta improductiva de los linfocitos T como a una alteracién en la regulacién de la
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secrecion de citoquinas (Tompkins and Tompkins, 2008), pudiendo permanecer los linfocitos T
en un estado de anergia clonal en animales en fases clinicas, conduciendo a una activacion
crénica y ausencia de respuesta de recuerdo antigeno-especifica y dando lugar a un control
ineficaz de la infeccidn viral y un desequilibrio en la regulacidon de la respuesta inmunitaria
(Ellis and DeMartini, 1985; Begara et al., 1995; Mariotti et al., 2007; Tompkins and Tompkins,

2008).

Una de las citoquinas mediadoras mds importantes que participan en la inmunidad
celular frente a LVPR es el interferén (IFN), tanto de tipo | como de tipo Il o INF-y. Este es
sintetizado Unicamente tras la interaccién con determinados linfocitos T, ya que las células
fagociticas infectadas no son capaces de sintetizarlo por si mismas (Woodall et al., 1997;
Blacklaws, 2012). Mientras que el IFN tipo | tiene un papel fundamental en la respuesta
antiviral, el IFN tipo Il participa en la regulaciéon de la respuesta inmune (Wood and Seow,
1996). Sin embargo, al igual que ocurre en los casos anteriores parece que los LVPR han
desarrollado vias de escape a la accidn del mismo, incluso que en la infeccién por CAEV, el IFN-
vy podria llegar a jugar un papel antagdnico al habitual, produciendo una activacién de la
replicacién virica en monocitos tras interaccionar con la regidon gendmica LTR del virus (Tong-

Starksen et al., 1996).

3.3.3 Génesis lesional

La génesis lesional en las infecciones por LVPR se relaciona con una desregulacién de la
respuesta inmune. Las lesiones que se desarrollan en el VMV se caracterizan por una
infiltracion de macrdéfagos, linfocitos, células plasmaticas, en los 6érganos diana que

gradualmente seran los responsables de la manifestacidon clinica de la enfermedad. El
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fendmeno iniciador es la infeccion de macréfagos, que una vez infectados desencadenan una
respuesta inmune mediante la liberacidn de citoquinas como la interleuquina 8 (Cadoré et al.,
1993; Cadoré et al., 1996), que atraen mdas monocitos y células inflamatorias a la zona de la
lesidon, que a su vez secretan diferentes productos como el IFN-OvLV y otras linfoquinas,
activando y atrayendo mas macréfagos y linfocitos, de tal forma que se mantiene una
estimulaciéon continua del sistema inmune, amplificdndose la inflamaciéon y dando lugar al
dafio tisular (Narayan, 1983; Nathason et al., 1985; Georgsson, 1994). Junto a la liberacion de
estos activadores tisulares por parte de linfocitos y macréfagos, se liberan otros mediadores
como los factores de necrosis tumoral a y B, que podrian contribuir al dafio tisular (Georgsson,

1994).

La caquexia marcada que presentan los animales que padecen esta enfermedad podria
relacionarse con la infeccién de monocitos y macréfagos, que liberan caquexina, enzima que

induce la produccidn y liberacién de otras enzimas lipoliticas (Petursson et al., 1976).

Otro factor que influye en la génesis lesional son las propias cepas viricas, ya que no
todas presentan la misma patogenicidad tanto in vivo como in vitro. Se ha observado que
parece haber una relaciéon entre los efectos que estas cepas in vitro y la gravedad de las

lesiones que causan in vivo (de la Concha-Bermejillo, 1997).

3.3.4 Genética del hospedador

Existe poca informacidn acerca de los factores genéticos que pueden afectar a la
susceptibilidad o resistencia frente a los LVPR. En el HIV-1 se han descrito diferentes
polimorfismos genéticos que parecen estar asociados a resistencia frente a la enfermedad o a
una progresién mds lenta de la misma (Stonos et al., 2014) . La mayoria de los genes asociados

a resistencia genética frente a HIV-1 codifican una variedad de moléculas inmunes descritas
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anteriormente como factores de restriccidn, entre las que se encuentran el MHC tipo 1,
receptor de quimiocinas C-C (CCR) 5, killer immunoglobulin-like receptor (KIR) o toll-like
receptors TLRs (Kuniholm et al., 2011), aunque se han observado diferencias entre poblaciones

(Brinkhof and Van Maanen, 2007; An et al., 2009; Naruto et al., 2012).

Se han descrito diferencias similares en el caso de los LVPR, donde diferentes razas
muestran distinta resistencia a dichos virus, identificAindose polimorfismos en TLR 7y 8 y en
genes de CCR5 y MHC asociados a resistencia virica (Fluri et al., 2006; White et al., 2009;
Mikula et al., 2010; Larruskain et al., 2013; Bowles et al., 2014). Asi, se ha observado una
mayor proporcion de polimorfismos en TLR 7 y 8 en ovinos infectados por MV (Mikula et al.,
2010), mientras que una deleccién en el gen CCR5 ovino se ha relacionado con una menor
carga viral en las razas Ramboullet, Polypay y Columbia (White et al., 2009). También se ha
relacionado una mutacién (glicina a arginina) en el coddén 250 del TLR 9 en ovinos con

seropositividad frente a LVPR (Sarafidou et al., 2013).

Se ha descrito el gen de la proteina transmembrana TMEM154 como posible factor de
resistencia frente a los LVPR (Heaton et al., 2012; Alshanbari et al., 2014; Clawson et al.,
2015). Aunque no se conoce actualmente el papel de dicha proteina, se ha observado una
elevada expresién de la misma en monocitos y linfocitos B, lo que sugiere que podria tener
importancia inmunoldgica (Heaton et al., 2012; Stonos et al., 2014). Un estudio reciente ha
demostrado una mayor frecuencia de la mutacidn de dicho gen en las razas Dalsebred,
Herdwick y Rough Fells asociada a resistencia genética frente a LVPR (Bowles et al., 2014). Asi
mismo se ha observado en un rebafio ovino que la presencia de dos copias del halotipo 1 de
TMEM154 se asocia a una menor carga proviral (Alshanbari et al., 2014). Por otra parte, el gen
TMEM38A se ha asociado a resistencia genética y la dipeptide-binding protein (DPPA) 2 a

susceptibilidad frente a LVPR (White et al., 2012).
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La proteina TRIM5 es otro factor de restriccidon virica que se ha asociado con la
restriccion de la sintesis de ADN viral de LVPR en ovino (Jauregui et al., 2012). En dicho
estudio, se caracterizaron asi mismo las proteinas TRIM5 presentes en ovino y caprino, siendo

todas ellas TRIM5aL.

Lo mismo ocurre con la familia de proteinas del sistema inmune innato APOBECS3,
relacionada con la inhibicién de la replicacidn de diferentes familias viricas (Harris and Dudley,
2015). La proteina A3Z1 codificada por un gen APOBEC3 se ha asociado con menor replicacion
virica de LVPR en monocitos de oveja mientras que la variante A3Z1Tr obtenida tras la

estimulacién con interferén gamma permite la infeccién (De Pablo-Maiso et al., 2017).

Estos estudios parecen abrir la posibilidad de una seleccidn genética de razas ovinas
con mayor resistencia frente a SRLV (Stonos et al., 2014). Sin embargo, se ha propuesto que la
seleccidn genética de pequenos rumiantes para evitar enfermedades podria no ser del todo
practica (Stonos et al., 2014) ya que, al igual que ocurre en el HIV-1, la resistencia o progresion
mas lenta del virus es poligénica, es decir, envuelve una interaccidn compleja entre una
variedad de genes de la respuesta inmune innata y adquirida (Petrovski et al., 2011; Luo et al.,
2012). Una seleccidn genética de este tipo podria aumentar la susceptibilidad a otras
enfermedades e incluso podria haber una rapida adaptacién de los LVPR, al tratarse de virus
con una alta tasa de mutacidn. Por lo tanto, se ha planteado que podria ser mas util y sencillo
realizar una seleccién fenotipica en vez de genotipica (Stonos et al., 2014). Otra opcion que se
ha descrito es la seleccidn por respuesta inmune mejorada tras medir las respuestas inmunes
celular y humoral de los individuos frente a diferentes antigenos. Por ejemplo, en la especie
bovina se han encontrado diferentes polimorfismos de un solo nucledtido (SPS) en el locus
MHC asociados a ambos tipos de respuesta inmune (Stonos et al., 2014). En caprino, se ha
asociado el halotipo Be10-D2 con una seroconversién mas rapida y titulos de anticuerpos mas

altos que en el halotipo Bel-D5 (Fluri et al., 2006), lo que podria abrir la posibilidad de
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seleccionar animales con ciertos SPS que permitan una respuesta inmune mas efectiva en el

control de la enfermedad (Stonos et al., 2014).

3.4. TRANSMISION Y VIAS DE CONTAGIO

Se considera que las formas principales de transmisiéon del MV de forma natural son
dos: la transmisién horizontal y la lactégena, habiendo sido debatida su contribucién a la
diseminacion de la infeccion en diversos estudios (Berriatua et al., 2003; Blacklaws et al., 2004;
Alvarez et al., 2005; Leginagoikoa et al., 2010). Ademas de estas dos vias, se ha conseguido
experimentalmente la transmisién de la infeccién mediante diferentes indculos como
secreciones de animales infectados, agua contaminada, homogeneizados de érganos o
aislamientos viricos, por via respiratoria (intratraqueal, intranasal, intrapulmonar e
intratoracica), intracerbral, endovenosa, digestiva, intramuscular, subcutdnea, intrarticular e
incluso mediante inoculacion en el saco amnidtico (Badiola y Gonzalez, 1990; Torsteinsdottir et

al., 2003).

La transmision horizontal se produce por el contacto directo entre animales sanos e
infectados, mediante la aspiracion de aerosoles u otras secreciones (Lujan et al., 1994,
Blacklaws et al., 2004; Peterhans et al., 2004), considerandose la via oronasal, sobre todo
entre cordero sano y madre infectada, como la forma mas efectiva de transmision de la
enfermedad (Houwers et al., 1989; Blacklaws et al., 2004; Leginagoikoa et al., 2006;
Leginagoikoa et al., 2010). Se ha demostrado la presencia de virus libre en el fluido respiratorio
(McNeilly et al., 2007), y se ha reproducido experimentalmente la enfermedad a través de la

infeccidn por via intranasal, intratraqueal e intrapulmonar (Torsteinsdottir et al., 2003; Niesalla
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et al., 2008). Asi mismo, se ha hallado la presencia de acidos nucleicos del virus en agua de

bebederos y en el exhalado de animales infectados (Villoria et al., 2013).

En cuanto a la transmisién lactégena, parece estar relacionada con la entrada del virus
en el organismo del cordero a través del tracto digestivo (Cutlip et al., 1985a; Blacklaws et al.,
2004; Preziuso et al., 2004). Asi, se han detectado LVPR en tejido mamario de hembras
lactantes mediante PCR in situ (Carrozza et al., 2003; Preziuso et al., 2003b) y en macrdéfagos
en leche y calostro mediante PCR (Sihvonen, 1980; Leroux et al., 1997; Extramiana et al., 2002;
Blacklaws et al., 2004; Alvarez et al., 2006; Brinkhof et al., 2010), y se ha demostrado la
presencia de VMV en células mononucleares del tejido linfoide de la submucosa intestinal en
corderos alimentados con calostro infectado (Preziuso et al, 2004). También se ha
comprobado que las corderas nacidas de madres seronegativas tienen menor tendencia a
seroconvertir en el futuro que las de madres seropositivas por la no ingestiéon de calostro y
leche infectada, aunque también se ha relacionado con una posible mayor resistencia genética
a la infeccidén transmitida por la madre (Blacklaws et al., 2004; Leginagoikoa et al., 2006).
Igualmente, se han asociado positivamente los niveles de seroconversidn con el tiempo de vida
que pasa el cordero con la madre infectada seropositiva. En esta situacion, el contagio
horizontal tiene mayor importancia que el que se establece a través de calostro (Berriatua et
al., 2003). Sin embargo, en condiciones naturales esta via de contagio parece tener una
importancia relativa menor en la diseminacion de la infeccion en comparacién con la
transmisidon por via aerégena entre la madre infectada y el cordero, donde la duracién del
estrecho contacto entre ambos parece jugar un papel decisivo (Alvarez et al., 2005;

Leginagoikoa et al., 2006; Broughton-Neiswanger et al., 2010).

También se ha propuesto la via vertical como posible via de contagio de los LVPR,
aunque actualmente se considera una via de escasa importancia epidemiolégica (Blacklaws et

al., 2004; Peterson et al., 2008; Broughton-Neiswanger et al., 2010; Romero et al., 2010;
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Cortez-Romero et al., 2011; Cortez-Romero et al., 2013). Se ha demostrado la presencia de
ADN proviral de LVPR en el aparato genial de hembras infectadas, lo que explica la posible
transmisidon de la madre al embridn o feto in utero (transmision vertical). Asi mismo, se han
descrito un cierto nimero de casos de infeccidn in utero y postnatal durante la transferencia
de embriones. Se ha identificado el VMV mediante técnicas de PCR en ovario, oviducto y utero,
y se ha observado que las células de los foliculos ovaricos y ovocitos permanecen libres de
infeccidon (Cortez Romero et al., 2006; Cortez-Romero et al., 2011). Lamara y colaboradores
(Lamara et al., 2001; Lamara et al., 2002b) observaron que células epiteliales del oviducto de
cabras infectadas podrian ser infectadas in vitro con virus CAEV, aunque no hay evidencias de
la infeccién de estas células in vivo. Mediante PCR se ha demostrado la presencia de LVPR en
lavados de oviducto de 11/25 cabras infectadas con CAEV asi como en muestras de tejido de
utero y oviducto (Fieni et al., 2002; Fieni et al., 2003), sugiriendo que los fetos puedes estar
expuestos al virus in vivo. En cuanto a la infeccidon directa de embriones con LVPR, se ha
demostrado la posibilidad de infeccidn in vitro con CAEV en embriones de 8-16 células si se
eliminaba la zona peldcida, pero no si se mantenia intacta, pareciendo que supone una barrera
efectiva contra la infeccién de los embriones (Lamara et al., 2002a). Ademas, el momento de la
gestacién en el que se produce la infeccidon parece influir en la aparicion de reabsorciones o
abortos, desarrollo de fetos resistentes a LVPR o nacimiento de animales infectados (Blacklaws

et al., 2004).

Se ha propuesto el contagio via seminal a través de machos infectados, habiéndose
detectado con PCR ADN proviral de LVPR en testiculos, epididimo y en todas las glandulas
sexuales accesorias, ademas de en semen eyaculado y recogido del epididimo post-mortem
(Peterson et al., 2008). En dicho estudio, se separd el semen diluido 1:1 en PBS en 4 fases
mediante un gradiente doble de Percoll (35/85 %). En la fase superior, en la que se obtuvo el
plasma seminal, no hubo positividad mediante PCR a tiempo real (rt-PCR) a LVPR; en la

segunda fase, en la que se encontraron principalmente macréfagos y algunos restos de
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espermatozoides, se obtuvo positividad en un 55% de las muestras; en la tercera fase,
compuesta por espermatozoides no viables y algunas células procedentes de los drganos
sexuales, se obtuvo positividad Unicamente en una muestra, mientras que la Ultima fase en la
gue se encontraban los espermatozoides viables no pudo ser estudiada debido a problemas en
la extraccion de ADN por la elevada densidad celular. Estos datos confirman que los
macréfagos actiuan como células portadoras de los LVPR en forma de provirus de ADN. En el
estudio anterior el semen eyaculado presentd una eliminacidn discontinua de ADN proviral,
que se produjo de forma estacional y no en todos los animales, coincidiendo la mayor
positividad en la parte media del periodo de extraccién. Este hecho se observé también en
casos de coinfeccién con B.ovis, lo que podria considerarse un factor de riesgo de infeccidn
tanto para la madre como para los corderos (Preziuso et al., 2003a). No se ha podido
relacionar la presencia de un mayor nimero de monocitos/macréfagos en sangre o semen con
una mayor positividad en rt-PCR (Peterson et al., 2008), a pesar de que en estudios previos se
propone un aumento de la infeccién por MV en casos de coinfeccidon con B.ovis debido al
aumento de proliferacién de monocito a macréfago causado por la respuesta inflamatoria
producida en el tejido frente a la brucelosis (Preziuso et al., 2003a). En cabras, se ha
demostrado recientemente la posibilidad de transmisidon del CAEV a través de inseminacidn
artificial con semen infectado en cabras seronegativas (Souza et al., 2013). En dicho estudio,
en el que se utilizaron 20 cabras seronegativas, se observé una seroconversién del 60% de los
animales a los 30 dias de la inseminacion, y del 100% a los 60 dias, independientemente de la
dosis viral introducida en el semen (alta carga viral o baja carga viral). No se observaron
diferencias en los pardmetros reproductivos en las hembras utilizadas como control negativo,

las inseminadas con semen con alta carga viral o con baja carga viral (Souza et al., 2013).
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3.5. FORMAS CLINICAS

La enfermedad del MV se caracteriza por un sindrome multisistémico que cursa con
pérdida progresiva de la condicién corporal e inflamacion crénica no purulenta de los
pulmones, glandula mamaria, SNC y articulaciones. Aparece en ovinos de edad adulta debido a
su progresion lenta, aunque se han dado casos en corderos de tan sélo 4-6 meses de edad

(Benavides et al., 2007a).

3.5.1 Forma respiratoria

En la forma respiratoria, los animales presentan inicialmente una ligera apatia y menor
ganancia de peso, que puede progresar a disnea y pérdida de condiciéon corporal (Dawson,
1987), incluso intolerancia al esfuerzo fisico (De Boer et al., 1979). Estas manifestaciones
clinicas se deben a una neumonia intersticial crénica no purulenta que dificulta el intercambio

normal de gases (Georgsson and Palsson, 1971).

Macroscopicamente, se observan unos pulmones mas voluminosos y pesados de lo
normal, que no colapsan o lo hacen sélo ligeramente, y con una consistencia gomosa y color
grisdceo (Sigurdsson et al., 1952; Cutlip et al., 1988; Lujan et al., 1991), con los nddulos
linfaticos regionales muy aumentados de tamafio y de color blanquecino (Badiola y Gonzalez,

1990).

Histolégicamente, la forma pulmonar del MV se caracteriza por un infiltrado
inflamatorio intersticial en las paredes alveolares de células mononucleares, principalmente
linfocitos, macréfagos y células plasmaticas, que dan lugar a una neumonia intersticial crénica

no purulenta (Sigurdsson et al., 1952; Georgsson and Palsson, 1971; Cutlip et al., 1988; Badiola
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et al., 1990). Suele acompafiar a estos cambios una hiperplasia linfoide difusa, formandose
agregados e incluso foliculos rodeando bronquiolos y vasos sanguineos (Palsson, 1976; Badiola
et al., 1990; Watt et al., 1992b), que pueden verse macroscopicamente como un punteado
grisaceo subpleural de 0,5-1 mm (Cutlip et al., 1988; Lujan et al., 1991). Generalmente estos
cambios se acompanan de hiperplasia de las fibras musculares lisas, asi como de una
proliferacién de fibroblastos y depdsito de coldgeno que producen un aumento de la

consistencia (Badiola y Gonzalez, 1990).

3.5.2 Forma mamaria

La forma mamaria se caracteriza por una atrofia e induracidn progresiva bilateral de
las mamas (Cutlip et al., 1985a; Houwers et al., 1988; Lujan et al., 1991; Pekelder et al., 1994;
van der Molen and Houwers, 1987; Watt et al., 1992a), con incremento de tamafo de los
ganglios linfaticos retromamarios (Badiola y Gonzalez, 1990). La secrecién de leche puede
verse disminuida notablemente e incluso producirse agalactia, aunque el aspecto de la misma

no sufre alteraciones (Dawson, 1987).

Histoldgicamente, se observa en el parénquima mamario un infiltrado inflamatorio con
predominio linfocitico que se dispone entre tubulos y alvéolos mamarios y alrededor de
conductos galactoforos, pudiendo dar lugar a agregados o foliculos linfoides (van der Molen et
al., 1985; van der Molen and Houwers, 1987; Lujan et al., 1991), ademds de degeneracidn de
células secretoras y alteracion de la estructura tubulo-alveolar normal de la glandula (Lujan et

al., 1991).
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3.5.3 Forma nerviosa

En general es poco frecuente, aunque en ovino intensivo de leche en Castilla y Ledn,
especialmente de raza Assaf Espaiiola, se han detectado numerosos casos (Garcia Marin et al.,
1998; Gomez et al., 1999; Benavides et al., 2006a; Benavides et al., 2006c; Benavides et al.,

2009; Glaria et al., 2012; Polledo et al., 2012b).

Los principales signos clinicos que se observan son debilidad de las extremidades,
ataxia, decubito y postracion, permaneciendo el animal alerta y atento a estimulos externos
(Sigurdsson et al., 1957; Gonzalez et al., 1985; Gomez, 1999; Benavides et al., 2006a;
Christodoulopoulos, 2006; Benavides et al., 2009). Como sintomas precoces puede apreciarse
que los animales se separan del resto del rebafio, inestables en los miembros posteriores (de la
Concha-Bermejillo, 1997), cayéndose o tropezando sin razdon aparente, o caminando en

circulos (Watt et al., 1990).

Macroscdpicamente, las lesiones en el encéfalo y en la médula espinal suelen ser
inaparentes, pero en ocasiones se observan areas de malacia en la sustancia blanca del
encéfalo, principalmente en areas periventriculares y en puente y pedunculos cerebelosos, y
zonas en forma de cuiia de necrosis por licuefaccion en la sustancia blanca de secciones
transversales de la médula (Sigurdsson et al., 1957; Sigurdsson and Palsson, 1958; Gomez et

al., 1999; Benavides et al., 2006a; Benavides et al., 2009; Polledo et al., 2012b) .

Histolégicamente, se caracteriza por desmielinizacion y meningoencefalitis no purulenta.
Se observa un infiltrado inflamatorio formado principalmente por células mononucleares,
siendo caracteristica la presencia de células “gitter” o macrdéfagos de citoplasma abundante,
claro y espumoso encargados de fagocitar la mielina (Gémez et al., 1999; Benavides et al.,

2006a; Benavides et al., 2009; Polledo et al., 2012b). Los plexos coroideos también suelen
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presentar un infiltrado inflamatorio no purulento de células mononucleares que se disponen
formando agregados o foliculos linfoides (Cutlip et al., 1979). Estas lesiones histolégicas se han
sido clasificado en funcidn de la localizacidn la poblacién celular predominante en la lesién en

(Benavides et al., 2009):

e Tipo vascular, donde las células inflamatorias se disponen formando manguitos
perivasculares.

e Tipo infiltrativo, donde ademds se observa en el neuroparénquima abundante
infiltrado inflamatorio.

e Tipo maldcico, donde la caracteristica principal es la presencia de abundante

desmielinizacion.

Asi mismo, Polledo et al. (Polledo et al., 2012b) realizan una clasificacion de las lesiones
nerviosas en formas histiociticas, con predominio de macréfagos; y formas linfociticas, en las
que el tipo celular predominante son los linfocitos. Establece una relacion de dichos patrones
lesionales con la respuesta inmune celular individual mediante la realizacion de estudios
histolégicos e inmunohistiquimicos. Observa que en el tipo linfocitico las lesiones parecen
representar una forma inicial o de latencia en la que los animales tienen cierta resistencia
natural a la infeccidn mientras que en el patrdn histiocitico podria reflejar una respuesta
inmune ineficaz frente al virus o una mayor virulencia de la cepa virica que estd afectando al

animal.

Dentro de las lesiones nerviosas (linfociticas o histiociticas), se hace una subclasificacion en
tipo A o tipo B. Asi se consideran de tipo A los casos en los que la lesién principal se localiza en
las meninges y plexos coroideos, mientras que las de tipo B son aquellas en las que también
hay una afectacidon grave del neuroparénquima (Polledo et al., 2012b). En las lesiones
linfociticas de tipo A, se observa mediante inmunohistoquimica (IHQ) un predominio de

linfocitos T CD4+, mientras que en las de tipo B predominan los linfocitos T CD8+, cuya accidn
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citotéxica mediante la liberacién de citoquinas con el objetivo de impedir la replicacion viral y
controlar la infeccién produce un efecto agresivo sobre el tejido (Torsteinsddttir et al., 2007
Polledo et al., 2012b). Las lesiones histiociticas, en las que siempre hay afectacién mas o
menos grave del neuroparénquima, podrian representar una fase avanzada de la enfermedad
en la que se reclutan monocitos y macréfagos, debido a una respuesta inmune exagerada pero
inefectiva (Polledo et al., 2012b). En otro estudio del mismo grupo se examiné mediante IHQ la
distribucidn de antigeno de VMV, células T (CD3+, CD4+ y CD8+), células B y macréfagos en 22
casos de encefalitis con infeccidn natural de MV. En las lesiones leves de tipo linfocitico el
antigeno virico se observé en los manguitos perivasculares donde hubo predominio de células
CD8+, mientras que en lesiones graves el antigeno de VMV se encontré de forma dispersa y las
células CD4+/CD8+ aparecieron en proporciones similares en los manguitos perivasculares. En
las lesiones histiociticas, se observé un elevado nimero de macréfagos rodeando los vasos
sanguineos con abundante presencia virica, situandose los linfocitos CD8+ y CD4+ en la

periferia junto con las células B (Polledo et al., 2012a).

3.5.4 Forma articular

Las lesiones articulares producidas por el VMV son muy similares a las producidas por
el CAEV. Clinicamente se caracteriza por una tumefaccién de las articulaciones, siendo el carpo
la localizacién mas frecuente de lesiones. También pueden observarse en las articulaciones del
tarso, metacarpo, metatarso, ligamento nucal o uniones vertebrales, siendo en ovino poco
frecuentes. Se produce una sinovitis proliferativa junto con fibrosis y calcificacidn de los tejidos
blandos, y necrosis y degeneracion del cartilago articular que dan lugar a la aparicién de cojera
de forma progresiva (Cutlip et al., 1985b; Pérez et al., 2012; Minguijén et al., 2015).

Histoldgicamente, esta lesidn crdnica se caracteriza por la infiltracién de la sinovia por células
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mononucleares con la formaciéon de agregados y foliculos linfoides (Cutlip et al., 1985b;

Minguijon et al., 2015).

En Espafia se ha diagnosticado un brote de forma artritica en ovejas de raza Rasa
Aragonesa, correspondiente a la cepa B2 de los LVPR con genoma completo de CAEV pero con
la region pol de la integrasa de tipo VMV. Aunque en dichos animales faltaba una repeticion
de la secuencia U3 en LTR y habia una deleccién en la region R que se asocia a baja replicacion
virica, el fenotipo en fibroblastos de piel de ovino era de tipo rapid/high por lo que parece

encontrarse adaptado a células ovinas (Glaria et al., 2009).

3.6. DIAGNOSTICO

Llevar a cabo un buen diagndstico de la enfermedad es fundamental al no existir
vacunas comerciales efectivas frente al MV (Peterhans et al., 2004). Actualmente, la mayoria
de los métodos de diagndstico se basan en la diferenciacion de animales infectados y libres de

infeccion.

3.6.1 Clinico y anatomopatolégico

Se basa en la observacion de los signos clinicos descritos en el apartado anterior junto

con la realizacién de necropsias para la confirmacidn de los mismos.

Hasta que se produjo el aislamiento virico, el diagnéstico de los LVPR se basaba en
observaciones clinicas y patoldgicas, que en numerosos casos dieron lugar al nombre de la

enfermedad: neumonia ovina progresiva, bouhite o maedi referentes al sindrome respiratorio,
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o CAEV, referente a la artritis y encefalitis producida por dicha infeccién en cabras (Minguijon

et al., 2015).

Los sintomas clinicos junto con la presencia de lesiones macroscépicas permiten llevar
a cabo un diagndstico fiable en los casos moderados o graves (Lujan et al., 1991). Sin embargo,
los LVPR pueden extenderse ampliamente en un rebafio o regidn antes de que se puedan
observar signos clinicos, al tratarse de enfermedades de naturaleza lenta y progresiva y solo se
detecta la infeccion en estados avanzados de enfermedad, por lo que es necesaria la

realizacion de otros métodos de diagndstico mas precoces (Minguijon et al., 2015).

3.6.2 Histopatoldgico e inmunohistoquimico

El diagnéstico histopatolégico del MV se basa en la observacion de las lesiones
descritas anteriormente en el apartado de formas clinicas en pulmén, SNC, glandula mamaria 'y
articulaciones, consistentes en neumonia intersticial, meningoencefalitis y/o mielitis no
purulenta, mamitis intersticial o artritis no purulenta, normalmente con la presencia de
foliculos linfoides. Se han descrito distintas clasificaciones de dichas lesiones en los diferentes
6rganos diana en funcidén de la gravedad de la inflamacién intersticial y de la proliferacion
linfoide, clasificandose normalmente como lesiones leves (+), moderadas (++) y graves (+++)
(Lujan et al., 1991; Benavides et al., 2013). En dichos estudios, los porcentajes de lesiones
producidas por MV en pulmén y mama de animales seleccionados al azar fueron 32,3% vy
35.6% respectivamente considerando Unicamente lesiones moderadas y graves (Lujan et al.,
1991) y 79,3% y 46,7% respectivamente considerando también lesiones de menor gravedad

(Benavides et al., 2013).
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La IHQ se ha descrito como una técnica eficiente para la deteccién de proteinas de
LVPR en muestras de tejido. Se ha observado positividad a VMV en macroéfagos, células
epiteliales, células dendriticas y células endoteliales utilizando distintos anticuerpos
monoclonales y policlonales frente a proteinas env del VMV con diferentes protocolos (Gémez
et al., 1999; Gelmetti et al., 2000; Preziuso et al., 2003b; Benavides et al., 2006b). La técnica de
IHQ resulta muy util no solo para la identificacidn virica y diagnéstico de la enfermedad, sino
también para el estudio de la patogenia de la misma. Se ha descrito positividad a VMV
mediante IHQ no solo en los dérganos diana, sino también en otras localizaciones como
linfonodos, (en zona subcapsular y corteza, en macrofagos y células dendriticas), bazo (en la
periferia de los foliculos) o en médula dsea (en células grandes), drganos que podrian ser
reservorios de lentivirus como ocurre en el HIV (Preziuso et al., 2003b). Asi mismo, se ha
descrito un aumento de la positividad en IHQ en coinfecciones como APO, neumonias crénicas
o parasitarias en pulmén (Gelmetti et al., 2000; Preziuso et al., 2003b) o en el testiculo en

casos de coinfeccidn con Brucella ovis en machos (Preziuso et al., 2003a).

Se ha estudiado el efecto de la fijacion en el desarrollo de la técnica de IHQ,
haciéndose una comparacién de 3 anticuerpos monoclonales en muestras fijadas en formol,
zinc y Bouin en muestras de pulmén. No se observé diferencia en la intensidad de la sefial en
los dos primeros fijadores, independientemente del tiempo de fijaciéon, mientras que en el
caso del Bouin la IHQ solo fue evaluable con una fijacién inferior a 4 dias. Asi mismo, se
observd un mayor numero de células descamadas en el tejido fijado con zinc (Benavides et al.,

2006b).
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3.6.3 Inmunolégico

Este método de diagndstico se basa en la deteccidon de anticuerpos neutralizantes
producidos frente al VMV, que son detectables a las 2-3 semanas post-infeccién (Narayan et
al., 1977b; Houwers and van der Molen, 1987), aunque en algunos casos esta respuesta puede
tardar varios afios en ser detectada (Narayan et al.,, 1981) o incluso existir animales
permanentemente infectados sin presencia de anticuerpos neutralizantes (Narayan et al.,
1984). El diagndstico seroldgico se considera el mas conveniente para la deteccidn de LVPR (de

Andrés et al., 2005).

La produccién de anticuerpos de forma cruzada frente a antigenos VMV y CAEV ha
permitido el diagndstico de los LVPR durante afios, a pesar de la variabilidad antigénica de
ambos virus (Gogolewski et al., 1985). Tanto ovejas como cabras permanecen infectados de
por vida aungque en ocasiones nunca desarrollen signos clinicos. La presencia de anticuerpos
frente a LVPR indica infeccidn pero no es sindnimo de proteccién, al escapar dichos virus de la
respuesta inmune integrandose en el genoma del hospedador en forma de provirus de ADN y
producirse mutaciones durante la replicacién viral, dando lugar a falsos negativos (Cheevers et
al., 1999). Otra causa se la obtencidn de falsos negativos en un test seroldgico es el espectro
de especificidad del antigeno/anticuerpo involucrados en el test. Asi mismo, se pueden
obtener falsos positivos a lo largo de la vida de un animal, para lo que no se ha encontrado una
explicacion (Brinkhof and Van Maanen, 2007), o se pueden producir interferencias debido a la

adquisicion pasiva de anticuerpos maternos durante la lactacion (Cutlip et al., 1988).

Las pruebas mas comunmente utilizadas y propuestas por la OIE (Epizootias., 2008)
para el comercio internacional de animales son la IDGA y las pruebas serolégicas de
inmunoensayo (ELISA). También pueden detectarse anticuerpos frente al VMV mediante otras

técnicas tales como la radioinmunoprecipitacién (RIPA), radioinmunoensayo (RIA) o el Western
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Blot (WB), aunque éstas suelen emplearse como técnicas de confirmacién (de Andrés et al.,
2005; Herrmann-Hoesing, 2010; Ramirez et al., 2013). En cualquier caso, el diagndstico viene
determinado por la sensibilidad y especificidad de la técnica empleada, la duracion de la
infeccidn, los titulos de viremia, el estado inmune del hospedador y el fenotipo del virus

(Brodie et al., 1998).

3.6.3.1 Pruebas seroldgicas de tipo ELISA

Es la mas utilizada hoy en dia al tratarse de una técnica econémica de la que existen
test comerciales con buena especificidad y sensibilidad, que a su vez dependen en gran
medida de la homogeneidad entre el antigeno comercial del kit y el genotipo del VMV (Reina
et al.,, 2009b). Se ha estimado que para conseguir una sensibilidad dptima la mejor
combinacion de antigeno seria una mezcla de proteinas del nucleo y de la envoltura virica (de
Andrés et al., 2005). Se han descrito diferencias en la sensibilidad dependiendo del status de
la enfermedad cuando se evaltan anticuerpos frente a env TM (Bertoni et al., 1994; de Andrés
et al., 2013) y env SU (Knowles Jr et al., 1990; Minguijon et al., 2015) en ovejas y cabras. Los
ELISA mas utilizados para el diagndstico de los LVPR son los indirectos, aunque también se han
disenado diferentes ELISA competitivos (de Andrés et al., 2005). De todas formas, en un
estudio en el que se valoran dos ELISA de cada tipo, se observan valores de especificidad y

sensibilidad superiores al 95% (Herrmann-Hoesing, 2010).

Existe actualmente variedad de test de tipo ELISA disponibles en el mercado frente a
VMV/CAEV. Algunos estudios describen los ELISA de virus entero o primera generacion como
mas sensibles y menos especificos que los ELISA de proteinas recombinantes o segunda

generacion (Zanoni et al., 1994). Los antigenos gag CA y env TM estdn muy conservados entre
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los LVPR (Grego et al., 2002). Normalmente dichos antigenos se emplean juntos para el
desarrollo de ELISA de segunda generacién (Saman et al., 1999), aunque también se ha
descrito el uso de antigenos env TM por separado (Rosati et al., 1994), incluyendo algunos
ELISA también gag MA (Minguijon et al., 2015). Se han descrito asi mismo test ELISA
especificos para una determinada cepa que emplean diferentes proteinas recombinantes,
péptidos sintéticos o proteinas de regiones variables de gag CA, MA y NP (Grego et al., 2002;
Lacerenza et al., 2008), env TM (de Andrés et al., 2013) o env SU (Glaria et al., 2012). Se
considera de gran importancia el contar con una combinacién de test ELISA que sea capaz de
identificar la cepa virica circulante en una regidn para evitar falsos negativos para lo que seria
necesario profundizar en este tipo de estudios (Cardinaux et al., 2013; Minguijén et al., 2015).
Algunos test comerciales disponibles en el mercado actualmente son el test ELITEST® de
HYPHEN Biomed que utiliza una combinacién de proteinas recombinantes del MVV (Ramirez et
al., 2013), los test de IDEXX (screening y verificacidn) que utilizan proteina recombinante p28y
un péptido TM o los test de Noack que emplean diferentes proteinas recombinantes (p25,
gp135) o péptidos sintéticos (TM1). En esta tesis doctoral se utiliza el test ELITEST®, con
sensibilidad de 99,4% vy especificidad 99,3% (Saman et al., 1999; de Andrés et al., 2005), que
emplea el antigeno recombinante formado por un péptido inmunogénico de la glicoproteina

transmembrana gp46 y de la proteina recombinante p25.

Ademads de en sueros individuales, se puede detectar antigeno frente al VMV en leche,
calostro o tanque de leche (Julian Motha and Ralston, 1994; Keen et al., 1996; Plaza et al.,
2009; Brinkhof et al., 2010; Reina et al., 2010), en un pool de sueros (Brinkhof et al., 2007), o
en muestras de semen (Ramirez et al., 2009), lo que permite un diagndstico rapido y de bajo
coste de la infeccidn en el rebafio, especialmente util para el control de la enfermedad en

regiones de escasos recursos.
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En general se han descrito los test ELISA como mas sensibles que la técnica de la PCR,
excepto en animales jévenes o en infecciones recientes (Alvarez et al., 2006). En estos casos es
de gran utilidad la combinacion de ambas técnicas, para evitar dejar animales infectados en el

rebafio que puedan transmitir la infeccién (Minguijon et al., 2015).

Sin embargo, como se ha explicado anteriormente en el apartado de inmunologia, la
presencia de anticuerpos indica infeccidon pero no proteccién frente a la enfermedad (Cheevers
et al., 1999). Por otro lado, animales seronegativos no deben considerarse estrictamente libres
de infeccidn ya que el titulo de anticuerpos puede ser negativo previamente a la
seroconversién o a la fluctuacidn de los mismos que puede suceder durante la vida del animal.
Los animales recién nacidos presentan anticuerpos maternos que consumen con el calostro o
la leche y que estan presentes durante al menos dos o tres meses, siendo normalmente
seronegativos hasta que seroconvierten entre los seis y doce meses de edad. Asi mismo, llevar
a cabo test diagndsticos inmediatamente antes de la gestacion no garantiza que las madres no
puedan seroconvertir después del parto, siendo siempre los animales seronegativos una
fuente potencial de infeccidn tanto para la transmisién horizontal como vertical (de Andrés et
al., 2005; Herrmann-Hoesing, 2010; Ramirez et al., 2013). Se han descrito reacciones cruzadas
en test ELISA frente a LVPR con diferentes genotipos. Asi, el genotipo A codifica antigenos que
tienden a detectar mediante reaccién cruzada anticuerpos frente al genotipo B con mayor
facilidad que en sentido inverso (de Andrés et al., 2013). También se han descrito reacciones
cruzadas en animales vacunados contra lengua azul en distintos paises europeos utilizando
vacunas inactivadas escasamente purificadas, que han dado falsos positivos a test ELISA frente

a LVPR (Valas et al., 2011).
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3.6.3.1 Pruebas seroldgicas de tipo IDGA

La inmunodifusidn en gel de agar es una prueba que consiste en la difusién a través de
un gel de agarosa del suero problema y el antigeno, con sueros control que determinaran la
presencia o ausencia de anticuerpos anti-VMV en el suero problema. En el caso del VMV se
suele estudiar a simple vista la precipitacion de anticuerpos frente a proteinas CA y SU
(Winward et al., 1979). Aunque es facil de realizar y presenta una alta especificidad, su
sensibilidad es mas baja que la del ELISA (Celer Jr et al., 1998; Synge and Ritchie, 2010) y el
hecho de que sea dificil de automatizar y de interpretacién subjetiva hace que no sea la
técnica mds utilizada actualmente para la deteccidon del MV (de Andrés et al., 2005). También
se ha evaluado para el diagndstico de CAEV, observdndose resultados similares a los obtenidos
en ovino (Knowles Jr et al., 1994). Es menos precoz a la hora de detectar la seroconversién que
el test ELISA, por lo que animales recientemente infectados se detectan con mayor dificultad

(Lujan et al., 1991; Saman et al., 1999; Varea et al., 2001).

La inmunodifusion en gel de agar se ha descrito en muestras de semen mediante la
utilizacion de un test comercial que utiliza anticuerpos frente a la glicoproteina gp135 de Ia
envoltura virica y la proteina estructural p28 de la capside (Paula et al., 2009). En dicho estudio
experimental se observé la seroconversidén en la semana 16 en 4 animales y en la semana 32
en 1 animal, y se obtuvo positividad por PCR anidada en muestras de semen en 2 ovinos
previamente a la seroconversion, indicando que la ausencia de positividad en inmunodifusion

no descarta la infeccion y por tanto el riesgo de excrecion virica.
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3.6.4 Cultivo

La forma mas frecuente de cultivo de VMV es en fibroblastos procedentes de
membrana sinovial de cabra y de plexos coroideos de oveja (Minguijon et al., 2015) También
algunas lineas celulares continuas de varios tejidos permiten la infecciéon por LVPR (Matsuura

etal., 2011).

Otras células que se han descrito como células permisivas al cultivo de VMV son las
células dendriticas (Ryan et al., 2000), microglia (Adebayo et al., 2008), células epiteliales de
glandula mamaria (Bolea et al., 2006), pulmén (Carrozza et al., 2003), tercer parpado
(Capucchio et al., 2003), rifidn (Angelopoulou et al., 2006b), utero y epididimo (Ali Al Ahmad et
al., 2012; Lamara et al., 2013), endotelios, miocitos (Leroux et al., 1995; Carrozza et al., 2003),

células de la granulosa (Lamara et al., 2001) y células del parénquima del higado o corazon.

La infeccion produce un efecto citopdtico caracteristico y diferentes grados de lisis
celular, aunque la infeccién por VMV se debe confirmar por otras técnicas como microscopia

electrdnica, IHQ o PCR (Molitor et al., 1979).

3.6.5 Amplificacion de acidos nucleicos

Las técnicas de diagndstico mediante la amplificacion de acidos nucleicos se basan en
la deteccién de secuencias especificas de ADN o ARN viral. La mas comunmente utilizada es la
técnica de la reaccién en cadena de la polimerasa o PCR, que permite la deteccidn del virus
integrado en el genoma de las células hospedadoras mediante la amplificacién de ADN (Brodie
et al., 1995; Extramiana et al.,, 1998). También puede emplearse la variedad rt-PCR, que
aunqgue ha sido menos estudiada que la forma clasica supone un importante progreso en el

diagndstico molecular (Zhang et al., 2000; Gudmundsson et al., 2003).
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Se han descrito diferentes primers para la deteccion de LVPR mediante PCR,
principalmente de las regiones LTR, tanto en PCR clasica (Extramiana et al., 2002; Benavides et
al., 2006b) como anidada (Ryan et al., 2000; Reina et al., 2006), gag (Reina et al., 2006) y pol

(Pisoni et al., 2005; Reina et al., 2006).

La deteccidn mediante PCR de VMV suele hacerse a partir de células mononucleares
sanguineas (de Andrés et al., 2005; Reina et al., 2009a), aunque en ocasiones el bajo numero
de células infectadas circulantes reduce la sensibilidad (Grego et al., 2007). La técnica de la
PCR ha descrito en diferentes tejidos, en sangre, leche o semen (Extramiana et al., 2002;
Peterson et al., 2008; Cortez-Romero et al., 2011). También es frecuente la realizacién de la
PCR en bloques de parafina de archivo (Gomez et al., 1999; Gonzalez et al., 2001). Se ha
estudiado la influencia de diferentes fijadores en los resultados de las PCR realizadas en este
tipo de muestras. Asi, los bloques de tejido fijado en formol dieron resultados positivos con
una fijacion inferior a 14 dias. Esto podria deberse a que el formaldehido produce la
desnaturalizacion del ADN en zonas ricas en AT creando mutaciones artificiales y aumentando
estos efectos secundarios con el tiempo. Los bloques de tejido fijados en Zn dieron resultados
positivos hasta con 30 dias de fijacidn, mientras que en los bloques de tejido fijado en Bouin

no se pudo amplificar ADN proviral por PCR (Benavides et al., 2006b).

Actualmente se estdn empleando otras técnicas de amplificacién de acidos nucleicos
como la " heteroduplex mobility assay” o HMA (Germain and Valas, 2006), que se utiliza
normalmente en combinacién con la PCR para ayudar a la caracterizacion genotipica de las
cepas viricas que circulan en un rebafio (Ramirez et al., 2013) o la “loop-mediated isothermal
amplification” (LAMP) que se ha desarrollado para la deteccién de ADN de provirus de CAEV

(Huang et al., 2012).
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3.7. PREVENCION Y CONTROL

El gran impacto econdmico que causa el MV, especialmente en la produccion ovina de
leche, hace que sea fundamental llevar a cabo estrategias de prevencién y control para evitar

la diseminacidn de la infeccidon (Polledo et al., 2013).

Actualmente, no existen vacunas disponibles en el mercado frente a VMV y, aunque se
han probado vacunas con el virus completo atenuado o vacunas recombinantes, con plasmidos
o proteinas viricas, aun no ha habido ninguna que haya resultado eficaz en la proteccién frente
al virus (Pépin et al., 1998; Torsteinsdottir et al., 2007b; Reina et al., 2008). Se ha observado
tras la infeccidén por via intratraqueal con VMV atenuado que, aunque la vacuna no produce
proteccién total frente a la infeccidn, si induce una proteccién parcial, aislandose hasta 10
veces mas virus en animales no vacunados que en animales protegidos por la vacuna
(Pétursson et al., 2005). También se ha probado en ratén una vacuna ADN cuyo plasmido
codifica la proteina inmunogénica p25 del VMV que parece obtener una buena respuesta
humoral con un alto titulo de anticuerpos (Henriques et al., 2009), ademds de haberse
realizado pruebas con diferentes adyuvantes para la estimulacién de la respuesta inmune y
una mejor respuesta a la vacuna (de Andrés et al., 2009). Sin embargo, alin no se han aplicado
en condiciones de campo y su elaboracidon supone unos costes elevados, por lo que

econdmicamente no suponen una alternativa viable en la lucha frente a la enfermedad.

Debido a la ausencia de tratamientos y vacunas efectivas frente al MV, los programas
de control, como los que se llevaron a cabo en el brote de Islandia y que consiguieron la
erradicacion de la enfermedad, son la herramienta basica para el control del VMV en la
actualidad. En esta época, las medidas que se tomaron para eliminar la infeccién fueron
fundamentalmente dos: el sacrificio de los rebafios infectados y el reemplazo de los mismos

con animales procedentes de rebafios libres de infeccidon tras un tiempo prudente de vacio
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sanitario (Houwers et al., 1984; Pétursson, 1994), y la divisidon de los rebafos en dos grupos,
uno compuesto por el rebafio adulto, y el otro compuesto por el grupo de reposicidon cuyos
corderos estan retirados inmediatamente después del parto (Pétursson, 1994). Sin embargo,
es importante conocer la prevalencia inicial de una explotacion a la hora de llevar a cabo
estrategias de sacrificio de animales como las que se siguieron en el brote de Islandia. Asi, el
sacrificio es Util en rebafios de baja o moderada prevalencia (<50%), donde el nimero de
ovejas que pueden seroconvertir es mayor al de ovinos que se sacrifican y reemplazan
anualmente (Berriatua et al., 2003), mientras que en zonas como Castilla y Ledn donde la
prevalencia supera el 80% esta estrategia presenta serias dificultades al ser econdmicamente

inviable.

En paises como Holanda, Alemania, Francia o Italia, se realizaron programas de control
menos drasticos, basados en la aplicacion de medidas combinadas (Lujan et al., 2001), entra
las que se encontraron la eliminacion de animales seropositivos, junto con la separacion de los
corderos nada mas nacer para su alimentacion con calostro/leche de hembras seronegativas o
calostro bovino (Houwers et al., 1983; Houwers et al., 1989) ; el sacrificio de animales
seropositivos tras la realizacién periddica de estudios serolégicos (Cutlip and Lehmkuhl, 1986);
el sacrificio de la progenie de madres seropositivas (inmediatamente después nacimiento) si el
porcentaje de prevalencia y la tasa de reposicién lo permitian, por las altas probabilidades de
infeccién madre-cordero (Houwers et al., 1989); y formacién de dos rebafios uno seropositivo
y otro seronegativo si la medida anterior no era posible, y las instalaciones y manejo lo

permitian (Lujan et al., 2001; Pérez et al., 2013).

En el valle del Ebro se ha ideado un método de control aplicado con éxito en rebafios
de prevalencias moderadas (alrededor del 50%). Consiste en un Unico muestreo seroldgico de
todo el rebafio y el marcado indeleble de las ovejas seropositivas para posteriormente utilizar

como reposicidn los animales seronegativos e hijas de seronegativas, junto a la vigilancia de
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cualquier signo clinico caracteristico de la enfermedad y que conducira al sacrificio precoz del

ovino afectado (Lujan et al., 2001).

Como se ha mencionado anteriormente, las dos fuentes mas importantes de contagio
del VMV entre animales son la via horizontal, por contacto con ovejas infectadas, y la lactacion
natural, a través de calostro o leche (Berriatua et al., 2003; Blacklaws et al., 2004; Peterhans et
al., 2004; Leginagoikoa et al., 2010). Por lo tanto, las practicas de manejo, especialmente las
relacionadas con el alojamiento de los animales y la densidad de los mismos, estdn altamente
asociados con la prevalencia del MVV en el rebafio (Leginagoikoa et al., 2006; Pérez et al.,
2010; Polledo et al., 2013) Asi, Polledo et al., han demostrado mediante un estudio realizado
con 197 ovejas de raza Assaf Espafiola pertenecientes a un rebafno con una seroprevalencia de
VMV superior al 90%, que la simple colocacidn de una valla de metal de 1,20 metros que
impida el contacto fisico entre los corderos y las madres a pesar de compartir la misma nave,

es suficiente para bajar la prevalencia de forma notable (de 93,1% a 54,2% en 4 afios).
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IV Estandarizacion y puesta a punto de técnicas

4.1 INMUNOHISTOQUIMICA

Para la realizacion de los estudios incluidos en esta tesis doctoral fue necesaria la
deteccion de antigeno virico de VMV en muestras de tejido incluido en parafina. Hasta la
realizacion de esta tesis, la deteccion del VMV en nuestro laboratorio se realizaba utilizando
los anticuerpos elaborados por nuestro grupo anti-gp135 y anti-p28, ambos policlonales.
Ambos anticuerpos caseros se obtuvieron inmunizando conejos blancos de Nueva Zelanda con
las proteinas gp135 y p28 de Pourquier (1,6 g) emulsionadas con 1 ml de adyuvante completo
de Freund en los dias 1, 14, 21 y 28. En el dia 35 se administrd por via intravenosa la proteina
en ausencia de adyuvante. Se utilizaron los sueros del dia 38 y el pre-inmune del mismo conejo
para los estudios inmunohistoquimicos. Se evalud la sensibilidad y la especificidad de ambas

técnicas en 10 ovinos con resultados positivos y negativos conocidos a MV.

Sin embargo, dichos anticuerpos funcionaban Unicamente en nuestro laboratorio
Unicamente en muestras de tejido fijadas en semifijadores como Zinc y Bouin o en muestras

congeladas y no en muestras fijadas rutinariamente en formol.

Durante esta tesis doctoral, en la primera colaboracién con la Universidad de Camerino
realizada en 2016, se pusieron a punto las técnicas de inmunohistoquimica para la deteccién
de VMV en muestras fijadas en formol con el equipo de la profesora Preziuso y del profesor
Rossi. En concreto, se utilizd el anticuerpo monoclonal comercial aniti-p28 (CAEP5A1, VMRD),

asi como los anticuerpos policlonales anti-gp135 y anti-p28 disponibles en nuestro laboratorio.

Después de diferentes pruebas, se establecié el protocolo de IHQ descrito a continuacion,

valido para los tres anticuerpos descritos anteriormente:

1. Fijacién, tallado e inclusion de las muestras: recogida de las muestras de forma
rutinaria y fijacion durante 48 horas en formol tamponado al 10%. Posteriormente se

tallan secciones de unos 0,5 cm de grosor y se introducen en un inclusor donde se
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deshidratan con un ciclo rutinario de inclusidon histolégica mediante pases por
alcoholes de graduacion creciente, xilol y parafina a 60°C.

Corte de las muestras: se realizan secciones de 3 micras con microtomo, que se
colocan sobre portaobjetos previamente tratados con un homopolimero (Poli-L-lysine,
Sigma-Aldrich) para evitar el desprendimiento del tejido durante la realizacion de la
IHQ. Se dejan secar las preparaciones en una estufa a 37°C durante 24 horas.
Desparafinado: se desparafinan las preparaciones dejandolas 15 minutos en xilol (x2),
15 minutos en alcohol de 100° (x2), 5 minutos en alcohol de 96°, 5 minutos en alcohol
de 60° y 5 minutos en agua.

Inactivacidon de la peroxidasa enddgena: se realiza mediante un tratamiento con
peréxido de hidrégeno al 5% en agua destilada durante una hora.
Desenmascaramiento antigénico: tras el lavado de las preparaciones se realiza el
desenmascaramiento antigénico en una solucién de citrato a pH6, durante 11 minutos
en microondas a 750W al bafio Maria, y con un enfriamiento posterior de 10 minutos
en agua fria.

Bloqueo de uniones inespecificas: después de lavar las preparaciones en TBS se
incuban con suero normal de cabra diluido a 1:10 en TBS+BSA1%+PVP1% durante una
hora en cdmara humeda a temperatura ambiente.

Incubacion con el anticuerpo primario: se incuba durante toda la noche en cdmara
himeda a 4°C con el anticuerpo primario. El anticuerpo monoclonal anti-p28
(CAEP5A1, VMRD) se usa a una dilucidn de 1:100 en TBS+BSA1%+PVP1%; el anticuerpo
policlonal anti-p28 (elaboraciéon propia) se usa a una dilucién de 1:10.000 en
TBS+BSA1%+PVP1%, y el anticuerpo policlonal anti-gp135 (elaboracidn propia) se usa a
una dilucion de 1:20.000 en TBS+BSA1%+PVP1%.

Incubacion con el anticuerpo secundario: después de hacer dos lavados de las

preparaciones en TBS, se incuban durante una hora en cdmara hiumeda a temperatura
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ambiente con el anticuerpo secundario. En el caso del anticuerpo monoclonal
comercial se emplea un anticuerpo secundario biotinilado anti-mouse hecho en cabra,
mientras que en los dos anticuerpos policlonales de fabricacion propia se utiliza un
anti-rabbit hecho en cabra, todos ellos a una dilucion de 1:200
en TBS+BSA1%+PVP1%.

9. Incubacion con solucion ABC: se incuba durante 45 minutos con la solucién ABC (Elite,
VECTOR), preparada con 45 minutos de antelacién siguiendo las instrucciones del
fabricante.

10. Revelado: tras lavar las preparaciones en TBS se hace el revelado utilizando la solucién
DAB (VECTOR) durante 10 minutos.

11. Tincién y montaje: se tifien las preparaciones con hematoxilina durante 30 segundos,
se lavan, se deshidratan en pases sucesivos de alcoholes de graduacidn creciente y en

xilol y se montan siguiendo el procedimiento rutinario.

4.2 PCR

Para la realizacion de esta tesis doctoral fue necesaria la puesta a punto de una técnica
de PCR que permitiera la deteccién del VMV en muestras de tejido congelado, en bloques de
parafina, y en muestras de leche, para lo que se trabajo con el equipo de la doctora Preziuso
en la Universidad de Camerino. Se estudiaron las secuencias viricas circulantes en la region de
Castilla y Ledn y se hicieron diferentes pruebas, en tejido congelado y en cortes de bloques de
parafina, utilizando diversos primers descritos hasta el momento y utilizados por el equipo de

la doctora Preziuso con anterioridad.
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4.2.1 Extraccién de ADN proviral.

En muestras de tejido congelado se usé el kit Norgen (Biotek Corporation) mediante el

siguiente protocolo:

1. Preparacién de la muestra: corte con material estéril de un fragmento de tejido de
aproximadamente 20 mg, que se coloca en un eppendorf estéril libre de ADNsas.

2. Lisis: incubacion de cada muestra con 300 ul de digestion buffer y 12 ul de proteinasa K
a 55° hasta la disoluciéon completa del tejido. Posteriormente, se afiaden 300 pl de
binding solution y 300 pl de etanol al lisado y se mezcla bien mediante vértex.

3. Unidén a la columna: se afiaden 500 ul del preparado anterior a la columna, situada
sobre un tubo estéril y se centrifuga durante 3 minutos a 8.000 rpm. Se elimina el
sobrenadante y se repite el proceso, afiadiendo el resto del preparado obtenido en el
paso 2. Centrifugacion final a 14.000 rpm durante dos minutos.

4. Lavado del ADN: se afiaden 500 ul de wash solution a la columna y se centrifuga 2
minutos a 14.000 rpm. Se repite el proceso y se desecha el sobrenadante.

5. Elucién del ADN puro: tras el paso de la columna a un nuevo tubo estéril, se anaden
200 pl de elution buffer, previamente calentado a 55°, al centro de la columna.
Después de una incubacidn de 5 minutos a temperatura ambiente, se centrifuga
durante un minuto a 6.000 rpm y posteriormente durante dos minutos a 14.000 rpm.
Una vez eliminada la columna, se puede conservar el ADN extraido a 2-8 °C para su uso

inmediato o a -20°C para su conservacion a largo plazo.

En muestras de tejido embebidas en parafina se empled el kit Ambion RNA (Life

Technologies), utilizando el protocolo que se explica a continuacidn:
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Preparacion de la muestra: corte con microtomo de 6 secciones de 10 micras, que se
colocan en un eppendorf estéril libre de ADNsas.

Desparafinado: se realiza mediante la incubacién en 1 ml de xilol durante 5 minutos y
centrifugado a 14.000 rpm durante 2 minutos, tirando el sobrenadante y conservando
el pellet de tejido (x2).

Lavado de la muestra: se afiade 1 ml de etanol, se mezcla mediante vortex y se
centrifuga durante 2 minutos a 14.000 rpm, eliminando el sobrenadante (x2). Se deja
secar durante 4 horas para que se evapore todo el alcohol restante.

Lisis: incubacidn de cada muestra con 200 ul de digestion buffer y 4 pl de proteinasa K
a 50° durante toda la noche (minimo 16 horas), moviendo de vez en cuando para
facilitar la digestion.

Aislamiento del ADN: se afiaden 240 pl de isolation additive y 550 ul de etanol a cada
eppendorf.

Unién a la columna: se pasan 700 pl del preparado anterior por la columna, situada
sobre un tubo estéril, y se centrifuga durante 1 minuto a 10.000 rpm, descartando el
sobrenadante.

Lavado del ADN: se afiaden 700 ul de wash solution 1 a la columna y se centrifuga 1
minuto a 10.000 rpm, descartando el sobrenadante. Se realiza un segundo lavado
afiadiendo 500 pl de wash solution 2/3 y se centrifuga 1 minuto a 10.000 rpm. Después
de eliminar el sobrenadante, se hace una ultima centrifugacién igual a las anteriores
para eliminar cualquier resto de solucién de lavado.

Elucién del ADN puro: tras el paso de la columna a un nuevo tubo estéril, se afiaden 60
ul de elution buffer, previamente calentado a 95°, al centro de la columna. Después de
una incubacién de 1 minuto a temperatura ambiente, se centrifuga durante 2 minutos
a 14.000 rpm. Se elimina la columna y se conserva el ADN extraido a 2-8 °C para su uso

inmediato o a -20°C para su conservacion a largo plazo.
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4.2.2 Obtencion de células blancas de leche para extracciéon de ADN.

Para la separacién de las células blancas de muestras de leche se utilizé el protocolo que

se describe a continuacion:

1. Se afiaden 50 ml de leche de tanque o 15 ml de leche de animales individuales en un
Falcon.

2. Se centrifuga a 2.000 rpm durante 20 minutos a 10°C.

3. Se elimina la nata y parte del liquido con pipeta Pasteur, dejando el pellet y unos 10 ml
de leche.

4. Se centrifuga a 2.000 rpm durante 10 minutos a 10°C.

5. Se desecha el sobrenadante dejando el pellet y unos 2 ml de leche. Se resuspende el
pellet con pipeta Pasteur.

6. Se transfieren 1,5 ml del liquido anterior a un eppendorf de 2 ml estéril y libre de
ADNsas.

7. Se centrifuga a 14.000 rpm durante 10 minutos a 10°C.

8. Se elimina todo el liquido posible con micropipeta, dejando el pellet.

9. Seresuspende el pellet en 1,5 ml de PBS 1X estéril mediante pipeta Pasteur.

10. Se centrifuga a 14.000 rpm durante 5 minutos a temperatura ambiente. Se elimina el
sobrenadante.

11. Se repiten los pasos 9 y 10 hasta un total de 3 lavados.

12. Se congela el pellet a -20°C o0 -80°C.
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4.2.3 PCR clasica y anidada.

Se probaron diferentes protocolos de PCR clasica y anidada utilizando distintos primers
de las regiones LTR, gag y pol. Se utilizaron los siguientes protocolos ya descritos con
anterioridad en muestras de tejido congelado de 6 animales y un control positivo y en

muestras de tejido embebido en parafina de 9 animales y un control positivo.

LTR (Extramiana et al., 2002, Benavides et al., 2006b)

Mastermix 25
LTR.. 2,5
LTR. 2,5
H.0 18
ADN 2

Termociclador (temperatura en °C/tiempo):
95x5min
95x30s 58x30s72x40s (35 ciclos)

72x7min

LTR externa (Ryan et al,, 2000, Reina et al., 2006)

Mastermix 25
LTR.. 2,5
LTR., 2,5
H.0 18
ADN 2

Termociclador (temperatura en °C/tiempo):
94x5min

94x30s 55x1min 72x1min (40 ciclos)
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LTR interna (Ryan et al., 2000, Reina et al., 2006)

Mastermix 25
LTR., 2,5
LTR. 2,5
H.0 18
ADN 2

Termociclador (temperatura en °C/tiempo):

94x5min

94x30s 50x30s 72x1min (40 ciclos)

72x7min

LTR anidada (Ryan et al., 2000, Reina et al., 2006)

Mastermix 25
LTR., 2,5
LTR., 2,5
H.0 18
ADN 2

Termociclador (temperatura en °C/tiempo):

94x5min

94x30s 55x1min 72x1min (40 ciclos)

72x7min
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Mastermix 25
LTR, 2,5
LTR. 2,5
H.0 19
ADN 1

Termociclador (temperatura en °C/tiempo):

94x5min

94x30s 50x30s 72x1min (35-40 ciclos)

72x7min

LeNestup (Elthair et al., 2006)

Mastermix 25
LeNest, 2,5
LeNest, 2,5
H.0 18
ADN 2

Termociclador (temperatura en °C/tiempo):

94x5min

94x30s 60x30s 72x40s (45 ciclos)

72x7min
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Pol (Reina et al., 2006)
Mastermix 25
Pol... 2,5
Pol.... 2,5
H.0 18
ADN 2

Termociclador (temperatura en °C/tiempo):

94x5min

94x30s 55x30s 72x40s (45 ciclos)

72x7min

Pol EFW
Mastermix 25
Pol., 2,5
Pol.,, 2,5
H.0 18
ADN 2

Termociclador (temperatura en °C/tiempo):

94x5min

94x30s 55x30s 72x40s (45 ciclos)

72x7min
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Gag-Pol externo (Grego et al., 2007)

Mastermix 25
M1 2,5
M2 2,5
H.0 16
ADN 4

Termociclador (temperatura en °C/tiempo):

94x5min
94x1min 55x1min 72x2min (35-40 ciclos)

72x7min

Gag-Pol anidada (Grego et al., 2007)

Mastermix 25
M1 2,5
M2 2,5
H.0 16
ADN 4

Termociclador (temperatura en °C/tiempo):

94x5min
94x1min 55x1min 72x2min (35-40 ciclos)

72x7min

Mastermix 25
M3 2,5
M4 2,5
H.0 16
ADN 4
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Termociclador (temperatura en °C/tiempo):

94x5min

94x1min 55x1min 72x2min (35-40 ciclos)

72x7min

Wie5FW (Reina et al., 2006)

Mastermix 25
Wie5., 2,5
Wie5,, 2,5
H.0 18
ADN 2

Termociclador (temperatura en °C/tiempo):

94x5min

94x30s 52x30s 72x40s (45 ciclos)

72x7min
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Se obtuvieron resultados positivos en muestras congeladas con los protocolos de LTR

descritos por Ryan et al. (2000), Rosati et al. (1999) y Grego et al. (2007). En bloques de

parafina, la positividad se observd Unicamente utilizado primers de las regiones LTR (de entre

200 y 300 pb), mientras que se obtuvieron resultados negativos utilizando primers de la region

gag (de 744 pb).

Debido a la ausencia de resultados positivos o resultados positivos débiles en muchas

muestras cuya positividad se habia demostrado mediante IHQ, se realizd un estudio detallado

de las secuencias viricas conocidas de nuestra regidn y se disefié un nuevo primer, que se

probo con el protocolo que se describe a continuacion:
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LTR Preziuso
Mastermix 25
LTR,... 2,5
LTR.... 2,5
H.0 18
ADN 2

Termociclador (temperatura en °C/tiempo):

94x5min

94x30s 52x30s 72x40s (40-45 ciclos)

72x7min

LTR Preziuso (Anidada con LTRe-Ryan)

Mastermix 25
LTR., 2,5
LTR., 2,5
H.0 18
ADN 2

Termociclador (temperatura en °C/tiempo):

94x5min

94x30s 55x1min 72x1min (40 ciclos)

72x7min
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Mastermix 25
LTR..... 2,5
LTR.... 2,5
H.0 18
ADN 2

Termociclador (temperatura en °C/tiempo):

94x5min

94x30s 52x30s 72x40s (40-45 ciclos)

72x7min

IV Estandarizacion y puesta a punto de técnicas

Se observé que con los nuevos primers redisefados con la doctora Preziuso se

obtuvieron resultados positivos en todos los controles positivos y resultados negativos en los

controles negativos (determinados por IHQ). Asi mismo, la positividad fue mdas limpia,

disminuyendo notablemente las colas de primers presentes con los protocolos descritos

anteriormente, al permitir una unién mas especifica a las secuencias de interés.
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Fig.7: PCR con protocolos LTR anidada (Ryan et al., 2000) y LTR anidada y cldsica (nuevos primers

disefiados con la doctora Preziuso). Las muestras 8-12 se corresponden a tejido congelado mientras que

el resto a cortes de bloques de parafina.

4.3 TECNICA DE CITOLOGIA EN LECHE

Para la optimizacidn de la técnica de citologia en muestras de leche se consideraron
tres variables: la velocidad de centrifugacién, el tiempo de centrifugacion, el volumen de las

muestras y los tiempos de secado vy fijacion.
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Se utilizaron muestras de leche de tanque (n=10) procedentes de la granja de la
Universidad de Ledn. Se recogieron en tubos Falcon de 12 ml que fueron centrifugados (Orto®

and p-Selecta®) probando los tiempos/velocidades que se indican en la tabla 1.

Tiempo de Velocidad de
centrifugacion | centrifugacion
(min) (rpm)

20 2000

15 2000

10 2000

5 2000

20 1500

15 1500

10 1500

Tabla 1: combinaciones de tiempo y velocidad de centrifugacion. Marcada la combinacion dptima

Posteriormente se recogieron muestras de 500 pl en un vial de 1 ml de tres
localizaciones para localizar la region con mas concentracidon de células y menos glébulos
grasos. Estas tres muestras se dividieron en diferentes volimenes (150, 100, 80, 50 and 30 pl)
y se citocentrifugaron (Cytospin 3®) utilizando diferentes tiempos de centrifugacion a 1000

rpm siguiente las instrucciones del fabricante (Tabla 2).

Volumen (ul) de la Tiempo de Velocidad de
parte superior del citocentrifugacion citocentrifugacion
tubo (min) (rpm)

150 4 1000

150 3 1000

100 4 1000

100 3 1000

80 4 1000
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80 3 1000

50 4 1000

50 3 1000

30 4 1000

30 3 1000

Volumen (pl) del Tiempo de Velocidad de

medio del tubo citocentrifugacion citocentrifugacion
(min) (rpm)

150 4 1000

150 3 1000

100 4 1000

100 3 1000

80 4 1000

80 3 1000

50 4 1000

50 3 1000

30 4 1000

30 3 1000

Volumen (pl) del Tiempo de Velocidad de

fondo del tubo citocentrifugacion citocentrifugacion

Falcon (min) (rpm)

150 4 1000

150 3 1000

100 4 1000

100 3 1000

80 4 1000

80 3 1000

50 4 1000

50 3 1000

30 4 1000

30 3 1000

Tabla 2: volumenes de leche recogidos de las diferentes partes del tubo Falcon. Marcadas las
combinaciones optimas.

Se probaron diferentes tiempos de secado después de la citocentrifugacion : 10, 15,
20, 30, 50 and 60 minutos, asi como diferentes tiempos de fijacion con metanol: 10, 20, 30, 40,
50 y 60 minutos, ambos a temperatura ambiente. Se probaron el lavado con perdxido de
hidrégeno al 3% en agua destilada después de la fijacion durante 10 y 30 minutos para

eliminar los glébulos grasos, asi como diferentes sucesivos con PBS. Todas las muestras se
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tineron con hematoxilina y eosina (HE) y con May-Grunwald-Giemsa y se examinaron
mediante microscopio. Se probd la dilucién de 400 ul de leche de las tres localizaciones
testadas, centrifugando, eliminando el sobrenadante y afiadiendo 10 pl de PBS al 1%. La
citocentrifugacién se realizd utilizando el mismo protocolo descrito previamente en muestras
de leche. También se probd a hacer preparaciones sin citocentrifugaciéon con diferentes
volumenes (100, 80, 50, 35, 25 and 10 pl) utilizando micropipeta. Las muestras se fijaron con

metanol tanto para estudios citolégicos como inmunohistoquimicos.

4.4 TECNICA DE INMUNOCITOQUIMICA EN MUESTRAS DE LECHE

La técnica de inmunocitoquimica en muestras de leche se realizé utilizando el mismo
protocolo que en muestras de tejido a partir de preparaciones citocentrifugadas fijadas en

metanol como se describe anteriormente.
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ABSTRACT

The marked differences in sensitivity existing among maedi visna ELISA tests is a
striking issue in the control of the disease, which so far have mainly been related to the
different circulating viral strain or to the particular test used. The aim of this work is to discern
whether or not the ELISA results could also be associated to different histological lesion
patterns and therefore conditioned by individual immune response. Fifty infected animals and
eight negative controls were used and histological, inmunohistochemical, PCR and serological
studies were performed. Histological patterns were classified based on previous described
immunophenotypical criteria: a lymphocytic pattern, characterized by a clear predominance of
T cells, especially CD8+ T cells (n = 19), and a histiocytic pattern, with a high quantity of
macrophages mixed with B cells (n= 23). A third mixed pattern characterized by a mixed
inflammatory infiltration was observed (n = 8), predominantly in animals with minimal lesions
with no clinical signs being observed (75%). An association between these lesion patterns and
the ELISA optic density values exists (p < 0.001). Sheep with a histiocytic pattern (n =21)
showed higher titers of antibodies compared to sheep with lymphocytic pattern (n =18), where
values were much lower or even negative. Animals with histiocytic pattern are easily
recognizable using the ELISA test, while sheep showing lymphocytic lesion pattern could go
unnoticed in the flock as serological false negative animals, being a likely remaining source of
infection. Animals with mixed pattern showed mixed values, and despite showing only minimal

lesions, they are also carriers of the virus and can be easily underdiagnosed.

Keywords: Maedi Visna, ovine, serology, lesion pattern, immunopathology.
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INTRODUCTION

Ovine Maedi Visna (MV) is a widespread disease caused by the lentivirus Visna/maedi
virus (VMV) and causes direct loses in sheep production (Benavides et al., 2013; Minguijon et
al., 2015). MV is characterized by a slow but progressive infection in sheep, resulting in a
chronic inflammation of lung, mammary gland and central nervous system (CNS) as well as
progressive weight loss (Cutlip et al., 1988; Dawson, 1987). Histological changes mainly
correspond to a chronic, interstitial inflammation of the lungs and mammary glands and to a
non-suppurative encephalitis and demyelination of the CNS (Benavides et al., 2009; Lujan et
al., 1991; Minguijon et al., 2015). Sub-clinical infections cause high viral spread among flocks
and it is estimated that individual prevalence of VMV infection in Spanish Assaf dairy sheep

kept in an intensive indoor farming system is could reach 77% (Leginagoikoa et al., 2006).

No commercial vaccines are currently available and only adequate control programs
can be used to limit the spreading of the virus or eradicate the disease (Polledo et al., 2013).
Early detection of infected animals from the flock by using antibody detection methods such as
ELISA tests have been described as the most appropriate tool to use in MV control programs
(de Andrés et al., 2005; Minguijon et al., 2015; Patel et al., 2012). However, striking differences
in sensitivity among MV ELISA tests has been detected up to now relating them to the different
circulating viral strain or the particular test used, but not to the individual immunological

response (de Andrés et al., 2005; de Andrés et al., 2013).

Individual immune response against VMV has been suggested to play a major role in
the pathogenesis of the disease (Blacklaws, 2012; Polledo et al., 2012a; Polledo et al., 2012b;
Torsteinsdéttir et al., 2007; Torsteinsddttir et al., 1992). A possible link between the humoral
response and the lesions has been suggested in neurological forms (Polledo et al., 2012b)
where two main lesion patterns were described with regard to the inflammatory infiltrate: a

lymphocytic pattern, characterized by a clear predominance of T cells, especially CD8+ T cells,
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and a histiocytic pattern, with a predominance of histiocytic cells mixed with B cells. The
former could be related to a cytotoxic cellular immune response with a low antibody titer and
the latter to a stronger humoral response with higher antibody titer. The aim of this study is to
evaluate the correlation between individual serologic response against VMV and the
histological lesion pattern. The results should be considered when diagnosing and controlling

of MV disease, especially in infected but negative animals in serological tests.

MATERIAL AND METHODS

Animals

Fifty-eight adult Spanish Assaf sheep submitted to the Pathology Diagnostic Service of
the School of Veterinary Medicine (Ledn, Spain) for routine necropsies were used in this study.
Fifty animals came from different intensive milk-producing flocks previously diagnosed with
MV, while eight sheep came from non-infected flocks and were selected as negative controls.
MV characteristic clinical sighs were observed in 31 sheep, especially nervous and respiratory
signs. The animals used in this study did not show macroscopic or histological lesions
compatible with other pathologies such as bacterial, fungal or parasitic pneumonias or

mastitis.

Sampling and Histopathology

Tissue samples from the 58 sheep were systematically taken for histopathology from
diaphragmatic and apical lung lobes, glandular parenchyma and udder cisterns and CNS from 9
levels of the brain and 9 levels of the spinal cord following a previous description (Polledo et

al., 2012a) . All the samples were fixed in 10% neutral buffered formalin for 48 h at room
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temperature. After fixation, samples were embedded in paraffin wax and sections (4 um) were

stained with hematoxylin and eosin (HE) and examined using light microscopy.

On microscopic examination, histiocytic and lymphocytic patterns were considered as
previously described (Polledo et al., 2012b). A mixed inflammatory infiltrate composed of
macrophages and lymphocytes with no clear predominance of any of the cellular populations
was also taken into account. Lesion patterns were studied in lung, mammary gland and CNS of
all the animals included in this study, taking into account the predominant lesion pattern in the

three target organs of each individual sheep.

Immunohistochemistry

After fixation, lung, mammary gland and CNS samples from the 58 animals studied
were dehydrated through graded alcohol and embedded in paraffin wax and 4 um sections
were prepared. The following antibodies were used: polyclonal anti-CD3 for T cells (Dako,
Denmark); monoclonal anti-CD79 for B cells (Dako, Denmark); monoclonal anti-CD68 for
macrophages (Dako, Denmark), and monoclonal anti-p28 of CAEV/VMV (VMRD, USA) for viral
detection. EnVision+ system (EnVision+ System Labelled Polymer-HRP anti-mouse or anti-
rabbit; Dako, Denmark) and diaminobezidine solution (DAB) (Vector Laboratories, Burlingame,
California, USA) were used for anti-CD3, CD79, and CD68 antibodies. An avidin-biotin-
peroxidase complex (ABC) technique (Vectastain Elite, ABC Kit; Vector Laboratories, USA)
previously described was used for anti-p28 of CAEV/VMV (Preziuso et al., 2003b). The slides
were counterstained with haematoxylin and mounted. The specificity of the technique was
evaluated using positive and negative controls.

Polymerase Chain Reaction
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PCR technique was performed as put forward by Ryan et al. (2000). Lung samples from
14 infected sheep were tested by PCR. Lung samples of 5 negative controls were also studied.
Genomic DNA was extracted from paraffin-embedded tissue samples using QlAamp® DNA Mini

Kit (QIAGEN).

Serology analysis

Serum samples were obtained from the 58 sheep to evaluate the presence of
antibodies against VMV using a standardized comercial kit test (Elitest®, Hyphen BioMed,
Neuville-Oise, France) following the manufacturer’s instructions. Enzyme linked
immunosorbent assay (ELISA) results were reported as positive or negative on the basis of the
cut-off value calculated following the manufacturer’s instructions. The cut-off point was
established at 0.4+0.1. The optical density (OD) values were used as a semi-quantitative

measure of anti-VMV antibody levels.

Statistical Analysis

One-way ANOVA was used to test whether data on the lesion patterns depended on
their serological values or not. Newman-Keuls multiple comparison test was used to determine
the OD values statistical differences between groups (histiocytic/lymphocytic pattern;
histiocytic/mixed pattern; lymphocytic/mixed pattern). Data were expressed as mean values
tstandard deviation (SD). Differences were considered statistically significant at P < 0.05.
Analysis was carried out using IBM SPSS Statistics for Windows, Version 24.0 (Armonk, NY: IBM

Corp).
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RESULTS

Histopathology and Immunohistochemistry

The fifty animals selected from infected flocks were positive to VMV by IHC and
showed characteristic MV lesions, while the 8 negative controls were negative and did not
show any abnormalities within the target organs. All the MV infected animals showed MV

lesions in lungs, 36 in CNS and 39 in mammary gland.

Three different patterns were observed: a histiocytic pattern in 23 animals (46%)
(Fig.1A), a lymphocytic pattern in 19 sheep (38%) (Fig.1B) and a mixed pattern in 8 sheep
(16%). The same lesion pattern was invariably observed in lung and CNS of every sheep
studied. The mammary gland showed a low number of macrophages and a predominance of
lymphocytes in the inflammatory infiltrate in all sheep. Lesions severity and extension varied

between the different target organs in the same animal.

Fig. 1: Maedi visna lesions patterns, HE. A: Histiocytic lesion pattern in a brain sample. Predominance of

macrophages within the inflammatory infiltrate. 40X. B: Lymphocytic lesion pattern in a lung sample.

Predominance of lymphocytes within the inflammatory infiltrate. Presence of a lymphoid follicle. 20X.
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Viral antigen immunolabelling appeared as a fine brownish deposit in the cytoplasm of
macrophage-like cells in all the affected organs, with a subjectively more abundance in
histiocytic lesion pattern than in lymphocytic pattern (Fig.2). The positive sign was always
associated with lesions, and no labelling was detected in histologically unaffected areas. No
immunolabelled cells were detected in sections used as negative controls but labelling was

invariably seen in positive control sections.
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Fig.2: Inmunohistochemistry against p28-MVV. A: Histiocytic lesion pattern in a lung sample. High
amount of positive macrophage-like cells within the inflammatory infiltrate. 20X. B: Lymphocytic lesion

pattern in a mammary gland sample. Scattered positive cells within the lymphocytic infiltrate. 20X.

Polymerase Chain Reaction

The 14 animals from the infected flocks were positive to PCR. Seven of these sheep
showed minimal lesions, two showed moderate lesions, while five showed severe lesions.
Three positive sheep showed histiocytic pattern, ten lymphocytic pattern and one mixed

pattern (Table 1). The 5 negative controls were negative to PCR.

Correlation between histopahological and serological findings
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Fourty-five of the fifty infected animals showed positive optical density (OD) results,

three of them presented doubtful results (0.4 + 0.1), and two infected sheep showed negative

OD results (Table 1).

Pattern
H1
H2
H3
H4
H5
H6
H7
H8
H9
H10
H11
H12
H13
H14
H15
H16
H17
H18
H19
H20
H21
H22
H23
L1
L2
L3
L4
L5
L6
L7
L8
L9
L10
L11
L12
L13

oD
1.14
1.35
1.39
1.5
1.5
1.6
1.68
1.8
1.88
1.95
2.14
2.19
2.27
2.3
2.4
2.4
2.47
2.5
2.5
2.5
2.65
2.77
2.99
0.09
0.25
0.42
0.5
0.53
0.73
0.75
0.75
0.79
0.81
0.91

1.07

I
)

+ 4+ + + + + + + + + + F + + + + + + + + + + + + + + + + + + A+ A+ A+ + + o+

PCR

+ + 4+ 4+ 4+
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L14
L15
L16
L17
L18
L19
M1
M2
M3
M4
M5
M6
M7
M8

111
1.12
1.47
1.61
1.65
1.81
0.73
0.77
1.12
1.18
1.37
1.39
1.44
1.45

+ 4+ 4+ + + + + + + + + + + o+
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Table 1: ELISA optical densities, IHC and PCR results of every sheep studied. H: histiocytic lesion pattern;

L: lymphocytic lesion pattern; M: mixed lesion pattern.

Significant differences (p<0.001) in the values of the OD between histiocytic,

lymphocytic and mixed patterns were observed in this study. All sheep with histiocytic pattern

(n=23) were positive to VMV showing high OD values between of 1.14 and 2.99 (average: 2.08,

SD: 0.51). Animals with a lymphocytic pattern (n=19) showed lower OD values, even with 2

negative and 3 doubtful values (min: 0.09 max: 1.81; average: 0.91; SD: 0.47). Sheep with a

mixed pattern (n=8) showed mixed values between 0.77 and 2.09 (average: 1.35 SD: 0.37)

(Fig.3).
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Fig. 3: serological values distribution in lymphocytic, histiocytic and mixed lesion patterns. Cut-off point:

0.4+0.1.

DISCUSSION

This study describe for the first time an association between three histological lesion
patterns (histiocytic, lymphocytic, and mixed) studied in lung, mammary gland and CNS and
ELISA results on the basis of differences in OD values. Animals with a histiocytic lesion pattern
showed high OD values (average: 2.08, max: 2.99 min: 1.14 s: 0.51). However, sheep with
lymphocytic pattern showed significant (p<0.001) lower values with 2 seronegative and 3
doubtful sheep (average: 0.91, max: 1.81 min: 0.09 s: 0.37). Therefore, high titers of antibodies

are related to histiocytic patterns while low OD values or negative results are related to

87



V Primer trabajo

lymphocytic types. This is an important factor to consider for ELISA testing, in addition to the
viral strain or the particular test used as have been previously reported (de Andrés et al., 2005;
de Andrés et al., 2013). Similar results were previously reported in animals with only lymphoid
follicles in lung and mammary gland which were seronegative in the AGID test, although at
that time it was associated to the low sensitivity of the test used or to an initial stage of the
disease with no antibody response (Lujan et al., 1991). Our results support the hypothesis of
that these animals with lymphocytic pattern and minimal lesions have a very low serological
response which could not be detected using the AGID test with lower sensibility than ELISA

test.

Given the difference in antibody titers and in the cellular population forming the three
histological patterns, sheep can show different individual humoral response. The histiocytic
lesion pattern, usually with severe lesions, can represent a strong but non-efficient humoral
response. The lymphocytic pattern, with mild or moderate lesions despite the low OD values,
seem to represent an efficient immune response against the viral replication, very likely
cellular, mediated by CD4+ and CD8+ T cells (Polledo et al., 2012b). This would agree with

previous results reported in HIV or feline immunodeficiency virus (FIV) (Freel et al., 2011).

Most of the animals with minimal lesions showed positive ELISA results but low OD
values. Seroconversion occurs from 15 days to 4 months after infection as described by
(Lacerenza et al., 2006; Pépin et al., 1998) and typical MV-like lesions would then appear.
Animals with minimal lesions and mixed lesion pattern could represent an initial or latent
infection with a non-defined immune response against the virus and with variable antibody
secretion which could develop lymphocytic or histiocytic types of immune response with the
evolution of the infection. This could mean that the tissue infection, the beginning of
developing lesions and seroconversion occurs very early and almost concurrently. However,

further experimental studies should be performed to proof this hypothesis. The few

88



V Primer trabajo

seronegative animals in this group could be sheep with minimal lesions and infection, though
not significant enough to produce a peripheral or serological response detectable using an
ELISA test. The presence of virus by IHC was associated exclusively to macrophage-like cells,
even in minimal lesions, being subjectively more abundant in histiocytic lesions compared to

lymphocytic ones, as has been previously suggested (Polledo et al., 2012a).

To sum up, sheep with histiocytic type of lesions and easily recognizable using ELISA
test could play a major role in the spreading of the infection compared animals with
lymphocytic or mixed forms. However, animals with a lymphocytic lesion pattern could easily
be misdiagnosed using ELISA methods due to the lower antibody production, going unnoticed
in the flock as false negative animals in the control programs and staying on as carriers and
source of infection. This fact should be considered in flocks with a low MV seroprevalence
where these unobserved sheep could be the main source of MV infection. In conclusion, ELISA
results are strongly associated to the type of histological lesion pattern, which are very likely
conditioned by the individual immune response and therefore, seronegative infected carriers

should be considered in control programs.
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ABSTRACT

Ovine visna/maedi (VM) infection is characterized by the development of chronic
inflammatory lesions in different organs, mainly in the lung, mammary gland and central
nervous system (CNS), with either histiocytic or lymphocytic pattern predominance being
described in the CNS. To help to understand the role of host immune response in the
development of these patterns, 50 naturally-infected sheep and eight non-infected sheep from
intensive milk-producing flocks were studied. The histological lesion patterns in the three main
target organs in each sheep were characterized. Lesion severity was determined, including
minimal lesions. A histiocytic pattern was observed in 23 sheep (46%), a lymphocytic
inflammatory pattern in 19 sheep (38%) and a mixed inflammatory pattern in eight sheep
(16%). Forty animals showed moderate or severe lesions (80%), while 10 had minimal lesions
(20%). Moderate or severe lesions affected only one target organ in 20 sheep (50%), two
organs in 14 sheep (35%) and all three target organs in six sheep (15%). Infection was
confirmed by immunohistochemistry (IHC) using an antibody specific for p28 of VM
virus/caprine arthritis and encephalitis virus and by polymerase chain reaction (PCR) in all
sheep. Minimal inflammatory lesions associated with positive IHC and PCR were observed. The
results suggest that the development of a predominant inflammatory pattern in different
organs within the same animal may be related to the host immune response. Minimal and
focal lesions, not considered previously, should be taken into account when formulating a

differential diagnosis in affected sheep.

Keywords: immunopathology, lesion pattern, sheep, Visna/maedi.
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INTRODUCTION

Ovine Visna/maedi (VM) is a widespread disease caused by a retrovirus of the genus
lentivirus and is related to caprine arthritis encephalitis virus (CAEV) and human
immunodeficiency virus (Thormar, 2005). The disease has a significant economic impact, which
is especially noted in flocks in northwest Spain where an intensive indoor farming system is
widespread and seroprevalence reaches up to 96.8% (Sotelo, 1998; Peterhans et al., 2004;
Leginagoikoa et al., 2006). VM is characterized by chronic inflammation of the lung, mammary
gland and central nervous system (CNS), and rarely by arthritis. Microscopically, the changes
in affected organs are interstitial pneumonia, mastitis and non-suppurative necrotizing
encephalomyelitis, choroiditis and demyelination of the CNS (Cutlip et al., 1979; Lujan et al.,

1991; Benavides et al., 2009; Minguijon et al., 2015).

The importance of cell-mediated immunity with regard to the severity of the lesions
has been described for the CNS lesions (Torsteinsdottir et al., 1992; Polledo et al., 2012a) and
an individual immune response against VM virus (VMV) has been suggested to play a major
role in the pathogenesis of the disease (Torsteinsddttir et al., 1992, 2007; Blacklaws, 2012;
Polledo et al., 2012a, b). In previous studies carried out on sheep with spontaneously arising
neurological forms of VM, two main patterns of lesion were described with regard to the
predominant inflammatory cells in the CNS infiltrates. The Iymphocytic pattern is
characterized by a predominance of T lymphoyctes, particularly CD8* T cells, while the
histiocytic pattern involves infiltration of macrophages and B lymphocytes (Polledo et al.,
2012b). Similar inflammatory patterns have been described in the lung and mammary gland

(Gayo et al., 2017).

In previous studies, moderate to severe VM lesions occurred in 35.5% of mammary

glands and 32.3% of lungs in randomly selected sheep. These percentages increased to 58.1%
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and 54%, respectively, in seropositive sheep (Lujan et al., 1991). In the latter study, 25.6% of
VM-seropositive sheep had no lesions in any organ, 20.2% had lesions in the mammary gland
only, 16.2% had lesions in the lung only and 37.8% had lesions in both organs (Lujan et al.,
1991). In subsequent studies an increase in these percentages was observed when mild
lesions were also considered, with percentages of affected mammary glands rising to 46.7%
(Benavides et al., 2013). Minimal infiltrates of cells were not included in these investigations

and were considered as normal, but the presence of virus in those lesions was not evaluated.

The aim of the present study was to determine whether the same inflammatory

pattern is present in all of the target organs in individual infected sheep.

MATERIALS AND METHODS

Animals

Fifty-eight Spanish Assaf sheep (1-3 years of age) from different intensive milk-
producing flocks located in the northwest of Spain were selected from animals submitted to
the Pathology Diagnostic Service, School of Veterinary Medicine, Ledn, Spain, for routine
necropsy examination. Fifty sheep were naturally infected and came from six VM-seropositive
flocks subjected to VM control as described elsewhere (Polledo et al, 2013). The
seroprevalence in these flocks ranged between 62% and 97%. The remaining eight animals
were selected as negative controls from three VMV-free flocks and showed no clinical signs.
Sheep from affected flocks were culled because of loss of milk production and/or weight or
because of the presence of neurological (e.g. hindlimb weakness, ataxia, hypermetria or
paralysis usually leading to recumbency) or respiratory signs (e.g. dyspnoea). Animals in this
study did not have gross or microscopical lesions compatible with other pathologies such as

bacterial, fungal or parasitic pneumonias or mastitis.
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Sampling, Histopathology and Immunohistochemistry

Tissue samples were collected systematically from the diaphragmatic and apical lung
lobes, glandular parenchyma and udder cisterns and CNS from nine levels of the brain and nine
levels of the spinal cord (Polledo et al., 2012a). Mammary samples from six sheep and spinal
cord samples from four sheep were not included in the histopathological studies as the tissues
were not in good condition. Samples were fixed in 10% neutral buffered formalin for 48 h at
room temperature. After fixation, samples were dehydrated through graded alcohols and
embedded in paraffin wax. Sections (4 um) were stained with hematoxylin and eosin (HE) and
examined using light microscopy.

Additional sections (4 um) were used for immunohistochemistry (IHC). The following
primary antibodies were used: polyclonal anti-CD3 for T cells (Dako, Glostrup, Denmark);
monoclonal anti-CD79 for B cells (Dako); monoclonal anti-CD68 for macrophages (Dako) and
monoclonal anti-p28 of VMV/CAEV (VMRD, Pullman, Washington, USA) for viral detection.
Subsequently, the sections were incubated for 30 min using the EnVision+ system (EnVision+
System Labelled Polymer-HRP anti-mouse or anti-rabbit; Dako) and labelling was ‘visualized’
using 3, 3’ diaminobenzidine as chromogen (Vector Laboratories, Burlingame, California, USA)
for anti-CD3, CD79, and CD68 antibodies. An avidin—biotin—peroxidase complex (ABC)
technique (Vectastain Elite, ABC Kit; Vector Laboratories) was used for detection of p28 of
VMV/CAEV (Preziuso et al., 2003). The slides were counterstained with haematoxylin and
mounted. The specificity of the technique was evaluated using positive (previously confirmed
tissues) and negative controls (previously confirmed tissues and non-immune serum replacing
primary antibody).

Three lesion patterns were considered based on the characteristics of the
inflammatory infiltrate. Histiocytic and lymphocytic patterns were considered as previously
described (Polledo et al., 2012b). Lymphocytic lesions were characterized by a predominance

of CD3" cells within the inflammatory infiltrate, while in histiocytic lesions CD68" cells were the
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most abundant, together with some scattered CD3" and CD79" cells. A mixed inflammatory
infiltrate was composed of macrophages and lymphocytes with no predominance of any of the
cellular populations (Gayo et al., 2017).

Evaluation and description of the characteristics and severity of the lesions in the
mammary gland, lung and CNS were based on previous reports (Lujan et al., 1991; Benavides
et al., 2013) with some specific modifications. ‘No lesion’ was defined when no inflammatory
cells were observed within the CNS, lung or mammary gland. ‘Minimal lesions’ (+) consisted of
a few small clusters (5-20) to multifocal small groups of inflammatory cells with the presence
of a few small lymphoid aggregates and/or one small lymphoid follicle. ‘Moderate lesions’ (++)
were characterized by multifocal to diffuse interstitial non-suppurative inflammation, and/or
the presence of two to 15 lymphoid aggregates/follicles. ‘Severe lesions’ (+++) consisted of a
marked diffuse interstitial pneumonia, mastitis or encephalitis and/or the presence of >15
lymphoid aggregates/follicles. When differences between the severity of interstitial
inflammatory infiltrates and the presence of lymphoid follicles were observed in the same
organ of an animal, the most severe lesion was considered as the score for the lesion in that
target organ. Lesion pattern in sheep with minimal lesions in one target organ and moderate
or severe lesions in other organs were defined by considering the most severe pathology.
Lesion pattern in sheep with only minimal lesions in the three target organs studies were

defined on the basis of the predominant cell population observed.

Polymerase Chain Reaction

Polymerase chain reaction (PCR) was performed as described by Ryan et al. (2000) on
CNS samples from 40 infected sheep, lung and CNS samples from six infected animals and lung
and mammary gland samples from four infected sheep. Lung, mammary gland and CNS

samples from the eight negative control animals were also studied. Genomic DNA was
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extracted from paraffin wax-embedded tissue samples using QlJAamp® DNA Mini Kit (Qiagen,
Valencia, California, USA). For CNS PCR studies a pool of spinal cord, medulla oblongata, pons

and peduncles and mesencephalon was used.

Serology

Serum samples were obtained from the 58 sheep to evaluate the presence of
antibodies against VMV using a standardized commercial test kit (EIitest®, Hyphen BioMed,

Neuville-Oise, France) as described by Gayo et al. (2017).

RESULTS

Histopathology and Immunohistochemistry

The 50 animals from the six infected flocks were positive for VMV by IHC and PCR and
showed characteristic lesions of VM, while the eight negative control sheep were negative for
virus detection and did not show abnormalities within the target organs. All of the VM-
infected animals had lesions in the lungs, 36 infected animals had lesions in the CNS and 39
infected sheep had lesions in the mammary gland. Forty of these animals had moderate or
severe lesions in one or more organs and displayed clinical signs of VM (80%). The lesions
affected a single organ in 20 animals (50%), two organs in 14 animals (35%) and three organs
in six animals (15%) (Table 1). Ten sheep showed only minimal lesions in the CNS, lung and/or

mammary gland (20%).
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Moderate/severe lesions N° Sheep Total
CNS 8

1 Organ Lung 3 19
Mammary gland 8
CNS/Lung 4

2 Organs CNS/Mammary gland 5 14
Lung/Mammary gland 5

3 Organs CNS/Lung/Mammary gland 6 6

Total 39

Table 1: Moderate/severe Maedi Visna lesions distribution in the target organs.

A histiocytic pattern was observed in 23 animals (46%), a lymphocytic pattern in 19
sheep (38%) and a mixed pattern in eight sheep (16%). Severe lesions (+++) were more
common in animals with a histiocytic pattern (n = 16; 69.6% of the histiocytic lesions) and they
were observed to a lesser extent in sheep with a lymphocytic pattern (n = 5; 26.3% of the
lymphocytic lesions). Sheep with the histiocytic pattern had moderate or severe lesions in at
least one target organ. Fifteen sheep with the lymphocytic pattern showed moderate or
severe lesions in at least one target organ (78.9%), while four animals had minimal lesions with
no clinical signs affecting the three target organs studied (21.1%). Sheep with a mixed pattern
had predominantly minimal lesions in two or three target organs and no clinical signs (75%),
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except for two animals with moderate lesions in the lung and mammary gland. The mixed
inflammatory infiltrate in six sheep with only minimal lesions consisted of similar numbers of
CD3" and CD68" cells. The other four sheep with only minimal lesions showed small groups of
CD3" cells with only one or two macrophages within the interstitial inflammatory infiltrate,
together with some small lymphocytic aggregates (CD3" cells) or one small lymphoid follicle.
These were considered as having a lymphocytic pattern. CD79" cells were only observed in
two of these animals with minimal lesions (one or two positive cells in each sheep within the
inflammatory infiltrate). Minimal lesions in one organ of sheep with a global histiocytic pattern
were always mixed, while minimal lesions in animals with severe lymphocytic lesions in other

target organs were lymphocytic or mixed.

The lung and CNS always showed the same lesion pattern in the same animal. The
inflammatory infiltrate in the mammary gland often consisted of a predominance of CD3" cells
with a variable number of CD68" macrophages and some scattered CD79" B cells. Even if CD3"
cells were predominant within the inflammatory infiltrate, more CD68" cells were usually

observed in animals with a histiocytic pattern in the other target organs.

Mammary gland lesions are shown in Figs. 1A, 1B and 1C. Minimal (+) interstitial
mastitis was observed in 15 sheep (37.5 %), moderate (++) in 18 sheep (45%) and severe (+++)
in seven sheep (17.5%) (Table 2), with variable distribution in the severity of the inflammatory
infiltrate and lymphoid hyperplasia among the mammary lobules. All infected animals had a
predominance of CD3" cells within the inflammatory infiltrate of this target organ, with some
scattered CD79" cells and a variable number of CD68" cells. No lesions were observed in the

eight negative controls.

Lungs lesions are shown in Figs. 1D, 1E and 1F. Minimal lesions (+) were observed in
32 sheep (64%), moderate lesions (++) in nine sheep (18%), severe lesions (+++) in nine animals

(18%) and no lesions were observed in the eight negative controls (Table 2). No connection
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was observed between the severity of lymphoid hyperplasia and interstitial pneumonia. Some
animals with >15 follicles showed a minimal interstitial pneumonia and vice versa. The
histiocytic pattern was observed in 23 animals with respiratory lesions (46%), a lymphocytic

pattern in 19 animals (38%) and a mixed pattern in eight animals (16%).

CNS lesions are shown in Figs. 1G, 1H and 1I. The choroid plexus was the most
affected tissue (n = 32), followed by the brain (n = 21) and the spinal cord (n = 16). Minimal
lesions (+) were observed in 13 animals (36.1%), moderate lesions (++) in six (16.7%) and
severe lesions (+++) in 17 (47.2%) (Table 2). Histiocytic lesions were observed in 22 animals
(61.1%), a lymphocytic pattern in 11 animals (30.6%) and a mixed pattern in three sheep

(8.3%).

Lymphocytic, histiocytic and mixed patterns, as well as different lesion severity and
extent, in the three main target organs of the disease, were observed in sheep from all six

infected flocks studied.

Viral antigen immunolabelling appeared as a fine brown deposit in the cytoplasm of
macrophage-like cells in all the affected organs, while epithelial cells showed no positivity
(Fig.2). Labelled cells were observed within the interstitial inflammatory infiltrate and
surrounding blood vessels. Positive labelling was always associated with lesions, even minimal
lesions, and no labelling was detected in histologically unaffected areas. In the mammary
gland, positive cells were located within the interstitial inflammatory infiltrates or within in the
acinar lumina. In the lung, positive cells were observed occasionally in the bronchial and
alveolar spaces, sometimes forming syncytia, and within the inflammatory infiltrates (Figs. 2B,
2C). Positive labelling was more abundant in histiocytic lesions than in lymphocytic lesions. No
labelled cells were detected in sections used as negative controls, but labelling was invariably

seen in positive control sections.
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Polymerase Chain Reaction

All fifty infected animals had a positive PCR from at least one target organ. Thirty six
sheep were positive for all samples tested while five sheep were negative with CNS samples,
three were negative with lung samples, two were negative with udder samples, two were
negative with udder and CNS samples and two were negative with lung and CNS tissues.
Negative results were observed for organs with no lesions in six cases, with minimal lesions in
ten cases and with moderate lesions in two cases. The eight negative controls were negative

for all target organs.

Serology

Forty-five of the 50 infected animals were seropositive, three had inconclusive results
(optical density of 0.4 + 0.1) and two infected sheep were negative. The three sheep with
inconclusive results showed lymphocytic lesions. The first animal had minimal lesions in the
lung, mammary gland and brain, the second had minimal lesions in the lung and mammary
gland and moderate lesions in choroid plexus, and the third had severe lesions in the lung and
spinal cord and minimal lesions in the mammary gland. The two seronegative sheep had
lymphocytic lesions. The first of these had minimal lesions in the lung and moderate lesions in

the mammary gland and the second had severe lesions in the lung and mammary gland.

DISCUSSION

This study describes in detail for the first time the histological inflammatory patterns of
VM (i.e. histiocytic, lymphocytic and mixed) in the three main target organs of the disease in

the same animals. The presence of the same inflammatory lesion pattern in the main target
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organs of VM in the same sheep and the higher number of CD68" cells in the mammary glands
of sheep with the histiocytic pattern suggests that the host immune response plays a role in
the development of the inflammatory infiltrate. The predominance of T lymphocytes observed
in mammary glands with a variable number of macrophages may be related to a different local
immunological response in this target organ; perhaps reflecting a higher T helper (Th) 1-
mediated response. This may be due to the mucosal nature of the mammary gland, which has
an outward-facing surface with continuous antigen stimulation (Butler et al., 2015), especially
in this type of dairy sheep with long lactation periods and intensive mechanical milking

methods.

Histiocytic and lymphocytic patterns previously described in the CNS (Polledo et al.,
2012b) and the mixed pattern with both histiocytic and lymphocytic characteristics (Gayo et
al., 2017) are described in the three main target organs of the disease. The mixed pattern
could represent an initial or latent infection with a non-defined immunopathological response
that would evolve to become a lymphocytic or histiocytic lesions with progression of the
infection. This might explain why in previous studies (Polledo et al., 2012b), where only
animals with moderate and severe CNS lesions were included, this lesion pattern was not
observed. The fact that minimal lesions in one organ of sheep with a global histiocytic pattern
were mixed, while minimal lesions in animals with severe lymphocytic lesions in other target
organs were lymphocytic or mixed, would support the hypothesis of an evolution of mixed
forms to a lymphocytic or histiocytic pattern. Minimal lymphocytic lesions were never
observed together with a predominance of CD68" cells in moderate or severe lesions in other
target organs of the same sheep. This suggests that the beginning of an infection or the latent
stages of a mixed pattern could evolve to become either lymphocytic or histiocytic patterns;
however, it would be unlikely that lymphocytic lesions become histiocytic or vice versa, as has

been demonstrated in natural and experimental mycobacterial infections (Juste et al., 1994;
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Delgado et al., 2013). It should be noted however, that this is a field study which shows the
pathological features of a group of animals at the moment of the death and further detailed

experimental studies would be necessary to confirm this hypothesis.

The association between the lesion pattern and the stage of VM and the amount of
viral antigen as determined by IHC has been described previously for CNS lesions (Polledo et
al., 2012b). It was proposed that lymphocytic lesions in the CNS form of VM represent some
type of natural resistance to viral replication, with an initial recruitment of lymphocytes into
the CNS as the first response to viral infection and with scarce presence of viral antigen in
tissue, as was observed in the present study in animals with the lymphocytic lesion pattern.
The severe lymphocytic lesions observed, even when located simultaneously in the CNS, lung
and mammary gland, could be related to local releasing of pro-inflammatory cytokines,
contributing to a chronic stage of inflammation and injury of the affected tissue. However,
histiocytic lesions have been associated with a poor individual response or greater virulence of
the viral strain, with a higher amount of virus as detected by IHC (Polledo et al., 2012b) as
observed in the present study. The cellular infiltrate in other lentivirus infections, such as with
simian immunodeficiency virus or human immunodeficiency virus, has similar features with
macrophages comprising of 90 —95% of the infiltrating cells and CD8" T cells comprising the

remainder of the population (Lackner et al., 1991; Kim et al., 2004).

Severe lesions were present only in one organ in 40% of the animals and in two organs
in 28% (total 68%) of the sheep, regardless of the flock and with a predominance of CNS
lesions. This may be related to the high prevalence of CNS cases in the study area (Benavides
et al., 2006), where a neurotropic strain of the virus is proposed to circulate (Glaria et al.,
2012). However, in the present study, all organs were affected with moderate or severe
lesions, which we consider to be related to the host immune response more than the viral
strain. All of the flocks studied were from the same geographical area and animals from the
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same flock showed different lesion patterns, severity and extent, despite the possibility that
similar strains of virus would circulate in the same flock or area (Glaria et al., 2012). The
possible route of migration through vascular spaces and progression of the lesions (Dawson,
1987; Polledo et al., 2012a) in terms of host immunity should also be considered. Genetic
factors could play an important role in the development of this disease because there is a high
inbreeding in Spanish Assaf sheep, which have increased from a few hundred animals in the

1970s to almost two million animals today.

VMV infection was confirmed by IHC in all of the affected organs including those
having minimal lesions, and most of these organs also tested positive by PCR. The PCR-
negativity of some individual organs with characteristic VM lesions in confirmed infected
sheep might be due either to degradation of proviral DNA after formalin fixation (Srinivasan et
al., 2002) or to a low virus load in those particular organs. The latter has been suggested to be
one of the main difficulties in VMV detection by PCR (de Andrés et al., 2005). Most of the
sheep were also seropositive to VMV. Animals with inconclusive or negative ELISA results
showed a lymphocytic pattern as previously described (Gayo et al, 2017), which has been

related to a lesser antibody production in comparison with histiocytic lesions.

In two previous studies, the percentage of VM lesions in the lungs of randomly
selected sheep was 32.3% and 79.3% in intensively-managed dairy sheep farms (Lujan et al.,
1991; Benavides et al., 2013), reaching 100% in our study. Likewise, in the present study, 80%
of sheep had mammary lesions in contrast with previous studies showing mammary lesions in
35.6% of the sheep (considering only moderate and severe changes) (Lujan et al., 1991), or
reaching up to 46.7% of animals, taking into account mild (but not minimal) cellular infiltrates

(Benavides et al., 2013).

IHC for VMV antigen is a sensitive means of detecting infection in the lung, CNS and

mammary gland. Viral antigen was associated exclusively with macrophage-like cells, even
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within minimal lesions, and no antigen was observed in areas without lesions. The presence of
positive cells mainly in perivascular spaces supports the hypothesis of viral invasion via

infiltrating monocytes/macrophages (Peluso et al., 1985; Polledo et al., 2012a).

In conclusion, histiocytic, lymphocytic or mixed inflammatory infiltrates may occur in
the lung, CNS and mammary gland of sheep with VM. The inflammatory pattern in the lung
and CNS was consistent in every infected sheep, a finding that suggests a similar host immune
response in each organ. In contrast, in affected udders the inflammatory infiltrate was always
predominantly lymphocytic, with variable numbers of macrophages, and this may be related to
a tissue-specific immune response. Minimal inflammatory lesions not previously considered
were detected and these were associated with viral antigen. Such lesions should be taken into
account not only for the diagnosis of VM, but also in assessing risks of viral transmission. The
results of this study extend understanding of the pathology and pathogenesis of VM and

establish a pathological model for further experimental studies.
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ABSTRACT

Background

In order to characterize the whole range of lesions, especially minimal, affecting
mammary gland and viral antigen distribution and target cells by IHC in naturally Visna/maedi
(VM) 84 infected sheep were studied, 44 from flocks with clinical cases (A) and 35 randomly
sampled from two abattoirs (B), together with five negative controls (C). An
immunocytochemistry technic was developed and further milk samples (n=39) were used to
study viral excretion, carrier cells and the role of milk and colostrum in the transmission of the

disease.

Results

All sheep from group C and three sheep from group B were negative to VM in tissue
sections by histopathology, immunohistochemistry and PCR, and also in serum ELISA test.
Several degrees of CD3+lymphocytic interstitial mastitis were observed in groups A and B
depending on the severity of the interstitial cellular infiltrate and the degree of lymphoid
hyperplasia: minimal (+) n=26 sheep; moderate (++), n=32 and severe (+++), n=12. No
differences in lesion distribution were observed between groups A and B. Viral presence was
confirmed by immunohistochemistry using two different antibodies and/or PCR in every tissue
with lesions while serology was negative in six sheep with lesions. Two tank milk samples from
two flocks of group A and fourteen milk samples from 29 infected sheep of group B were
positive to VM (most of them from animals with moderate and severe lesions and high number
of positive cells in tissue). Positivity was only found in macrophage-like cells, even in focal and
minimal lesions, while no sign was observed in epithelial or any other cells in both tissue and

milk samples.
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Conclusions

Minimal lesions increased the prevalence of VM lesions in mammary gland up to 90.9%
and VM should be considered as a differential diagnosis when minimal interstitial lesions are
detected. A high prevalence of VM is observed in intensive milk-producing sheep, while
serology does not detect all infected animals, histology, IHC or PCR show higher sensibility.
Cytological technique developed was very useful for milk-cells study by HE and
immunocytochemistry. Viral detection in milk samples (16/39) confirms potential but limited

role of milk/colostrum in viral transmission.

Keywords: histopathology, lentivirus, mammary gland, milk, minimal lesions, sheep, visna

maedi.
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BACKGROUND

Ovine Visna Maedi (VM) is caused by Visna/maedi virus (VMV), which together with
caprine arthritis encephalitis virus belong to small ruminant lentiviruses (SRLV) (Thormar,
2005). Clinically, it is a slow disease mainly characterized by a progressive loss of body
condition due to a multi-organic chronic inflammation (Georgsson and Palsson, 1971; Oliver et
al., 1981; Pépin et al., 1998) consisting of interstitial pneumonia, interstitial mastitis, non-
purulent meningoencephalitis with demyelination of the CNS, also affecting spinal cord and
rarely arthritis (Georgsson and Palsson, 1971; Lujan et al., 1991; Sigurdsson et al., 1957). The
mammary syndrome is difficult to detect and mainly consists of mammary gland induration
and milk production loss and deficient lamb growth (Minguijén et al., 2015). Flock
seroprevalence in Spanish Assaf dairy sheep kept under indoor intensive farming system is
estimated at 77%, up to 98% in northern Spain (Leginagoikoa et al., 2006; MJ, 1998), which is
the most frequent management system in this study area, causing important economic loses
(Benavides et al., 2013). To date, adequate monitoring programs have proved to be the only

tool to control the infection as no treatments or vaccine are available (Polledo et al., 2013).

Monocytes/macrophages and dendritic cells are the main target cells of SRLV. These
target cells could migrate to regional lymph nodes from where viral systemic dissemination
could occur (Bird et al., 1993; Blacklaws et al., 1995b; Ryan et al., 2000), or could reach the
bone narrow infecting myeloid precursor cells and reaching the bloodstream (Blacklaws, 2012;
Gendelman et al., 1985), carrying the viral DNA into blood with minimum transcription until

the maturation of monocytes into macrophages in the tissue

Viral presence in macrophages from mammary gland and milk or colostrum from
infected sheep has been reported (Lee and Outteridge, 1981; Preziuso et al., 2004; Preziuso et
al., 2003b; Sihvonen, 1980), and thus the possibility of infection of new-born lambs by

ingestion of infected calostrum (Preziuso et al., 2004). This fact has also been considered in
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CAEV infected animals, where colostrum has been proposed as one of the most important
routes of transmission (Ellis et al., 1983; Ellis et al., 1986). However, the importance of milk
and colostrum in the spread of the disease in sheep under natural conditions is a continuous
source of debate: lactogenic route of transmission has been described as important in enzootic
infections (Blacklaws, 2012; Houwers et al., 1989) while other studies suggest that its
contribution to the spread of the disease seems to be low compared to horizontal/respiratory

transmission (Broughton-Neiswanger et al., 2010; Pérez et al., 2010; Alvarez et al., 2005).

SRLV presence in the nuclei of cells resembling mammary glandular epithelial,
endothelial and fibroblast-like cells using immunohistochemistry (IHC) (Bolea et al., 2006) or

using in situ hybridization (Bolea et al., 2006; Carrozza et al., 2003) have been described.

Thus, the aims of this study are (1) to examine the cell types infected and the
distribution of VMV antigen in healthy and injured areas of infected mammary gland,
especially in minimal lesions and its relationship with blood vessels in order to better
understand the pathogenesis of the disease in this target organ, both in animals from flocks
with clinical signs or randomly selected from abattoirs, and the possible role in the
transmission of the disease; (2) to develop a simple and suitable immunocytochemistry (ICC)
technique to identify VMV antigen in different somatic milk cells and (3) to study viral
excretion by PCR and cells involved in milk by ICC with the aim of contributing to clarifying the
role of milk and colostrum in the transmission of the infection and it possible application in the
diagnosis and control of the disease. (4) The last aim of this work is the evaluation of diagnosis

techniques and virus identification in tissues and milk.
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MATERIAL AND METHODS

Animals

A total of 84 udder samples from adult Spanish Assaf sheep from a region of Spain
(Castilla y Ledn) were studied (Supplementary S1).Forty-four sheep (Group A) were previously
described (Gayo et al., 2018). They were selected from those submitted to the Pathology
Diagnostic Service of the Veterinary School (Ledn, Spain) from seropositive flocks with clinical
signs and diagnosis of the disease. These animals were 1-3 years of age and came from six
different SRLV infected intensive milk-producing flocks of 300-1200 sheep subjected to SRLV
control and with highly qualified staff (Gayo et al., 2018; Gayo et al., 2017). Additionally, 35
adult sheep (Group B) with unknown clinical history were randomly sampled from two
abattoirs during regular slaughtering. Further samples of five sheep (Group C) from a free-SRLV
flock were used as negative controls. None of sheep selected for this study showed gross or

histological mastitis findings of bacterial or fungal origin.

Tissue Sampling, Histopathology.

Tissue samples from all 84 sheep were systematically taken from glandular
parenchyma and udder cisterns. Samples were fixed in 10% neutral buffered formalin for 48 h
at room temperature and were then embedded in paraffin wax. Sections (4 um) were stained
with hematoxylin and eosin (HE) and examined using light microscopy. Lesions were classified,
without having previous knowledge of other result, as minimal (+), moderate (++) and severe

(+++) as previously described (Gayo et al., 2018; Gayo et al., 2017).
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Milk Sampling

Cistern milk samples from 2 flocks of group A (n=10) with 1267 x10® and 591 x 10°
somatic cells/ml somatic cells/ml and 60% and 63% VM seroprevalence respectively and
individual milk samples from group B (n=29) and C (n=5) were taken to tune up cytological,

immunocitochemical (ICC) and PCR studies.

Citology optimization in milk samples

In order to optimize the procedure, the following variable on the protocol were
considered: centrifugation speed, centrifugation time, volume of the samples, drying and
fixation times. Milk tank samples (n=10) of 12 ml were taken in Falcon tubes from two
seropositive flocks of group A. After milk centrifugation (Orto® and p-Selecta®) the largest
number of cells was identified at 1500 rpm. Approximately three 500 pul samples were taken in
1 ml vial from three different locations (top, middle and bottom of the Falcon tube) in order to
locate the region with more cell concentration and less fat globules. These three samples were
subdivided in different volumes and cytocentrifuged (Cytospin 3®) using different
centrifugation times at 1000 rpm following the manufacturer’s instructions. Smears obtained
from the top of the Falcon tube and cytocentrifugation at 1000 rpm for four minutes was
established as the best combination. Different drying times after cytocentrifugation and
fixation times with methanol at room temperature were tested and were established in 20

minutes each.

This technique was carried out in milk samples from the 29 sheep from group B and in
further ten tank milk samples from the two infected flocks of group A after optimization.
Samples were stained with hematoxylin and eosin (HE) and with May-Grunwald-Giemsa and

were examined using light microscopy.
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Immunohistochemistry and Immunocitochemistry

Immunohistochemistry in tissue samples: Further sections (4 um) were prepared for
IHC. The following antibodies were used as previously described (Gayo et al., 2018): polyclonal
anti-CD3 for T cells (Dako, Denmark); monoclonal anti-CD79 for B cells (Dako, Denmark);
monoclonal anti-CD68 for macrophages (Dako, Denmark), and monoclonal anti-p28 of
VMV/CAEV (VMRD, USA) for viral detection. Further policlonal anti-gp135 of SRLV elaborated
by our research group and diluted 1:30000 was used in all samples. In order to obtain rabbit
anti-serum against the VMV, a New Zealand white rabbit was immunized with gp135 protein
supplied by Pourquier (1.6 g) emulsified with 1 ml of complete Freund’s adjuvant on days 1,
14, 21 and 28. The last boost containing the gp135 protein in the absence of Freund’s adjuvant
was administered intravenously on day 35. The serum on day 38 and the pre-immune serum
from the same rabbit were used for immunohistochemical studies. Sensibility and specificity of
the technique were tested in ten known VM positive and negative samples, respectively.
Immunocitochemistry in milk samples. The optimized smear preparation was used for ICC in
milk samples from the 29 sheep from group B and in ten tank milk samples from the two
infected flocks of group A. Anti-p28 and anti-gp135 for SRLV antibodies described above were

used (Gayo et al., 2018).

Polymerase Chain Reaction in tissue and milk samples

Tissue samples from all sheep from group B were frozen for PCR studies. DNA was
extracted using Genomic DNA Isolation Kit and eluting the DNA in 100 pl final volume
(NORGEN, Biotek Corporation). A nested PCR protocol for amplifying a sequence of the LTR
gene of VMV (Ryan et al., 2000) and a PCR protocol to exclude Mycoplasma spp infection (Baird

et al., 1999) were used in both groups A (DNA previously extracted from paraffin embedded
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tissue samples, (Gayo et al., 2018) and B. Mammary gland DNA samples from sheep infected
with VMV Pi130 and DNA from Mycoplasma agassizii were used as positive controls in PCR,
while water instead of DNA was used as negative control in each PCR run.

White milk cells were extracted (centrifugation of 15 ml for 10 minutes at 2000 rpm at
10°C and fat removing with micropipette x3; centrifugation of 1,5 ml for 10 minutes at 1400

rpm at 10°C and washing with PBS x3) and pellets were frozen for PCR studies.

Serology
ELISA test (ELITEST®) for detection of SRLV antibodies was performed in animals from

group A (n=44), group B (n=19) and group C (n=5) as previously described (Gayo et al., 2017).

RESULTS

Three sheep from group B (3/35, 8.6%) and all animals from group C showed no lesions
and were negative to IHC and PCR in tissue and milk samples and thus were considered as
being not infected (Fig. 1A), while viral infection was confirmed using IHC (Figs. 1B-D), PCR

and/or ELISA in the rest of the animals which were considered VM infected.
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Fig. 1: Visna maedi (VM) lesions in udder sections. A: healthy mammary gland. No inflammatory
infiltrate is observed. HE. 20X B: moderate lesions (++). Presence of inflammatory cells in mammary
interstitium and within epithelial cells.40X C: severe lesions (+++) with high quantity of lymphocytes and
macrophages producing acini destruction. 40X D: anti-gp135 immunohistochemistry in udder with
minimal lesions. Black arrow indicates a positive macrophage-like cell within the intertitium with a few
inflammatory cells in the surroundings. 40X. E: anti-p28 of CAEV/VMV immunohistochemistry in udder
samples with severe lesion (+++). 40X. F: positive cell in the acinar lumen. No positivity is observed in

epithelial cells.

Histopathology

Interstitial mastitis was observed in 40 samples of group A (90.91%) (Gayo et al., 2018)
and in 30 samples from group B (85.7%). Minimal lesions (+) were observed in 26 infected
animals (26/76, 34.2%), moderate lesions (++) were observed in 32 infected sheep (32/76,
42.1%) and severe lesions (+++) were observed in 12 infected sheep (12/76, 15.8%), with no
large differences in severity lesion distribution between groups A and B (Table 1).

Inflammatory infiltrates were always located in the interstitium between acini in every type of
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lesion. A difference in the severity of the inflammatory infiltrate and lymphoid hyperplasia was
observed in different mammary lobules. These differences were even observed between
adjacent acinis, especially in minimal lesions, with most of them being healthy. No lesions were
observed in six infected sheep (6/76, 7.9%) which showed no inflammatory cells in the
interstitium and only a few and focal small lymphocyte aggregates were found in association

with canaliculi.

Grade of lesions Group A (%) Group B (%) Total (%)
Minimal (+) 15 (34.1) 11 (31.4) 26 (32.9)
Moderate (++) 18 (40.9) 14 (40) 32 (40.5)
Severe (+++) 7 (15.9) 5 (14.3) 12 (15.2)
None (-) 4 (9.1) 5 (14.3) 9 (11.4)
Total 44 35 79

Table 1: Occurrence of lesions due to VM in terms of intensity of lesions and comparison between groups

A and B.

Immunohistochemistry

The predominant cell type within the interstitial inflammatory infiltrate was CD3+ cell
with some scattered CD79+ and CD68+ cells, regardless of the severity and extension of the
lesions. Macrophages were observed in different quantities independently of the
predominance of CD3+ cells and were found not only in the interstitium but also between

epithelial cells or in the acinar lumen.
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All sheep from group A and 32 sheep from group B were positive to SRLV using IHC
with both antibodies while the eight sheep considered not infected were negative (Table 2).
Positivity against SRLV was only found in macrophage-like cells of mammary tissue, even in
focal and minimal lesions, while no sign was observed in healthy mammary tissues in the same
animals and in sheep with no lesions. SRLV antigen was found surrounding blood vessels in
minimal lesions while in moderate and severe lesions was present in perivascular cuffs, within
the epithelium and even in cells located in the acinar lumen in eight of sheep (Fig. 1). Positive
cells were also observed isolated within the interstitium, associated with minimal or moderate
lesions showing no IHC sign in closely areas and in intralobular and interlobular connective
tissue. No positive sign was present in epithelial cells or other cell types using both monoclonal
anti p28 and policlonal anti gp135 antibodies. No immunolabelled cells were detected in

sections used as negative controls but labelling was invariably seen in positive control sections.

Polymerase Chain Reaction in tissue samples

Forty animals from group A and 32 from group B were positive to PCR against VMV
(Table 2). Three of the 4 negative animals from group A showed minimal lesions and the
remaining sheep showed moderate lesions. The three negative animals from group B were the

sheep considered as being not infected. No positivity was observed in PCR against Mycoplasma

spp.

Serology

Thirty-nine animal from group A were seropositive (88.6%), three had inconclusive
results (OD of 0.4+0.1), and two were negative (Gayo et al., 2018). Fourteen infected sheep
from group B were seropositive (77.8%) while four were negative: two showed minimal lesions
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and one moderate lesions (Table 3). (Supplementary S1).

Cytological studies in milk

HE and May-Grunwald Giemsa staining permitted a fine identification of the different
milk cell populations. Macrophages and neutrophils were easily identified by HE staining, while

May-Grunwald Giemsa was better for the identification of epithelial cells.

After milk cytocentrifugation cells appeared distributed within the slide in three
concentric cellular rings: neutrophils were the predominant cell population in the centre,

epithelial cells were the most abundant cells in the periphery, and macrophages were

distributed homogeneously within the slide.

Fig. 2: Anti-p28 of VMV/CAEV immunocytochemistry in milk samples. 60X. A: positive macrophage-like

cell surrounded by some neutrophils and lymphocytes with no IHC sign. B: negative epithelial cells.

Immunocytochemistry in milk samples

Positive macrophage-like cells were observed by ICC in milk from the two cistern milk

samples and in seven individual milk samples (26.9%) (Table 2) (Fig 2A). Three of them were
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from sheep with severe lesions and four from sheep with moderate lesions (Supplementary
S1). This labelling appeared as a brownish deposit in the cytoplasm of macrophages-like cells

and no positivity was observed in epithelial-like cells (Fig 2).

Polymerase Chain Reaction in milk samples

Milk samples from 13 sheep were positive to VMV by PCR (50%). Four of them showed
severe lesions, seven showed moderate lesions and two minimal lesions. Six of them were also

positive in ICC. (Table 2) (Supplementary S1).

Diagnosis techniques comparison

IHC was the most sensitive technique with 100% positivity in groups A and B.
Histopathology detected 92.1% infected animals, with 90.9% detection in group A and 93.8% in
group B. ELISA showed 88.6% and 77.8% positive values in groups A and B, respectively (85.5%
infected animals). PCR was more sensitive than ELISA in VM viral detection with values
increasing to 90.9% in group A and 100% in group B (94.7% infected animals). PCR was also
more sensitive than ICC in milk samples, with values increasing from 25% to 50% of viral

detection, respectively (Table 2).
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Group HE IHC(u) | PCR(u)(%) | ICC(m) PCR(m) | ELISA (%)
(%) (%) (%) (%)
Infected 70/76 76/76 72/76 *9/36 13/26 53/62
(92.1) (100) (94.7) (25) (50) (85.5)
Not 0/8 (0) | o/8 (0) | o/8 (0) 0/8 0/8 0/8
infected (0) (0) ()

Table 2: histopathology (HE), IHC and PCR results udder (u) and milk (m) samples and ELISA results in
infected and non-infected sheep. *2/10 samples were from milk tank and 7/26 were from individual

sheep.

DISCUSSION

Detailed characterization of udder lesions and VMV antigen distribution and target cells,
especially in minimal lesions, contribute to clarify the pathogenesis of VM infection in this
target organ in naturally infected milk-producing sheep. VM has been reported as the major
cause of sheep culling in two intensively-managed dairy sheep flocks in the same study area,
having an important economic impact (Benavides et al., 2013). Here, the percentages of
lesions of different severity were similar in sheep from known infected flocks and randomly
selected from two different abattoirs. Fifty-seven per cent of animals from infected flocks and
54% of sheep from abattoir showed moderate or severe lesions which confirm the importance
of the mammary form of the disease in dairy sheep culling and it relationship with production
loss. Serological results also highlights the high prevalence of VM infection in intensive milk-
producing sheep in Castilla y Ledn (Spain), with 91.4% sheep randomly selected from abattoirs
being positive to PCR and IHC, similar to prevalence reported by serology many years ago (MJ,

1998). Serology did not detect any infection in six sheep with positive histopathology, IHC and
128




VIl Tercer trabajo

PCR results while diagnosis of all seropositive sheep was confirmed using histopathology, IHC
and/or PCR. IHC and PCR clearly increased VM prevalence in infected sheep reaching up 100%
and 94.7 positivity respectively in comparison with 85.5% seropositivity with ELISA test. The
lower sensitivity obtained with PCR in comparison with IHC could be related with DNA
degradation after formalin fixation of the samples from animals of group A or to low viral
presence (de Andrés et al., 2005). However, a PCR sensitivity higher than 90% in these animals
point towards a high conservation of proviral VMV DNA in formalin-fixed and paraffin-
embedded samples, which are the only available material in many retrospective studies. These
results agree with previous studies where VMV positivity was described by PCR in formalin

fixed and paraffin-embedded samples even after 30 days of fixation (Benavides et al., 2006b).

On the other hand, the higher sensitivity of PCR (50%) in comparison with ICC (25%) in milk
samples could be due to the difficulty of macrophages detection in the cytological smear,
especially those positive to VMV. The existence of one milk sample positive to VMV by ICC but
negative by PCR could be related to a scarce number of infected macrophages or a low viral
load in this particular sample, which has been described as one of the main problems of VMV
detection by PCR (de Andrés et al., 2005). Viral detection by this technique even in animals

with minimal lesions would confirm it usefulness for VMV detection.

More than one diagnosis technique should be performed in order to detect all infected
animals. The IHC in tissues would be used as a “gold standard” technique for the disease
detection, being the only one detecting all VM infected sheep. Using only the ELISA test for VM
diagnosis as frequently happens in field conditions involves the risk of obtaining false negative
animal (Gayo et al., 2017). As has also been observed in this work, this feature is very
important in flocks submitted to control programs where VM prevalence is always lower and
detection of every single infected sheep, even with minimal lesions, is of great interest for

eradication of the disease.
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Two infected sheep with minimal lesions and one with no lesions showed negative ELISA
values and positive IHC and PCR results agree with hypothesis of minimal lesions would be
related to initial or latent stages of the disease where the number of inflammatory cells would
not be enough to develop a local immune response and antibody production (Gayo et al.,
2017). Thus, after VM infection viral presence in tissue detectable using PCR and IHC could be
first and serological response could be measurable after lesion and local immune response
development. Negative ELISA results in animals with moderate or severe lesions could be
related to the development of a lymphocytic pattern (Gayo et al., 2018; Polledo et al., 2012b)

more frequent in mammary gland, as has been recently published (Gayo et al., 2018).

Detection of minimal lesions clearly increased the incidence of VM lesions in mammary
gland confirming previously published results.(Gayo et al., 2018) Minimal inflammatory
infiltrates and subepithelial lymphoid aggregates have been described in healthy udders on the
limit between teat duct and teat cistern and have been related to protection in the early stages
of bacterial invasion (Mavrogianni et al., 2007) but were not found in non-infected animals or
in non-affected tissue of infected sheep in this study and an early VM mastitis should be also
considered. This lack of inflammatory infiltration could be explained by the selection and the
constant microbiological and somatic cells controls performed in intensive milk-producing
flocks which is the management system used for all dairy flocks of Spanish Assaf breed in the
region studied. The negative result to the presence on Mycoplama spp. could confirm this
hypothesis.

The predominance of a CD3+ lymphocytic response in animals from group B agree with our
previous description in group A (Gayo et al., 2018). However, it contrasts with findings in CNS
and lung where two lesion pattern (histiocytic and lymphocytic) were described regarding the
predominant inflammatory cell population (Gayo et al., 2018; Polledo et al., 2012b), which
could confirm a different local immunological response in this target organ. Nevertheless, the

presence of more macrophages within the inflammatory infiltrate in the mammary gland of
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some animals may be related to the development of a histiocytic or lymphocytic pattern with
the previously mentioned differences.

The presence of IHC-positive sign to p28 and gp135 of SRLV macrophage-like cells in mammary
gland and milk agree with previous results in different VM target organs (Minguijén et al.,
2015). Presence of surface env-encoded protein gp135 together with nucleocapsid gag-
enconded protein p28 indicates not only viral presence but also active infection. In most cases
viral presence was associated to inflammatory cells and p28 and gp135 proteins of SRLV were
not observed in non-affected areas of infected tissues. This fact together with the viral
distribution surrounding blood vessels in minimal lesions and spreading to interstitial
mammary tissue in moderate and severe lesions would agree with the hypothesis of viral
invasion via monocytes/macrophages (Gayo et al., 2018; Peluso et al., 1985; Polledo et al.,
2012a). Infection would begin in very focally concrete locations of the organ and then spread
to the rest of the tissue and increase the lesion in other areas facilitated by possible
concurrent VM infections which could reach different blood vessels. VM positive IHC sign in
isolated cells located in areas with no lesions or in connective tissue in some samples could be
related with small blood vessels not observed in these particular histological sections or with

free virus presence within the tissue.

SRLV immunoreactivity were not observed in epithelial cells using both antibodies
against gp135 and p28 proteins in contrast to previous descriptions (Bolea et al., 2006) and to
the hypothesis of the possible SRLV replication in epithelial cells “in vivo” as has been
described ”in vitro’ (Bolea et al., 2006; Lerondelle et al.,, 1999). Furthermore, in situ
hybridization or PCR as previously reported in epithelial cells of mammary gland (Bolea et al.,
2006; Carrozza et al., 2003) show the presence of viral nucleic acids but not the presence of
viral proteins or active viral replication. Nevertheless, we show in this study that active

infection is happening by using two different antibodies against surface and nucleocapsid
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proteins of VM as previously mentioned. However, further studies of viral replication in

mammary gland should be performed.

The presence of SRLV antigen in all mammary glands with lesions including cells in
acinar lumen in some cases and in milk cells confirm the potential transmission of the disease
by lactation. However, the small positive number of cells and few positive milk samples in IHC
and PCR could point out the limited potential of transmission, as has also been proposed by
others authors, (Berriatua et al., 2003) leading to a higher VM transmission risk by continuous
lactation and not only by colostrum ingestion. Most positive milk samples came from sheep
with moderate or severe lesions in udder (85.7%) and higher number of positive cells in tissue
by IHC as well as positive PCR results. These findings would support that reaching canaliculi is
easier for infected macrophages when lesions are more severe and widespread than when

they are focal and limited to perivascular cuffs.

The ICC technique developed in milk in this study allows for the obtaining of well-
preserved monolayer cell smears and optimal identification of cell populations and VMV
antigen in somatic milk cells. After the first centrifugation, cell distribution within the Falcon
tube are very likely conditioned by their density as happens in blood vessels during
inflammation (V et al., 2005). The fact that cells from the top seemed better preserved than
the ones from the bottom could be due to a protecting role of fat during centrifugation. The
optimum drying time of the cytology after cytocentrifugation was 20 minutes, much shorter
than the three hours used in previous studies (Lujan et al., 1994). HE staining is very useful to
identify leukocytes while epithelial cells were better identified with May-Grenwald Giemsa
staining (Cowell, 2008). This latter staining helps to differentiate these cells from artefacts,
bringing a different pink colour compared with artefacts or other cells populations. The
epithelial cells show normal morphology without abnormalities, suggesting lack of mammary

lesions absence of hyperplasia or neoplasia in the mammary gland epithelia of the sheep
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studied (Cowell, 2008). ICC slides showed no fat globules unlike cytology slides stained with HE
or May-Grenwald Giemsa, which we attribute to the successive washings in PBS and the
blocking of the endogenous peroxidase activity with hydrogen peroxide 3% in distilled water

for 30 minutes.

CONCLUSIONS

Detection of minimal lesions using histopathology increased the incidence of VMV in
mammary gland and viral antigen distribution from a few cells in perivascular cuffs to the rest
of tissue in moderate and severe lesions would confirm viral progression from blood
monocytes to macrophages in this target organ. SRLV immunoreactivity was observed only in
macrophages-like cells and not in epithelial cells. The histopathology with IHC in tissues would
be used as a “gold standard” technique for the disease detection, being the only one detecting
all VM infected sheep. Viral detection in milk samples using ICC and PCR confirms potential but

limited role of milk/colostrum in viral transmission point toward a higher importance routes.

SUPPLEMENTARY MATERIALS

Sheep Histology |OD IHC (U) ICC (M) PCR (U) PCR (M)
Al +++ 0.09 + NS + NS
A2 ++ 0.25 + NS + NS
A3 + 0.42 + NS + NS
A4 +++ 0.5 + NS + NS
A5 ++ 0.53 + NS + NS
A6 ++ 0.73 + NS + NS
A7 0.75 + NS + NS
A8 + 0.77 + NS + NS
A9 ++ 0.79 + NS + NS
Al0 + 0.81 + NS - NS
All + 0.91 + NS + NS
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Al12 +++ 1 + NS NS
Al3 ++ 1.07 + NS NS
Al4 ++ 1.11 + NS NS
Al15 ++ 1.12 + NS - NS
Alb6 - 1.12 + NS + NS
Al7 + 1.18 + NS - NS
Al18 ++ 1.35 + NS + NS
Al19 ++ 1.37 + NS + NS
A20 - 1.39 + NS + NS
A21 + 1.39 + NS + NS
A22 ++ 1.44 + NS + NS
A23 1.45 + NS + NS
A24 + 1.47 + NS + NS
A25 ++ 1.5 + NS + NS
A26 ++ 1.61 + NS + NS
A27 +++ 1.65 + NS + NS
A28 ++ 1.68 + NS + NS
A29 + 1.8 + NS + NS
A30 ++ 1.81 + NS + NS
A31 + 1.88 + NS + NS
A32 1.95 + NS + NS
A33 + 2.09 + NS + NS
A34 2.14 + NS - NS
A35 ++ 2.19 + NS + NS
A36 +++ 2.27 + NS + NS
A37 +++ 2.4 + NS + NS
A38 +++ 2.4 + NS + NS
A39 ++ 2.47 + NS + NS
A40 - 2.5 + NS + NS
A4l ++ 2.5 + NS + NS
A42 ++ 2.5 + NS + NS
A43 + 2.65 + NS + NS
Ad4 - 2.77 + NS + NS
B1 + 0.01 + - + -
B2 - 0.01 - - - -
B3 - 0.01 + - + -
B4 + 0.06 + - + +
B5 ++ 0.17 + - + -
B6 ++ 1.05 + + + +
B7 ++ 1.25 + + + -
B8 +++ 141 + + + +
B9 ++ 1.43 + - +

B10 ++ 1.56 + - + +
B11 + 1.65 + - + -
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B12 +++ 1.7 + - + +
B13 ++ 1.8 + + +

B14 ++ 1.97 + - + -
B15 + 2.11 + - + -
B16 ++ 2.21 + - + +
B17 + 2.22 + - + +
B18 ++ 2.31 + + + +
B19 ++ 2.41 + - + +
B20 - NS + - + -
B21 - NS - - - -
B22 + NS + - + -
B23 + NS + - + -
B24 + NS + - + -
B25 +++ NS + + + +
B26 - NS - - - -
B27 +++ NS + - + -
B28 ++ NS + - + -
B29 +++ NS + + + +
B30 ++ NS + NS + NS
B31 ++ NS + NS + NS
B32 + NS + NS + NS
B33 ++ NS + NS + NS
B34 + NS + NS + NS
B35 + NS + NS + NS

Supplementary S1: histology, ELISA (OD), IHC and PCR results in udder (U) and milk (M) samples. NS: no

sample available. Animals highlighted in red were considered not infected.
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ABSTRACT

Small Ruminant Lentiviruses (SRLVs) are widespread in many countries and cause
economically relevant, slow, and persistent diseases in sheep and goats. Monitoring the
genetic diversity of SRLVs is useful to improve the diagnostic tools used in the eradication
programs. In this study, SRLVs detected in Spanish Assaf sheep with different grades of
lymphoproliferative mastitis were sequenced. Genetic characterization showed that most
samples belonged to type A and were closer to Spanish SRLV isolates previously classified as
A2/A3. Four samples belonged to subtype B2 and showed higher homology with Italian B2
strains than with Spanish B2 isolates. Amino acid sequences of immuno-dominant epitopes in
the gag region were very conserved while more alterations were found in the LTR sequences.
No significant correlations were found between grades of mastitis and alterations in the
sequences although samples with similar histological features were phylogenetically closer to
each other. Broader genetic characterization surveys in samples with different grades of SRLV-
lesions are required for evaluating potential correlations between SRLV sequences and the

severity of diseases.

Keywords: sheep; Small Ruminant Lentivirus; genetic characterization; udder; histopathology
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INTRODUCTION

Small Ruminant Lentiviruses (SRLVs) include Visna-maedi virus (VMV) and Caprine
arthritis encephalitis virus (CAEV), which cause slow inflammatory diseases in sheep and goats
named, respectively, Visna-Maedi (VM) and Caprine Arthritis Encephalitis (CAE). Viruses are
transmitted mainly via the respiratory route and by colostrum intake [1,2] and cause persistent
infections with a long incubation period. According to the current nomenclature based on gag—
pol and pol sequences, SRLV can be subdivided into genotypes A—E with subtypes presentin A,
B, and E [3-5]. Typically, VMV was believed to infect specifically sheep and was included in
genotype A while CAEV was considered goat-specific and was included in genotype B.
However, several investigations showed that cross-infection may occur ([6] and other studies
reviewed in [5]). Infected animals can develop neurological, pulmonary, arthritic, and/or
mammary diseases that affect considerable animal welfare and production. Different patterns
of inflammatory mononuclear cell accumulation are observed usually in the central nervous
system, lung, joint, and/or udder and the predominant clinical manifestation depends on the

severity and extension of the lesions reached in the affected organs [7].

Mammary lesions often consist of mononuclear cell infiltration with scattered
hyperplastic lymphoid follicles [7,8]. Moderate lesions are described when diffused infiltration
of lymphocytes within lobules with distortion of acini are observed and mild lesions are
reported when occasional aggregates of lymphocytes in inter-acinar stroma are present [9].
Recently, minimal lesions consisting of a few small clusters to multifocal small groups of
inflammatory cells with the presence of a few small lymphoid aggregates and/or one small
lymphoid follicle have been reported in SRLV infected sheep [10]. One of the most important
productive impacts of SRLV disease is due to the premature removal of diseased animals
because of low milk production and quality with consequent economic losses in the milk-
related and lamb/kids-related industry [11-13]. Due to the significant economic impact of
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diseases, VM and CAE are included in the OIE List and specific control and eradication
programs are carried out in many countries [14,15]. Availability of sensitive and specific
diagnostic tests is of great importance for a correct discrimination between infected and non-
infected animals. Due to the high rate of genetic diversity, new genotypes and subtypes might
escape the diagnostic detection with the possible consequence of invalidating any eradication
program in place [1]. Therefore, genotype and subtype surveys of the circulating SRLVs should
be encouraged. Many studies describe phylogenetic analysis of SRLVs found during
epidemiological surveys or in outbreaks of diseases, but only a few of them describe the
histopathological lesions observed in target organs [16—18]. For example, mild mammary
lesions with a multifocal method to diffuse mononuclear inflammatory interstitial infiltrates
have been observed in sheep with arthritis and infected by B2 SRLV [17]. Different
histopathological scores have been reported in mammary glands but not in lungs, synovial
membranes of joints, or the chorioid plexus of five goats infected by A4 SRLV [16]. A 13-14
nucleotide deletion in the R region of the LTR has been observed in sheep with a decreased
pathology in the lung but not in the udder even though SRLV subgenotypes were not known
[18]. To our knowledge, correlations among histopathological grading of mammary lesions and

SRLV genotypes and subtypes are yet to be investigated.

The aim of this work was to carry out genetic characterization and phylogenetic
analysis of SRLV detected in Spanish sheep showing different histopathological grades of

mastitis.
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MATERIAL AND METHODS

2.1. Samples

A total of 35 udder samples were collected randomly at the slaughterhouse in the
region of Castilla y Leon, Northwestern Spain, from Assaf sheep (1-4 years of age) belonging to
seropositive flocks between March 2017 and May 2017. Nineteen samples were collected at
the slaughterhouse named M (samples M1-M19) and 16 were collected at the slaughterhouse
named Q (samples Q1-Q16), which was about 45 Km far from the slaughterhouse M. A first
aliquot of each sample was stored at -20°C and DNA was obtained from 25 mg of each sample
by using the Genomic DNA isolation Kit (Norgen Biotek Corp., Thorold, ON, Canada) and
following the manufacturer’s instructions when eluting the DNA in 100 plL final volume. A
second aliquot of samples was fixed in 10% neutral buffered formalin for 48 h at room
temperature and embedded in paraffin wax (FFPE) for histopathology and
immunohistochemistry (IHC). In addition, 2 FFPE mammary samples (N16-426 and N-17-44) of
sheep (Assaf breed, 3 years old) with histological mastitis referable to SRLV disease were
available for this study. DNA from these latter samples was obtained from 4 slides 10 um thick
of each sample by Recover All Total Nucleic Acid Isolation (Ambion, Waltham, MA, USA)

following the instructions and eluting DNA with 60 pL of elution solution warmed up at 95 °C.

2.2. Histopathology and Immunohistochemistry

Slides 4 um thick were obtained from FFPE samples and were stained with
haematoxylin and eosin (HE) for histopathology. Grading of histopathological lesions of
mammary glands was carried out by three independent pathologists, which was previously
described [10]. Briefly, “no lesions” was defined when no inflammatory cells were observed

and “minimal lesions” (+) consisted of a few small clusters.
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Multifocal small groups of inflammatory cells with the presence of a few small
lymphoid aggregates and/or one small lymphoid follicle known as ‘moderate lesions’ (++) were
characterized by the multifocal method to diffuse interstitial non-supportive inflammation
and/or the presence of two to 15 lymphoid aggregates/follicles and ‘severe lesions’ (+++)
consisted of a marked diffuse interstitial mastitis and/or the presence of >15 lymphoid
aggregates/follicles. When differences between the severity of interstitial inflammatory
infiltrates and the presence of lymphoid follicles were observed in the same organ of an
animal, the most severe lesion was considered as the score for the lesion in that target organ
[10]. Serial sections (4 um) were used for IHC, which was previously reported [19]. A
monoclonal antibody to the SRLV core protein p28 (VMRD Inc., Pullman, WA, USA) diluted
1:1000 was used. A technique based on an avidin-biotin-peroxidase complex (VECTASTAIN®
ELITE® ABC Kits, Vector Laboratories, Burlingame, CA, USA) with diaminobenzidine as the
chromogen (DAB Peroxidase substrate kit—Vector Laboratories, Burlingame, CA, USA) was

used to stain the antigen.

2.3.PCR

A nested PCR was used to amplify about 800 bp long sequences of SRLV gag-pol genes,
which was reported previously [4]. Primers GAG-F1 and POL-R1 were used in the first PCR. The
product obtained was used as a template in a second PCR with primers GAG-F2 and POL-R2.
The PCR mixture included 50 pL 2x Tagq PCR Master Mix, 500 nM each primer, 4 uL DNA, and
PCR grade water up to 100 pl final volume. PCR conditions were 94 °C for 5 min, 45 cycles of
94 °C for 1 min, 55 °C for 1 min, 72 °C for 2 min, and a final extension of 72 °C for 10 min. The
second PCR was carried out with the same conditions but 5 pL of the first PCR products were
used as the template and the annealing temperature was 60 °C instead of 55 °C [4]. LTR

sequences (203 bp long) were amplified by nested PCR with primers described elsewhere [20].
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The PCR reaction mix was described above, but 2 pL of DNA (first PCR) or 2 uL of the first PCR
products (second PCR) were used as the template. PCR conditions were 94 °C for 5 min, 35
cycles of 94 °C for 30 s, 55 °C (or 50 °C in the second PCR) for 30 s, 72 °C for 40 s, and a final
extension of 72 °C for 7 min. PCR products were visualized in 1.5% agarose gel and positive
samples were submitted to an external laboratory for sequencing (BMR Genomics, Padova,
Italy). Both the sense and antisense strands were sequenced by performing two independent
reactions for each PCR product. Nucleotide gag-pol sequences were deposited in GenBank

(Accession numbers MH179145—MH179153 and MH179156—MH179159).

2.4, Sequence Analysis

Nucleotide sequences were manually checked and edited with the program BioEdit. A
preliminary analysis by BLASTn was carried out to detect regions of similarity with sequences
included in databases. Sequences of strains considered to be prototypes of different genotypes
and SRLV sequences highly similar to those found in the samples were included in the study
(Figure 1 and Figure 3). Sequences were aligned by MUSCLE [21] and phylogenetic trees were
inferred with the program MEGA 7.0.21 [22]. The best-fitting nucleotide substitution models
were estimated and the General Time Reversible model [23] with a gamma distribution with
invariant sites (gag sequences) or a Kimura 2-parameter (LTR sequences) model [24] with
gamma-distributed rates among sites were used with bootstrap values based on 1000
repetitions. Phylogeny was estimated by both the neighbor-joining algorithm (NJ) and the
maximum likelihood (ML) method. Correlations among sequence alterations and histological
features were evaluated by using the Fisher’s exact test. Pairwise distances between
sequences of samples and sequences of reference strains belonging to different genotypes

were calculated by MEGA 7.0.21 with the p-distance model [22].
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RESULTS

Histological examination and grading of mammary lesions (see Figure 1) resulted in
five samples with severe lesions, 13 samples with moderate lesions, 11 samples with minimal
lesions, and five samples without lesions (see Table 1). Grading of M5 sample was not possible
due to a concomitant purulent mastitis. IHC results were used to distinguish SRLV infected
from uninfected sheep. Three out of the five samples without lesions (M13, M18 and Q2) were
negative by IHC and by both gag-pol and LTR PCR. Therefore, they were considered negative
(see Table 1). The remaining 32 samples of groups M and Q were positive by IHC (see Figure 2).
Sixteen out of the 32 M and Q samples and the 2 N samples were positive by gag-pol PCR, but
good-quality sequences were obtained only from 15 samples. LTR PCR products were obtained

in all but two IHC-positive samples.

Sample i:::::t: IHC LTRPCR gapgé:d gen:typ
M1 moderate + + + B2
M2 minimal + + . i
M3 severe + + + B2
M4 moderate + + - -
M5 not classified  + + + A2/A3
Mé moderate + + , )
M7 moderate + + + )
M8 moderate + + + .
M9 severe + + + i
M10 minimal + + - )
M1i1 moderate + + + )
M12 minimal + + + A2/A3
M13 No - ; ) i
M14 moderate + + - )
M15 minimal + + + A2/A3
M16 minimal + + - }
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M17 moderate + + + B2
M18 no - - - -
M19 moderate + + + A2/A3
Q1 no + + + B2
Q2 no - - - -
Q3 Minimal + - - -
Q4 Minimal + + - -
Q5 Minimal + + - -
Q6 Severe + + - -
Q7 No + + + A2/A3
Q8 Severe + + + A2/A3
Q9 Moderate + + - -
Q10 Severe + + + A2/A3
Ql1 Moderate + + - -
Q12 Moderate + + + -
Q13 Minimal + - - -
Q14 Moderate + + - -
Q15 Minimal + + - -
Ql6 Minimal + + - -
N16-426 Severe + + + A2/A3
N17-44 Moderate + + + A2/A3

Table 1: List of ovine mammary gland samples collected for this study. Samples are classified on the

basis of the grade of mastitis observed by histopathology. Lesions in sample M5 were not classified

“w n,

due to concomitant purulent mastitis was present. “+”: positive result, “-”: negative result.
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Figure 1: SRLV lesions in mammary gland of sheep. (A) Minimal lesion (+) with small focal lymphocyte
aggregates within the mammary interstitium. 40x. (B) Black arrow indicates moderate (++) focal
inflammatory lesion surrounded by minimal lymphocytic infiltrates. 40x. (C) Large lymphoid follicle in a

severe lesion (+++). Hematoxylin and eosin (HE) staining. 20x.

Figure 2. IHC against p28 of CAEV/VMV in mammary gland. (A) Scattered positive cells within minimal

inflammatory lesions (+). 20x. (B) Positive macrophage-like cell in moderate lesion (++). 40x.

3.1. Analysis of Gag Sequences

Genotyping was carried out by phylogenetic analysis of partial gag gene sequences,
according to the taxonomic classification proposed by Shah et al. [3]. All sequences were
different from each other and nine samples were type A and four samples were type B. In
particular, samples M5, M12, M15, M19, Q7, Q8, Q10, N16-426M, and N17-44M clustered

within genotype A were more closely related with strains 292, 160, 166, and 697, which were
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previously detected in the same Spanish region (see Figure 3). Only strain 697 had been fully
sequenced. Since similar values located with this isolate intermingled between A2 and A3, the
isolate 697 had been assigned to the A2/A3 subtype [25]. Samples M1, M3, M17, and Q1
resulted of genotype B and subtype B2 (see Figure 3). Additionally, phylogenic and BLAST
analysis showed that they were more related to B2 viruses detected in Italy than in Spain
(Ov496). These results were confirmed by the pairwise distances comparison (see Table 2).
Samples M12, M15, M19, Q7, Q8, Q10, N16-426, and N17-44 were more closely related to the
A2/A3 Spanish strain HQ848062.1 (0.105-0.142). Moreover, samples M1, M3, M17, and Q1
were more closely related to the B2 strains FJ195346.1 and EU010126.1. In particular, they
were more closely related to the Italian strain EU010126.1 (0.064—0.081) than to the Spanish

strain FJ195346.1 (0.092-0.102).
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Figure 3. Phylogenetic analysis of the SRLV partial gag-pol region. Sequences of different SRLV genotypes
and subtypes available in GenBank were used as reference isolates. Reference sequences are indicated
with their accession number and country of origin (CAN: Canada; CHI: China; ENG: England; ICE: Iceland;

ITA: Italy; MEX: Mexico; NOR: Norway; POR: Portugal; SOA: South Africa; SPA: Spain; SWI: Switzerland;
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USA: the U.S.A.). Samples are indicated with their codes and are labeled on the basis of the score of the

mammary lesions observed ( A severe, m moderate, ¥ minimal, ® no lesions, ¢ not available). The

evolutionary history was inferred by using the Maximum Likelihood method based on the General Time

Reversible model with a gamma distribution with invariant sites and with bootstrap values based on

1000 repetitions. The tree is unrooted.

Sample genotyPe s mM12 M15 M19 Q7 Q8 Q10 Téz' N:Z' M1I M3 M17 Q1
M12 0112 -

M15 0013 0013 -

M19 0013 0122 0104 -

a7 0130 0133 0129 0.109 -

a8 0100 0115 0097 0.122 0122 -

Q10 0109 0119 0105 0.129 0.127 0105 -

N16-426 0127 0138 0129 0.115 0137 0127 0.135 -

N17-44 0152 0.155 0.152 0.138 0.163 0.157 0.152 0.094 -

M1 0208 0213 0208 0213 0216 0209 0216 0217 0216 -

m3 0216 0222 0211 0221 0231 0211 0221 0224 0217 0040 -

M17 0214 0221 0209 0226 0232 0217 0217 0231 0227 0048 0041 -

a1 0209 0216 0.203 0217 0222 0221 0219 0216 0216 0081 0.08 0.076 -
M10608.1 Al 0171 0.160 0.168 0.137 0.157 0.166 0.145 0.175 0.175 0.214 0.208 0.229 0.224
$51392 Al 0173 0165 0.168 0.173 0.181 0171 0.163 0.176 0.168 0.242 0.247 0245 0.244
AY101611.1 A2 0.155 0135 0.153 0.150 0.147 0.153 0.152 0.165 0.165 0.186 0.188 0.191 0.201
HQ848062.1 A2/A3  0.117 0.135 0120 0.105 0.122 0.127 0.135 0.142 0.124 0.206 0.209 0.219 0.213
AY454176.1 A3 0130 0138 0130 0.130 0.37 0.133 0.145 0.145 0152 0.178 0.191 0.193 0.198
AY454161.1 A4 0138 0.166 0.135 0.153 0.185 0.143 0.150 0.173 0171 0211 0216 0214 0214
AY454175.1 A5 0.153 0145 0.155 0.148 0.171 0.160 0.147 0.176 0.165 0.209 0.203 0.208 0.206
AY454208.1 A7 0176 0157 0.170 0.145 0.158 0.158 0.166 0.161 0.140 0.198 0.209 0.201 0.209
FR694908 A9 0.166 0.168 0.170 0.166 0.178 0.180 0.171 0.181 0.161 0.213 0.224 0.224 0.231
FR693825 A1l 0.183 0171 0.180 0.152 0.57 0176 0.183 0.189 0.178 0.213 0217 0.231 0.232
M33677 Bl 0204 0214 0201 0211 0224 0211 0211 0222 0211 0120 0.119 0.120 0.129
F1195346.1 B2 0226 0231 0221 0214 0232 0226 0237 0221 0217 0092 0.092 0.102 0.100
EU010126.1 B2 0208 0222 0206 0226 0232 0219 0227 0224 0216 0.064 0068 0.068 0.081
JF502417.1 B3 0213 0221 0214 0209 0217 0219 0232 0213 0224 0.185 0.186 0.196 0.178
AF322109.1 C 0262 0252 0257 0250 0252 0.245 0.255 0244 0236 0213 0214 0214 0216
EU293537.2 E1 0292 0295 0.292 0297 0301 0.293 0300 0293 0290 0.293 0.285 0.290 0.303
GQ381130.1 E2 0290 0301 0.293 0290 0313 0.293 0.298 0288 0290 0.290 0.290 0.297 0.293
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Table 2. Pairwise nucleotidic genetic distances (p-distance model) of the partial gag-pol region of some

SRLV reference strains and SRLV strains sequenced in this study.

Nucleotide sequences were translated into amino acid sequences and the results of
the alignment and comparison with the most representative sequences are reported in Figure
4a,b. The set of primers used in this study amplifies a partial sequence of the gag gene
codifying for the majority of the capsid protein (CA). Comparing amino acid sequence
alterations of the partial gag protein obtained, the “GG” motifs of the four type B sequences
were glycine-glycine (GG) like type B reference SRLVs while those of the 11 type A samples
were asparagine-valine (NV) like other type A reference SRLVs (see Figure 4a). In type A
samples, sequences of epitopes 2 and 3 of reference isolates and of most samples were
conserved (see Figure 4a). Only arginine (R) replaced lysine (K) in samples N16-426 and N17-44
and serine (S) replaced asparagine (N) in sample Q7. Type B samples had highly conserved
epitope 3 sequences since there are only two alterations in M1 (isoleucine (I) instead of serine
(S) and lysine (K) instead of glutamic acid (E). More alterations were found in epitope 2 where
three out of four type B samples showed one alteration in comparison with type B reference

isolates (see Figure 4a,b).
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Figure 4: Alignment (MUSCLE) of deduced amino acid sequences of partial gag-p25 of the SRLV
sequences obtained and of some SRLV reference strains; (a) positions from 209 to 278, (b) posiions from

279 to 368. Two immuno-dominant epitopes of this capsid protein, the GG motif, and the Major
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Homology Region (MHR) are within squares. The score of mammary lesion of each sample is reported.
Legend: (-) homology, (-) deletion, (+++) severe lesions, (++) moderate lesions, (+) minimal lesions, (no)
no lesions, (n. c.) not classified, CAN: Canada; CHI: China; ENG: England; ICE: Iceland; ITA: Italy; MEX:

Mexico; NOR: Norway; POR: Portugal; SOA: South Africa; SPA: Spain; SWI: Switzerland; USA.

In the Major Homology Region (MHR), which is usually a highly conserved sequence in
the gag gene of all retroviruses, some alterations were present in type A samples. In particular,
all but one type A samples showed one or two alterations comparing to the A2/A3 reference
strain 697 (see Figure 4b). Samples M5, M12, M15, Q10, and N16-426 had isoleucine (l)
instead of valine (V) at the fourth position as type Al reference strain SA-OMVV. This latter
had also a serine (S) instead of asparagine (N) at the ninth position. Sample Q7 had not only
this alteration, but also glutamic acid (E) instead of aspartic acid (D) at the 14th position, which
shows the same alterations found in the A2/A3 Spanish strain 160. Sample N17-44 had
isoleucine (I) instead of serine (S) at the 11th position unlike the other samples and reference
strains. Unusual alterations were found in sample M19 where asparagine (N) replaced serine
(S) at the 11th position and lysine (K) substituted glutamic acid (E) at the 21st position. Type B
samples had highly conserved MHR sequences and showed the same amino-acidic sequences
of B2 reference isolates even though some single alterations were present in the nucleotide
sequences (see Figure S1). A significant correlation among sequence alterations and severity of

mastitis was not found (p > 0.05).

3.2. Analysis of LTR Sequences

The alignment and phylogenetic analysis of LTR nucleotide sequences showed that

most samples were closer to the reference Spanish A2/A3 strain 697 (Figure 5 and Figure 6a,b).

Comparing samples with the 697 reference strain, Q10 and Q11 showed a 23 nt deletion
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(9133-9160 nt) in the R region, which appeared longer than the 13 nt deletion present in the
reference strains 697, EV1, and in other Spanish strains (C3, 160, 292). Sample Q12 had similar
deletions than 697 while other samples showed 2—-8 nt deletions in the same tract. No
significant differences were found among sequences of samples with a different grade of
mastitis (p > 0.05). Similarly, as previously described, the TATAbox, the polyadenylation signal,
and the AML (vis), which is a site possessing the consensus sequence for the AML/PEBP2/CBF
transcriptional factor family [26], were conserved and only a substitution G with A was present

in three samples at position 9065 of AML (vis).
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Figure 5: Phylogenetic analysis of the SRLV partial LTR. Sequences of different SRLV genotypes and

subtypes available in GenBank were used as reference isolates. Reference sequences are indicated with
their accession number and country of origin (CAN: Canada; CHI: China; ENG: England; ICE: Iceland; ITA:
Italy; MEX: Mexico; NOR: Norway; POR: Portugal; SOA: South Africa; SPA: Spain; SWI: Switzerland; USA).
Samples are indicated with their codes and are labeled on the basis of the score of the mammary lesions

observed ( A severe, m moderate, ¥ minimal, ® no lesions, ¢ not available). The phylogenetic analysis

was performed with a maximum likelihood (ML) method using the Kimura 2-parameter model with a
gamma distribution and with bootstrap values based on 1000 repetitions. Sequences are not deposited

in GenBank because they do not reach the minimum length required.
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9071 9081 TATA hox 9101 9111 9121
Y [P (P IO | I [N IO [ [ [P A |
Icel514 TGTABACALGTTRCCLATATANGCC —  GCTTGCTAGCT GRGGAALAGCAGAGTGCT
EV1 R Y T Y T.C....}...4A. .. | (. C..... O 0 -
697 SPA T [ B, . CT..... T--A...A.A .BG....... CTC
T [ A N AC. ... }...... A, .CCT..... T A...A G....... CTC
010 B Y+ ac....}......| B, .CCT...... Y U T - CTC
H16-426M Y S X ac....}......| . .CCT..... T A...A.AG..T...... CTC
7 e F. LAy R— .. CoT. .. .. T—AT.5A P a— TTT
MB N GAC. ... }...... B, .CCT..... T--A...B.AG.G....... CTC
M1l T S ac....}......| ., .CCT..... T A...A B S CTC
M14 N GAC. ... }...... B, .CCT..... T A...B.AG.G....... CTC
M19 B e v ac....}......| ., .CCT..... T &A...B.. ..G....... CTC
011 B Y+ ac....}......| B, .CCT...... Y U T - CTC
012 B T ac....}......| B, .CCT...... A...A.AG.GT...... CTC
[H17—44M AC coT T AA.A G,.GT CTC
M12 [ A ac....|l......| n..cCcT..... T--A...A [ CT
M15 A A S ac oo A COT. . . .. T-A. . .A [ OTe
07 ac....|l...... n..CcCT..... T--A...A Goouvnns CT
C3 SPA AC. ... |......| n..CCT..... T--AA. .4 G .. CTC
160 SPA ac....}......| B, .CCT..... T A...B.A ..G....... CTC
292 SPA T S . . .CCT..... T AA..G....... CTC
368 SPA ac....}l.....| . .CCT. .. .. T AA ..G....... CTC
AML (vis) TATAhex
9131 9141 9151 9161 9171 9181 poly A 9201
FRRRN IV TR RN IS I [P IR I (U IR DR I P (AP IR
Icel514 TTEGAGAGCTC GGAAAGAGTCTCC GEECCTCTCCTECCTECCT GARRAGCT CRATAAARGAGTTGRCT
EV1 B.... JBA.CC....C | T...ACTGG.GRG.T......J.......... T
697 SPA C..A.. .BAGA....B VBB ... TECTBG.GC. . .o e, . A....
M ..., CCTCTTG v v . ABG.G.... TABrrvrnnnnnnn. TGCTBG.GCT. (e oo fvnn.nn A....
010 C..AG. BB ... TECTBG.GC. . .o .| .. A....
|H16-426M TCTC.A A.G. .GAG. . .G AG TGCTGE. BCT AR
M7 ...... CCTCTTG . .G. .AGAG. ... T AB...o0ovnnnnn. TGCTGG.GCT. ... |ooen. .. A, ...
M8 ... TCTCTTG AT, .AGAG. ... N TECTGG.GCT. We oo |ve .t A....
mMir ... CT....6 &...GAGAG.... TAB..cvrrnnnnn. TGCTGG.GCT. ... ....|...... A....
Mia ... TCTCTTR AT. .AGAG. ... TAB..vvrnnnnn. TECTBG.GCT. .. .....|...... A....
Mis ..., CCTCTTG . .G, AGAG.... BAG......uuean TECTBG.6C. o ufe e ]vnnnnn A....
011 C..BBT BB ... TECTBG.GC. . ... | .. A....
012 - ..GA.BA.... ABB......uvuun. TEC G6..Couulevevnfennn. BA....
H17-44M € TCTCTC. ... TCTTGGA.AG. ... ........ GECTG. .|, BA. ...
M12 .C....TCTCTC.GAR. .G.GAGA. . ... ABB......0000ent GCTGG.GC. . .|e e e fennns BAA. ...
1 CCTCTTR A G, ARDGE. . . . T - S THRCTEG.RCT . .. . . . L ... .. AL
07 .C....TCTCTC.GAR. .G.GAGA. . ... BBB............. GCT6G.6C...|......}..... BA. ...
€3 SPA  ...... JGAGA..... ABG.........e.t TECTGG.GCT . (e e e foreenns A....
160 SPA C..... JGA..... BB ... TGCTBG.GCT. .| . ...} ..... BA.G..
202 SPA  ...... JGAGA..... B - TECTEG. . Couulenennfnnnn CBA....
368 SPA  ...... TCTCTCGG &, . .GAGAG. . .. VBB ... TGCTBG.GC. . .o e .. A....

Figure 6: Alignment (MUSCLE) of nucleotide sequences of the LTR region of the SRLV sequences obtained
and of some SRLV reference strains. LTR sequence of the isolate Icelandic 1514 (M10609.1) was used as a
reference; (a) positions from 9057 to 9126, (b) posiions from 9127 to 9206. Sequence of reference strains
EV1 (S51392.1) was also used. Sequences previously found in Spain in goats (C3—DQ084355.1) and in
sheep (697—HQ864615.1, 160—HQ864610.1, 292—HQ864611.1 and 368—HQ864614.1) and showing
high homology with our samples were also included. Sequences of the AML (vis), the TATA box element,
and the polyadenylation signal are within black squares. Sequences of samples with similar scores of
mammary lesions are within colored squares. Legend: (-) homology, (-) deletion, (blue squares) severe
lesions, (red squares) moderate lesions, (light blue squares) minimal lesions, and (green squares) no

lesions.
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DISUSSION

This study describes for the first time gag and LTR sequences of SRLVs detected in
Spanish Assaf sheep with different grades of histopathological mastitis and their phylogenetic

relationships in the context of known SRLV sequences.

Although initially genotypes B viruses were thought to infect only goats, it is not
unusual to find reports about infections by type B viruses in sheep and by type A viruses in
goats [27,28,29,30]. Even in this study, both genotypes A and B SRLVs have been found in
ovine samples. It was not known if the examined sheep had contact with goats, but infection

with A genotypes in goats was not reared in contact with sheep, which was reported [31].

The gag-pol phylogenetic tree and the pairwise genetic distances comparison revealed
that most sequences of the samples were closer to the Spanish A2/A3 isolate 697 while four
sequences belonged to subtype B2. Isolate 697 has been previously detected in sheep with
neurological diseases from the Spanish region of Castilla y Ledn in Spain and has been
classified as A2/A3 because differences between A2 and A3 are often not large enough to
separate the two groups [3,25]. Partial sequences of viruses classified as A2/A3 have been
detected further seven sheep with neurological signs in Spain [25]. These findings suggest that,
in Northern Spain, subtype A2/A3 SRLVs is genetically related to SRLVs, which caused nervous
diseases. However, in our cases, neurological signs were not reported. Samples M1, M3, M17,
and Q1 were closer to Italian than to Spanish B2 isolates and mammary lesions were found
from moderate to severe in three out of four samples while, in sample Q1, lesions were not
found. B2 SRLV has been detected in Spain for the first time in SRLV-seropositive adult sheep
of the Rasa Aragonesa breed, which shows clinical signs of arthritis [17,32]. Mammary
histological lesions were present in 10 out of 13 animals with arthritis, which suggests that
udders can be involved even if clinical sighs might remain unrecognized until the losses of milk

production are significant. B2 viruses have been detected in Italian small ruminants during
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epidemiological surveys, but data about clinical signs or histological lesions are not reported

[4,33].

In addition, good-quality sequences about 800 bp long were obtained from FFPE
samples. Fixation in formalin and embedding in paraffin at high temperatures is thought to
degrade DNA. Fragmentation of DNA molecules can interfere with their amplification by PCR
and with consequent sequencing. In our case, good-quality DNA has been extracted and
amplified by PCR from archival FFPE samples, which suggests that this method could be

attempted for studying FFPE samples as well as for retrospective investigations.

Analysis of the genetic sequences is important not only for evaluating the spread of
SRLV types and subtypes but also for monitoring antigenic variability. Actually, remarkable
antigenic variation might be responsible for the misdiagnosis of highly divergent genotypes
[34]. The gag gene encodes nucleocapsid, capsid, and matrix proteins. Indirect diagnostic
assays usually use the capsid protein as the antigen, which helps monitor immuno-dominant
epitopes of gag-encoded structural proteins. This is useful for detecting antigenic variability in
the field and forevaluating and improving the sensitivity of indirect diagnostic tools.
Alterations in the amino acid sequences of immuno-dominant epitope regions suggest altered
antigenicity, which may affect the sensitivity of serological tests such as ELISA and AGID.
The gag-pol set of primers used in this study allowed sequencing only of epitopes 2 and 3.
Amino acid sequences of epitopes 2 and 3 of type A2/A3 viruses were quite conserved and
limited alterations only in three and one samples, respectively. Epitope 2 of B2 isolates had
more alterations, which shows single amino acid alterations in three out of four sequences. In
addition, more variability was found in the MHR of A2/A3 viruses, which show all but two
samples and at least one alteration in comparison with the reference A2/A3 strain 697. The
MHR is usually conserved in many retroviruses and is essential for viral assembly [35].

Mutations in the MHR sequence of HIV-1 cause capsid assembly that reduces infectivity [36].
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While some studies have been carried out on MHR of human retroviruses, the consequences
of MHR mutations on infectivity of SRLVs should be better investigated. MHR of B2 viruses and
GG motif of both A2/A3 and B2 viruses in the gag amino acid sequences, AML (vis) motif,
TATA-box, and poly-A of both A2/A3 and B2 viruses in the LTR nucleotide sequences were
highly conserved, which was previously reported in strains from different geographic areas

[31,37,38].

Most LTR sequences showed higher homology with A2/A3 Spanish SRLV isolates.
Samples Q10 and Q11 showed a 23 nt deletion in the R region, which appeared longer than the
13 nt deletion observed in type A2/3 reference isolate 697. A 13 nt deletion in this region has
been found in sequences of clinically affected sheep and a correlation among this deletion and
the appearance of clinical signs has been suggested [32]. On the contrary, a similar deletion
has been found in SRLVs infecting asymptomatic sheep and the lungs of animals infected with
viruses carrying the deletion were significantly less affected than sheep infected with viruses
without deletion [18]. In the present study, significant correlations among deletions in the R
region of the LTR and severity of mammary lesions were not found (p > 0.05). Samples with
deletions were from sheep with more severe mammary lesions and sheep with moderate to

severe mastitis did not show this deletion (see Figure 6b).

Although the severity of mammary lesions was not significantly related to the viral
genotype, SRLV sequences from samples with similar grades of lesions (no/minimal and

moderate/severe) were most closely related to each other (see Figure 3 and Figure

5 and Table 2). Considering the high economic impact of SRLV diseases, some countries aim to
eradicate the diseases by identifying and prematurely culling infected animals. Selecting
animals on the basis of serological results could determine the selection of SRLV variants with
significant alterations in the antigen sequences. Permanent and extensive surveys should be

encouraged in different countries to evaluate the antigenic variability of SRLV and to monitor
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the sensitivity and specificity of diagnostic tests in detecting these variants. In particular,
seronegative animals should be investigated for infections by new viral genotypes not
detected by traditional serological tests. Histological screening of different target organs at the
slaughterhouse could be a useful tool for selecting samples with lesions, which suggests an

SRLV disease in seronegative animals.

CONCLUSIONS

In conclusion, this is the first study investigating the association between the SRLV
sequence analysis and histopathological grading of mammary lesions in sheep. Circulation of
SRLVs of types A2/A3 and B2 in Spanish Assaf sheep was confirmed and new viral variants have
not been found, but moderate alterations were present in some immuno-dominant epitopes

and in the MHR tract.

No significant correlation was found among histological features and alterations in the
sequences. Although some sequences obtained from samples with similar grades of mammary
lesions appeared closer to each other, more extensive and interdisciplinary studies are
required for establishing the existence of viral clusters with a higher or lower pathogenicity for

specific target organs.
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SUPPLEMENTARY MATERIALS

MHR

1348 1358 1368 1378 1388 1393 1408

RV (PR VRN (PR IOV IR [DAPRPRN IRV [P IPRPIDIRY IR (PP IR (N
CCCATETTAGTARRGCALLLGARCAAT GAGAGT TAT GAAGATTT TATAGCALGACTET TECARGCA

H(Q848062.1 A2fA3 697 SPA

M5 DAL Al e AL B B..... AL, n.c.
Mi2 PO B L L AL, +
Mih DAL Al e AL B B..... AL, +
Mie L. O e AL Cooiiiiia A..AA..... ++
L o e G..oooiiii i G........... T.A..A...... no
L1 E:] e AL B T....A...... +++
L1 L T..... AL B T.A..A...... +++
Hi6-4264 ... C..A....A........ T..... A..C..L L. B T. [ G +++
Hi7-a4g4 ... C.o...... Ao T....... TC..... B e i e ++
JH184352.1 A2fA3 160 SPA L G..oooiiii i G........... T.A.........
JH184353.1 A2fA3 166 gag SPA ...... CG.. B, e C..... B..B........... BT...........
JH184354.1 A2fA3 292 SPA ... ............. B C..... B e e AL,
JH184360.1 H-05/136 SPA B Coo..a. T s Tovernenann
M10608.1 Al Tcelandiclbld IC O G..... G..... T.C... .o c..C..... TC.C. . AC.A..G..T
AF479638.1 Al P10LY _POR T T.CA........... B..C...G....0........ AL,
M31646.1 Al SA-OMVV SOA B T.G... A . it i e T..C.A......
AY101611.1 A2 85/34 USA O e .. A .T.CA.............. c..C..... Bt
AY454176.1 A3 SHCR5561 SWI O G........ A, T.G...A....... . i C..GT.A..A..... T
AY454161.1 A4 SHCR4668 SWI LT G........ [ AL, &. T C..A......
AY4541775.1 A5 SHCR5560 SWI T Ao T.G...AAC..... B..C..C..... G..GT.A..A......
AY454208.1 A7 SHCR5692 SWI o G......... T........ L = C...T.A..A..... C
FR694908 A9 1017fUMf10 ITA  ................. GALLT. L Co.oiiiian. C..... C..6G..A..... G.
FR693825 A11 0245/UM/10 ITA O 4 e ¢ e C...... . T.A&..A..G.
M33677.1 Bl CAEV-Co USA DAL LG ACG...... CCA. ... ... ... GC.......... C.Aa......
FJ195346.1 B2 0vr496 SPA O G..A....... BT...... CCA........ C...6C...... G...C.A..G...
JE502417.1 B3 Volterra ITA AL LG B GTA. .... AA...... G..C...6.T..T...T.A........ C

M1 T A..G..AGT...... CCA............ GC.......... C. Bl
M3 T . W AGT...... CCA............ GC.......... C. R
M17 T W A.GT...... CCA. ... ... ... GC.......... Co....... ++
N1 T W A.GT...... CCA..... B.o..... GCG. .. .. B...C........ no
FRE28614.1 B? AW13/MAFS10 ITA T W A.GT...... CCA. ... ... ... GC...... B...C........
AY265456.1 B2 Tt-Pil ITA T AL BT...... CCA. ... ... ... GCC. .. .. B...C.A......
EU010126.1 B2 It-007.5=03 IT O G..A....... G....... CCA. ... ... ... GC...G..B...C....G..
FR687200.1 B2 06f/PIf09 ITA PO Y AL BT...... CCA...... A..... GCCA P T .
FR695719.1 B2 7008/UM/10 ITA T AL GT.C CCA. ... ... ... GC............ AL,
AY454218.1 B2 SHCR5720 SWI B AG....... GCA..... B.o..... GC...... B...C.A......

Figure S1: Nucleotide alignment of MHR sequences in the gag gene of the samples and of some

reference strains.
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El Maedi-Visna es una enfermedad crénica que sigue suponiendo importantes pérdidas
econdmicas en el ganado ovino intensivo de leche en nuestro pais, y en especial, en Castilla y
Ledn, y cuya erradicacion es dificil debido a la ausencia de tratamientos o de vacunas y a la
elevada prevalencia de la infecciéon. Por ese motivo, el objetivo de esta tesis doctoral es
ampliar el conocimiento sobre la patogenia y la respuesta inmune individual frente a la
infeccidén y sus posibles implicaciones en el diagnéstico y control de la enfermedad. En primer
lugar, se describen los diferentes patrones de lesiones en los tres principales 6rganos diana y
su relacion con los resultados en diferentes test diagndsticos y por otro lado, se estudian las
cepas viricas circulantes en esta region y si ciertas variaciones genéticas del hospedador

pueden influir en la resistencia a la infeccidén o en el desarrollo de lesiones.

Los dos primeros trabajos de esta tesis doctoral describen de forma detallada la respuesta
inmunoldgica frente al MV que muestran animales naturalmente infectados en pulmon,
gldndula mamaria y SNC, asi como su relacién con la respuesta seroldgica, mientras que el
tercer trabajo se centra en las lesiones en la glandula mamaria y su deteccion mediante
diferentes técnicas de diagndstico, asi como de la puesta a punto de una técnica de citologia e
inmunocitoquimica en muestras de leche para el estudio de las células portadoras del VMV en

la misma y de la excrecion virica por via lactégena.

El estudio mediante histopatologia y técnicas de inmunohistoquimica de las poblaciones
celulares que forman el infiltrado inflamatorio y de la respuesta seroldgica mediante test ELISA
permiten la descripcién de tres patrones de lesién o tipos de respuesta inmune del
hospedador: histiocitico, linfocitico y mixto. Los patrones linfocitico e histiocitico se
describieron previamente en SNC (Polledo et al., 2012b), donde se introdujo la posible relacion
entre la respuesta inmune individual y el desarrollo de lesiones de ambos tipos. Esta

posibilidad de que la respuesta inmune del hospedador juegue un papel importante en la
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patogenia de la enfermedad también se ha descrito en otros estudios (Torsteinsdéttir et al.,

1992; Torsteinsdottir et al., 2007a; Blacklaws, 2012; Polledo et al., 2012a).

La presencia de un mismo patréon de lesién en pulmén y SNC de un mismo animal y la
mayor cantidad de células CD68+ en mamas de animales con patrdn histiocitico sugieren que
la respuesta inmune individual si juega un papel importante en el desarrollo del tipo de
infiltrado inflamatorio. El hecho de que la glandula mamaria no siga exactamente el mismo
patréon que el SNC o el pulmdn, si no que presente un predominio de células CD3+ en el
infiltrado inflamatorio aunque también con un numero variable de macroéfagos, puede ser
debido al desarrollo de una respuesta inmune local diferente en este drgano diana, de
naturaleza mucosa, y con continua estimulacién antigénica (Butler et al., 2015), especialmente
en esta raza de alta produccién con lactaciones prolongadas en las que se utilizan métodos
mecanicos de ordefio. En este trabajo demostramos que se puede asignar un patrén de lesion
individual a cada animal estudiando la respuesta inmunoldgica en los principales érganos diana
del MV: pulmdn, glandula mamaria y SNC. Dichos patrones se denominan histiocitico,
linfocitico y mixto atendiendo a la poblacién celular predominante del infiltrado inflamatorio y
estarian relacionados con la respuesta inmunoldgica del hospedador a la infeccién por MV,
hecho no considerado hasta el momento y que, como se demuestra también en esta tesis
doctoral, tiene una gran importancia a la hora de establecer relaciones con el diagndstico o

con las cepas viricas.

Se describe por primera vez la asociaciéon entre el patrén de lesién y la respuesta
seroldgica en SNC, pulmdén y glandula mamaria. Los animales con patrén histiocitico
presentaron densidades épticas en el test ELISA (ELITEST®), que entendemos como titulo de
anticuerpos, significativamente mas elevados que los animales con patrdn linfocitico, habiendo
incluso animales con patrén linfocitico con resultados dudosos (n=3) o negativos (n=2). En

estudios anteriores se describieron resultados que podrian considerarse similares, donde
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animales que presentaban Unicamente foliculos linfoides en pulmdén o glandula mamaria
resultaban negativos al test IGDA, aunque en ese momento se asocid exclusivamente a la baja
sensibilidad del test utilizado y no a que pudiera ser una forma linfocitica o inicial de la
enfermedad, con escasa produccion de anticuerpos (Lujan et al., 1991). Sin embargo, los
resultados de nuestros estudios reforzarian la hipdtesis de que estos animales con un patrén
linfocitico y lesiones minimas no producirian suficiente respuesta inmune de tipo humoral
como para ser detectada con un test IGDA, que tiene menor sensibilidad que el test ELISA.
Estos resultados tienen gran interés ya que la respuesta inmune del hospedador deberia
considerarse cuando se hace un estudio serolégico, ademas del tipo de test utilizado o la cepa

virica circulante (de Andrés et al., 2005; de Andrés et al., 2013).

La respuesta de tipo histiocitico, caracterizada por un predominio de células CD68+, por la
presencia de lesiones graves en la mayoria de las ocasiones y asociada a mayor cantidad de
virus en tejido mediante técnicas de IHQ, representaria el desarrollo de una respuesta inmune
humoral intensa pero no eficiente en el control de la infeccién, como se ha propuesto en
estudios previos en SNC (Polledo et al., 2012b), donde incluso se ha relacionado con la
posibilidad de cepas viricas mas virulentas. Este tipo de infiltrado inflamatorio se ha descrito
en otras infecciones por lentivirus como en el HIV o en el SIV, donde se habla de un 90-95% de
macréfagos formando el infiltrado inflamatorio, completado por células CD8+ (Kim et al., 2004;
Lackner et al.,, 1991). La respuesta de tipo linfocitica, a menudo acompafiada de lesiones
minimas o moderadas, se asociaria a una respuesta inmune de tipo celular, mediada por
células T CD4+ y CD8+, mas eficientes en el control de la replicacion virica, también descrito en
el HIV o la FIV (Freel et al., 2011). La presencia de lesiones graves de tipo linfocitico en varios
animales de esta tesis doctoral, incluso localizadas simultaneamente en SNC, pulmén y
gldndula mamaria, podrian relacionarse con la produccidon continuada de citoquinas pro-
inflamatorias a nivel local, que contribuyen a la cronificacién de la inflamacién y a la lesién

tisular. En estudios previos realizados en SNC se ha propuesto que las formas linfociticas
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podrian representar cierto tipo de resistencia natural a la replicaciéon virica, con un
reclutamiento inicial de linfocitos como primera respuesta a la infeccion, efectiva en el control
de la misma, y con escasa presencia de antigeno virico en tejido (Polledo et al., 2012b). Dicha
hipdtesis se confirmaria en nuestros estudios con la menor cantidad de virus observado en
tejido de forma subjetiva mediante técnicas de IHQ en ovejas con patrdn linfocitico, en
comparaciéon con animales con patrén histiocitico, donde la positividad mediante IHQ fue
mayor. Por otro lado, el predominio de la respuesta inmune de tipo celular en el patrén
linfocitico, con escasa produccidon de anticuerpos, concuerda con los valores de densidad
6ptica mas bajos observados en estos animales, incluso con 3 ovejas con valores dudosos y 2

con resultados negativos.

El patron mixto, caracterizado por una respuesta inmune sin predominio de ninguna de las
poblaciones celulares y con resultados en el test ELISA intermedios a los de los patrones
previamente descritos se correspondia en la mayoria de los casos con lesiones minimas. Podria
representar formas iniciales o latentes de la infeccidn, con una respuesta inmunopatoldgica no
bien definida que evolucionaria a histiocitica o linfocitica con la progresién de la lesién. La no
descripcién de un patrén mixto en estudios anteriores (Polledo et al., 2012b) podria deberse a
la inclusiéon de animales con Unicamente lesiones moderadas o graves, donde la respuesta
inmune individual ya se encontraria bien definida, y a la ausencia de animales con infecciones
minimas o recientes, donde podria encontrarse este patrén mixto. El hecho de que animales
con lesiones graves de tipo linfocitico en uno o dos de los drganos diana estudiados
presentaran lesiones minimas de tipo linfocitico o mixto en otro érgano diana o de que
animales con lesiones graves de tipo histiocitico presentaran Unicamente lesiones minimas de
tipo mixto en otro érgano diana apoyaria la hipdtesis de patréon mixto como forma inicial o
latente y respuesta inmune no bien definida que podria evolucionar a un patrén linfocitico o
histiocitico con la progresiéon de la lesién. Asi mismo, el que nunca se observaran lesiones

minimas de tipo linfocitico en animales con predominio de células CD68+ en lesiones
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moderadas o graves en otros érganos hace pensar que mientras que un patrén mixto puede
evolucionar a linfocitico o histiocitico, es poco probable que lesiones minimas de tipo
linfocitico evolucionen a un patrén histiocitico en estadios tardios de la enfermedad o que
haya cambios en el tipo de patron una vez que se hayan desarrollado lesiones moderadas o
graves y por tanto una respuesta inmunoldgica bien definida, como se ha descrito en otras

enfermedades crdnicas en ovino (Juste et al., 1994; Delgado et al., 2013).

Los animales con patrén mixto presentaron valores en el test ELISA variables, intermedios
entre los de los patrones linfocitico e histiocitico. La mayoria eran animales con lesiones
minimas, con resultados positivos en el test ELISA pero valores de densidad éptica bajos,
concordando con la hipdtesis de que los ovinos con patrén mixto y lesiones minimas
representarian formas iniciales o latentes de infeccién, donde aun no se han producido titulos
elevados de anticuerpos. Se ha descrito que la seroconversion ocurre entre el dia 15 y los
cuatro meses post-infeccion y que la aparicion de lesiones se produce posteriormente (Pépin
et al., 1998; Lacerenza et al., 2006). Sin embargo, nuestros hallazgos hacen pensar que la
infeccidn, la aparicidn de lesiones y la seroconversion ocurren de forma muy temprana y casi
contemporaneamente, y que en cualquier caso, debe de existir un minimo de lesiéon y de
células inflamatorias que produzcan una respuesta inmune local para que pueda existir

seropositividad.

La descripcién de un patrén de lesidon predominante en cada individuo y de diferencias
significativas entre las respuestas serolégicas de animales con distinto patrén de lesién supone
un avance en el conocimiento de la respuesta individual de animales naturalmente infectados
a la enfermedad. En resumen, los animales con patrdn histiocitico, facilmente reconocibles
mediante test ELISA, presentarian una mayor carga viral y jugarian un papel importante en la
difusion de la infeccién. Sin embargo, los ovinos con patrén linfocitico podrian no ser

detectados mediante estos test diagndsticos utilizados habitualmente debido a su baja carga
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viral y escasa produccidon de anticuerpos, pasando desapercibidos en el rebafio como falsos
negativos pero contribuyendo igualmente como portadores y fuente de infeccién. Dichos
animales cobrarian especial importancia en rebafos con baja prevalencia de MV, a lo que se
tiende en el futuro con los actuales programas de control de la enfermedad, ya que incluso
rebafios considerados libres de infeccion utilizando los test seroldgicos habituales podrian
presentar algun animal de este tipo, cuya deteccién seria fundamental para la erradicacion del
MV en la explotacion. En estos casos, el empleo de una sola técnica de diagndstico,
normalmente test ELISA, seria insuficiente y la toma de biopsias de glandula mamaria para el
estudio histopatolégico e IHQ, asi como la realizacion de la técnica de PCR vy
inmunocitoquimica en leche podrian ser de interés como se discutird mas adelante, aunque de
muy dificil realizacién en condiciones de campo. Sin embargo, seria muy interesante
profundizar en estos estudios en ovinos desechados por otras causas o enviados a matadero

para tener una visién mas amplia de la situacién real de infeccidn por MV en una explotacion.

La caracterizacidn pormenorizada de las lesiones producidas por MV en pulmén, glandula
mamaria y SNC en ovinos naturalmente infectados y su clasificacidon en lesiones minimas (+),
moderadas (++) o graves (+++) aporta un modelo util y sencillo para la clasificacién de lesiones
producidas por MV aplicable a los tres principales drganos diana de la enfermedad en ovinos.
Las lesiones graves se observaron solo en un érgano diana en el 40% de los animales y en dos
organos en el 28% (total 68%), independientemente del rebafio de procedencia y con
predominio de lesiones en SNC, hecho que podria relacionarse con la elevada prevalencia de
casos de la forma nerviosa de MV en el area de estudio (Benavides et al., 2006a) donde se ha
descrito la circulacion de una cepa neurotrdpica de LVPR (Glaria et al., 2012). Sin embargo, en
los estudios realizados en esta tesis doctoral se observaron lesiones moderadas y graves no
solo en SNC, sino también en pulmén y en glandula mamaria, lo que relacionamos mas con el

tipo de respuesta individual que con la cepa virica. Asi, en el estudio filogenético realizado en
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muestras de glandula mamaria con diferentes grados de lesidn, no se observaron diferencias

significativas entre la cepa virica y la gravedad de la lesién.

En el caso concreto de la glandula mamaria los porcentajes de lesiones de diferentes
grados de gravedad fueron similares en animales con infeccion conocida procedentes de
diferentes explotaciones seropositivas con clinica que los tomados al azar en dos mataderos,
todos ellos localizados en Castilla y Ledn. El 57% de los animales del primer grupo y el 54% de
los del segundo grupo presentaron lesiones moderadas o graves, lo que pone de manifiesto la
importancia de la forma mamaria de la enfermedad en el desecho de ovejas de raza Assaf
Espafiola de produccidon intensiva (Benavides et al., 2013), con las pérdidas econdmicas que
conlleva en esta y otras razas de produccion lechera (Peterhans et al., 2004). La obtencion de
un 91,4% de infectados por MV utilizando diferentes técnicas de diagndstico en los animales
tomados aleatoriamente en matadero, también destacan la importancia del MV en esta

Comunidad Auténoma en ovino intensivo de leche.

La deteccidn de las lesiones minimas, supuso el incremento de la prevalencia de lesiones
producidas por MV en pulmén desde un 32,3% en animales seleccionados al azar (Lujan et al.,
1991) o un 79,3% en ovinos de explotaciones intensivas de leche (Benavides et al., 2013) hasta
el 100% en nuestros estudios. De la misma manera, la deteccién de lesiones minimas supuso
un incremento de la prevalencia de lesiones producidas por MV en la glandula mamaria hasta
el 80%, en comparacion con el 35,6% descrito considerando solo lesiones moderadas y graves
(Lujan et al., 1991), o el 46,7% considerando también lesiones leves, pero no minimas
(Benavides et al., 2013). A pesar de que en algunos estudios se ha descrito como normal un
cierto grado de infiltrado linfoide subepitelial en la glandula mamaria, que se ha relacionado
con proteccién frente a las primeras etapas de infecciones bacterianas (Mavrogianni et al.,
2007), no hemos observado la presencia de células inflamatorias en el intersticio en nuestras

preparaciones de animales no infectados o en zonas de tejido sano de animales con infeccion.
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La ausencia de infiltrado inflamatorio en las muestras utilizadas en nuestros estudios podria
deberse a la seleccidn genética y a los continuos controles microbioldgicos y de células
somaticas que se llevan actualmente a cabo en ovino intensivo de leche, sistema de
explotacién utilizado en el area de estudio en la raza Assaf Espafiola. En cualquier caso, el MV
se deberia considerar como diagndstico diferencial en mamas con presencia de infiltrado
inflamatorio intersticial, especialmente en esta zona geografica donde la prevalencia de la

enfermedad es tan elevada.

En cuanto a las diferentes técnicas de diagnéstico de MV, en el tercer estudio de esta tesis
doctoral se compara la sensibilidad de las mas utilizadas en el diagnéstico de la enfermedad:
histopatologia, ELISA (ELITEST®), IHQ y PCR, las dos ultimas también en muestras de leche.
Mientras que la serologia detectd un 85,5% de los animales infectados, la IHQ y la PCR fueron
mas sensibles con sensibilidades del 100% y 94,7% respectivamente en muestras de tejido
mamario procedente de animales infectados. La menor sensibilidad de la PCR con respecto a la
IHQ coincide con descripciones anteriores en MV (Benavides et al., 2006b). En los estudios
realizados en la presente tesis doctoral, la sensibilidad en el grupo de animales de matadero,
donde la PCR se realizd a partir de tejido congelado, fue del 100% mientras que en las
muestras de animales de las diferentes explotaciones en las que se realizaron necropsias de
forma rutinaria, con fijacién de muestras en formol durante 48 horas, fue del 90,9%. Estos
resultados nos indicarian una posible degradacidn del ADN proviral tras la fijacién del tejido en
formol (Srinivasan et al., 2002). También podria guardar relacién con la presencia de menor
carga viral en las muestras analizadas, lo que se ha sugerido como una de las principales
dificultades del diagndstico del VMV mediante PCR (de Andrés et al., 2005). Sin embargo, la
obtencidn de una positividad de mas del 90% en muestras fijadas en formol y embebidas en
parafina en nuestros estudios junto con la obtenciéon de secuencias de 800 pb de buena
calidad a partir de las mismas para la realizacidon de estudios filogenéticos destaca la posible

utilizacidon de este tipo de muestras, a menudo las Unicas disponibles, para la realizacidn de
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estudios retrospectivos. Estos resultados concuerdan con los obtenidos en estudios previos,
donde se ha descrito positividad frente a MV en PCR con tiempos de fijacidon de las muestras

en formol de hasta 30 dias (Benavides et al., 2006b).

En muestras de leche, la mayor sensibilidad de la PCR (50%) con respecto a la ICQ (25%)
podria relacionarse con la dificultad de detectar macrdéfagos en la preparacion citoldgica
utilizando la segunda técnica, y especialmente aquellos macréfagos positivos a VMV. La
existencia de una muestra de leche positiva a ICQ y negativa a PCR, podria deberse a una baja
carga viral en dicha muestra, como discutido en el parrafo anterior (de Andrés et al., 2005). La
deteccion de virus en leche mediante PCR incluso en muestras procedentes de animales con

lesiones minimas en glandula mamaria confirma su utilidad en la deteccién del VMV.

La Unica utilizacion de test seroldgicos para el diagndstico del MV, como ocurre
frecuentemente en los programas de control de la enfermedad, presenta el riesgo de
obtencidn de falsos negativos, los cuales podrian relacionarse como discutido con anterioridad
con una respuesta inmunoldgica de tipo linfocitico del hospedador o con la presencia de
lesiones minimas, o bien con variaciones antigénicas de determinadas cepas de LVPR que
pueden pasar desapercibidos utilizando determinados test de diagndstico como se discutird
mds adelante. Los test ELISA, rdpidos y faciles de realizar en condiciones de campo,
econdmicos y poco cruentos serian la técnica de eleccidn en explotaciones de elevada
seroprevalencia (Polledo et al., 2013), donde los animales con patrdn histiocitico, relacionados
con mayor carga viral y excrecién virica, serian facilmente detectados y los primeros en ser
eliminados en las sucesivas reposiciones. Sin embargo, en granjas con bajas prevalencias, la
deteccion de los animales con patrén linfocitico y lesiones minimas cobra una mayor
importancia, pues aunque en menor medida también podrian excretar virus, como se
demuestra en muestras de leche por ICQ y PCR en el tercer estudio de esta tesis, y que en

cualquier caso deberian ser eliminados para una completa erradicacién de la enfermedad.
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La descripciéon de las poblaciones de células positivas mediante IHC en los diferentes
drganos diana y en la leche, asi como su localizacién, especialmente en las lesiones minimas,
son de gran interés en el conocimiento de la patogenia de la enfermedad y la posible evolucidn
de la infeccion y transmision de la enfermedad. Se confirmé mediante IHQ la presencia de
antigeno virico del VMV en tejido de los tres drganos diana de todos los animales estudiados,
incluyendo aquellos con lesiones minimas. La presencia de antigeno virico se relacioné en los
tres tipos de tejido con células morfolégicamente compatibles con macréfagos, como se ha
descrito en numerosos estudios (Minguijén et al., 2015), pero nunca en células epiteliales, a
pesar de haber sido propuestas como posible diana del virus del VMV y de replicacién virica,
especialmente en estudios en glandula mamaria (Lerondelle et al., 1999; Bolea et al., 2006). En
este drgano, la utilizacién de un segundo anticuerpo obtenido en nuestro laboratorio frente a
la proteina de envoltura gp135 codificada por el gen env, confirma los resultados obtenidos
con el anticuerpo comercial frente a la proteina de la nucleocapside p28 codificada por el gen
gag, confirmando la presencia de VMV en células compatibles con macréfagos. Ademas, a
diferencia de lo que ocurre con las técnicas de PCR o hibridacién in situ, con las que se ha
descrito positividad en glandula mamaria en células epiteliales (Carrozza et al., 2003; Bolea et
al., 2006), la IHQ demuestra la existencia no solo de virus si no de infeccidon activa al detectarse

la presencia de proteinas tanto de la nucleocdpside como de la envoltura.

La distribucién de las células inflamatorias y del antigeno virico en glandula mamaria
mediante IHQ utilizando los dos anticuerpos descritos previamente se corresponde con la
hipdtesis de invasion virica con el paso de monocitos infectados desde la sangre a macréfagos
en los tejidos conocido como mecanismo de “Caballo de Troya” (Peluso et al., 1985; Polledo et
al., 2012a). Asi, la infeccién comenzaria en zonas focales y muy concretas del 6rgano, préximas
a vasos sanguineos y formando manguitos perivasculares, y continuaria diseminandose al resto
del mismo facilitado por la posibilidad de infecciones concurrentes que podrian alcanzar

diferentes vasos sanguineos.
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La presencia de macréfagos positivos a VMV mediante IHQ en la luz acinar en algunas
muestras de mama junto con la positividad en leche mediante técnicas de IHC y PCR confirman
la posible transmision de la enfermedad por via lactogénica (Preziuso et al., 2004; Alvarez et
al., 2005; Alvarez et al., 2006). Sin embargo el bajo nimero de muestras positivas en leche
mediante ambas técnicas confirmaria el limitado potencial de transmision virica por esta via,
como se ha propuesto por otros autores (Berriatua et al., 2003). No obstante, el riesgo de
contagio podria ser superior por lactacién continua y via respiratoria que por ingestién puntual

del calostro.

La mayoria de las muestras de leche positivas procedian de animales con lesiones
moderadas o graves en la glandula mamaria (85,7%) y con elevado nimero de células positivas
a VMV mediante IHQ asi como resultados positivos a PCR. Estos resultados sugieren que es
mas facil para los macréfagos infectados alcanzar los espacios acinares cuando las lesiones son

mas graves y difusas que cuando son focales y limitadas a los espacios perivasculares.

En cuanto a la técnica de citologia que se desarrolla en el tercer trabajo de esta tesis
doctoral, resulta de gran utilidad para la obtencidn de preparaciones bien conservadas con
células dispuestas en monocapa en las que se pueden identificar facilmente las distintas
poblaciones celulares y la presencia de antigeno del VMV mediante técnicas de
inmunocitoquimica. Tras la primera centrifugacion, es muy probable que la distribucion de las
células en el tubo Falcon se relacione con la densidad de las mismas como ocurre en los vasos
sanguineos durante la inflamacion (Kumar et al., 2005). El hecho de que las células de la parte
superior del tubo estuvieran mejor conservadas que las del fondo podria ser debido al papel
protector de la nata acumulada en la superficie de la muestra durante la centrifugacion
mientras que la distribucion de los distintos tipos celulares formando diferentes halos
concéntricos después de la citocentrifugacion se relacionaria con la diferente densidad de los

distintos tipos celulares. La fijacién del tiempo 6ptimo de secado de la citologia después de la
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citocentrifugacién en 20 minutos resulta mucho mds corto que el descrito en estudios previos
(Lujan et al., 1994). La tincion de las citologia mediante HE resulté Uutil para la deteccidn de
leucocitos mientras que con la tincion de May-Grenwald Giemsa se identificaban mejor las
células epiteliales (Cowell, 2008), permitiendo ademds una mejor diferenciacion de las mismas
de artefactos. La morfologia normal de las células epiteliales en las muestras de leche
estudiadas sugiere ademads la ausencia de hiperplasia o neoplasia en el epitelio de las glandulas
mamarias estudiadas (Cowell, 2008). La ausencia de gldbulos grasos en las preparaciones de
ICC, a diferencia de lo que ocurria en las tinciones citoldgicas, se puede atribuir a los sucesivos
lavados con PBS y al bloqueo de la peroxidasa enddgena en perdxido de hidrégeno al 3% en

agua destilada.

En el cuarto trabajo, ante la necesidad de explicar los falsos negativos o positivos débiles
gue se venian obteniendo con diferentes técnicas de PCR, se plantea estudiar las cepas viricas
circulantes en el area de estudio en ovinos de raza Assaf Espaiiola con lesiones en la glandula
mamaria, y su relacidn con la gravedad de las lesiones desarrolladas. En este sentido se
describe la circulacidon de LVPR de tipo A2/A3 y B2 en animales con diferente gravedad de
lesién, asi como alteraciones moderadas en algunos epitopos inmunodominantes de la Major
Homology Region (MHR), que podrian relacionarse con alteraciones en el ensamblaje virico y
en su capacidad de infeccién, pudiendo interferir en la sensibilidad de algunas pruebas de
diagndstico como el test ELISA y la PCR, por lo que seria necesario elaborar primers especificos

para cada cepa.

Se describen por primera vez las secuencias gag y LTR observadas en ovejas de raza Assaf
Espafiola con diferentes grados histopatoldgicos de mamitis causada por MV, asi como su
relacidon filogenética con secuencias conocidas de LVPR. A pesar de que inicialmente se
pensaba que el genotipo A infectaba a ovinos y que el genotipo B se asociaba a infeccién en

caprino, actualmente es bien sabido que ambos genotipos pueden infectar a las dos especies.
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Asi, el ganado ovino puede presentar cepas tanto del genotipo A como del B, como ocurre en
nuestro estudio (Olech et al., 2012; Fras et al., 2013; Kuhar et al., 2013; Santry et al., 2013). A
pesar de no poder confirmar que los ovinos incluidos en este estudio, cuyas muestras se
tomaron en matadero, no estuvieran en contacto con cabras, podria ser posible que la
presencia de un genotipo B en estos animales no se asociara a haber mantenido contacto con
esa especie, como se ha demostrado en el caso de caprinos con genotipo A y sin contacto con
ovinos (Reina et al., 2006). Ademas, es muy infrecuente que las explotaciones de raza Assaf

Espainola en Castilla y Ledn, sometidas a régimen de manejo intensivo, sean mixtas.

El arbol filogenético de las secuencias gag-pol y la comparacidon de las distancias
filogenéticas reveléd que mayoria de las muestras se encontraban préoximas al genotipo del
aislado 697 (A2/A3), mientras que cuatro muestras pertenecian al subtipo B2. El aislado ovino
697, descrito también en Castilla y Ledn, se clasifico como A2/A3 debido a que las diferencias
entre ambos subtipos son a menudo tan pequefias que es dificil separar ambos grupos (Glaria
et al., 2012; Shah et al., 2004a). Este aislado se relaciond con la forma nerviosa de la
enfermedad, al igual que otras siete secuencias parciales procedentes de ovinos con clinica
neurolégica, también clasificados como A2/A3 (Glaria et al., 2012), sugiriendo que esta cepa
virica neuroldgica circula por el norte de Espafia, a pesar de que en nuestros animales no se
observaron siempre clinica o lesiones en el SNC. En cuanto a los animales que presentaron
subtipo B2, las secuencias resultaron ser mas préximas a los aislados descritos en Italia (Grego
et al., 2007; Giammarioli et al., 2011) que a los de tipo B2 espafioles. Los ultimos se han
relacionado con lesiones artriticas en ovinos de raza Rasa Aragonesa (Glaria et al., 2009; Pérez
et al., 2015), donde se observaron lesiones mamarias en 10 de 13 animales con artritis,
sugiriendo que la mama puede estar a menudo afectada aunque no se observen signos clinicos
hasta que la pérdida de produccién lactea no resulte evidente. No se tiene conocimiento sin

embargo de la clinica o lesiones histolégicas que presentaban los animales de los que se
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tomaron los aislados italianos, lo que hace mas interesante la descripcién de las lesiones

mamarias asociadas a dicho subtipo en el presente estudio.

El andlisis de las secuencias genéticas resulta de gran interés no solo para evaluar la
difusién de los distintos tipos y subtipos de LVPR entre diferentes areas geograficas, sino
también para monitorizar la variabilidad genética, la cual podria ser causante de errores de
diagndstico y obtencidn de falsos negativos en animales con genotipos muy divergentes
(Cardinaux et al., 2013). El gen gag codifica proteinas de la nucleocapside, capside y matriz
proteica. Los ensayos de diagndstico indirectos utilizan a menudo como antigeno proteinas de
la capside, por lo que el estudio de las variaciones genéticas en los epitopos dominantes de las
proteinas estructurales codificadas por el gen gag es muy interesante para evaluar y mejorar la
sensibilidad de las técnicas de diagndstico. Asi, las alteraciones en aminoacidos de estas
regiones, que sugieren una antigenicidad alterada, pueden afectar al principal test de
diagnéstico empleado en el MV (Polledo et al., 2013). Los primers gag-pol empleados en
nuestro estudio permitieron el andlisis de los epitopos 2 y 3, que estaban bastante
conservados en los animales con genotipo A2/A3, en los que solo hubo pequefias alteraciones
en tres muestras en el epitopo 2 y en una en el epitopo 3. Sin embargo, en el genotipo B2 las
diferencias fueron mayores, habiendo alteraciones en un aminoacido en 3 de las 4 muestras
estudiadas. Sorprendentemente en los animales con genotipo A2/A3 se observé una mayor
variabilidad en el MHR, esencial para el ensamblaje virico y normalmente muy conservado
entre los retrovirus (Purdy et al., 2008), mostrando todas las muestras menos dos al menos
una alteracién en comparacion con el aislado de referencia 697, cepa A2/A3. Las mutaciones
en la secuencia del MHR en el HIV-1 humano se han asociado a una reduccion de la
infectividad del virus debida a modificaciones en el ensamblaje de la capside (Chu et al., 2006).
A pesar de que se han realizado algunos estudios sobre el MHR de los retrovirus humanos, las
consecuencias de las variaciones en el MHR de los LVPR no han sido suficientemente

estudiadas.
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Por otro lado aparecieron bien conservadas las secuencias de los aminoacidos gag de las
regiones MHR de los animales con genotipo B2 y el GG motif de todas las muestras con ambos
genotipos, asi como las secuencias de los nucledticos LTR del AML (vis) motif, TATA-box y poly-
A de todos los animales, en concordancia con descripciones previas en diferentes cepas
localizadas en diferentes zonas geograficas (Angelopoulou et al., 2006a; Reina et al., 2006;
Kokawa et al., 2017). La mayoria de las secuencias LTR mostraron gran homologia con los
aislados espafioles A2/A3 (Glaria et al., 2012). Sin embargo, dos animales incluidos en el
presente estudio mostraron una deleccién de 23 nucleétidos en la regién R, mas larga que la
deleccién de 13 nucledtidos que se observd en animales con sintomatologia clinica de la cepa
de referencia 697, la cual se asocio por lo tanto con la aparicidn de signos clinicos (Glaria et al.,
2012). Sin embargo, en otro estudio previo se describié una deleccion similar en esta regién en
animales asintomaticos, estando los pulmones de los animales portadores de virus con dicha
deleccidn significativamente menos afectados que los de animales del mismo estudio que no la
presentaban (Angelopoulou et al., 2008). En el presente estudio, no se encontraron diferencias
significativas (p>0,05) entre la deleccion en la regién R de la LTR y la gravedad de lesiones en
gldndula mamaria, ya que se observd en animales con lesiones mas graves, pero otros ovinos
con lesiones moderadas o graves no presentaron la deleccion. Estos hechos redundarian en la
observacién manifestada anteriormente de la posible ausencia de relacion significativa entre la
cepa virica y la gravedad de las lesiones producidas, destacando mds la respuesta

inmunopatoldgica individual en el desarrollo de la enfermedad.

Considerando el elevado impacto econémico del MV y en general de los LVPR, muchos
paises intentan erradicar la enfermedad basdndose en la identificacién y el desecho prematuro
de los animales infectados. La seleccidon de dichos animales mediante la utilizacién de técnicas
seroldgicas puede suponer la seleccién de variantes de LVPR con alteraciones significativas en
sus secuencias antigénicas, asi como la no deteccidon de animales con respuesta inmunoldgica

de tipo linfocitico o en estadios tempranos de la enfermedad, como se ha discutido con
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anterioridad. Se deberian realizar estudios mas amplios de la variabilidad genética de los LVPR
en diferentes paises para tener una vision mas amplia de la situacién actual y de las cepas
circulantes y asi poder disefiar test mas sensibles y especificos para las nuevas variantes. El
estudio histopatoldgico en muestras de matadero puede ser de gran interés para detectar
animales que, a pesar de presentar resultados seroldgicos negativos, pueden presentar
lesiones compatibles con LVPR, probablemente infectados por nuevas variedades genéticas no
detectadas mediante los test ELISA tradicionales o que han desarrollado una respuesta inmune
individual que les permite pasar desapercibidos utilizando Unicamente esta herramienta de

diagndstico.
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El Maedi-Visna (MV) es una enfermedad muy difundida a nivel mundial y en nuestro
pais, que tiene especial importancia en Castilla y Leén, donde causa importantes pérdidas
econdmicas en ovino intensivo de leche de raza Assaf Espafiola. La enfermedad, de curso
cronico, pasa a menudo desapercibida hasta estados avanzados de la misma, especialmente la
forma mamaria, dando lugar a una pérdida progresiva de la produccion lechera. La falta de
vacunas o tratamientos efectivos hacen que sea fundamental el contar con técnicas de
diagnodstico sensibles que permitan conocer la situacién epidemioldgica de los rebafios y la
deteccion precoz de los animales infectados para su eliminacién en las sucesivas reposiciones.
El objetivo general de esta tesis doctoral es contribuir al conocimiento de la patogenia del MV,
describiendo la respuesta inmune del hospedador frente a la infeccién, asi como la valoracidn
de diferentes métodos de diagndstico para la deteccién precoz y el estudio de las cepas

circulantes.

Se describen tres patrones de lesidon en pulmon, glandula mamaria y SNC en funcion de
la poblacién celular predominante en el infiltrado inflamatorio: histiocitico, linfocitico y mixto.
El patrdn histiocitico se caracterizdé por un predominio de macréfagos formando el infiltrado
inflamatorio junto con algunos linfocitos B, por una respuesta serolégica mds intensa,
caracterizada por altos titulos de anticuerpos, y por una mayor cantidad de virus en tejido
mediante valoracidn subjetiva en IHQ. Al contrario, los animales con patrén linfocitico
presentaron lesiones con un predominio de linfocitos T, titulos bajos de anticuerpos en test
ELISA y una menor cantidad de virus en tejido. Por lo tanto, los animales con patrdn histiocitico
serian facilmente detectables mediante test serolédgicos, mientras que aquellos con patrén
linfocitico, incluso con valores negativos, pueden pasar desapercibidos en el rebafio. El patrén
mixto, descrito por primera vez en esta tesis doctoral, se caracterizé por un infiltrado
inflamatorio mixto formado por células CD68+y CD3+ en cantidades similares, asi como por
una respuesta seroldgica variable. Dicho patron aparecié principalmente en animales con

lesiones minimas, que podrian ser iniciales o latentes, y que evolucionarian a formas
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linfociticas o histiociticas con la progresidn de la infeccidon. Se observa que el patrén de lesion
es el mismo en pulmdn y SNC de un mismo animal, mientras que la gldndula mamaria presenta
un predominio de lesiones linfociticas, aunque con un nimero superior de macréfagos en el
tipo histiocitico. Estas diferencias podrian deberse a que se trata de un érgano de naturaleza
mucosa, en continua estimulacién antigénica, que podria desarrollar una respuesta inmune de

tipo Thl mas marcada.

Se hace una clasificacién detallada de las lesiones producidas por el MV en los tres
principales érganos diana de la enfermedad, clasificdndose como minimas (+), moderadas (++)
o graves (++). Las lesiones minimas, con presencia de VMV confirmada mediante IHQ,
supusieron un claro aumento de la prevalencia de la enfermedad con respecto a estudios
anteriores, llegando a la deteccion de lesiones en practicamente la totalidad de los animales
infectados. Asi, la histopatologia resulta una herramienta de gran utilidad en la deteccién de la
enfermedad, que debe complementarse con otras técnicas de diagndstico, especialmente en
lesiones minimas. Mediante la valoracién de las principales técnicas utilizadas en la actualidad
para el diagnéstico del MV, se observd que la mas sensible es la IHQ, que llegd a detectar el
100% de los animales positivos, seguida por la PCR y por la serologia. El test ELISA, econdmico
y sencillo de realizar en condiciones de campo, mostré una sensibilidad del 85,5%. Estos
resultados suponen que una parte de animales infectados estan pasando desapercibidos con
los actuales sistemas de control, y que deberia utilizarse mas de una técnica para el

Ill

diagndstico. El “gold standard” segln los resultados obtenidos en nuestros estudios, seria
complementar la serologia con la IHQ y la histopatologia, que aunque no es viable en
condiciones de campo, podria realizarse en muestras de matadero para conocer la situacién
real de las explotaciones. La obtencidon de falsos negativos mediante test ELISA podria
relacionarse con la existencia de cepas con variedades antigénicas no detectadas por un

determinado test, asi como a la existencia de un patrén de lesion de tipo linfocitico con baja

produccién de anticuerpos o a formas iniciales, donde se pueden detectar lesiones minimas y
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virus en tejido mediante IHQ, pero aun no se ha desarrollado una respuesta inmune periférica

detectable mediante test ELISA.

La Unica célula diana del MV mediante técnicas de IHQ tantos en muestras de tejido de
los tres érganos diana como en leche fue el macrdfago, no observandose positividad en células
epiteliales o en otros tipos celulares. La distribuciéon de las lesiones y del antigeno virico
formando manguitos perivasculares en lesiones minimas y entre el infiltrado inflamatorio mas
difuso en lesiones moderadas y graves, y el hecho de que no se observara positividad en zonas
sin lesidn hace pensar en una difusidn de la infeccién por via saguinea, como se ha propuesto

en estudios previos por el paso de monocitos infectados de sangre a macrdéfagos.

La presencia de virus en leche tanto mediante ICC como PCR confirma la posible
transmisién del virus por esta via, aunque la detecciéon del mismo Unicamente en la mitad de
las muestras hace pensar en un mayor peso de la via respiratoria en la transmisién de madre a
cordero. La mayoria de animales positivos a MV en muestras de leche presentaban lesiones
moderadas o graves en la glandula mamaria, siendo mas facil la llegada de macrdéfagos

infectados a las luces acinares en el caso de infecciones difusas que en lesiones minimas.

Esta tesis doctoral también contribuye al conocimiento de las cepas viricas circulantes
en Castilla y Ledn, detectandose los genotipos A2/A3, similar al previamente descrito en la
region en la forma nerviosa de la enfermedad y B2, mas proximo a cepas italianas que a las
artriticas descritas en Espafa. La secuenciacion y el conocimiento de las cepas circulantes tiene
gran importancia para el diagndstico y el control de la enfermedad, ya que permite desarrollar
test seroldgicos que empleen proteinas especificas para determinadas variedades genéticas o
bien el disefio de primers especificos para la deteccidn mediante PCR. Ademds se describen
diferentes variaciones en la region MHR y otros genes relacionados con la patogenia del MV,
contribuyendo al conocimiento de los factores genéticos que pueden influir en la resistencia

del hospedador a la infeccion o al desarrollo de lesiones. No se observaron diferencias entre la
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cepa virica y la gravedad de las lesiones en glandula mamaria, haciendo pensar que el tipo y la
gravedad de la lesidn desarrollada se relacionan mas con la respuesta inmune del hospedador

que con factores virales.

En conclusion, los resultados de esta tesis doctoral muestran que la respuesta inmune
del hospedador parece jugar un papel fundamental en el desarrollo de las lesiones producidas
por el MV, determinando el tipo de infiltrado inflamatorio predominante y la respuesta
seroldgica, y relacionandose con la cantidad de virus presente en los tejidos y su posibilidad de
excrecion y transmisién, asi como con la facilidad para detectar la infeccion mediante
diferentes técnicas de diagndstico. La deteccién precoz, incluso de animales con lesiones
minimas, es de gran importancia especialmente en rebanos en los que se hayan obtenido bajas
prevalencias de MV mediante los métodos de control tradicionales, para poder eliminar todos

los animales infectados y conseguir la erradicacion de la enfermedad.
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Se puede asignar un patrén de lesidn individual a cada animal estudiando la respuesta
inmunoldgica en los principales érganos diana del MV: pulmdn, glandula mamaria y
SNC. Dichos patrones se denominan histiocitico, linfocitico y mixto atendiendo a la
poblacién celular predominante del infiltrado inflamatorio y estarian relacionados con
la respuesta inmunoldgica del hospedador a la infeccién por MV.

Se describen tres tipos de lesiones en cuanto a su extension y gravedad: minimas (+),
moderadas (++) y graves (+++). Las lesiones minimas fueron de tipo linfocitico o mixto
y aparecieron en los tres érganos diana en forma de pocas células inflamatorias
perivasculares junto con la presencia de antigeno virico. Este hecho, asi como que las
lesiones moderadas y graves fueran generalizadas, confirmaria que la lesidn inicial se
corresponderia con el comienzo de la infeccidn y que habria una progresién posterior
de la misma a través de los espacios perivasculares.

La deteccidon de ‘lesiones minimas’ incrementa notablemente la prevalencia de
lesiones en animales infectados y la deteccion de MV mediante histopatologia. La
combinacion de esta ultima técnica con la inmunohistoquimica detecta la totalidad de
animales infectados y se propone como ‘gold standard’ para el diagndstico de la
enfermedad.

Existe una asociacidn entre patrdn de lesién y respuesta seroldgica. Los animales con
patrén histiocitico presentan una respuesta mas intensa que los de patrén linfocitico,
en los que en ocasiones se dieron incluso resultados negativos. Es por ello que los
ovinos que presentan patrén histiocitico, con elevada presencia virica y respuesta
seroldgica mas intensa, se asociarian con una mayor capacidad de diseminacion de la
infeccion.

Se confirma mediante inmunohistoquimica la infeccion de macréfagos de la glandula
mamaria y de la leche, no obteniéndose positividad en células epiteliales con los

anticuerpos empleados.
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La deteccion de virus de MV en leche mediante inmunocitoquimica y PCR confirma la
posibilidad de transmisién mediante esta via. No obstante, la escasa presencia de
antigeno virico tanto en leche como en acinis mamarios podria indicar un papel
limitado de la leche en la transmisidn viral y contagio de corderos.

Se confirma la circulacion de las cepas A2/A3 y se describe la de la cepa B2 en ovinos
Assaf Espafola, esta ultima similar a las cepas italianas. Se describen variaciones
moderadas en algunos epitopos inmunodominantes y en el tracto MHR que podrian
relacionarse con alteraciones en el ensamblaje virico y en su capacidad de infeccién, y
que podrian interferir en la sensibilidad de algunos test diagndstico como el test
ELISA, por lo que seria necesario elaborar primers especificos para cada cepa.

No se observan diferencias significativas entre la cepa virica y la gravedad de las
lesiones producidas en la glandula mamaria, destacando la respuesta

inmunopatoldgica individual en el desarrollo de la enfermedad.
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Ovine Maedi Visna (MV) is a disease that exists the world over, with special
importance in Spain, in the Castile y Ledn region, where it causes severe economic losses in
Spanish Assaf high-intensive milk-producing flocks. MV has a chronic progression and often
goes unnoticed until the advanced stage of the disease, especially the mammary form,
producing progressive milk production loss. The absence of vaccines or efficient therapies
make the existence of sensitive diagnostic techniques crucial for knowing the epidemiological
status of flocks and for early detection of infected sheep for culling. The general aim of this
PhD is to increase the knowledge on MV pathogenesis, describing the host’s immune response
against MV infection, evaluating different diagnosis techniques for early detection and

characterizing circulating viral strains in the study area.

Three lesion patterns are described in the lungs, mammary glands and in the CNS
depending on the predominant cell population composition of the inflammatory infiltrate:
histiocytic, lymphocytic and mixed. The histiocytic pattern is characterized by a predominance
of macrophages within the inflammatory infiltrate together with a small amount B
lymphocytes, a more intensive serological response characterized by higher antibody titer and
a higher amount of virus in tissue by IHC carrying out a subjective valuation. By contrast,
animals with the lymphocytic lesion pattern showed lesions with predominance of T cells,
lower antibody titer as detected by ELISA (suprimi test porque estd en las siglas) and a lower
amount of virus in tissue by IHC. Thus, animals with the histiocytic pattern are easily detected
by serological test, while those with the lymphocytic pattern, even with negative results, could
go unnoticed in the flock. The mixed pattern, described for the first time in this PhD thesis was
characterized by a mixed inflammatory infiltrate composed by a similar number of CD68+ and
CD3+ cells and a variable serological response. This pattern was mainly observed in sheep with
minimal lesions, which could be initial or latent, and would evolve to lymphocytic or histiocytic

forms with the progression of the infection.
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The same lesion pattern was observed in the lung and the CNS of the same animal,
while the mammary glands showed a predominance of lymphocytic lesions, although a higher
number of macrophages were observed in sheep with the histiocytic pattern. These
differences could be due to the mucosal nature of this target organ, which has an outward-
facing surface with continuous antigen stimulation perhaps reflecting a higher Thl-mediated

response.

A detailed classification of MV lesions was established in the three main target organs
of the disease. Lesions were classified as minimal (+), moderate (++) or severe (+++). Minimal
lesions diagnosis, with VMV presence confirmed by IHC, clearly increased MV prevalence in
comparison with previous studies and supposed the presence of MV lesions in almost all
infected animals. Thus, histopathology turned out to be a very useful diagnostic tool in MV
detection which has to be complemented with other techniques, especially in sheep with
minimal lesions. After evaluation of the main MV diagnostic tools available nowadays, IHC was
the most sensitive, detecting 100% of infected animals, followed by PCR and serology. ELISA,
economic and convenient in field conditions, showed a sensitivity of 85.5%. These results
presume that a part of infected animals are going unnoticed with actual control systems and
that more than one diagnostic tool should be performed. The gold standard according to our
results would be complementing serology with IHC and histopathology which, even if it is not
viable in field conditions could be performed in abattoir to know the real flock status. False
negatives obtained with ELISA could be related to the existence of viral strains characterized
by antigen variations not detected by a certain test, to the existence of a lymphocytic pattern
with low antibody production, or to initial infections where minimal lesions and viral presence
in tissue can be detected by IHC but a peripheral immune response detectable by ELISA has

not been developed yet.
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Macrophages were the only MV target cell observed by IHC in the three main target
organs and in milk samples studied, with no positivity being observed in epithelial or other cell
types. Lesion and viral antigen distribution forming perivascular cuffs in minimal lesions and
within the more dispersed inflammatory infiltrate in moderate and severe lesions together
with the fact that no positivity was observed in healthy areas point towards viral dissemination

from infected monocytes in blood to macrophages in tissue as previously reported.

Viral presence in milk by ICC and PCR confirms possible viral transmission by this route,
even if viral detection in only 50% of the samples studied considers the respiratory tract more
important in MV transmission to lambs. Most of sheep with positive results in milk showed
moderate or severe lesions in mammary gland, with the macrophages arrival to the acinar

lumen being easier in widespread than in minimal lesions.

This PhD Thesis also contributes to the Knowledge of the viral strains circulating in the
Castile y Ledn region, where A2/A3 and B2 genotypes were detected. The former was similar
to the previously described strains in the nervous disease while the later was closer to Italian
strains than to arthritic forms described in Spain. Sequencing and knowledge of circulating
strains is very revealing for the diagnosis and control of the disease, as allowed by the
developing of specific serological test or specific primers for PCR detection. Furthermore,
different variations in MHR region and other genes related to MV pathogenesis are described,
contributing to knowledge of genetic factors which may influence host resistance to infection
or lesions development. No differences were observed between viral strain and lesion severity
in mammary glands, which agrees with the hypothesis that type and severity of lesions would

be more related with the host’s immune response than with viral factors.
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Xl Summary

In conclusion, the results of this PhD Thesis show that the host’s immune response
plays a major role in the development of lesions caused by MV. It determines the predominant
type of inflammatory infiltrate and the resulting serological response developed which is in
relation with the amount of VMV present in tissue and its possible transmission as well as with
viral detection by using different techniques. Early detection, even in animals with minimal
lesions, is of great interest especially in flocks where low MV prevalence has been obtained
with traditional control programs in order to be able to eradicate the disease by the culling of

every infected sheep.
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An individual lesion pattern can be assigned to each animal on the basis of the
immunological response in the three main MV target organs: the lung, the mammary
glands and the CNS. These lesion patterns are called histiocytic, lymphocytic and
mixed regarding the predominant cell population of the inflammatory infiltrate and
would be related with the host’s immune response to MV infection.

Three types of lesions are described according to their extension and severity:
minimal (+), moderate (++) and severe (+++). Minimal lesions were lymphocytic or
mixed and were found in the three target organs like a few perivascular inflammatory
cells associated with viral antigen presence. This fact, together with the spreading of
moderate and severe lesions confirms the initial lesion corresponds to the beginning
of the infection and a later spreading would occur through vascular spaces.

Minimal lesion detection clearly increases the prevalence of lesions in infected
animals and MV detection by histopathology. Combination of this technique with
immunohistochemistry detects all infected animals and is proposed as the ‘gold
standard’ for diagnosis of the disease.

An association between lesion pattern and serological response is established.
Animals with the histiocytic pattern showed higher serological response than animals
with the lymphocytic pattern, with some of the later showing even negative results.
Thus, animals with the histiocytic pattern with higher viral presence and stronger
ELISA results are associated with a higher potential to spread the infection.
Macrophages are confirmed as the only MV target cells by immunohistochemistry in
mammary gland and milk samples, with epithelial cells being negative with the
antibodies used.

Viral detection in milk by immunocytochemistry and PCR confirms the possibility of

viral transmission in this way. However, the scarce viral antigen present in milk and
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mammary acini indicates the limited role of milk in viral transmission and the
infection of lambs.

The circulation of the A2/A3 strain and the B2 strain similar to those found in Italian
specimens has been confirmed in Spanish Assaf sheep. Moderate alterations are
described in some immune-dominant epitopes and in the MHR tract which could be
related with viral assembly modifications and infectivity. This could interfere with
some diagnostic test sensitivity such as ELISA and thus new specific primers should be
developed for each strain.

No significant correlation was found among the viral strain and the lesion severity in
mammary glands, highlighting the importance of the host immune response in the

developing of the disease.
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ARTICLE INFO ABSTRACT

The marked differences in sensitivity existing among maedi visna ELISA tests is a striking issue in the control of
the disease, which so far have mainly been related to the different circulating viral strain or to the particular test
Ovine used. The aim of this work is to discern whether or not the ELISA results could also be associated to different

Keywords:
Maedi visna

Sert.)logy histological lesion patterns and therefore conditioned by individual immune response. Fifty infected animals and
Lesion pattern eight negative controls were used and histological, inmunohistochemical, PCR and serological studies were
Immunopathology

performed. Histological patterns were classified based on previous described immunophenotypical criteria: a
lymphocytic pattern, characterized by a clear predominance of T cells, especially CD8+ T cells (n = 19), and a
histiocytic pattern, with a high quantity of macrophages mixed with B cells (n = 23). A third mixed pattern
characterized by a mixed inflammatory infiltration was observed (n = 8), predominantly in animals with
minimal lesions with no clinical signs being observed (75%). An association between these lesion patterns and
the ELISA optic density values exists (p < 0.001). Sheep with a histiocytic pattern (n = 21) showed higher titers
of antibodies compared to sheep with lymphocytic pattern (n = 18), where values were much lower or even
negative. Animals with histiocytic pattern are easily recognizable using the ELISA test, while sheep showing
lymphocytic lesion pattern could go unnoticed in the flock as serological false negative animals, being a likely
remaining source of infection. Animals with mixed pattern showed mixed values, and despite showing only
minimal lesions, they are also carriers of the virus and can be easily underdiagnosed.

control programs can be used to limit the spreading of the virus or
eradicate the disease (Polledo et al., 2013). Early detection of infected

1. Introduction

Ovine maedi visna (MV) is a widespread disease caused by the
lentivirus Visna/maedi virus (VMV) and causes direct loses in sheep
production (Benavides et al., 2013; Minguijon et al., 2015). MV is
characterized by a slow but progressive infection in sheep, resulting in a
chronic inflammation of lung, mammary gland and central nervous
system (CNS) as well as progressive weight loss (Dawson, 1987; Cutlip
et al., 1988). Histological changes mainly correspond to a chronic, in-
terstitial inflammation of the lungs and mammary glands and to a non-
suppurative encephalitis and demyelination of the CNS (Lujan et al.,
1991; Benavides et al., 2009; Minguijon et al., 2015). Sub-clinical in-
fections cause high viral spread among flocks and it is estimated that
individual prevalence of VMV infection in Spanish Assaf dairy sheep
kept in an intensive indoor farming system is could reach 77%
(Leginagoikoa et al., 2006).

No commercial vaccines are currently available and only adequate
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E-mail address: egayr@unileon.es (E. Gayo).

http://dx.doi.org/10.1016/j.smallrumres.2017.10.008

animals from the flock by using antibody detection methods such as
ELISA tests have been described as the most appropriate tool to use in
MV control programs (de Andrés et al.,, 2005; Patel et al., 2012;
Minguijon et al., 2015). However, striking differences in sensitivity
among MV ELISA tests has been detected up to now relating them to the
different circulating viral strain or the particular test used, but not to
the individual immunological response (de Andrés et al., 2005; de
Andrés et al., 2013).

Individual immune response against VMV has been suggested to
play a major role in the pathogenesis of the disease (Torsteinsdottir
et al., 1992, 2007; Blacklaws, 2012; Polledo et al., 2012a,b). A possible
link between the humoral response and the lesions has been suggested
in neurological forms (Polledo et al., 2012b) where two main lesion
patterns were described with regard to the inflammatory infiltrate: a
lymphocytic pattern, characterized by a clear predominance of T cells,
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especially CD8+ T cells, and a histiocytic pattern, with a predominance
of histiocytic cells mixed with B cells. The former could be related to a
cytotoxic cellular immune response with a low antibody titer and the
latter to a stronger humoral response with higher antibody titer. The
aim of this study is to evaluate the correlation between individual
serologic response against VMV and the histological lesion pattern. The
results should be considered when diagnosing and controlling of MV
disease, especially in infected but negative animals in serological tests.

2. Material and methods
2.1. Animals

Fifty-eight adult Spanish Assaf sheep submitted to the Pathology
Diagnostic Service of the School of Veterinary Medicine (Ledn, Spain)
for routine necropsies were used in this study. Fifty animals came from
different intensive milk-producing flocks previously diagnosed with
MYV, while eight sheep came from non-infected flocks and were selected
as negative controls. MV characteristic clinical signs were observed in
31 sheep, especially nervous and respiratory signs. The animals used in
this study did not show macroscopic or histological lesions compatible
with other pathologies such as bacterial, fungal or parasitic pneumonias
or mastitis.

2.2. Sampling and histopathology

Tissue samples from the 58 sheep were systematically taken for
histopathology from diaphragmatic and apical lung lobes, glandular
parenchyma and udder cisterns and CNS from 9 levels of the brain and
9 levels of the spinal cord following a previous description (Polledo
et al., 2012a). All the samples were fixed in 10% neutral buffered for-
malin for 48 h at room temperature. After fixation, samples were em-
bedded in paraffin wax and sections (4 um) were stained with hema-
toxylin and eosin (HE) and examined using light microscopy.

On microscopic examination, histiocytic and lymphocytic patterns
were considered as previously described (Polledo et al., 2012b). A
mixed inflammatory infiltrate composed of macrophages and lympho-
cytes with no clear predominance of any of the cellular populations was
also taken into account. Lesion patterns were studied in lung, mammary
gland and CNS of all the animals included in this study, taking into
account the predominant lesion pattern in the three target organs of
each individual sheep.

2.3. Immunohistochemistry

After fixation, lung, mammary gland and CNS samples from the 58
animals studied were dehydrated through graded alcohol and em-
bedded in paraffin wax and 4 um sections were prepared. The following
antibodies were used: polyclonal anti-CD3 for T cells (Dako, Denmark);
monoclonal anti-CD79 for B cells (Dako, Denmark); monoclonal anti-
CD68 for macrophages (Dako, Denmark), and monoclonal anti-p28 of
CAEV/VMV (VMRD, USA) for viral detection. EnVision+ system
(EnVision+ System Labelled Polymer-HRP anti-mouse or anti-rabbit;
Dako, Denmark) and diaminobezidine solution (DAB) (Vector
Laboratories, Burlingame, California, USA) were used for anti-CD3,
CD79, and CD68 antibodies. An avidin-biotin-peroxidase complex
(ABC) technique (Vectastain Elite, ABC Kit; Vector Laboratories, USA)
previously described was used for anti-p28 of CAEV/VMV (Preziuso
et al., 2003). The slides were counterstained with haematoxylin and
mounted. The specificity of the technique was evaluated using positive
and negative controls.

2.4. Polymerase chain reaction

PCR technique was performed as put forward by Ryan et al. (2000).
Lung samples from 14 infected sheep were tested by PCR. Lung samples
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of 5 negative controls were also studied. Genomic DNA was extracted
from paraffin-embedded tissue samples using QIAamp’ DNA Mini Kit
(QIAGEN).

2.5. Serology analysis

Serum samples were obtained from the 58 sheep to evaluate the
presence of antibodies against VMV using a standardized comercial kit
test (Elitest’, Hyphen BioMed, Neuville-Oise, France) following the
manufacturer’s instructions. Enzyme linked immunosorbent assay
(ELISA) results were reported as positive or negative on the basis of the
cut-off value calculated following the manufacturer’s instructions. The
cut-off point was established at 0.4 + 0.1. The optical density (OD)
values were used as a semi-quantitative measure of anti-VMV antibody
levels.

2.6. Statistical analysis

One-way ANOVA was used to test whether data on the lesion pat-
terns depended on their serological values or not. Newman-Keuls
multiple comparison test was used to determine the OD values statis-
tical differences between groups (histiocytic/lymphocytic pattern; his-
tiocytic/mixed pattern; lymphocytic/mixed pattern). Data were ex-
pressed as mean values *+ standard deviation (SD). Differences were
considered statistically significant at P < 0.05. Analysis was carried
out using IBM SPSS Statistics for Windows, Version 24.0 (Armonk, NY:
IBM Corp).

3. Results
3.1. Histopathology and immunohistochemistry

The fifty animals selected from infected flocks were positive to VMV
by IHC and showed characteristic MV lesions, while the 8 negative
controls were negative and did not show any abnormalities within the
target organs. All the MV infected animals showed MV lesions in lungs,
36 in CNS and 39 in mammary gland.

Three different patterns were observed: a histiocytic pattern in 23
animals (46%) (Fig. 1a), a lymphocytic pattern in 19 sheep (38%)
(Fig. 1b) and a mixed pattern in 8 sheep (16%). The same lesion pattern
was invariably observed in lung and CNS of every sheep studied. The
mammary gland showed a low number of macrophages and a pre-
dominance of lymphocytes in the inflammatory infiltrate in all sheep.
Lesions severity and extension varied between the different target or-
gans in the same animal.

Viral antigen immunolabelling appeared as a fine brownish deposit
in the cytoplasm of macrophage-like cells in all the affected organs,
with a subjectively more abundance in histiocytic lesion pattern than in
lymphocytic pattern (Fig. 2). The positive sign was always associated
with lesions, and no labelling was detected in histologically unaffected
areas. No immunolabelled cells were detected in sections used as ne-
gative controls but labelling was invariably seen in positive control
sections.

3.2. Polymerase chain reaction

The 14 animals from the infected flocks were positive to PCR. Seven
of these sheep showed minimal lesions, two showed moderate lesions,
while five showed severe lesions. Three positive sheep showed histio-
cytic pattern, ten lymphocytic pattern and one mixed pattern (Table 1).
The 5 negative controls were negative to PCR.

3.3. Correlation between histopahological and serological findings

Fourty-five of the fifty infected animals showed positive optical
density (OD) results, three of them presented doubtful results
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(a)

Fig. 1. Maedi visna lesions patterns, HE. (a): Histiocytic lesion pattern in a brain sample.
Predominance of macrophages within the inflammatory infiltrate. 40X. (b): Lymphocytic
lesion pattern in a lung sample. Predominance of lymphocytes within the inflammatory
infiltrate. Presence of a lymphoid follicle. 20X.

(0.4 = 0.1), and two infected sheep showed negative OD results
(Table 1).

Significant differences (p < 0.001) in the values of the OD between
histiocytic, lymphocytic and mixed patterns were observed in this
study. All sheep with histiocytic pattern (n = 23) were positive to VMV
showing high OD values between of 1.14 and 2.99 (average: 2.08, SD:
0.51). Animals with a lymphocytic pattern (n = 19) showed lower OD
values, even with 2 negative and 3 doubtful values (min: 0.09 max:
1.81; average: 0.91; SD: 0.47). Sheep with a mixed pattern (n = 8)
showed mixed values between 0.77 and 2.09 (average: 1.35 SD: 0.37)
(Fig. 3).

4. Discussion

This study describe for the first time an association between three
histological lesion patterns (histiocytic, lymphocytic, and mixed) stu-
died in lung, mammary gland and CNS and ELISA results on the basis of
differences in OD values. Animals with a histiocytic lesion pattern showed
high OD values (average: 2.08, max: 2.99 min: 1.14 s: 0.51). However,
sheep with lymphocytic pattern showed significant (p < 0.001) lower
values with 2 seronegative and 3 doubtful sheep (average: 0.91, max:
1.81 min: 0.09 s: 0.37). Therefore, high titers of antibodies are related
to histiocytic patterns while low OD values or negative results are re-
lated to lymphocytic types. This is an important factor to consider for
ELISA testing, in addition to the viral strain or the particular test used as
have been previously reported (de Andrés et al., 2005; de Andrés et al.,
2013). Similar results were previously reported in animals with only
lymphoid follicles in lung and mammary gland which were ser-
onegative in the AGID test, although at that time it was associated to
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Fig. 2. Inmunohistochemistry against p28-MVV. (a): Histiocytic lesion pattern in a lung
sample. High amount of positive macrophage-like cells within the inflammatory infiltrate.
20X. (b): Lymphocytic lesion pattern in a mammary gland sample. Scattered positive cells
within the lymphocytic infiltrate. 20X.

the low sensitivity of the test used or to an initial stage of the disease
with no antibody response (Lujan et al., 1991). Our results support the
hypothesis of that these animals with lymphocytic pattern and minimal
lesions have a very low serological response which could not be de-
tected using the AGID test with lower sensibility than ELISA test.

Given the difference in antibody titers and in the cellular population
forming the three histological patterns, sheep can show different in-
dividual humoral response. The histiocytic lesion pattern, usually with
severe lesions, can represent a strong but non-efficient humoral re-
sponse. The lymphocytic pattern, with mild or moderate lesions despite
the low OD values, seem to represent an efficient immune response
against the viral replication, very likely cellular, mediated by CD4+
and CD8+ T cells (Polledo et al., 2012b). This would agree with pre-
vious results reported in HIV or feline immunodeficiency virus (FIV)
(Freel et al., 2011).

Most of the animals with minimal lesions showed positive ELISA
results but low OD values. Seroconversion occurs from 15 days to 4
months after infection as described by (Pépin et al., 1998; Lacerenza
et al., 2006) and typical MV-like lesions would then appear. Animals
with minimal lesions and mixed lesion pattern could represent an initial
or latent infection with a non-defined immune response against the
virus and with variable antibody secretion which could develop lym-
phocytic or histiocytic types of immune response with the evolution of
the infection. This could mean that the tissue infection, the beginning of
developing lesions and seroconversion occurs very early and almost
concurrently. However, further experimental studies should be per-
formed to proof this hypothesis. The few seronegative animals in this
group could be sheep with minimal lesions and infection, though not
significant enough to produce a peripheral or serological response de-
tectable using an ELISA test. The presence of virus by IHC was
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Table 1
ELISA optical densities, IHC and PCR results of every sheep studied. H: histiocytic lesion
pattern; L: lymphocytic lesion pattern; M: mixed lesion pattern.

Pattern OD IHC PCR
H1 1.14 +

H2 1.35 +

H3 1.39 +

H4 1.5 + +
H5 1.5 +

H6 1.6 +

H7 1.68 + +
H8 1.8 +

H9 1.88 +

H10 1.95 +

H11 2.14 +

H12 2.19 +

H13 2.27 +

H14 2.3 +

H15 2.4 +

H16 2.4 +

H17 2.47 + +
H18 2.5 +

H19 2.5 +

H20 2.5 +

H21 2.65 +

H22 2.77 +

H23 2.99 +

L1 0.09 + +
L2 0.25 + +
L3 0.42 + +
L4 0.5 + +
L5 0.53 + +
L6 0.73 +

L7 0.75 + +
L8 0.75 +

L9 0.79 +

L10 0.81 +

L11 0.91 + +
L12 1 + +
L13 1.07 +

L14 1.11 +

L15 1.12 +

L16 1.47 +

L17 1.61 +

L18 1.65 + +
L19 1.81 + +
M1 0.73 +

M2 0.77 +

M3 1.12 +

M4 1.18 +

M5 1.37 +

M6 1.39 +

M7 1.44 + +
M8 1.45 +

associated exclusively to macrophage-like cells, even in minimal le-
sions, being subjectively more abundant in histiocytic lesions compared
to lymphocytic ones, as has been previously suggested (Polledo et al.,
2012a).

To sum up, sheep with histiocytic type of lesions and easily re-
cognizable using ELISA test could play a major role in the spreading of
the infection compared animals with lymphocytic or mixed forms.
However, animals with a lymphocytic lesion pattern could easily be
misdiagnosed using ELISA methods due to the lower antibody pro-
duction, going unnoticed in the flock as false negative animals in the
control programs and staying on as carriers and source of infection. This
fact should be considered in flocks with a low MV seroprevalence where
these unobserved sheep could be the main source of MV infection. In
conclusion, ELISA results are strongly associated to the type of histo-
logical lesion pattern, which are very likely conditioned by the in-
dividual immune response and therefore, seronegative infected carriers
should be considered in control programs.
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terns. Cut-off point: 0.4 + 0.1.
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Summary

Ovine visna/maedi (VM) infection is characterized by the development of chronic inflammatory lesions in
different organs, mainly in the lung, mammary gland and central nervous system (CNS), with either histiocytic
or lymphocytic pattern predominance being described in the CNS. To help to understand the role of host im-
mune response in the development of these patterns, 50 naturally-infected sheep and eight non-infected sheep
from intensive milk-producing flocks were studied. The histological lesion patterns in the three main target or-
gans in each sheep were characterized. Lesion severity was determined, including minimal lesions. A histiocytic
pattern was observed in 23 sheep (46% ), a lymphocytic inflammatory pattern in 19 sheep (38%) and a mixed
inflammatory pattern in eight sheep (16%). Forty animals showed moderate or severe lesions (80% ), while 10
had minimal lesions (20%). Moderate or severe lesions affected only one target organ in 20 sheep (50%), two
organs in 14 sheep (35%) and all three target organs in six sheep (15%). Infection was confirmed by immu-
nohistochemistry (IHC) using an antibody specific for p28 of VM virus/caprine arthritis and encephalitis virus
and by polymerase chain reaction (PCR) in all sheep. Minimal inflammatory lesions associated with positive
IHC and PCR were observed. The results suggest that the development of a predominant inflammatory
pattern in different organs within the same animal may be related to the host immune response. Minimal
and focal lesions, not considered previously, should be taken into account when formulating a differential diag-
nosis in affected sheep.

© 2018 Elsevier Ltd. All rights reserved.

RKeywords: immunopathology; lesion pattern; sheep; visna/maedi

system is widespread and seroprevalence reaches up
to 96.8% (Sotelo, 1998; Peterhans et al., 2004;
Leginagoikoa et al., 2006). VM 1is characterized by
chronic inflammation of the lung, mammary gland
and central nervous system (CNS) and rarely by
arthritis. Microscopically, the changes in affected
organs are interstitial pneumonia, mastitis and non-

Introduction

Ovine visna/maedi (VM) is a widespread disease
caused by a retrovirus of the genus lentivirus and is
related to caprine arthritis encephalitis
(CAEV) and human immunodeficiency virus
(Thormar, 2005). The disease has a significant eco-
nomic impact, which is especially noted in flocks in
northwest Spain where an intensive indoor farming

virus

suppurative necrotizing encephalomyelitis, choroidi-
tis and demyelination of the CNS (Cutlip et al.,
1979; Lujan et al., 1991; Benavides el al., 2009;
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The importance of cell-mediated immunity with
regard to the severity of the lesions has been described
for the CNS lesions (Torsteinsdottir el al., 1992;
Polledo et al., 2012a) and an individual immune
response against VM virus (VMV) has been
suggested to play a major role in the pathogenesis of
the disease (Torsteinsdottir el al., 1992, 2007,
Blacklaws, 2012; Polledo et al., 2012a, b). In
previous studies carried out on sheep with
spontaneously arising neurological forms of VM,
two main patterns of lesion were described with
regard to the predominant inflammatory cells in the
CNS infiltrates. The lymphocytic pattern is
characterized by a predominance of T lymphocytes,
particularly CD8" T cells, while the histiocytic
pattern involves infiltration of macrophages and B
lymphocytes (Polledo ez al., 2012b). Similar inflam-
matory patterns have been described in the lung
and mammary gland (Gayo et al., 2017).

In previous studies, moderate to severe VM lesions
occurred in 35.5% of mammary glands and 32.3% of
lungs in randomly selected sheep. These percentages
increased to 58.1% and 54%, respectively, in seropos-
itive sheep (Lujan e/ al., 1991). In the latter study,
25.6% of VM-seropositive sheep had no lesions in
any organ, 20.2% had lesions in the mammary gland
only, 16.2% had lesions in the lung only and 37.8%
had lesions in both organs (Lujan e/ al., 1991). In sub-
sequent studies an increase in these percentages was
observed when mild lesions were also considered,
with percentages of affected mammary glands rising
to 46.7% (Benavides et al., 2013). Minimal infiltrates
of cells were not included in these investigations and
were considered as normal, but the presence of virus
in those lesions was not evaluated.

The aim of the present study was to determine
whether the same inflammatory pattern is present in
all of the target organs in individual infected sheep.

Materials and Methods

Animals

Fifty-eight Spanish Assaf sheep (1—3 years of age)
from different intensive milk-producing flocks located
in the northwest of Spain were selected from animals
submitted to the Pathology Diagnostic Service,
School of Veterinary Medicine, Le6n, Spain, for
routine necropsy examination. Fifty sheep were natu-
rally infected and came from six VM-seropositive
flocks subjected to VM control as described elsewhere
(Polledo et al., 2013). The seroprevalence in these
flocks ranged between 62% and 97%. The remaining
eight animals were selected as negative controls from
three VM V-free flocks and showed no clinical signs.

Sheep from affected flocks were culled because of
loss of milk production and/or weight or because of
the presence of neurological (e.g. hindlimb weakness,
ataxia, hypermetria or paralysis usually leading to re-
cumbency) or respiratory signs (e.g. dyspnoea). Ani-
mals in this study did not have gross or microscopical
lesions compatible with other pathologies such as bac-
terial, fungal or parasitic pneumonias or mastitis.

Sampling, Histopathology and Immunohistochemustry

Tissue samples were collected systematically from the
diaphragmatic and apical lung lobes, glandular pa-
renchyma and udder cisterns and CNS from nine
levels of the brain and nine levels of the spinal cord
(Polledo et al., 2012a). Mammary samples from six
sheep and spinal cord samples from four sheep were
notincluded in the histopathological studies as the tis-
sues were not in good condition. Samples were fixed in
10% neutral buffered formalin for 48 h at room tem-
perature. After fixation, samples were dehydrated
through graded alcohols and embedded in paraffin
wax. Sections (4 pm) were stained with haematoxylin
and eosin (HE) and examined using light microscopy.

Additional sections (4 pm) were used for immuno-
histochemistry (IHC). The following primary anti-
bodies were used: polyclonal anti-CD3 for T cells
(Dako, Glostrup, Denmark); monoclonal anti-CD79
for B cells (Dako); monoclonal anti-CD68 for macro-
phages (Dako); and monoclonal anti-p28 of VMV/
CAEV (VMRD, Pullman, Washington, USA) for
viral detection. Subsequently, the sections were incu-
bated for 30 min using the EnVision + system
(EnVision + System Labelled Polymer-HRP anti-
mouse or anti-rabbit; Dako) and labelling was ‘visual-
ized” using 3, 3’ diaminobenzidine as chromogen
(Vector Laboratories, Burlingame, California,
USA) for anti-CD3, CD79 and CD68 antibodies.
An avidin—biotin—peroxidase complex (ABC) tech-
nique (Vectastain Elite, ABC Kit; Vector Labora-
tories) was used for detection of p28 of VMV/
CAEV (Preziuso et al., 2003). The slides were coun-
terstained with haematoxylin and mounted. The
specificity of the technique was evaluated using posi-
tive (previously confirmed tissues) and negative con-
trols (previously confirmed tissues and non-immune
serum replacing primary antibody).

Three lesion patterns were considered based on the
characteristics of the inflammatory infiltrate. Histio-
cytic and lymphocytic patterns were considered as
previously described (Polledo et al., 2012b). Lympho-
cytic lesions were characterized by a predominance of
CD3 " cells within the inflammatory infiltrate, while
in histiocytic lesions CD68 " cells were the most abun-
dant, together with some scattered CD3" and
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CD79" cells. A mixed inflammatory infiltrate was
composed of macrophages and lymphocytes with no
predominance of any of the cellular populations
(Gayo et al., 2017).

Evaluation and description of the characteristics and
severity of the lesions in the mammary gland, lung and
CNS were based on previous reports (Lujan et al., 1991;
Benavides et al., 2013) with some specific modifications.
‘No lesion” was defined when no inflammatory cells
were observed within the CNS, lung or mammary
gland. ‘Minimal lesions’ (+) consisted of a few small
clusters (5—20) to multifocal small groups of
inflammatory cells with the presence of a few small
lymphoid aggregates and/or one small lymphoid
follicle. ‘Moderate lesions’ (+ +) were characterized
by multifocal to diffuse interstitial non-suppurative
inflammation andj/or the presence of two to 15
lymphoid  aggregates/follicles. ~ ‘Severe  lesions’
(+ + +) consisted of a marked diffuse interstitial pneu-
monia, mastitis or encephalitis and/or the presence of
>15 lymphoid aggregates/follicles. When differences
between the severity of interstitial inflammatory infil-
trates and the presence of lymphoid follicles were
observed in the same organ of an animal, the most se-
vere lesion was considered as the score for the lesion
in that target organ. Lesion pattern in sheep with min-
imal lesions in one target organ and moderate or severe
lesions in other organs were defined by considering the
most severe pathology. Lesion patterns in sheep with
only minimal lesions in the three target organs studies
were defined on the basis of the predominant cell pop-
ulation observed.

Polymerase Chain Reaction

Polymerase chain reaction (PCR) was performed as
described by Ryan et al. (2000) on CNS samples
from 40 infected sheep, lung and CNS samples from
six infected animals and lung and mammary gland
samples from four infected sheep. Lung, mammary
gland and CNS samples from the eight negative con-
trol animals were also studied. Genomic DNA was ex-
tracted from paraffin wax-embedded tissue samples
using QIAamp® DNA Mini Kit (Qjagen, Valencia,
California, USA). For CNS PCR studies a pool of spi-
nal cord, medulla oblongata, pons and peduncles and
mesencephalon was used.

Serology

Serum samples were obtained from the 58 sheep to
evaluate the presence of antibodies against VMV
using a standardized commercial test kit (Elitest®,
Hyphen BioMed, Neuville-Oise, France) as described
by Gayo et al. (2017).

Results
Histopathology and Immunohistochemistry

The 50 animals from the six infected flocks were pos-
itive for VMV by IHC and PCR and showed charac-
teristic lesions of VM, while the eight negative control
sheep were negative for virus detection and did not
show abnormalities within the target organs. All of
the VM-infected animals had lesions in the lungs,
36 infected animals had lesions in the CNS and 39 in-
fected sheep had lesions in the mammary gland. Forty
of these animals had moderate or severe lesions in one
or more organs and displayed clinical signs of VM
(80%). The lesions affected a single organ in 20 ani-
mals (50%), two organs in 14 animals (35%) and
three organs in six animals (15%) (Table 1). Ten
sheep showed only minimal lesions in the CNS, lung
and/or mammary gland (20%).

A histiocytic pattern was observed in 23 animals
(46%), a lymphocytic pattern in 19 sheep (38%)
and a mixed pattern in eight sheep (16%). Severe le-
sions (+ + +) were more common in animals with a
histiocytic pattern (n = 16; 69.6% of the histiocytic le-
sions) and they were observed to a lesser extent in
sheep with a lymphocytic pattern (n = 5; 26.3% of
the lymphocytic lesions). Sheep with the histiocytic
pattern had moderate or severe lesions in at least
one target organ. Fifteen sheep with the lymphocytic
pattern showed moderate or severe lesions in at least
one target organ (78.9%), while four animals had
minimal lesions with no clinical signs affecting the
three target organs studied (21.1%). Sheep with a
mixed pattern had predominantly minimal lesions
in two or three target organs and no clinical signs
(75%), except for two animals with moderate lesions
in the lung and mammary gland. The mixed inflam-
matory infiltrate in six sheep with only minimal le-
sions consisted of similar numbers of CD3" and
CD68" cells. The other four sheep with only minimal
lesions showed small groups of CD3 " cells with only
one or two macrophages within the interstitial

Table 1
Moderate/severe VM lesion distribution in the target
organs
Moderate/severe lesions Number of sheep  Total
1 Organ CNS 8
Lung 3 20
Mammary gland 9
2 Organs  CNS/lung 4
CNS/mammary gland 5 14
Lung/mammary gland 5
3 Organs  CNS/lung/mammary 6 6
gland
Total 40
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inflammatory infiltrate, together with some small
lymphocytic aggregates (CD3 ™ cells) or one small
lymphoid follicle. These were considered as having a
lymphocytic pattern. CD79 ™" cells were only observed
in two of these animals with minimal lesions (one or
two positive cells in each sheep within the inflamma-
tory infiltrate). Minimal lesions in one organ of sheep
with a global histiocytic pattern were always mixed,
while minimal lesions in animals with severe lympho-
cytic lesions in other target organs were lymphocytic
or mixed.

The lung and CNS always showed the same lesion
pattern in the same animal. The inflammatory infil-
trate in the mammary gland often consisted of a pre-
dominance of CD3 " cells with a variable number of
CD68" macrophages and some scattered CD79 " B
cells. Even if CD3 ™" cells were predominant within
the inflammatory infiltrate, more CD68 ™" cells were
usually observed in animals with a histiocytic pattern
in the other target organs.

Mammary gland lesions are shown in I'igs. IA—C.
Minimal (+) interstitial mastitis was observed in 15
sheep (37.5 %), moderate (+ +) in 18 sheep (45%)
and severe (+ + +) in seven sheep (17.5%) (Table
2), with variable distribution in the severity of the in-
flammatory infiltrate and lymphoid hyperplasia
among the mammary lobules. All infected animals
had a predominance of CD3 * cells within the inflam-
matory infiltrate of this target organ, with some scat-
tered CD79 " cells and a variable number of CD68 "
cells. No lesions were observed in the eight negative
controls.

Lung lesions are shown in I'igs. ID—F. Minimal le-
sions (+) were observed in 32 sheep (64% ), moderate
lesions (+ +) in nine sheep (18%), severe lesions
(+ + +) in nine animals (18%) and no lesions were
observed in the eight negative controls (Table 2).
No connection was observed between the severity of
lymphoid hyperplasia and interstitial pneumonia.
Some animals with >15 follicles showed a minimal

Fig. 1. (A—C) Visna/maedi (VM) lesions in the mammary gland. (A) Healthy mammary gland negative for p28 of VMV /CAEV by IHC.
No inflammatory infiltrate is observed. (B) Minimal lesions ( + ). Presence of small focal inflammatory aggregates in the mammary
interstitium, not affecting all lobules. (C) Severe lesions (+ + +) with a high number of lymphocytes and macrophages producing
acinar destruction. Presence of macrophages in the acinar lumen (arrow). (D—F) VM lesions in the lung. (D) Minimal lesions ( +)
characterized by the presence of small and focal inflammatory aggregates (arrows). (E) Moderate lesions (+ +) characterized by a
moderate interstitial pneumonia. (F) Severe lesions (+ + + ) with lymphoid aggregates and follicles and thickening of the alveolar
septa with collapse of alveolar spaces. (G—I) VM lesions in the central nervous system. (G) Minimal lesions in the choroid plexus
(+) characterized by the presence of small and focal groups of inflammatory cells. (H) Moderate lesions in the brain (+ +). Pres-
ence of multilayered perivascular cuffs and mononuclear inflammation of the neuropil. (I) Severe lesions in the spinal cord (+ + +)

with malacia and tissue destruction. HE.



Lesion Patterns in Ovine Visna/Maedi 53

Table 2
Occurrence of lesions due to VM in terms of interstitial infiltrate and hyperplasia of lymphoid follicles and relationship to
the patterns of lesion observed

Number with Number with Number with Total
histiocytic lesions lymphocytic lesions mixed lesions

CNS lesions

+ 4 6 3 13
++ 2 4 - 6
+++ 16 1 - 17
Total 22 11 3 36
Lung lesions

+ 11 14 7 32
++ 7 1 1 9
+++ 5 4 0 9
Total 23 19 8 50
Mammary gland lesions

+ - 15 - 15
++ - 18 - 18
+ + + — 7 — 7
Total - 40 - 40

+, minimal lesions; + +, moderate lesions; + + +, severe lesions.

interstitial pneumonia and vice versa. The histiocytic
pattern was observed in 23 animals with respiratory
lesions (46%), a lymphocytic pattern in 19 animals
(38%) and a mixed pattern in eight animals (16%).

CNS lesions are shown in Figs. 1G—I. The choroid
plexus was the most affected tissue (n = 32), followed
by the brain (n = 21) and the spinal cord (n = 16).
Minimal lesions (+) were observed in 13 animals
(36.1%), moderate lesions (+ +) in six (16.7%)
and severe lesions (+ + +) in 17 (47.2%) (Table
2). Histiocytic lesions were observed in 22 animals
(61.1%), a lymphocytic pattern in 11 animals
(30.6%) and a mixed pattern in three sheep (8.3%).

Lymphocytic, histiocytic and mixed patterns, as
well as different lesion severity and extent, in the three
main target organs of the disease, were observed in
sheep from all six infected flocks studied.

Viral antigen immunolabelling appeared as a fine
brown deposit in the cytoplasm of macrophage-like
cells in all the affected organs, while epithelial cells
showed no positivity (Iig. 2). Labelled cells were

observed within the interstitial inflammatory infil-
trate and surrounding blood vessels. Positive labelling
was always associated with lesions, even minimal
lesions, and no labelling was detected in histologically
unaffected areas. In the mammary gland, positive
cells were located within the interstitial inflammatory
infiltrates or within in the acinar lumina. In the lung,
positive cells were observed occasionally in the bron-
chial and alveolar spaces, sometimes forming
syncytia and within the inflammatory infiltrates
(Figs. 2B, 2C). Positive labelling was more abundant
in histiocytic lesions than in lymphocytic lesions. No
labelled cells were detected in sections used as nega-
tive controls, but labelling was invariably seen in pos-
itive control sections.

Polymerase Chain Reaction

All fifty infected animals had a positive PCR from at
least one target organ. Thirty six sheep were positive
for all samples tested while five sheep were negative

Fig. 2.

(A) IHC for p28 of CAEV/VMYV in the mammary gland. Scattered positive macrophages in minimal lesions (+ ) (arrows). (B) IHC

for p28 of CAEV/VMYV in the lung. Positive macrophages within the interstitial inflammatory infiltrate. (C) IHC for p28 of CAEV/
VMYV in the lung. Positive macrophages in the bronchial lumen (arrow) and in the peribronchial inflammatory aggregate.
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with CNS samples, three were negative with lung
samples, two were negative with udder samples, two
were negative with udder and CNS samples and
two were negative with lung and CNS tissues. Nega-
tive results were observed for organs with no lesions
in six cases, with minimal lesions in ten cases and
with moderate lesions in two cases. The eight negative
controls were negative for all target organs.

Serology

Forty-five of the 50 infected animals were seroposi-
tive, three had inconclusive results (optical density
of 0.4 £ 0.1) and two infected sheep were negative.
The three sheep with inconclusive results showed
lymphocytic lesions. The first animal had minimal
lesions in the lung, mammary gland and brain, the
second had minimal lesions in the lung and mam-
mary gland and moderate lesions in choroid
plexus, and the third had severe lesions in the lung
and spinal cord and minimal lesions in the mam-
mary gland. The two seronegative sheep had lym-
phocytic lesions. The first of these had minimal
lesions in the lung and moderate lesions in the mam-
mary gland and the second had severe lesions in the
lung and mammary gland.

Discussion

This study describes in detail for the first time the his-
tological inflammatory patterns of VM (i.e. histiocyt-
ic, lymphocytic and mixed) in the three main target
organs of the disease in the same animals. The pres-
ence of the same inflammatory lesion pattern in the
main target organs of VM in the same sheep and
the higher number of CD68 " cells in the mammary
glands of sheep with the histiocytic pattern suggests
that the host immune response plays a role in the
development of the inflammatory infiltrate. The pre-
dominance of T lymphocytes observed in mammary
glands with a variable number of macrophages may
be related to a different local immunological response
in this target organ, perhaps reflecting a higher T
helper (Th) I-mediated response. This may be due
to the mucosal nature of the mammary gland, which
has an outward-facing surface with continuous anti-
gen stimulation (Butler et al., 2015), especially in
this type of dairy sheep with long lactation periods
and intensive mechanical milking methods.
Histiocytic and lymphocytic patterns previously
described in the CGNS (Polledo et al., 2012b) and the
mixed pattern with both histiocytic and lymphocytic
characteristics (Gayo et al., 2017) are described in the
three main target organs of the disease. The mixed
pattern could represent an initial or latent infection

with a non-defined immunopathological response
that would evolve to become a lymphocytic or histio-
cytic lesion with progression of the infection. This
might explain why in previous studies (Polledo et al.,
2012b), where only animals with moderate and severe
CNS lesions were included, this lesion pattern was not
observed. The fact that minimal lesions in one organ
of sheep with a global histiocytic pattern were mixed,
while minimal lesions in animals with severe lympho-
cytic lesions in other target organs were lymphocytic
or mixed, would support the hypothesis of an evolu-
tion of mixed forms to a lymphocytic or histiocytic
pattern. Minimal lymphocytic lesions were never
observed together with a predominance of CD68*
cells in moderate or severe lesions in other target or-
gans of the same sheep. This suggests that the begin-
ning of an infection or the latent stages of a mixed
pattern could evolve to become either lymphocytic
or histiocytic patterns; however, it would be unlikely
that lymphocytic lesions become histiocytic or vice
versa, as has been demonstrated in natural and exper-
imental mycobacterial infections (Juste et al., 1994;
Delgado et al., 2013). It should be noted, however,
that this 1s a field study which shows the
pathological features of a group of animals at the
moment of death and further detailed experimental
studies would be necessary to confirm this hypothesis.

The association between the lesion pattern and the
stage of VM and the amount of viral antigen as deter-
mined by IHC has been described previously for CNS
lesions (Polledo et al., 2012b). It was proposed that
lymphocytic lesions in the CNS form of VM represent
some type of natural resistance to viral replication,
with an initial recruitment of lymphocytes into the
CNS as the first response to viral infection and with
scarce presence of viral antigen in tissue, as was
observed in the present study in animals with the lym-
phocytic lesion pattern. The severe lymphocytic le-
sions observed, even when located simultaneously in
the CNS, lung and mammary gland, could be related
to local releasing of pro-inflammatory cytokines,
contributing to a chronic stage of inflammation and
injury of the affected tissue. However, histiocytic le-
sions have been associated with a poor individual
response or greater virulence of the viral strain, with
a higher amount of virus detected by IHC (Polledo
et al., 2012b), as observed in the present study. The
cellular infiltrate in other lentivirus infections, such
as with simian immunodeficiency virus or human im-
munodeficiency virus, has similar features with mac-
rophages comprising of 90—95% of the infiltrating
cells and CD8 " T cells comprising the remainder of
the population (Lackner et al., 1991; Kim et al., 2004).

Severe lesions were present only in one organ in
40% of the animals and in two organs in 28% (total
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68% ) of the sheep, regardless of the flock and with a
predominance of CNS lesions. This may be related
to the high prevalence of CNS cases in the study
area (Benavides et al., 2006), where a neurotropic
strain of the virus is proposed to circulate (Glaria
etal.,2012). However, in the present study, all organs
were affected with moderate or severe lesions, which
we consider to be related to the host immune response
more than the viral strain. All of the flocks studied
were from the same geographical area and animals
from the same flock showed different lesion patterns,
severity and extent, despite the possibility that similar
strains of virus would circulate in the same flock or
area (Glaria et al., 2012). The possible route of migra-
tion through vascular spaces and progression of the le-
sions (Dawson, 1987; Polledo et al., 2012a) in terms of
host immunity should also be considered. Genetic
factors could play an important role in the
development of this disease because there is a high
inbreeding in Spanish Assaf sheep, which have
increased from a few hundred animals in the 1970s
to almost two million animals today.

VMYV infection was confirmed by IHC in all of the
affected organs including those having minimal
lesions, and most of these organs also tested positive
by PCR. The PCR-negativity of some individual or-
gans with characteristic VM lesions in confirmed in-
fected sheep might be due either to degradation of
proviral DNA after formalin fixation (Srinivasan
et al., 2002) or to a low virus load in those particular
organs. The latter has been suggested to be one of
the main difficulties in VMV detection by PCR (de
Andrés et al., 2005). Most of the sheep were also sero-
positive to VMV. Animals with inconclusive or nega-
tive ELISA results showed a lymphocytic pattern as
previously described (Gayo et al., 2017), which has
been related to a lesser antibody production in com-
parison with histiocytic lesions.

In two previous studies, the percentage of VM le-
sions in the lungs of randomly selected sheep was
32.3% and 79.3% in intensively-managed dairy
sheep farms (Lujan et al., 1991; Benavides et al.,
2013), reaching 100% in our study. Likewise, in the
present study, 80% of sheep had mammary lesions
in contrast with previous studies showing mammary
lesions in 35.6% of the sheep (considering only
moderate and severe changes) (Lujan e/ al., 1991) or
reaching up to 46.7% of animals taking into account
mild (but not minimal) cellular infiltrates (Benavides
et al., 2013).

IHC for VMV antigen is a sensitive means of de-
tecting infection in the lung, CNS and mammary
gland. Viral antigen was associated exclusively with
macrophage-like  cells, even within minimal
lesions and no antigen was observed in areas without

lesions. The presence of positive cells mainly in peri-
vascular spaces supports the hypothesis of viral inva-
sion via infiltrating monocytes/macrophages (Peluso
et al., 1985; Polledo et al., 2012a).

In conclusion, histiocytic, lymphocytic or mixed in-
flammatory infiltrates may occur in the lung, CNS
and mammary gland of sheep with VM. The inflam-
matory pattern in the lung and CNS was consistent in
every infected sheep, a finding that suggests a similar
host immune response in each organ. In contrast, in
affected udders the inflammatory infiltrate was al-
ways predominantly lymphocytic, with variable
numbers of macrophages, and this may be related to
a tissue-specific immune response. Minimal inflam-
matory lesions not previously considered were de-
tected and these were associated with viral antigen.
Such lesions should be taken into account not only
for the diagnosis of VM, but also in assessing risks of
viral transmission. The results of this study extend
the understanding of the pathology and pathogenesis
of VM and establish a pathological model for further

experimental studies.
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Abstract: Small Ruminant Lentiviruses (SRLVs) are widespread in many countries and cause
economically relevant, slow, and persistent diseases in sheep and goats. Monitoring the genetic
diversity of SRLVs is useful to improve the diagnostic tools used in the eradication programs.
In this study, SRLVs detected in Spanish Assaf sheep with different grades of lymphoproliferative
mastitis were sequenced. Genetic characterization showed that most samples belonged to type A
and were closer to Spanish SRLV isolates previously classified as A2/A3. Four samples belonged
to subtype B2 and showed higher homology with Italian B2 strains than with Spanish B2 isolates.
Amino acid sequences of immuno-dominant epitopes in the gag region were very conserved while
more alterations were found in the LTR sequences. No significant correlations were found between
grades of mastitis and alterations in the sequences although samples with similar histological features
were phylogenetically closer to each other. Broader genetic characterization surveys in samples with
different grades of SRLV-lesions are required for evaluating potential correlations between SRLV
sequences and the severity of diseases.

Keywords: sheep; Small Ruminant Lentivirus; genetic characterization; udder; histopathology

1. Introduction

Small Ruminant Lentiviruses (SRLVs) include Visna-maedi virus (VMV) and Caprine arthritis
encephalitis virus (CAEV), which cause slow inflammatory diseases in sheep and goats named,
respectively, Visna-Maedi (VM) and Caprine Arthritis Encephalitis (CAE). Viruses are transmitted
mainly via the respiratory route and by colostrum intake [1,2] and cause persistent infections with a
long incubation period. According to the current nomenclature based on gag—pol and pol sequences,
SRLV can be subdivided into genotypes A-E with subtypes present in A, B, and E [3-5]. Typically,
VMYV was believed to infect specifically sheep and was included in genotype A while CAEV was
considered goat-specific and was included in genotype B. However, several investigations showed
that cross-infection may occur ([6] and other studies reviewed in [5]). Infected animals can develop
neurological, pulmonary, arthritic, and /or mammary diseases that affect considerable animal welfare
and production. Different patterns of inflammatory mononuclear cell accumulation are observed
usually in the central nervous system, lung, joint, and/or udder and the predominant clinical

Viruses 2018, 10, 315; doi:10.3390/v10060315 www.mdpi.com/journal/viruses


http://www.mdpi.com/journal/viruses
http://www.mdpi.com
https://orcid.org/0000-0001-9536-3506
https://orcid.org/0000-0001-5258-6742
http://www.mdpi.com/1999-4915/10/6/315?type=check_update&version=1
http://dx.doi.org/10.3390/v10060315
http://www.mdpi.com/journal/viruses

Viruses 2018, 10, 315 2 of 15

manifestation depends on the severity and extension of the lesions reached in the affected organs [7].
Mammary lesions often consist of mononuclear cell infiltration with scattered hyperplastic lymphoid
follicles [7,8]. Moderate lesions are described when diffused infiltration of lymphocytes within lobules
with distortion of acini are observed and mild lesions are reported when occasional aggregates of
lymphocytes in inter-acinar stroma are present [9]. Recently, minimal lesions consisting of a few small
clusters to multifocal small groups of inflammatory cells with the presence of a few small lymphoid
aggregates and/or one small lymphoid follicle have been reported in SRLV infected sheep [10].

One of the most important productive impacts of SRLV disease is due to the premature removal
of diseased animals because of low milk production and quality with consequent economic losses in
the milk-related and lamb/kids-related industry [11-13]. Due to the significant economic impact of
diseases, VM and CAE are included in the OIE List and specific control and eradication programs are
carried out in many countries [14,15]. Availability of sensitive and specific diagnostic tests is of great
importance for a correct discrimination between infected and non-infected animals. Due to the high
rate of genetic diversity, new genotypes and subtypes might escape the diagnostic detection with the
possible consequence of invalidating any eradication program in place [1]. Therefore, genotype and
subtype surveys of the circulating SRLVs should be encouraged. Many studies describe phylogenetic
analysis of SRLVs found during epidemiological surveys or in outbreaks of diseases, but only a few
of them describe the histopathological lesions observed in target organs [16—18]. For example, mild
mammary lesions with a multifocal method to diffuse mononuclear inflammatory interstitial infiltrates
have been observed in sheep with arthritis and infected by B2 SRLV [17]. Different histopathological
scores have been reported in mammary glands but not in lungs, synovial membranes of joints,
or the chorioid plexus of five goats infected by A4 SRLV [16]. A 13-14 nucleotide deletion in the
R region of the LTR has been observed in sheep with a decreased pathology in the lung but not in
the udder even though SRLV subgenotypes were not known [18]. To our knowledge, correlations
among histopathological grading of mammary lesions and SRLV genotypes and subtypes are yet to
be investigated.

The aim of this work was to carry out genetic characterization and phylogenetic analysis of SRLV
detected in Spanish sheep showing different histopathological grades of mastitis.

2. Material and Methods

2.1. Samples

A total of 35 udder samples were collected randomly at the slaughterhouse in the region of
Castilla y Leon, Northwestern Spain, from Assaf sheep (1-4 years of age) belonging to seropositive
flocks between March 2017 and May 2017. Nineteen samples were collected at the slaughterhouse
named M (samples M1-M19) and 16 were collected at the slaughterhouse named Q (samples Q1-Q16),
which was about 45 Km far from the slaughterhouse M. A first aliquot of each sample was stored at
—20 °C and DNA was obtained from 25 mg of each sample by using the Genomic DNA isolation Kit
(Norgen Biotek Corp., Thorold, ON, Canada) and following the manufacturer’s instructions when
eluting the DNA in 100 uL final volume. A second aliquot of samples was fixed in 10% neutral buffered
formalin for 48 h at room temperature and embedded in paraffin wax (FFPE) for histopathology and
immunohistochemistry (IHC). In addition, 2 FFPE mammary samples (N16-426 and N-17-44) of sheep
(Assaf breed, 3 years old) with histological mastitis referable to SRLV disease were available for this
study. DNA from these latter samples was obtained from 4 slides 10 um thick of each sample by
Recover All Total Nucleic Acid Isolation (Ambion, Waltham, MA, USA) following the instructions and
eluting DNA with 60 pL of elution solution warmed up at 95 °C.

2.2. Histopathology and Immunohistochemistry

Slides 4 um thick were obtained from FFPE samples and were stained with haematoxylin and
eosin (HE) for histopathology. Grading of histopathological lesions of mammary glands was carried
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out by three independent pathologists, which was previously described [10]. Briefly, “no lesions”
was defined when no inflammatory cells were observed and “minimal lesions” (+) consisted of a few
small clusters.

Multifocal small groups of inflammatory cells with the presence of a few small lymphoid
aggregates and/or one small lymphoid follicle known as ‘moderate lesions’” (++) were characterized by
the multifocal method to diffuse interstitial non-supportive inflammation and/or the presence of two
to 15 lymphoid aggregates/follicles and ‘severe lesions’ (+++) consisted of a marked diffuse interstitial
mastitis and/or the presence of >15 lymphoid aggregates/follicles. When differences between the
severity of interstitial inflammatory infiltrates and the presence of lymphoid follicles were observed in
the same organ of an animal, the most severe lesion was considered as the score for the lesion in that
target organ [10].

Serial sections (4 um) were used for IHC, which was previously reported [19]. A monoclonal
antibody to the SRLV core protein p28 (VMRD Inc., Pullman, WA, USA) diluted 1:1000 was used.
A technique based on an avidin-biotin-peroxidase complex (VECTASTAIN® ELITE® ABC Kits, Vector
Laboratories, Burlingame, CA, USA) with diaminobenzidine as the chromogen (DAB Peroxidase
substrate kit—Vector Laboratories, Burlingame, CA, USA) was used to stain the antigen.

2.3. PCR

A nested PCR was used to amplify about 800 bp long sequences of SRLV gag-pol genes, which was
reported previously [4]. Primers GAG-F1 and POL-R1 were used in the first PCR. The product obtained
was used as a template in a second PCR with primers GAG-F2 and POL-R2. The PCR mixture included
50 pL 2x Taq PCR Master Mix, 500 nM each primer, 4 pL. DNA, and PCR grade water up to 100 pL
final volume. PCR conditions were 94 °C for 5 min, 45 cycles of 94 °C for 1 min, 55 °C for 1 min,
72 °C for 2 min, and a final extension of 72 °C for 10 min. The second PCR was carried out with
the same conditions but 5 pL of the first PCR products were used as the template and the annealing
temperature was 60 °C instead of 55 °C [4]. LTR sequences (203 bp long) were amplified by nested PCR
with primers described elsewhere [20]. The PCR reaction mix was described above, but 2 uL of DNA
(first PCR) or 2 pL of the first PCR products (second PCR) were used as the template. PCR conditions
were 94 °C for 5 min, 35 cycles of 94 °C for 30 s, 55 °C (or 50 °C in the second PCR) for 30 s, 72 °C for
40 s, and a final extension of 72 °C for 7 min. PCR products were visualized in 1.5% agarose gel and
positive samples were submitted to an external laboratory for sequencing (BMR Genomics, Padova,
Italy). Both the sense and antisense strands were sequenced by performing two independent reactions
for each PCR product. Nucleotide gag-pol sequences were deposited in GenBank (Accession numbers
MH179145—MH179153 and MH179156—MH179159).

2.4. Sequence Analysis

Nucleotide sequences were manually checked and edited with the program BioEdit. A preliminary
analysis by BLASTn was carried out to detect regions of similarity with sequences included in databases.
Sequences of strains considered to be prototypes of different genotypes and SRLV sequences highly
similar to those found in the samples were included in the study (Figure 1 and Figure 3). Sequences
were aligned by MUSCLE [21] and phylogenetic trees were inferred with the program MEGA 7.0.21 [22].
The best-fitting nucleotide substitution models were estimated and the General Time Reversible
model [23] with a gamma distribution with invariant sites (gag sequences) or a Kimura 2-parameter
(LTR sequences) model [24] with gamma-distributed rates among sites were used with bootstrap values
based on 1000 repetitions. Phylogeny was estimated by both the neighbor-joining algorithm (NJ) and
the maximum likelihood (ML) method. Correlations among sequence alterations and histological
features were evaluated by using the Fisher’s exact test. Pairwise distances between sequences of
samples and sequences of reference strains belonging to different genotypes were calculated by MEGA
7.0.21 with the p-distance model [22].
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3. Results

Histological examination and grading of mammary lesions (see Figure 1) resulted in five samples
with severe lesions, 13 samples with moderate lesions, 11 samples with minimal lesions, and five
samples without lesions (see Table 1). Grading of M5 sample was not possible due to a concomitant
purulent mastitis.

IHC results were used to distinguish SRLV infected from uninfected sheep. Three out of the five
samples without lesions (M13, M18 and Q2) were negative by IHC and by both gag-pol and LTR PCR.
Therefore, they were considered negative (see Table 1). The remaining 32 samples of groups M and Q
were positive by IHC (see Figure 2). Sixteen out of the 32 M and Q samples and the 2 N samples were
positive by gag-pol PCR, but good-quality sequences were obtained only from 15 samples. LTR PCR
products were obtained in all but two IHC-positive samples.

Table 1. List of ovine mammary gland samples collected for this study. Samples are classified on the
basis of the grade of mastitis observed by histopathology. Lesions in sample M5 were not classified
due to concomitant purulent mastitis was present. “+”: positive result, “—": negative result.

Sample Grade of Mastitis IHC LTRPCR  Gag-pol PCR Genotype
M1 moderate + + + B2
M2 minimal + + - -
M3 severe + + + B2
M4 moderate + + —
M5 not classified + + + A2/A3
M6 moderate + + —
M7 moderate + + + —
M8 moderate + + + -
M9 severe + + + —
M10 minimal + + - -
Mi11 moderate + + + -
M12 minimal + + + A2/A3
M13 no - - - -
M14 moderate + + -
M15 minimal + + + A2/A3
Mil6 minimal + + - -
M17 moderate + + + B2
M18 no — — - -

M19 moderate + + + A2/A3
Q1 no + + + B2
Q2 no — — - -
Q3 minimal + — —
Q4 minimal + + —
Q5 minimal + + - —
Q6 severe + + —
Q7 no + + + A2/A3
Q8 severe + + + A2/A3
Q9 moderate + + —

Q10 severe + + + A2/A3

Q11 moderate + + - -

Q12 moderate + + + —

Q13 minimal + — - -

Q14 moderate + + —

Q15 minimal + + —

Q16 minimal + + - -

N16-426 severe + + + A2/A3

N17-44 moderate + + + A2/A3
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Figure 1. SRLV lesions in mammary gland of sheep. (A) Minimal lesion (+) with small focal lymphocyte
aggregates within the mammary interstitium. 40x. (B) Black arrow indicates moderate (++) focal
inflammatory lesion surrounded by minimal lymphocytic infiltrates. 40x. (C) Large lymphoid follicle
in a severe lesion (+++). Hematoxylin and eosin (HE) staining. 20x.

Figure 2. IHC against p28 of CAEV/VMYV in mammary gland. (A) Scattered positive cells within
minimal inflammatory lesions (+). 20x. (B) Positive macrophage-like cell in moderate lesion (++). 40x.

3.1. Analysis of Gag Sequences

Genotyping was carried out by phylogenetic analysis of partial gag gene sequences, according
to the taxonomic classification proposed by Shah et al. [3]. All sequences were different from each
other and nine samples were type A and four samples were type B. In particular, samples M5, M12,
M15, M19, Q7, Q8, Q10, N16-426M, and N17-44M clustered within genotype A were more closely
related with strains 292, 160, 166, and 697, which were previously detected in the same Spanish
region (see Figure 3). Only strain 697 had been fully sequenced. Since similar values located with this
isolate intermingled between A2 and A3, the isolate 697 had been assigned to the A2/A3 subtype [25].
Samples M1, M3, M17, and Q1 resulted of genotype B and subtype B2 (see Figure 3). Additionally,
phylogenic and BLAST analysis showed that they were more related to B2 viruses detected in Italy than
in Spain (Ov496). These results were confirmed by the pairwise distances comparison (see Table 2).
Samples M12, M15, M19, Q7, Q8, Q10, N16-426, and N17-44 were more closely related to the A2/A3
Spanish strain HQ848062.1 (0.105-0.142). Moreover, samples M1, M3, M17, and Q1 were more closely
related to the B2 strains FJ195346.1 and EU010126.1. In particular, they were more closely related to the
Italian strain EU010126.1 (0.064-0.081) than to the Spanish strain FJ195346.1 (0.092-0.102).
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Figure 3. Phylogenetic analysis of the SRLV partial gag-pol region. Sequences of different SRLV
genotypes and subtypes available in GenBank were used as reference isolates. Reference sequences
are indicated with their accession number and country of origin (CAN: Canada; CHI: China; ENG:
England; ICE: Iceland; ITA: Italy; MEX: Mexico; NOR: Norway; POR: Portugal; SOA: South Africa;
SPA: Spain; SWI: Switzerland; USA: the U.S.A.). Samples are indicated with their codes and are labeled
on the basis of the score of the mammary lesions observed (A severe, Ml moderate, ¥ minimal, ® no
lesions, 4 not available). The evolutionary history was inferred by using the Maximum Likelihood
method based on the General Time Reversible model with a gamma distribution with invariant sites

and with bootstrap values based on 1000 r

epetitions. The tree is unrooted.
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Table 2. Pairwise nucleotidic genetic distances (p-distance model) of the partial gag-pol region of some SRLV reference strains and SRLV strains sequenced in this study.

Sample Genotype M5 Mi12 M15 M19 Q7 Qs Q10 N16-426 N17-44 M1 M3 M17 Q1
Mi12 0.112 -
M15 0.013 0.013 -
M19 0.013 0.122 0.104 -
Q7 0.130 0.133 0.129 0.109 -
Q8 0.100 0.115 0.097 0.122 0.122 -
Q10 0.109 0.119 0.105 0.129 0.127 0.105 -
N16-426 0.127 0.138 0.129 0.115 0.137 0.127 0.135 -
N17-44 0.152 0.155 0.152 0.138 0.163 0.157 0.152 0.094 -
M1 0.208 0.213 0.208 0.213 0.216 0.209 0.216 0.217 0.216 -
M3 0.216 0.222 0.211 0.221 0.231 0.211 0.221 0.224 0.217 0.040 -
M17 0.214 0.221 0.209 0.226 0.232 0.217 0.217 0.231 0.227 0.048 0.041 -
Q1 0.209 0.216 0.203 0.217 0.222 0.221 0.219 0.216 0.216 0.081 0.086 0.076 -
M10608.1 Al 0.171 0.160 0.168 0.137 0.157 0.166 0.145 0.175 0.175 0.214 0.208 0.229 0.224
551392 Al 0.173 0.165 0.168 0.173 0.181 0.171 0.163 0.176 0.168 0.242 0.247 0.245 0.244
AY101611.1 A2 0.155 0.135 0.153 0.150 0.147 0.153 0.152 0.165 0.165 0.186 0.188 0.191 0.201
HQ848062.1 A2/A3 0.117 0.135 0.120 0.105 0.122 0.127 0.135 0.142 0.124 0.206 0.209 0.219 0.213
AY454176.1 A3 0.130 0.138 0.130 0.130 0.137 0.133 0.145 0.145 0.152 0.178 0.191 0.193 0.198
AY454161.1 A4 0.138 0.166 0.135 0.153 0.185 0.143 0.150 0.173 0.171 0.211 0.216 0.214 0.214
AY454175.1 A5 0.153 0.145 0.155 0.148 0.171 0.160 0.147 0.176 0.165 0.209 0.203 0.208 0.206
AY454208.1 A7 0.176 0.157 0.170 0.145 0.158 0.158 0.166 0.161 0.140 0.198 0.209 0.201 0.209
FR694908 A9 0.166 0.168 0.170 0.166 0.178 0.180 0.171 0.181 0.161 0.213 0.224 0.224 0.231
FR693825 All 0.183 0.171 0.180 0.152 0.157 0.176 0.183 0.189 0.178 0.213 0.217 0.231 0.232
M33677 Bl 0.204 0.214 0.201 0.211 0.224 0.211 0.211 0.222 0.211 0.120 0.119 0.120 0.129
FJ195346.1 B2 0.226 0.231 0.221 0.214 0.232 0.226 0.237 0.221 0.217 0.092 0.092 0.102 0.100
EU010126.1 B2 0.208 0.222 0.206 0.226 0.232 0.219 0.227 0.224 0.216 0.064 0.068 0.068 0.081
JF502417.1 B3 0.213 0.221 0.214 0.209 0.217 0.219 0.232 0.213 0.224 0.185 0.186 0.196 0.178
AF322109.1 C 0.262 0.252 0.257 0.250 0.252 0.245 0.255 0.244 0.236 0.213 0.214 0.214 0.216
EU293537.2 El 0.292 0.295 0.292 0.297 0.301 0.293 0.300 0.293 0.290 0.293 0.285 0.290 0.303

GQ381130.1 E2 0.290 0.301 0.293 0.290 0.313 0.293 0.298 0.288 0.290 0.290 0.290 0.297 0.293
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Nucleotide sequences were translated into amino acid sequences and the results of the alignment
and comparison with the most representative sequences are reported in Figure 4a,b. The set of primers
used in this study amplifies a partial sequence of the gag gene codifying for the majority of the capsid
protein (CA). Comparing amino acid sequence alterations of the partial gag protein obtained, the "GG”
motifs of the four type B sequences were glycine-glycine (GG) like type B reference SRLVs while those
of the 11 type A samples were asparagine-valine (NV) like other type A reference SRLVs (see Figure 4a).
In type A samples, sequences of epitopes 2 and 3 of reference isolates and of most samples were
conserved (see Figure 4a). Only arginine (R) replaced lysine (K) in samples N16-426 and N17-44 and
serine (S) replaced asparagine (N) in sample Q7. Type B samples had highly conserved epitope 3
sequences since there are only two alterations in M1 (isoleucine (I) instead of serine (S) and lysine (K)
instead of glutamic acid (E). More alterations were found in epitope 2 where three out of four type B
samples showed one alteration in comparison with type B reference isolates (see Figure 4a,b).

In the Major Homology Region (MHR), which is usually a highly conserved sequence in the gag
gene of all retroviruses, some alterations were present in type A samples. In particular, all but one type
A samples showed one or two alterations comparing to the A2/A3 reference strain 697 (see Figure 4b).
Samples M5, M12, M15, Q10, and N16-426 had isoleucine (I) instead of valine (V) at the fourth position
as type Al reference strain SA-OMVV. This latter had also a serine (S) instead of asparagine (N) at the
ninth position. Sample Q7 had not only this alteration, but also glutamic acid (E) instead of aspartic
acid (D) at the 14th position, which shows the same alterations found in the A2/A3 Spanish strain 160.
Sample N17-44 had isoleucine (I) instead of serine (S) at the 11th position unlike the other samples and
reference strains. Unusual alterations were found in sample M19 where asparagine (N) replaced serine
(S) at the 11th position and lysine (K) substituted glutamic acid (E) at the 21st position. Type B samples
had highly conserved MHR sequences and showed the same amino-acidic sequences of B2 reference
isolates even though some single alterations were present in the nucleotide sequences (see Figure S1).
A significant correlation among sequence alterations and severity of mastitis was not found (p > 0.05).
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Figure 4. Alignment (MUSCLE) of deduced amino acid sequences of partial gng-p25 of the SRLV
sequences obtained and of some SRLV reference strains; (a) positions from 209 to 278, (b) posiions
from 279 to 368. Two immuno-dominant epitopes of this capsid protein, the GG motif, and the Major
Homology Region (MHR) are within squares. The score of mammary lesion of each sample is reported.
Legend: (-) homology, (—) deletion, (+++) severe lesions, (++) moderate lesions, (+) minimal lesions,
(no) no lesions, (n. c.) not classified, CAN: Canada; CHI: China; ENG: England; ICE: Iceland; ITA: Italy;
MEX: Mexico; NOR: Norway; POR: Portugal; SOA: South Africa; SPA: Spain; SWI: Switzerland; USA.

3.2. Analysis of LTR Sequences

The alignment and phylogenetic analysis of LTR nucleotide sequences showed that most samples
were closer to the reference Spanish A2/A3 strain 697 (Figures 5 and 6a,b). Comparing samples
with the 697 reference strain, Q10 and Q11 showed a 23 nt deletion (9133-9160 nt) in the R region,
which appeared longer than the 13 nt deletion present in the reference strains 697, EV1, and in
other Spanish strains (C3, 160, 292). Sample Q12 had similar deletions than 697 while other samples
showed 2-8 nt deletions in the same tract. No significant differences were found among sequences of
samples with a different grade of mastitis (p > 0.05). Similarly, as previously described, the TATAbox,
the polyadenylation signal, and the AML (vis), which is a site possessing the consensus sequence for
the AML/PEBP2/CBF transcriptional factor family [26], were conserved and only a substitution G
with A was present in three samples at position 9065 of AML (vis).
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Figure 5. Phylogenetic analysis of the SRLV partial LTR. Sequences of different SRLV genotypes and
subtypes available in GenBank were used as reference isolates. Reference sequences are indicated
with their accession number and country of origin (CAN: Canada; CHI: China; ENG: England; ICE:
Iceland; ITA: Italy; MEX: Mexico; NOR: Norway; POR: Portugal; SOA: South Africa; SPA: Spain; SWI:
Switzerland; USA). Samples are indicated with their codes and are labeled on the basis of the score
of the mammary lesions observed (A severe, Ml moderate, ¥ minimal, ® no lesions, 4 not available).

The phylogenetic analysis was performed with a maximum likelihood (ML) method using the Kimura
2-parameter model with a gamma distribution and with bootstrap values based on 1000 repetitions.

Sequences are not deposited in GenBank because they do not reach the minimum length required.
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Figure 6. Alignment (MUSCLE) of nucleotide sequences of the LTR region of the SRLV sequences
obtained and of some SRLV reference strains. LTR sequence of the isolate Icelandic 1514 (M10609.1) was
used as a reference; (a) positions from 9057 to 9126, (b) posiions from 9127 to 9206. Sequence of reference

strains EV1 (§51392.1) was also used. Sequences previously found in Spain in goats (C3—DQ084355.1)
and in sheep (697—HQ864615.1, 160—HQ864610.1, 292—HQ864611.1 and 368—HQ864614.1) and
showing high homology with our samples were also included. Sequences of the AML (vis), the TATA

box element, and the polyadenylation signal are within black squares. Sequences of samples with

similar scores of mammary lesions are within colored squares. Legend: (-) homology, (—) deletion,

(blue squares) severe lesions, (red squares) moderate lesions, (light blue squares) minimal lesions, and

(green squares) no lesions.

4. Discussion

This study describes for the first time gag and LTR sequences of SRLVs detected in Spanish Assaf
sheep with different grades of histopathological mastitis and their phylogenetic relationships in the

context of known SRLV sequences.
Although initially genotypes B viruses were thought to infect only goats, it is not unusual to find
reports about infections by type B viruses in sheep and by type A viruses in goats [27-30]. Even in



Viruses 2018, 10, 315 12 of 15

this study, both genotypes A and B SRLVs have been found in ovine samples. It was not known if the
examined sheep had contact with goats, but infection with A genotypes in goats was not reared in
contact with sheep, which was reported [31].

The gag-pol phylogenetic tree and the pairwise genetic distances comparison revealed that most
sequences of the samples were closer to the Spanish A2/ A3 isolate 697 while four sequences belonged
to subtype B2. Isolate 697 has been previously detected in sheep with neurological diseases from
the Spanish region of Castilla y Ledn in Spain and has been classified as A2/A3 because differences
between A2 and A3 are often not large enough to separate the two groups [3,25]. Partial sequences
of viruses classified as A2/A3 have been detected further seven sheep with neurological signs in
Spain [25]. These findings suggest that, in Northern Spain, subtype A2/A3 SRLVs is genetically related
to SRLVs, which caused nervous diseases. However, in our cases, neurological signs were not reported.
Samples M1, M3, M17, and Q1 were closer to Italian than to Spanish B2 isolates and mammary lesions
were found from moderate to severe in three out of four samples while, in sample Q1, lesions were not
found. B2 SRLV has been detected in Spain for the first time in SRLV-seropositive adult sheep of the
Rasa Aragonesa breed, which shows clinical signs of arthritis [17,32]. Mammary histological lesions
were present in 10 out of 13 animals with arthritis, which suggests that udders can be involved even if
clinical signs might remain unrecognized until the losses of milk production are significant. B2 viruses
have been detected in Italian small ruminants during epidemiological surveys, but data about clinical
signs or histological lesions are not reported [4,33].

In addition, good-quality sequences about 800 bp long were obtained from FFPE samples.
Fixation in formalin and embedding in paraffin at high temperatures is thought to degrade DNA.
Fragmentation of DNA molecules can interfere with their amplification by PCR and with consequent
sequencing. In our case, good-quality DNA has been extracted and amplified by PCR from archival
FFPE samples, which suggests that this method could be attempted for studying FFPE samples as well
as for retrospective investigations.

Analysis of the genetic sequences is important not only for evaluating the spread of SRLV types
and subtypes but also for monitoring antigenic variability. Actually, remarkable antigenic variation
might be responsible for the misdiagnosis of highly divergent genotypes [34]. The gag gene encodes
nucleocapsid, capsid, and matrix proteins. Indirect diagnostic assays usually use the capsid protein
as the antigen, which helps monitor immuno-dominant epitopes of gag-encoded structural proteins.
This is useful for detecting antigenic variability in the field and forevaluating and improving the
sensitivity of indirect diagnostic tools. Alterations in the amino acid sequences of immuno-dominant
epitope regions suggest altered antigenicity, which may affect the sensitivity of serological tests such
as ELISA and AGID. The gag-pol set of primers used in this study allowed sequencing only of epitopes
2 and 3. Amino acid sequences of epitopes 2 and 3 of type A2/A3 viruses were quite conserved and
limited alterations only in three and one samples, respectively. Epitope 2 of B2 isolates had more
alterations, which shows single amino acid alterations in three out of four sequences. In addition,
more variability was found in the MHR of A2/ A3 viruses, which show all but two samples and at
least one alteration in comparison with the reference A2/A3 strain 697. The MHR is usually conserved
in many retroviruses and is essential for viral assembly [35]. Mutations in the MHR sequence of HIV-1
cause capsid assembly that reduces infectivity [36]. While some studies have been carried out on
MHR of human retroviruses, the consequences of MHR mutations on infectivity of SRLVs should be
better investigated. MHR of B2 viruses and GG motif of both A2/A3 and B2 viruses in the gag amino
acid sequences, AML (vis) motif, TATA-box, and poly-A of both A2/A3 and B2 viruses in the LTR
nucleotide sequences were highly conserved, which was previously reported in strains from different
geographic areas [31,37,38].

Most LTR sequences showed higher homology with A2/A3 Spanish SRLV isolates. Samples Q10
and Q11 showed a 23 nt deletion in the R region, which appeared longer than the 13 nt deletion
observed in type A2/3 reference isolate 697. A 13 nt deletion in this region has been found in
sequences of clinically affected sheep and a correlation among this deletion and the appearance
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of clinical signs has been suggested [32]. On the contrary, a similar deletion has been found in SRLVs
infecting asymptomatic sheep and the lungs of animals infected with viruses carrying the deletion
were significantly less affected than sheep infected with viruses without deletion [18]. In the present
study, significant correlations among deletions in the R region of the LTR and severity of mammary
lesions were not found (p > 0.05). Samples with deletions were from sheep with more severe mammary
lesions and sheep with moderate to severe mastitis did not show this deletion (see Figure 6b).

Although the severity of mammary lesions was not significantly related to the viral genotype,
SRLV sequences from samples with similar grades of lesions (no/minimal and moderate/severe) were
most closely related to each other (see Figures 3 and 5 and Table 2). Considering the high economic
impact of SRLV diseases, some countries aim to eradicate the diseases by identifying and prematurely
culling infected animals. Selecting animals on the basis of serological results could determine the
selection of SRLV variants with significant alterations in the antigen sequences. Permanent and
extensive surveys should be encouraged in different countries to evaluate the antigenic variability
of SRLV and to monitor the sensitivity and specificity of diagnostic tests in detecting these variants.
In particular, seronegative animals should be investigated for infections by new viral genotypes
not detected by traditional serological tests. Histological screening of different target organs at the
slaughterhouse could be a useful tool for selecting samples with lesions, which suggests an SRLV
disease in seronegative animals.

5. Conclusions

In conclusion, this is the first study investigating the association between the SRLV sequence
analysis and histopathological grading of mammary lesions in sheep. Circulation of SRLVs of types
A2/A3 and B2 in Spanish Assaf sheep was confirmed and new viral variants have not been found,
but moderate alterations were present in some immuno-dominant epitopes and in the MHR tract.

No significant correlation was found among histological features and alterations in the sequences.
Although some sequences obtained from samples with similar grades of mammary lesions appeared
closer to each other, more extensive and interdisciplinary studies are required for establishing the
existence of viral clusters with a higher or lower pathogenicity for specific target organs.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1999-4915/10/6/315/s1,
Figure S1: Nucleotide alignment of MHR sequences in the gag gene of the samples and of some reference strains.
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