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Introduccién

1. Complejo Mycobacterium tuberculosis: aspectos generales

Los representantes del complejo Mycobacterium tuberculosis (MTBC) forman parte
del género Mycobacterium y se caracterizan por ser bacilos inmoviles, no esporulados,
dcido alcohol resistentes y con una lenta division celular (16-20 horas). Su ADN contiene
un alto contenido de guanina+citosina (61-71%) y su pared es rica en lipidos, entre los que

se encuentran los dcidos micdlicos (Boddinghaus et al., 1990).

Existen varios sistemas de clasificacion de las micobacterias del complejo que
estdn basados en caracteristicas fenotipicas, sin embargo actualmente, la clasificacion
mds ampliamente utilizada atiende a sus caracteristicas gendmicas. Asi, las
micobacterias del MTBC se han divido en distintas especies o miembros segun la
presencia de deleciones en ciertas regiones del cromosoma (Regions of Difference, RD)
(Gordon et al., 1999) y a la presencia de polimorfismos puntuales en determinados genes

(Single Nucleotide Polymorphism, SNP) (Figura 1).
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Figura 1. Filogenia del MTBC basada en la presencia o delecion de regiones de diferenciay en

polimorfismos genéticos (van Ingen et al., 2012).



Infroduccién

Todas las micobacterias del MTBC presentan una homologia de secuencia del
genoma del 99,95%, la cual asciende al 100% en la subunidad 16s del ARNr (Behr and
Mostowy, 2007; Brosch et al., 2002; Gutacker et al., 2002). Las especies que se engloban
en este complejo son: Mycobacterium fuberculosis, Mycobacterium africanum,
Mycobacterium canettii, que tradicionalmente causan enfermedad en el hombre,
Mycobacterium bovis, Mycobacterium caprae, Mycobacterium microti, el bacilo
“dassie”, Mycobacterium pinnipedi y Mycobacterium mungi que causan tuberculosis en
distintos animales. En los Ultimos afos, se han descrito dos nuevas especies:
Mycobacterium orygis y Mycobacterium suricattae, ademds de una nueva cepa aislada

de chimpancé en Costa de Marfil (Africa) (Coscolla et al., 2013) (Figura 1).
1.1. Mycobacterium tuberculosis

Mycobacterium tuberculosis (MTB) es el agente infeccioso responsable de la
tuberculosis (TB) en humanos y primates. Se aqisld por primera vez en 1882 por el
microbidlogo Robert Koch (Sakula, 1982). Es una micobacteria fototréfica, heterotrdfica y
aerdbica, si bien ha sido descrito que, durante el curso de la infeccidn en ratones, MTB es
capaz de cambiar el metabolismo, creciendo en microaerofilia y utilizando lipidos como

fuente de carbono.

La cepa de referencia utilizada para la realizacién de numerosos estudios es la
cepa H37Rv, cuyo genoma se publicdé en 1998 (Cole et al.,, 1998). Su tamano es de
4.411.532 pares de bases, y contiene 3.999 genes, de los cuales se ha caracterizado la
funcion del 40% de ellos (Galagan et al., 2010; Reddy et al., 2009). Esta cepa surgié a
partir de una cepa parental (H37) aislada del esputo de un paciente con TB. Veintidds
anos después de su aislamiento, algunos laboratorios detectaron una disminucién en su
virulencia probablemente atribuida a las modificaciones en la composicién del medio de
crecimiento (Steenken y Gardner, 1946). Aprovechando esta observaciéon, Steenken
utilizé diferentes condiciones de crecimiento de H37 para disociar de forma estable las

variantes avirulentas (H37Ra) y virulentas (H37Rv) (Steenken et al., 1934).

Ademds de afectar a humanos y primates también se ha descrito como agente
responsable de TB en distintos animales como vacas (Jenkins et al., 2011; Mittal et al.,
2014; Thakur et al., 2012), cabras (Jenkins et al., 2011; Kassa et al., 2012), cerdos (Jenkins et
al., 2011; Mohamed et al., 2009), perros (Engelmann et al., 2014; Martinho et al., 2013),
aves (Hoop, 2002; Lanteri et al., 2011) y elefantes (Paudel et al., 2014; Vogelnest et al.,
2015).
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1.2. Mycobacterium africanum

Mycobacterium africanum (M. africanum) fue descrito por primera vez a finales de
1960 por Castets (Castets et al., 1968; Castets y Sarrat, 1969) como una micobacteria que,
al igual que MTB, es sensible a pirazinamida (PZA), pero que se diferencia principalmente
por ser nitrato negativa y por ser capaz de crecer en microaerofiia en medios
suplementados con piruvato. Sin embargo, M. africanum conduce a resultados variables
en la caracterizacién bioguimica cldsica, complicando su propia clasificacion. Esto es
debido a la presencia de distintos subtfipos que han sido clasificados gracias al
genotipado molecular en: Mycobacterium africanum fipo | West African 1 (MAF1) vy
Mycobacterium africanum tipo | West African 2 (MAF2) (de Jong et al., 2010). En los
Ultimos anos, Mycobacterium africanum tipo Il ha sido reclasificado como M. tuberculosis

sensu stricto genotipo Uganda (de Jong et al., 2010).

Se ha descrito que M. africanum se encuentra afectando principalmente a
humanos de Africa occidental. Su prevalencia alcanza cifras del 39% para MAF1 en Benin
o del 51% para MAF2 en Guinea Bissau (de Jong et al., 2010). En Europa se han notificado
casos esporddicos de TB por M. africanum, mayoritariamente en casos inmigrantes
procedentes del oeste de Africa. Del mismo modo, la infeccién en animales por este
patégeno es anecddtica, afectando principalmente a ganado vacuno de Africa
occidental (Cadmus et al., 2006; Cadmus et al., 2010; Rahim et al., 2007).

1.3. Mycobacterium canetti

Mycobacterium canetti (M. canetti) fue descrito por Van Soolingen en 1997 (van
Soolingen ef al., 1997). Es conocido como el bacilo liso del complejo debido a que
produce colonias lisas y brillantes. Ademds, su pared estd compuesta por unos
lipooligosacdridos y fenolglicolipidos caracteristicos que lo diferencian claramente del
resto de miembros del complejo. Recientemente se ha demostrado su resistencia
intfrinseca a la PZA (Feuerriegel et al., 2013). Diversos estudios muestran mayor tasa de
division in vitro (Supply et al., 2013; van Soolingen et al., 1997) que MTB. Un estudio actual
ha visto que es menos persistente que MTB en la infeccidn en ratones (Supply et al., 2013).
Se ha aislado esporddicamente (actualmente hay menos de 100 aislados descritos) y

mayoritariamente de pacientes originarios de Africa del Este.
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1.4. Mycobacterium bovis

Mycobacterium bovis (M. bovis) es el principal patdgeno responsable de la TB
bovina (TBb). A pesar de conocerse clasicamente como productor de esta enfermedad,
no fue hasta 1968 cuando fue descrito por primera vez (Karlson y Lessel, 1970). Como
diferencias fundamentales con MTB se encuentra su resistencia intrinseca a PZA, su mejor
crecimiento en medios enriquecidos con piruvato (ya que no es capaz de metabolizar el
glicerol) y su capacidad para crecer en ambientes microaerofilicos. Hace algo mds de
una década se publicd el genoma de la cepa AF2122/97 (Garnier et al., 2003), que
actualmente es considerada como referencia. Debido a la delecién de un variado
nUumero de regiones de diferencia presenta un menor tamano gendmico con respecto a
MTB.

Su hospedador principal son los animales pertenecientes a la subfamilia Bovinae
(géneros Bison, Bos y Bubalus principalmente), pero se ha aislado de gran diversidad de
animales, asi como del ser humano (Adesokan et al., 2012; Corcoran et al., 2014; Jenkins
et al., 2011; Jiang et al., 2015) y otros primates no humanos (Keet et al., 2000; Thorel et al.,
1998). Otros animales en los que causa enfermedad son los pertenecientes a las
subfamilias Caprinae, principalmente cabras y, en menos medida, ovejas (Higino et al.,
2011; Jenkins et al., 2011; Marianelli et al., 2010; Munoz Mendoza et al., 2012; Zanardi et al.,
2013) y Suinae, principalmente cerdos vy jabalies (Jenkins et al., 2011; Mohamed et al.,
2009; Muwonge et al., 2012; Parra et al., 2003; Zanella et al., 2008). Asimismo se ha aislado
de ofros animales como caballos (Monreal et al., 2001; Sarradell et al., 2015), perros
(Etienne et al., 2013; Shrikrishna et al., 2009) y gatos (Murray et al., 2015; Ramdas et al.,
2015; Roberts et al., 2014).

1.4.1. Mycobacterium bovis BCG

En 1921, en el instituto Pasteur, Albert Calmette y Camille Guérin, tras someter a
una cepa de M. bovis a 230 pases sucesivos (entre 1908 y 1921) en un medio con patatay
glicerol, produjeron una variante atenuada a la que nombraron como BCG (Bacillus de
Calmette y Guérin) (Renvoise et al., 2014). Desde entonces, M. bovis BCG ha sido utilizada
como vacuna en fodo el mundo. Sin embargo, existen distintas cepas BCG ya que, desde
su primera distribucidn a los distintos laboratorios, hasta la introduccidn de la liofilizacién
en la década de los 60, cada laboratorio mantuvo su propia BCG mediante subcultivos
sucesivos, produciéndose una deriva genética. De esta forma, las é cepas principales,
que representan mds del 90% de la vacuna producida, son Pasteur 1173 P2, DANISH 1331,
Glaxo 1077, Russian BCG-l, Tokyo 172-1, y Moreau RDJ (Singh et al., 2015). Estas se
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diferencian genéticamente entre si por tener distinto nUmero de RDs, asi como diferentes

duplicaciones en tdndem y SNPs (Copin et al., 2014).

Existen estudios en humanos y animales que evidencian la diferente capacidad
de la vacuna BCG para inducir la respuesta inmune celular especifica. Por ello, la
eficacia en adultos oscila entre el 0 y el 80% (Fine, 1995), siendo mds eficaz en prevenir la
TB diseminada y la meningitis tuberculosa en ninos (52-100%) (Trunz et al., 2006). Por este
motivo, su aplicacién actual estd mayoritariamente restringida a los recién nacidos de
paises en vias de desarrollo o de paises en los que la TB es endémica. Adicionalmente, se
ha descrito el uso de BCG como adyuvante en la guimioterapia para pacientes con
cdancer de vejiga debido a los beneficios derivados de la estimulaciéon del sistema inmune
(Kamat et al., 2015).

1.5. Mycobacterium caprae

Mycobacterium caprae (M. caprae) fue descrito por primera vez en 1999 por
Aranaz (Aranaz et al., 1999) como una micobacteria aislada de cabras espanolas (M.
fuberculosis subsp. caprae subsp. nov). Y no fue hasta el ano 2003 cuando fue propuesta
como un miembro del complejo debido a que estudios realizados sobre la evoluciéon del
MTBC demostraron que el grupo de adislamientos caprinos est&d menos evolucionado que
su, hasta ese momento considerado, ancestro M. bovis (Aranaz et al., 2003; Brosch et al.,
2002). Es una micobacteria caracterizada por ser negativa a la reducciéon del nitrato y a
la acumulacién de niacina, sensible a la PZA vy resistente a la hidracida del dcido 2-

tiofenolcarboxilico a bajas concentraciones (2ug/mil).

Aunque su hospedador principal son las cabras, se ha aislado de ofros animales
rumiantes (vacas, ovejas, ciervos) (Lamine-Khemiri et al., 2014; Rodriguez et al., 2011;
Schoepf et al., 2012) asi como de cerdos, jabalies (Garcia-Jimenez et al., 2013; Rodriguez
et al., 2011) e incluso humanos (Gutierrez et al., 1997; Kubica et al., 2003; Prodinger et al.,
2005).

1.6. Mycobacterium microfi

Mycobacterium microti (M. microti), causante de la TB en ratones de campo, se
describié por primera vez en 1937 por el doctor A. Q. Wells (Wells y Oxen, 1937). Las
principales diferencias fenotipicas frente a MTB son su incapacidad para reducir nitratos y
el aspecto liso de las colonias. Los reservorios naturales de M. microfi son rodeores,
principalmente ratones de campo (Apodemus sylvaticus), topillos agrestes (Microtus

agrestis) y rojos (Myodes glareolus) y musaranas (Sorex araneus). Sin embargo, cada vez
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son mds los mamiferos, tanto salvajes como domésticos, en los que M. microti causa
enfermedad. Se han descrito casos en gatos (Laprie et al., 2013; Rufenacht et al., 2011),
perros (Deforges et al., 2004), cerdos (Huitema y Jaartsveld, 1967; Taylor et al., 2006),
jabalies (Boniotti et al., 2014), camellos (Lyashchenko et al., 2011; Zanolari et al., 2009),
monos (Henrich et al., 2007), llamas (Xavier Emmanuel et al., 2007), suricatos (Palgrave et
al., 2012), etc. Igualmente, se han descrito numerosos casos de TB en humanos, tanto
inmunocomprometidos como inmunocompetentes, causados por este patdgeno (Frank

et al., 2009; Niemann et al., 2000; Panteix et al., 2010; Xavier Emmanuel et al., 2007).

M. microti se postuldé como vacuna potencial contra la TB humana. Sin embargo,
tras realizar estudios en adolescentes y recién nacidos, se demostré que, aunque era
segura, no fue mds eficaz que la actual vacuna BCG (Hart y Sutherland, 1977; Sula vy
Radkovsky, 1976).

1.7. Dassie bacilus

El primer caso de TB causado por el bacilo dassie ocurrié en la década de los 50
en los damanes de El Cabo (Procavia capensis) (Smith, 1960; Wagner et al., 1958). Esta
variante poco frecuente del complejo se caracteriza por presentar mayor similitud
genética con M. microti en comparacién con MTB (Mostowy et al., 2004). Nunca se ha
documentado su infeccidn en humanos aunque la importaciéon de estos animales a

distintos zooldgicos podria producir la aparicidon de esta enfermedad en el hombre.

1.8. Mycobacterium pinnipedii

En 2003 se identificd a Mycobacterium pinnipedii (M. pinnipedii) como una nueva
especie del complejo que producia TB en pinnipedos (principalmente focas y leones
marinos) (Cousins et al., 2003). Ademds de describirse infecciones en estos animales
también se han descrito casos en el ganado vacuno (Loeffler et al.,, 2014), tapires
(Jurczynski et al.,, 2011), camellos (Moser et al., 2008) y humanos (Kiers et al., 2008;

Thompson et al., 1993).

1.9. Mycobacterium mungi

En 2010 se identificé a Mycobacterium mungi (M. mungi) como el agente causal
de la TB en mangostas tras la aparicion de siete brotes con una elevada tasa de
mortalidad (Alexander et al., 2010). La tfransmisidén de este patdgeno, al contrario del resto
de miembros del complejo, parece no ocurrir a través de la via respiratoria, sino a fravés

de la mucosa nasal, donde provoca lesiones granulomatosas. Sin embargo, debido a la
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escasa literatura existente con respecto a este patdégeno, no se ha llegado a una
conclusion definitiva al respecto. Hasta la fecha no se ha descrito que cause enfermedad
en ofros animales y tampoco existe informacidon disponible sobre su potencial
patogénico. Ademds, las pruebas biogquimicas no son suficientes para diferenciar a M.

mungi de MTB por lo que su diferenciacion descansa en métodos moleculares.

1.10. Mycobacterium orygis

Mycobacterium orygis (M. orygis) es un miembro del complejo que ha sido
recientementente descrito por Van Ingen (Gey van Pittius et al., 2012; van Ingen et al.,,
2012). Anteriormente era conocido como el bacilo oryx, causante de la TB en los drices
(género Oryx). Actualmente, ademds de infectar a drices, se ha descrito en gacelas,
vacas, monos Yy hombre (Dawson et al., 2012). Sin embargo, su rango de hospedadores
puede ser mds amplio ya que la mutacién gyrB1450 (guanina->timina), marcador en el
gue descansa la identificacidén de M. africanum en la mayor parte de tests comerciales,

parece encontrarse igualmente en M. orygis.

1.11. Mycobacterium suricattae

Este miembro del complejo, Mycobacterium suricattae (M. suricattae), ha sido
recientemente descrito por Parsons como causante de TB en suricatos (Suricata suricatta)
(Parsons et al., 2013). Estd genéticamente relacionado con el bacilo dassie aunque

parece ser mds virulento.
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2. Tuberculosis causada por Mycobacterium tuberculosis

Mycobacterium tuberculosis (MTB) es el agente causal de la tuberculosis (TB)
humana. Esta es una enfermedad infecciosa granulomatosa crénica que se produce por
la inhalacion de aerosoles que porten el bacilo tuberculoso (gotas de Fligge) generados
por pacientes baciliferos al toser o estornudar (Grupo de frabajo de la Guia de Préctica
Clinica sobre el Diagndstico, 2009). Se calcula que solo un 10% de las personas que se
infectan con el bacilo tuberculoso desarrollardn la enfermedad (Lozano, 2002; WHO,
2014a). Entre los factores que influyen en la infeccién del paciente podemos encontrar el
tiempo total de exposicidon, el tamano de las particulas aerosolizadas, la persistencia de
los aerosoles en suspension y, finalmente, el nUmero de bacilos inhalados. Dentro del 10%
de pacientes infectados, el 80% manifestard la enfermedad durante los dos primeros anos
posteriores al primer contacto con el bacilo (primoinfeccién). Los factores de riesgo que
favorecen el desarrollo de la enfermedad son aquellos que disminuyen la inmunidad,
como son la diabetes, el SIDA, la malnutricion, el abuso de alcohol y las malas
condiciones de vida asi como otros trastornos crénicos. Otfro factor de riesgo es el
tabaquismo; asi, se calcula que mds del 20% de los casos de TB son atribuibles al hdbito
de fumar (WHO, 2014a). De esta forma, segun el balance entre la respuesta del sistema
inmunitario del paciente y la exposiciéon a MTB, se distinguen tres situaciones diferentes
(Lozano, 2002):

— Exposicion sin infeccidn. No se desarrolla respuesta inmunitaria y no hay

evidencia de enfermedad.

— Infeccidn sin enfermedad o latente. Se produce reaccién inmunitaria aungue sin

evidencia de enfermedad.

- Enfermedad activa. Se desarrollan los sinftomas y signos clinicos y radiograficos

de la TB y se produce la confirmacién bacterioldgica de la presencia del bacilo.
2.1. Patogenia

Una vez el bacilo es inhalado y llega a los alveolos, se desencadena una serie de
respuestas tisulares e inmunolégicas conocidas como primoinfeccién tuberculosa. En
primer lugar, se produce un foco de alveolitis exudativa (Lozano, 2002); en donde los
macréfagos comienzan a eliminar a las micobacterias. En las 2-10 semanas posteriores a
la infeccidon se pone en marcha una respuesta inmunoldgica celular desencadenada por
los antigenos de la membrana y del citoplasma de las micobacterias. En este momento,

se produce el caracteristico granuloma tuberculoso, el cual es un agregado compacto y

10
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organizado de células inmunes [macréfagos infectados y no infectados, macrofagos
espumosos, células epitelioides y células gigantes multinucleadas (células de Langerhans)
rodeado por un anillo de linfocitos T] (Silva Miranda et al., 2012). Al cabo de un fiempo el

granuloma se licua en su centro y deja un nicleo de necrosis caseosa.

Llegados a este punto, si el sistema inmune es capaz de conftrolar la infeccion, el
granuloma se reabsorbe y calcifica, y el individuo no llega a desarrollar la enfermedad
aungue si ha desarrollado una respuesta inmune (infeccién latente). Por el contrario, si el
sistema inmune del paciente se encuentra deprimido, el bacilo serd capaz de replicarse y

producir enfermedad activa.
2.2. Diagnostico
2.2.1. Diagndstico clinico de la tuberculosis activa
En un paciente con TB activa, el diagndstico clinico dependerd del tipo de TB:

- Tuberculosis pulmonar. Es la manifestacién clinica mds comun de la TB, vy
representa el 80-85% de los casos. Se presenta con signos respiratorios como tos seca o
productiva, expectoracion con o sin hemoptisis, dolor tordcico y sintomas generales:
anorexia, astenia, adinamia, sudoracién nocturna, pérdida de peso y a veces fiebre
prolongada (Grupo de trabajo de la Guia de Prdéctica Clinica sobre el Diagndstico, 2009).
Los hallazgos en la radiografia y la tomografia computerizada tordcicas, aunque
inespecificos, son un fiel reflejo de las alteraciones estructurales del pulmdn vy térax. En la
radiografia se pueden observar infiltrados u opacidades parenquimatosas, adenopatias,
atelectasia segmentaria o derrame pleural (generalmente unilateral) (Gonzalez-Martin et
al., 2010).

- Tuberculosis extrapulmonar. Representa el 15-20% de todos los casos, pudiendo
llegar al 60% en pacientes inmunocomprometidos (Fanlo y Tiberio, 2007). En la mayoria de
los casos de TB extrapulmonar existe un foco primario en el puimén, del cual se produce
una diseminacién por, contiglidad, via linfatica o via hematdégena. Esta Ultima es la
causante de la mayoria de las TB extrapulmonares, a excepcion de la pleural y la
linfatica. La TB pleural es la TB extrapulmonar mds frecuente, y el signo clinico mds
caracteristico es el derrame pleural, que se presenta con un cuadro de tos, febricula y
dolor torécico de caracteristicas pleuriticas (Grupo de trabajo de la Guia de Prdctica
Clinica sobre el Diagndstico, 2009). Ofras localizaciones extrapulmonares son la
ganglionar, urogenital y ostearticular. El resto de localizaciones es muy infrecuente, no

obstante, en caso de producirse, los sinfomas clinicos dependerdn del érgano afectado:
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frastornos  digestivos, hematoldgicos (anemia, linfopenia,  trombocitopenia)

hepatoesplenomegalia, signos meningeos, etc.

Debido a la diseminaciéon hematdgena del bacilo, pueden encontrarse afectados
simultdneamente mJltiples érganos. En este caso, el paciente presenta una TB
diseminada en la que se observa un gran deterioro del estado general: fiebre, disnea y
astenia; acompanados de los signos clinicos especificos de los érganos afectados, en
donde se producen pequenos ndédulos (Gonzalez-Martin et al., 2010). En las formas
agudas se puede producir el sindrome del distrés respiratorio del adulto (Grupo de trabajo
de la Guia de Préctica Clinica sobre el Diagndstico, 2009). En las evoluciones cronicas
estd comprometido el estado general y se produce fiebre de origen desconocido. La
radiologia tordcica puede presentar el patrén “en grano de mijo” con pequenos nddulos
pulmonares. La tomografia computerizada es Util para demostrar lesiones no visibles en la

radiologia convencional (Gonzalez-Martin et al., 2010).

2.2.2. Diagndstico de la tuberculosis latente

El diagndstico en pacientes con TB latente se basa en la deteccidén de la
respuesta inmune a MTB. Este diagndstico se puede hacer directamente sobre el
paciente (prueba de la tuberculina), o indirectamente in vitro, a partir de una muestra de

sangre del paciente [deteccidn del interferon gamma (IGRA)].

- Prueba de la tuberculina o método de Mantoux: es ampliamente utilizada por su
bajo coste econdmico vy su facil realizaciéon. Consiste en la administracion infradérmica de
un derivado proteico purificado (PPD) de MTB. Tras 48-72 horas, en caso de exposicion
previa con el bacilo, se observard una induracién (mayor o igual a 5 mm de didmetro)
provocada como consecuencia de la reaccion inmunoldégica del paciente. Hay que
tener en cuenta que, en casos de infeccién por bacterias no tuberculosas o pacientes
vacunados con BCG, la prueba puede ser positiva, por lo que se deberd considerar esta
reaccién como falso positivo. De la misma manera, se pueden producir falsos negativos
en casos de infeccidon reciente (entre 8 y 10 semanas tras el contacto) o muy antigua, asi
como en menores de seis meses, pacientes inmunodeprimidos o en caso de una

incorrecta aplicacién de la prueba (CDC, 2000).

- Deteccidén del interferon gamma (IGRA). Se basa en la detecciéon del interferon
gamma (IFN-y) tras la sensibilizacién in vitro con antigenos especificos de MTB (ESAT-6,
CFP-10). Actualmente existen dos kits comerciales para su realizacién: el T-SPOT®.TB y el
QuantiFERON®-TB Gold. El primero de ellos requiere de la separaciéon de las células

mononucleares sanguineas, las cuales, tras ser estimuladas con ambos antigenos, son
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analizadas mediante la técnica de ELISPOT, en la cual cada punto representa una célula
T secretora de IFN-y (CDC, 2010). EIl QuantiFERON®-TB Gold estimula la sangre totfal
incubada con, ademds de los dos antigenos ESAT-6 y CFP-10, un tercer antigeno (TB7.7) v,
mediante ELISA, determina la cantidad de IFN-y. Estos métodos son mds especificos que
la prueba de la tuberculina ademds de producir menos reacciones cruzadas con la
vacunacion y permitir una interpretacion objetiva de los resultados (Grupo de trabajo de

la Guia de Practica Clinica sobre el Diagndstico, 2009).

2.2.3. Diagndstico microbioldgico

El objetivo del diagndstico microbioldégico es el aislamiento e identificacion del
organismo causante de la enfermedad. En el caso de la TB pulmonar es necesario
obtener dos esputos, preferiblemente tres, del paciente en dias consecutivos (WHO,
2006). En los ninos, la obtencién de un esputo adecuado es dificil, por lo que el aspirado
gastrico se considera una muestra vdlida. También son vdlidas ofras muestras de origen
pulmonar como lavados bronquial y broncoalveolar asi como contenido gdéstrico (WHO,
2006). En casos de TB extrapulmonar, se recogerdn las muestras correspondientes al

érgano afectado: orina, liquido cefalorraguideo, sangre, médula éseaq, etc.

- Microscopia: Mediante la realizacion de la baciloscopia de las muestras del
paciente se busca visudlizar el bacilo. Las micobacterias son dificiles de tefir con los
colorantes bdsicos habituales debido al alto contenido de lipidos de su pared celular,
especialmente a los dcidos micdlicos, sin embargo, gracias a su acido-alcohol resistencia
(AAR), se pueden visualizar utilizando distintos procedimientos. Los métodos cldsicos de
tincion son el Ziehl-Neelsen y Kinyoun, que utilizan la fucsina fenicada como colorante
primario, y en donde los microorganismos se tinen de rojo sobre un fondo azul o verde,
dependiendo del contracolorante utilizado (Figura 2a) (Palomino et al., 2007). Oftro
método ampliamente usado es la tincidn fluorescente Auramina-Rodamina, aunque tiene
el inconveniente de requerir un microscopio con fluorescencia para la visualizacién de los
bacilos, no siempre disponible. En esta técnica, los bacilos, al observarlos con luz
ulfravioleta, aparecen fluorescentes de color amarillo o naranja dependiendo del filtro
empleado (Figura 2b) (Alcaide Ferndndez de Vega et al., 2005). En toda baciloscopia en
la que se observen bacilos hay que indicar ademds el nUmero de bacilos por campo vy el
método de tincién empleado (Tabla 1). Estos datos serdn valorados por el clinico segun el
contexto clinico y el tipo de muestra, ya que la sensibilidad de la técnica es mayor en las
de origen respiratorio. En cuanto a las muestras extrapulmonares, el rendimiento de la
microscopia es elevado en las obtenidas por biopsia o exéresis de tejidos (70-80%) y
manifiestamente bajo en liquidos bioldgicos (5-20%) (Gonzalez-Martin et al., 2010). Es una

técnica rdpida y barata, ampliamente usada en paises no desarrollados y Util para
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proporcionar al clinico un diagndstico preliminar. Su principal inconveniente es que no
distingue bacterias viables de las no viables, ademds de no diferenciar la especie. Por
otro lado, no hay que olvidar que existen otras bacterias (Nocardia, Rhodococcus,
Tsukamurella, Gordona, Legionella micdadei) o formas parasitarias (ooquistes de
Cryptosporidium, Isospora, Sarcocystis y Cyclospora) que pueden presentar diferentes
grados de AAR (Alcaide Ferndndez de Vega et al., 2005).

a)
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Figura 2. Baciloscopia positiva de M. tuberculosis. a) Tincidn de Ziehl-Neelsen. b) Tincién fluorescente

Auramina-Rodamina.

Tipo de tfincién, aumento éptico y n° de bacilos AAR observados
Informe

Fucsina (1000x) Fluorocromo (250x) Fluorocromo (450x)
No bacilos AAR 0 0 0
Dudoso (repetir) | 1-2/ 300 campos (3 barridos) | 1-2/ 30 campos (1 barrido) | 1-2/ 70 campos (1.5 barridos)
Positivo 1+ 1-9/ 100 campos (1 barrido) 1-9/ 10 campos 2-18/ 50 campos (1 barrido)
Positivo 2+ 1-9/ 10 campos 1-9/ 1 campo 4-36/ 10 campos
Positivo 3+ 1-9/ 1 campo 10-90/ 1 campo 4-36/ 1 campo
Positivo 4+ >9/ 1 campo >90/ 1 campo >36/ 1 campo

Tabla 1. Interpretacion de los resultados de la baciloscopia (Alcaide Ferndndez de Vega et al.,
2005).

- Cultivo bacterioldgico: la obtencién de un cullivo positivo confima el
diagndstico de la enfermedad y permite realizar estudios de sensibilidad antibidtica y de
caracterizacién molecular de las cepas. El cultivo cldsico se realiza en medios sdlidos
como el 7H10 y 7H11 de Middlebrook. El medio mds utilizado es el Lowenstein-Jensen,
basado en huevo, donde el crecimiento de la micobacteria se prolonga hasta 2-4
semanas (Figura 3), teniendo que esperar hasta 8 semanas para poder considerar el
cultivo como negativo. Con el objetivo de aumentar la sensibilidad y disminuir el fiempo
de obtencidn de resultados, se han desarrollado distintos medios liquidos enriquecidos
como el 7H? de Middlebrook, Youmans, Dubos, etc. Ademds, en los Ultimos anos se han
generado métodos comerciales de deteccién automdatica de crecimiento bacteriano,
qgue miden, bien el consumo de oxigeno mediante florescencia (BACTEC MGIT 960), o
bien la produccién de didxido de carbono mediante colorimetria (BacT/ALERT 3D),

permitiendo obtener resultados positivos en una o dos semanas (Parrish et al., 2009). Una
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vez obtenido el cultivo es posible abordar el estudio de sensibilidad antibidtica. El método
cldsico de deteccion de resistencias es el de las proporciones de Canetti, Rist y Grosset
(1963). Este es un método fenotipico en el que se mide el crecimiento micobacteriano en
medio sélido con concentraciones estandarizadas de los fdrmacos de primera y segunda
linea. Una cepa serd resistente cuando exista crecimiento, en presencia del fédrmaco,
equivalente al menos a un 1% del observado en el control (Woods, 2000). Su mayor
inconveniente es la demora en la obtencidn del resultado, que puede alargarse hasta 90
dias si se considera, ademds del tiempo de realizacién del antibiograma, el tiempo de
cultivo de MTB. Los métodos de deteccidn de resistencias basados en cultivo liquido
permiten acortar este tiempo de obtencidn de resultados ya que permiten realizar,
simultdneamente con el cullivo de MTB, el estudio de resistencias frente a los dos

farmacos mds utilizado en el tfratamiento de la TB (rifampicina e isoniazida).

Figura 3. Crecimiento de M. tuberculosis en Lédwenstein-Jensen

- Identificacion molecular: el diagndstico molecular tiene la principal ventaja de
no requerir el cultivo para la identificacién de MTB, ademds de ser rédpido, mds sensible
que la baciloscopia y tener una buena relacién coste-beneficio. La principal desventaja
es que, al igual que la baciloscopia, la mayor parte de los ensayos implementados no
discrimina entre bacterias viables y no viables. Existen dos tipos de ensayos en funcion de
gue estén basados en sondas de hibridacién o en PCR. El primer tipo de ensayo consiste
en inmovilizar sondas de ADN especificas del MTBC sobre un soporte de nitrocelulosa v,
tras la hibridacién con la muestra problema, realizar un revelado enzimdtico. Las técnicas
basadas en PCR realizan una amplificacion de ADN (gen hspé5, subunidad ribosdmica
16s, regién intergénica 16s-23s ribosomal, elementos de insercién, etc.) seguida de la
caracterizacion de los fragmentos de amplificacion mediante restriccion, hibridaciéon o
secuenciacion (Alcaide Ferndndez de Vega et al., 2005). Actualmente, existen kits

comerciales que, ademds de la identificacion, pueden dar un resultado de sensibilidad a
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fdrmacos mediante el estudio de mutaciones de resistencia. Uno de los mds usados es

Genotype MTBDRplus®, el cual detecta la resistencia frente a rifampicina e isoniazida

(Drobniewski et al., 2015). Se basa en la amplificacion mediante PCR multiplex de los

genes de resistencia micobacterianos rpoB, katG e inhA, seguido de hibridacion reversa

en una tira de nifrocelulosa que contiene regiones parciales de estos genes fijados sobre
ella (Figura 4) (WHO, 2008). Siguiendo el mismo principio, INNO-LIPA Rif TB® amplifica el

gen rpoB por lo que detecta la resistencia a rifampicina (WHO, 2008). En los Ultimos anos

se ha extendido el uso de Xpert® MTB/RIF, tras la recomendacion de la OMS dirigida

especialmente a pacientes con sospecha de TB multirresistente (MDR) o asociada al VIH

(WHO, 2014aq). Este sistema, basado en la amplificacién automatizada y en tiempo real

del ADN, detecta simultdneamente la presencia de MTB vy la resistencia a rifampicinag,

directamente de esputo, en menos de dos horas.
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M, tuberculosis complex

rpof Locus Control
rpof wild bype probe 1
rpol wiid type probe 2
rpoB wild type probe 3
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rpoB mutation probe 28
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Figura 4. Identificacién del MTBC y de resistencia a rifampicina e isoniacida de cinco cepas

mediante el uso de Genotype MTBDRplus®.

2.3. Tratamiento

Actualmente hay

10 fadrmacos aprobados

por

la FDA

(Food and Drug

Administration) para el tratamiento de la TB, siendo cuatro los mds utilizados: isoniazida

(INH), rifampicina (RIF), pirazinamida (PZA) y etambutol (EMB).
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2.3.1. Tratamiento de la tuberculosis sensible

Los fadrmacos utilizados en pacientes que presentan una TB sensible son los
conocidos como de primera linea. El tfratamiento en adultos y nifos tiene una duracion
normalmente de 6-9 meses y consta de dos fases. En una primera fase inicial se
administran 3 6 4 fdrmacos durante 2 meses. En la segunda fase (de consolidacion o
continuacién), normalmente de 4 meses de duracién, se administran dos fadrmacos,
generalmente INH y RIF, puesto que son sobre los que descansa la mayor eficacia del
fratamiento (Aidar et al., 2010; 2003; Gonzalez-Martin et al., 2010).

2.3.2. Tratamiento de la tuberculosis resistente

Segun la resistencia a unos u otros fdrmacos se consideran cuatro tipos de TB:

-TB monorresistente: resistencia a un solo fédrmaco.

-TB polirresistente: resistencia a dos o mds farmacos, sin incluir simultdneamente INH
y RIF.

-TB multirresistente (MDR): resistencia simultdnea al menos a INH y RIF.

-TB extensivamente resistente (XDR): resistencia a INH, RIF y a por lo menos una

fluoroquinolona y a un inyectable de segunda linea.

El tratamiento de la TB resistente resulta mds complejo, pero hay que tener en
cuenta que siempre se deben emplear al menos 3-4 f&drmacos eficaces y que se debe
seguir con el tratamiento hasta 6 meses después de la negativizacion de los cultivos
(Aidar et al., 2010). Por otra parte, los fdrmacos de segunda linea son, en general, menos
eficaces, lo que puede plantear serios problemas de tratamiento en los pacientes con
intolerancia grave o resistencia a mds de un fdrmaco. Las pautas propuestas se basan a
menudo en la experiencia y en recomendaciones de expertos, ya que no se dispone de

suficientes estudios aleatorizados que establezcan cuales son las mds adecuadas.

En pacientes con TB resistente a INH se debe sustituir este fdrmaco por EMB vy
prolongar el tratamiento hasta un total de 12 meses (segunda fase de 10 meses con RIF y
EMB). En los casos de resistencia a RIF se debe sustituir éste por EMB y mantener el
fratamiento durante 18 meses (segunda fase de 16 meses con INH y EMB). En los
pacientes con TB resistente a PZA la pauta de tratamiento de 9 meses de duracién (2
meses con INH, RIF y EMB, mds 7 meses con INH y RIF) ha dado buenos resultados
(Gonzalez-Martin et al., 2010).



Infroduccién

El fratamiento de pacientes con TB MDR o XDR es complicado vy, en la medida de
lo posible, es muy importante que sea individualizado y guiado por antibiograma. El
tfratamiento debe incluir un minimo de 4 fdrmacos potencialmente activos, incluyendo,
siempre que sea posible, los que sean de primera linea, un inyectable de segunda linea
(kanamicina, amikacina, capreomicina), y una quinolona (levofloxacina, moxifloxacing,
gatifloxacina). En cuanto a la duracion del fratamiento, la fase inicial, que debe incluir un
farmaco inyectable, debe mantenerse un minimo de 6 meses (0 al menos 4 meses desde
la negativizaciéon del cultivo), y la fase de continuaciéon (sin inyectable) durard un minimo
de 18 meses desde la negativizaciéon del cultivo (Navas Elorza y Moreno Guillen, 2010). Es
importante que los pacientes sean tratados bajo observacion directa para garantizar el

cumplimiento.

2.4. Situacion actual de la infeccidn por Mycobacterium tuberculosis en

humanos

La TB es un problema sanitario de primera magnitud a nivel mundial ya que es la
segunda causa mundial de mortalidad, después del SIDA, debido a un agente infeccioso.

En 2013 la tasa de mortalidad se situd en 1,5 millones de personas (WHO, 2014aq).

Se considera que un tercio de la poblacidn estd infectada por este patdégeno,
aungue se estima que sélo un 10% de los casos tfienen riesgo de desarrollar la
enfermedad. Sin embargo, este riesgo se incrementa 26-31 veces en casos de
coinfeccion con VIH (WHO, 2015).

A pesar de gue la tasa mundial de nuevos casos se ha ido reduciendo, sigue
siendo elevada, estiméandose en 9 millones (WHO, 2014a). La mayor incidencia se localiza
en Asia Sudoriental, Africa y Pacifico Occidental, donde se alcanzan tasas de 125-500
casos por 100.000 habitantes (Figura 5). En la Unidn Europeaq, la tasa de incidencia se
encuentra entre las mds bajas del mundo, aungque los patrones epidemioldgicos

nacionales indican una marcada variabilidad entre los paises.
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Figura 5. Tasas de incidencia estimadas, 2013(WHO, 2014q).

La incidencia en Espana es moderada. En 2012 se estimd en 13,04 casos por
100.000 habitantes (Rodriguez Valin y O, 2012). Durante el periodo 2006-2012, los casos de
TB pulmonar han ido disminuyendo considerablemente, manteniéndose prdcticamente
constantes en ofras localizaciones extrapulmonares (Figura 6a). Las comunidades
auténomas con mayor incidencia son Ceuta y Galicia, donde supera los 24 casos/100.000
habitantes, seguidas de Cataluia, Pais Vasco y Castilla y Ledn. En el extremo opuesto se
encuentran Canarias, Castilla la Mancha y Extiremadura, con incidencias menores a 9
casos/100.000 habitantes. La incidencia en adultos ha descendido de forma considerable
durante los Ultimos anos, con la excepcidén de un ligero aumento en 2008, mientras que
en ninos menores de 15 anos se han producido oscilaciones, y es en el ano 2012 cuando
se observa por primera vez un claro descenso (5,4 casos/100.000) (Figura 6b). En menores
de 5 anos, la tasa de incidencia es casi el doble que en el total de la poblacién infantil
(8.4 casos/100.000).
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Figura 6. Tasas de tuberculosis en Espana, 2006-2012. a) Tasas por tipo de TB. b) Evolucién de las

tasas en ninos (<15 anos) y adultos (Rodriguez Valiny O, 2012).

Un aspecto importante en la incidencia de la TB es la aportacién de casos
procedentes de otros paises. En 2012, del total de casos declarados, un 31,2%
correspondian a inmigrantes. En el 53% de éstos, se dispuso de informacidn sobre el pais
de nacimiento, siendo Marruecos, Rumania, Pakistdn y Bolivia los paises con mayor
porcentaje de importacién de casos. El porcentaje de casos extranjeros respecto al total
de casos de TB varia mucho entre las Comunidades Auténomas. La Rioja (49%), Murcia
(47%), Cataluna (46%) y Madrid (46%) son las que presentan una mayor proporcion de
casos inmigrantes, mientras que Extremadura y Galicia son las de menor porcentaje (1 y

7% respectivamente) (Rodriguez Valiny O, 2012).

La aparicion de resistencias a fdrmacos es un aspecto de fundamental
importancia. Concretamente preocupa la aparicidén y el aumento de casos de TB MDR y
XDR. En 2013, a nivel mundial, se detectd que el 3,6% de los nuevos casos de TB y el 20%
de los tratados de TB con anterioridad presentaban TB-MDR. En Europa Oriental y Asia
Central se encuentran los mayores niveles de multirresistencia (Figura 7), donde hay paises
en los que mds del 20% de los nuevos casos Yy mds del 50% de los casos tratados con
anterioridad tienen TB-MDR (WHO, 2014b). Por ofro lado, se estima que un 9% de los casos
gue son TB-MDR pueden ser en realidad TB-XDR infradetectados (WHO, 2014c). En Espana,
en el ano 2012, el Centro Nacional de Microbiologia (CNM) reportd un 4,25% de cepas
multirresistentes, y sélo un caso fue causado por una cepa XDR (0,1%) (Rodriguez Valin y
O, 2012).
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Figura 7. Porcentaje de nuevos casos de tuberculosis multirresistente, 2013 (WHO, 2014q)
2.5. Zooantroponosis

Ademds de ser el agente causal de la TB humana, MTB también se ha descrito
como causante de TB en distintos animales. Esto es debido principalmente al contacto
estrecho entre personas infectadas y animales. Asi, se han descrito casos en multitud de
especies como primates no humanos, ganado bovino, elefantes, rinocerontes, focas,

pdjaros, conejos, perros, gatos, cobayas, etc. (Vogelnest et al., 2015).

La susceptibiidad a la infeccidn varia significativamente entre las distintas
especies animales. Los monos del viejo mundo, como el macaco rhesus y el macaco de
cola de cerdo, son las especies mds susceptibles (Ghodbane y Drancourt, 2013). Otros
animales altamente susceptibles a la enfermedad son los elefantes, los hdmsteres y las
cobayas. También hay animales moderadamente susceptibles como los cdnidos, las
focas, los tapires, los rinocerontes, los cerdos, las ratas y los ratones; y animales poco
susceptibles a la enfermedad entre los que se encuentra el ganado bovino, felinos,
equinos, ungulados, conejos, aves y repftiles (Vogelnest et al., 2015). La causa de la
zoonosis se debe al contacto estrecho de los animales con personas con TB activa por
MTB (Ameni et al., 2011).

Se estima que la prevalencia de casos de TB por MTB en el ganado bovino en
Africa y Asia oscila entre el 4,7 y el 30,8%, mientras que en Europa solo 5 paises han

descrito casos (Ghodbane y Drancourt, 2013). Sin embargo, es posible que la aplicacion

21



Infroduccién

extensiva de los métodos moleculares revele casos hasta ahora infradetectados. Asi, en
Eslovenia, mediante la técnica molecular RFLP-IS6110, se demostrd por primera vez un
caso de transmision desde un granjero que habia tenido TB pulmonar a un animal
(Ocepek et al., 2005). Recientemente en Espana se han descrito tres casos de transmision
humano-animal confirmados por epidemiologia convencional y molecular (Romero et al.,

2011).
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3. Tuberculosis causada por Mycobacterium bovis

Mycobacterium bovis (M. bovis) es el agente causal mds frecuentemente
asociado a la TB en animales. Su hospedador principal son los bovinos, aungue también
se han descrito casos en ofras especies. De la misma manera, la TB en bovinos puede
estar causada por otros miembros del MTBC, entre los que cabe destacar los causados
por M. caprae. Sin embargo estos casos son minoritarios (Rodriguez et al., 2011). Por este
motivo, en este capitulo nos centraremos en la descripcion de casos de tuberculosis

bovina causada por M. bovis (TBb).
3.1. Patogenia

La via principal de contagio es la aerédgena (Menzies y Neill, 2000), aunque
también se han descrito casos en los que la via oral ha sido la causante de enfermedad,
debido a la ingestion de material contaminado (Goodchild y Cliffon-Hadley, 2001), como
es el caso de leche contaminada, en el caso de los terneros, o de pastos. Cuando la via
de transmisién es la inhalacion de aerosoles que contienen M. bovis, la infeccidn primaria
ocurre en el pulmén. En caso de contagio oral, la localizacién del foco primario es

extrapulmonar.

Una vez que se produce la entrada en el organismo de los bacilos, éstos son
fagocitados por los macréfagos, en los que M. bovis es capaz de persistir y replicarse
(Liebana et al., 2000) y, posteriormente, tras la estimulacion de la inmunidad innata vy
adquirida, se forma el granuloma caracteristico de la enfermedad. A medida que la
enfermedad progresa, los granulomas maduran y sufren una necrosis caseosa central, a
menudo acompanado por calcificacién. La infeccidn puede propagarse del foco
primario directamente, por contiglidad, via linfatica o diseminacion hematdégena (EFSA,
2003). Asi, aunque las lesiones de la TBb se pueden encontrar en diferentes érganos, las
localizaciones predominantes corresponden al fracto respiratorio superior e inferior y a los
linfonodos de drenaje (Francis, 1958; Neill et al., 1991; Pritchard, 1988; Stamp, 1948).
Alternativamente, tal y como ocurre en la TB humana, la bacteria puede permanecer en

estado latente en el huésped sin desencadenar la enfermedad.

Dado que la enfermedad es de evolucion lenta, un solo ejemplar puede transmitir
la enfermedad a ofros animales antes de manifestar los primeros signos clinicos. De ahi
que las principales vias de transmision sean el contacto estrecho con animales
infectados, el movimiento de animales infectados que no respondan a las pruebas

diagndsticas y el contacto con animales salvajes infectados (OIE, 2015).
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3.2. Diagnostico
3.2.1 Diagnéstico clinico de la tuberculosis

Los signos clinicos en los bovinos infectados por M. bovis son principalmente
respiratorios pero inespecificos, de hecho, algunos animales con lesiones tuberculosas
miliares pueden ser clinicamente normales. Los animales pueden presentan emaciacion
progresiva, debilidad, pérdida de peso, apetito caprichoso o pérdida del mismo, fiebre
fluctuante, diarrea, cambios en el pelaje y linfonodos hipertrofiados (2003). Sin embargo
actualmente, en paises con programas de erradicacién, es dificil la observacién de

sinfomatologia clinica.
3.2.2. Diagndstico inmunoldgico

La prueba de la infradermotuberculinizacion (IDTB) se basa en una respuesta
inmune de hipersensibilidad retardada de tipo IV, y constituye el método oficial de
diagndstico de la TBb. Consiste en medir la reaccidén local que se produce a las 72 horas
de la administracion infradérmica del derivado proteico purificado de M. bovis (PPD
bovina). El lugar de la administracién es la parte anterior del cuello, aungue también
puede realizarse en el pliegue caudal de la cola. Se considera una reaccién positiva si
hay una induracion mayor o igual a 4mm (Directiva Europea 64/432/EEC, modificada por
ED 1226/2002 del 8 de julio 2002) (EFSA, 2003).

Existen distintas interpretaciones dependiendo de la prevalencia pero en caso de
exposicion ambiental a otras micobacterias, es necesario diferenciar entre animales
infectados con M. bovis y animales sensibilizados debido a una exposicion a otras
micobacterias. En estos casos, se readliza la prueba comparativa de la tuberculina
infradérmica con tuberculina bovina (PPD bovina) y aviar (PPD aviar) (Bezos et al., 2014;
EFSA, 2003). En este caso, la reaccion se suele considerar positiva si existe un aumento del
grosor de la piel, en el punto de inoculacién de la PPD bovina, 4mm superior a la

reaccidén observada en el punto de inoculacién de la PPD aviar.

Ademds, como prueba oficial complementaria a la IDTB, existe un método
inmunolégico basado en la deteccidn de IFN-y (Rothel et al., 1990). Consiste en medir, a
partir de sangre completa, la inmunidad celular mediante la cuantificacion del IFN-y
producido por linfocitos sensibilizados con los antigenos especificos (PPD bovina y aviar).
Para mejorar la especificidad de la técnica, se han comenzado a utilizar los antigenos
CFP-10 y ESAT-6, especialmente en poblaciones que resultan positivas a la prueba de la

tuberculina (OIE, 2012; Vordermeier et al., 2014). Como ventajas frente a la prueba
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intradérmica se encuentran la mayor sensibilidad de la técnica, la posibilidad de detectar
animales en una fase de infeccién mds temprana, la interpretacion mds objetiva de los
resultados debido a la obtencidén de un valor cuantitativo, que permite definir puntos de
corte. Sin embargo, su mayor limitaciéon es su menor especificidad con respecto a la IDTB
y que la interpretacién de los resultados depende de la prevalencia de la infeccién en
cada regién, necesitando adaptar los puntos de corte para obtener un resultado preciso
(Faye et al., 2011).

3.2.3. Diagndstico anatomopatoldégico

Mediante la readlizacién de la necropsia se pueden identificar las lesiones
producidas por la diseminacion del bacilo, por la linfa o la sangre, a diversos érganos. Las
lesiones mds frecuentes se localizan en los pulmones y los linfonodos asociados. Aunque
cualquier I6bulo pulmonar se puede ver afectado, las lesiones se encuentran mds
frecuentemente en las regiones dorsocaudales de los I6bulos diafragmdticos, asi como

en las tonsilas y linfonodos retrofaringeos (Cassidy et al., 1999).
3.2.4. Diagndstico microbiolégico

Para redalizar el diagndstico microbiolégico de la TBb se necesita homogeneizar y
descontaminar las muestras obtenidas de los linfonodos anormales y &érganos
parenquimatosos en los que se observan lesiones, tales como los pulmones, el higado, el
bazo, etc. En los casos en los que el animal no presenta lesiones patoldgicas se deben
recoger muestras del higado y de los siguientes linfonodos: retrofaringeo,
fraqueobronquial, mediastinico, supramamario, mandibular y mesentérico (Directiva
Europea 64/432/EEC, modificada por ED 1226/2002 del 8 de julio 2002).

- Microscopia: M. bovis puede observarse microscépicamente en frotis tanto de
muestras clinicas como de muestras de tejido preparadas. La fincidn frecuentemente
utilizada es la cldsica de Ziehl-Neelsen, pero, de la misma manera que ocurre con MTB,
también puede utilizarse una tincion fluorescente de auramina (EFSA, 2003). Sin embargo,

el diagndstico microscodpico es un diagndstico presuntivo.

- Cultivo bacteriolégico: el diagndstico de confirmaciéon de la enfermedad
requiere el cultivo de M. bovis. Este se realiza tradicionalmente en medios sélidos basados
en huevo, como el de Ldwenstein-Jensen, Coletsos o Stonebrink, los cuales deben
contener piruvato (EFSA, 2003). Los culfivos se incuban a 37°C durante 8-12 semanas,

considerdndose como negativos si no se detecta crecimiento pasadas 12 semanas (OIE,
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2012). También es posible, al igual que en MITB, el cultivo en el medio liquido
automatizado BACTEC MGIT 960.

- Identificacién molecular: la aplicacion de PCRs especificas permite la
identificacién de M. bovis. Algunos disenos de PCR se dirigen a la identificacién de
mutaciones especificas marcadoras de M. bovis, como las que se encuentran en los

genes oxyR, pncA, gyrB, o bien a la deteccién de la ausencia de RDs (OIE, 2012).

3.3. Situaciéon actual de la infeccion por M. bovis en animales

La importancia de la TBb radica en su repercusion en salud publica debido al
cardcter zoondtico de la enfermedad. La prevalencia mds elevada se registra en la
mayor parte de Africa, América del Sur y ciertas partes de Asia. Desde los afios 20, se han
aplicado distintas estrategias de erradicacion de la enfermedad que han resultado en
una disminucién de la prevalencia. Sin embargo esta reduccién es heterogénea en los
distintos paises. Una de las posibles causas es la presencia de reservorios salvajes, que
constituyen una fuente de reinfeccién, como son la zarigleya australiana (Trichosurus
vulpecula) en Nueva Zelanda, el tején europeo (Meles meles) en Gran Bretaina e Irlanda,
el bufalo africano (Syncerus caffer) en Suddfrica, el jabali (Sus scrofa) en la Peninsula
lbérica y el ciervo de cola blanca (Odocoileus virginianus) en Michigan (Estados Unidos

de América) (Palmer, 2013).

Las estrategias de control de la TBb persiguen el reconocimiento por parte de la
OMS de zona, o pais, libre de TBb (Oficial Tuberculosis Free, OTF). Para ello, dicha zona o
pais deberd haber demostrado que al menos el 99,8% de los rebanos y el 99,9% de los
bovinos, bufalos y bisontes del pais o la zona estdn libres de TBb. Para que la enfermedad
se considere erradicada, esta situacion debe prolongarse durante 6 anos consecutivos
(OIE, 2011). De acuerdo con estos criterios, la TBb se encuentra prdcticamente
erradicada en la mayoria de los paises de la Unién Europea, en donde el porcentaje de
los rebanos infectados por M. bovis es bajo (0,68%) (Figura 8), encontrdndose tanto paises

OTF como no OTF, como es el caso de Reino Unido con una prevalencia de 12,1%.
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Espana es un pais no libre de TB. En 2013 la prevalencia de rebaio se estimd en un

1.39%. Sin embargo hay que destacar que tanto la prevalencia de rebano como la

incidencia en animales, ha ido descendiendo moderadamente desde los anos 80 gracias

a los programas de erradicacion nacionales (Figura 9).
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Figura 9. Prevalencia de rebano e incidencia en animales de tuberculosis bovina. Periodo 1986-2013

(Ministerio de Agricultura, Alimentacion y Medio Ambiente)
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3.4. Antropozoonosis

La transmisidén de M. bovis al hombre puede ser directa, a través de la exposicidon
a animales infectados, o indirecta, a través del consumo de productos animales
contaminados. El contagio directo por los animales conduce a la TB pulmonar. Los
factores de riesgo para desarrollar la enfermedad, ademds de los cldsicos para la TB
humana (carga bacilar expectorada, tiempo total de exposicion, tamano de la gota,
persistencia de aerosoles y estado inmune), son la proximidad a un animal infectado y la
participacion en prdcticas o procedimientos veterinarios que generen aerosoles (lavados
respiratorios, necropsias, etc.). La transmisién indirecta se produce por la ingestion de
productos contaminados como la leche cruda o derivados Idcteos no pasteurizados

(Dankner et al., 1993; LoBue et al., 2003) y conduce a una TB exfrapulmonar.

De los pacientes expuestos a M. bovis, al igual que ocurre con MTB, solo unos
pocos desarrollardn la enfermedad generalmente como resultado de una reactivacion
asociada a la inmunosupresion del paciente. Por otro lado, la transmision entre humanos
es infrecuente y queda restringida a casos inmunodeprimidos o a circunstancias de

vinculacion muy estrecha y alta exposicién (Sunder et al., 2009).

En Europa esta infeccién es poco comun, habiéndose notificado en 2013
Unicamente 134 casos en toda la UE. La mayoria de los casos se registraron en Irlanda,
Alemania, Reino Unido y Espana (EFSA y ECDC, 2015). Sin embargo, antes de la
implantacién de los programas de erradicacién y de los controles en matadero de la
leche por tratamiento térmico, la prevalencia era del 30% (O'Reilly y Daborn, 1995). Fuera
de la UE, los paises con mayor prevalencia son Méjico, Uganda y Nigeria, con valores que
oscilan del 5 al 13,8% (Perez-Lago et al., 2014b). Estas cifras pueden estar infraestimadas
debido a que la enfermedad es clinica, radioldgica e histopatoldégicamente indistinguible

de la causada por MTB.
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4. Genotipado de tuberculosis

En los Ultimos 20 anos se han venido desarrollando distintas técnicas moleculares
gue han revolucionado el estudio de la TB. Estas técnicas, mediante el estudio de distintas
regiones gendmicas de las micobacterias, son capaces de desvelar el genotipo de la
cepa, es decir, de generar un patrén genético especifico de cada una de ellas. A
continuacién se detallardn las herramientas de genotipado mds utilizadas asi como sus

aplicaciones en diferentes contextos.
4.1. Herramientas moleculares de tipado
4.1.1. RFLP-IS6110

El método molecular de referencia de genotipado de MTB ha sido, hasta hace
escasos anos, el RFLP-IS6110 (Restriction Fragment Length Polymorphism) (Kremer et al.,
1999; Small et al., 1994). Este método establece las diferencias entre cepas basdndose en
el nUmero de copias de la secuencia de insercidon 6110 (IS6110), y en su localizacion en el
cromosoma. Para visuadlizar el patrén de bandas 1S6110, el ADN ha de extraerse y
purificarse a partir del cultivo. A continuacion, se digiere con la enzima de restriccion Pvull
y los fragmentos de restriccidn obtenidos se separan en un gel de agarosa.
Posteriormente, estos fragmentos se transfieren a una membrana de nylon (Southern
blotting). Para revelar los fragmentos que contienen la IS6110, éstos se hibridan con una
sonda complementaria a la secuencia de insercion, marcada con peroxidasa, y asi,
mediante una reaccidén de quimioluminiscencia, se obtiene el patrén de bandas

especifico de cada cepa (Figura 10).
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Figura 10. Representaciéon del cromosoma del MTBC con las I1S6110, dianas de restriccion Pvull y las

sondas IS6110 y ejemplos de 2 patrones de cepas Ay B (Ramos et al., 2014).

Uno de los principales inconvenientes que presenta esta técnica es que no
muestra suficiente capacidad de discriminacién en aquellas cepas que contienen un
numero bajo de copias de la I1S6110 (van Soolingen et al., 1993). Esto es especialmente
limitante en cepas de M. bovis, ya que la mayoria de ellas presentan menos de 5 copias
de esta secuencia (Aranaz et al., 1999; Kremer et al., 1999). Como limitaciones adicionales
hay que mencionar que esta técnica requiere gran cantidad de ADN purificado en
condiciones de alta calidad, lo que exige disponer de cepas viables, y obliga a que el
tiempo de obtencién del genotipo se prolongue considerablemente, ya que se requieren
cultivos masivamente crecidos. Por Ultimo, la comparacion entre cepas precisa de la
utilizacién de un programa especifico de andlisis, requiriendo para la comparacion

interlaboratorio de un fuerte proceso de estandarizacion.

Todas las limitaciones mencionadas han conducido al desarrollo de otfras técnicas
de genotipado mds sencillas y répidas, que faciliten la comparacion entre las cepas de

MTB circulantes.
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4.1.2. MIRU-VNTR

En el genoma de MITBC se localizan secuencias repetidas en tadndem que
presentan variabilidad alélica relacionada con el niUmero de repeticiones. Algunas de
ellas reciben el sobrenombre de MIRU (Mycobacterial Interspersed Repetitive Units), si bien
otras son denominadas ETR (Exact Tandem Repeats) o QUB (Queen’s University Belfast)
(Figura 11a). La técnica MIRU-VNTR consiste en analizar el nUmero de repeticiones en
tdndem de estos loci. Para ello se readliza una amplificacién usando cebadores
especificos para las regiones flanqueantes de los loci, y se determina el tamano de los
productos de amplificacién tras la migracién electroforética de éstos (Figuras 11ay b). A
partir de la longitud conocida de las unidades de repeticion (entre 40-100 pares de
bases), el tamano del amplicdn obtenido permite calcular el nUmero de copias en el
locus analizado. El resultado final es un cddigo numérico (MIRUtipo) que indica el nUmero
de repeticiones en cada locus (Figura 11c), el cual facilita la comparacién entre cepas

tanto intra como interlaboratorio.

a) 4 MIRU 4 b)
N %
4 L\ 4 7
o~ /) e
MIRU 1 qrj"’ N // P €@ Cebadores
E Cromosoma N [IITH Repeticiones en tdndem
B de MTBC NG
( N\
- 7 " pm—— MRRU PM 1 2 3 4
E /) v%mu 3
A%V // \‘:f \\\\
MIRU 2 \__/
c) MIRUT | MIRU2 | MIRU 3 | MIRU 4

MIRUtipo | 4 6 3 5

Figura 11. a) Representacion esquemdtica de 4 loci localizados en cromosoma de una cepa del
MTBC, junto con los cebadores utilizados en la técnica MIRU-VNTR. b) Gel de electroforesis de los
productos de amplificacion de las 4 PCRs. PM: marcador de peso molecular. c) MIRUtipo obtenido

a partir de los 4 loci amplificados. (Ramos et al., 2014).

Tras el desarrollo de la técnica se ha procedido a la automatizacién de la misma.
Se ha adaptado la realizacién de las PCRs a un formato de reaccién multiplex,
amplificando 3 loci simultdneamente, seguidos de una electroforesis capilar para la

asignacién automdtica del niUmero de repeticiones. Este formato aumenta la sensibilidad
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de la técnica asi como simplifica y estandariza la obtencidn del MIRUtipo. Recientemente
se han desarrollado kits comerciales que facilitan ain mds la obtencidén del genotipo (de
Beer et al., 2014; Supply et al., 2014).

El andlisis MIRU-VNTR, al estar basado en PCR requiere poca cantidad de ADN.
Esto ha posibilitado la realizacién del genotipado directamente sobre la muestra clinica
del paciente, sin necesidad de cultivo, alcanzdndose hasta un 98,4% de muestras

completamente genotipadas (Alonso et al., 2012; Bidovec-Stojkovic et al., 2014).

Para el genotipado de MTB, inicialmente se utilizd un nimero reducido (12) de loci
qgue demostraron no ser lo suficientemente discriminatorios. Posteriormente se han
ufilizado diferentes agrupaciones de loci (15 y 24) que han logrado aumentar la
capacidad discriminatoria de la técnica (Supply et al., 2006; Supply et al., 2001; Supply et
al., 2000). Esta técnica ha demostrado ser mds discriminatoria que el RFLP, y actualmente
el conjunto de 24 loci es utilizado como la nueva técnica de referencia para estudios
epidemioldgicos en MTB (de Beer et al., 2013; Jonsson et al., 2014; Supply et al., 2006;

Vasconcellos et al., 2014).

En M. bovis, sin embargo, no existe consenso a nivel mundial sobre el niUmero vy la
combinacion de loci que ofrezcan una optima discriminacion (Bolado-Martinez et al.,
2015; Hilty et al., 2005; Roring et al., 2004; Sun et al., 2012; Yang et al., 2015), aunque
recienfemente se ha propuesto un grupo de 6 loci que ofrece buenos resulfados en

cepas de diferentes origenes geogrdficos (Supply, 2006).

4.1.3. Espoligotipado

El espoligotipado es un método de genotipado de cepas de MTBC basado en
PCR, que consiste en el andilisis de los espaciadores, de 35 a 41 pares de bases, que se
disponen en una regién del cromosoma organizada en repeticiones directas (region DR)
(Figura 12a). Este locus contiene un nimero variable tanto de DRs como de espaciadores
entre las mismas de secuencia variable. A partir de la cepa H37Rv de MTB y de la cepa
vacunal BCG, se han disenado 43 oligonucledtidos complementarios a 43 de estos
espaciadores, los cuales se disponen alineados sobre una membrana de nylon para

facilitar su andlisis.

Para la obtencion del espoligotipo, la regidn DR de la cepa problema es
amplificada mediante PCR. Para ello, se utilizan cebadores marcados con biotina
complementarios a la secuencia DR y orientados inversamente (Figura 12b). De esta

forma, se obtiene una coleccidén de productos de amplificacién de distintos tamanos
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Figura 12. a) Estructura del locus DR en el genoma del MTBC. Las DRs, representadas en forma de

rectdngulos, estdn intercaladas con los distintos espaciadores. b) Principio de la amplificacion de la

region DR mediante PCR. c) Se muestra la coleccién de fragmentos de diferente tamano que se

producirian por amplificacion de sélo cinco DRs contiguos. d) Ejemplo de membrana de

espoligotipado hibridada con cepas de los controles H37Rv (linea 1), control (linea 2), BCG (linea 3),

y 38 cepas del MTBC (lineas 4 a 41) (Kamerbeek et al

. 1997).
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El espoligotipado aplicado sobre aislados cultivados resulta una técnica simple,
robusta, altamente reproducible y cuyos resultados son fdacilmente comparables.
Ademds, al contrario que el RFLP-IS6110, tiene la ventaja de requerir poca cantfidad de
ADN, y sin necesidad de que esté purificado. La capacidad de discriminacién no es
demasiado elevada, siendo frecuente que cepas de MTB con diferentes patrones de
RFLP-IS6110 compartan un mismo espoligotipo, excepto cuando el nUmero de copias de
IS6110 es bajo (Aranaz et al., 1996; Goguet de Ia Salmoniere et al., 1997). De esta forma,
su poder de discriminacién para el tipado de M. bovis es mayor que el ofrecido por el
RFLP-IS6110 (Bauer et al., 1999), por lo que el espoligotipado ha sido ampliamente utilizado
en diversos estudios con este miembro del complejo (Ameni et al., 2010; Biffa et al., 2010;
Gutierrez Reyes et al., 2012; Milian-Suazo et al., 2008). Adicionalmente, esta técnica
permite identificar a M. bovis del resto de los miembros del MTBC, debido a la obtenciéon
de un patrdn caracteristico, determinado por la ausencia de hibridacion de los Ultimos 5

espaciadores.

Para mejorar la capacidad discriminatoria de la técnica, y tras la descripcion de la
presencia de 51 nuevos espaciadores (van Embden et al., 2000), se evalud la utilidad de
aplicar el total de los 94 espaciadores. Tras realizar esta evaluacion sobre 314 cepas del
MTBC, se propuso la utilizacion de un nuevo panel de 40 espaciadores a circunstancias
que exigen una mayor discriminacién. cepas con bajo niUmero de copias de I1S6110 o

cepas de la familia Beijing (van der Zanden et al., 2002).

4.1.4. Secuenciaciéon del genoma completo

Las técnicas de genotipado, aungue se dirigen a dianas genéticas especialmente
polimdrficas, interrogan a menos del 1% del genoma de MTBC, por lo que su capacidad
discriminatoria estd intrinsecamente restringida. La aplicacién de la secuenciacién del
genoma completo (Whole Genome Sequencing, WGS), de reciente desarrollo, permite

resolver esta limitacién ya que proporciona la informacion genémica completa.

Los principales inconvenientes radican en la necesidad de disponer de gran
cantidad de ADN de alta calidad, el alto coste de la técnica y la complejidad de los
andlisis bioinformdticos necesarios. Sin embargo, avances recientes alrededor de esta
tecnologia estdn disminuyendo los costes y los requerimientos del ADN, lo que permite

prever su rdpida expansion.

Por tanto, el andilisis por WGS tiene el potencial para convertirse en la herramienta

definitiva para el genotipado de cepas del MTBC (Kohl et al., 2014; Roetzer et al., 2013).
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4.2. Aplicaciones del genotipado del complejo Mycobacterium

tuberculosis

Las aplicaciones derivadas del genotipado de cepas del MTBC son numerosas. A
continuacién se detallardn las mds representativas dentro del contexto diagndstico vy

epidemioldgico.
4.2.1. Estudio de contaminaciones cruzadas de laboratorio

Con anterioridad al desarrollo de las técnicas de biologia molecular no se disponia
de una herramienta definitiva de deteccidén de la contaminacién cruzada de laboratorio,
la cual consiste en la transferencia accidental de bacilos de una muestra, generalmente
con alta carga bacilar, a ofra muestra procesada conjuntamente con ella. Se sospecha
que un caso es un falso positivo por contaminacion cruzada de laboratorio cuando se

cumplen los siguientes requisitos:

- Las baciloscopias de las muestras son negativas y existe crecimiento a
partir de una sola de Ias mismas.

- La muestra de la que se obtiene crecimiento se ha procesado
conjuntamente con, al menos, una muestra auramina positiva de ofro
paciente.

- La evolucién clinica del paciente es inconsistente con la tuberculosis.

En estos casos es necesario el genotipado de las cepas involucradas en el andlisis
de laboratorio. De esta forma, si el genotipo de la cepa correspondiente a la sospecha
de falso positivo coincide con el de otra muestra procesada simultdneamente en el
laboratorio, se puede concluir que se ha producido una contaminacién cruzada. A partir
de la introduccion de las técnicas de genotipado se han realizado estudios que senalan
que hasta un 4% de los cultivos de MTB corresponden a falsos positivos (Braden et al.,
1997; de Boer et al., 2002). Debido a la rapidez en la obtencién de resultados y a la gran
discriminacién de la técnica, MIRU-VNTR es la herramienta de eleccion para estudiar estos
casos (Martin et al., 2008; Yang et al., 2015).

4.2.2. Estudio de recurrencias: reactivacion vs reinfeccion

En la infeccidén por MTB, una recurrencia hace referencia a la reaparicion de los
sintomas de TB tras un episodio previo que habia sido considerado clinicamente curado.
Tradicionalmente se asumia que las recurrencias eran producidas por la misma cepa que

causd el primer episodio, es decir, correspondian a una reactivacion endégena. Sin
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embargo, tras la introduccion de los métodos de genotipado, se ha observado que
ciertas recurrencias, consideradas como reactivaciones, eran realmente reinfecciones
exdgenas producidas por una cepa diferente a la que causd el primer episodio (Bryant et
al., 2013; Guerra-Assuncao et al., 2015). Hasta un 75% de las recurrencias producidas en
zonas de alta incidencia son debidas a reinfecciones (Glynn et al., 2010; van Rie et al.,
1999). Ademds, en zonas de baja incidencia, donde el fendmeno de recurrencia es
menor, ésta también puede ser atribuible, aunque en menor medida, a la reinfeccién
(Bandera et al., 2001; Jasmer et al., 2004). Aunque existe una asociacién clara entre el
paciente VIH positivo y la recurrencia, no se ha llegado a un resultado concluyente en
cuanto a la posible asociacion entre estado VIH y frecuencia de reinfeccién (Glynn et al.,

2010; Guerra-Assuncao et al., 2015; Luzze et al., 2013; Narayanan et al., 2010).

La capacidad de discriminacion de MIRU-VNTR, asi como la rapidez en la
obtencion de resultados, la convierten en una estrategia idénea para el estudio de las
recurrencias. Publicaciones recientes han aplicado WGS (Bryant et al., 2013; Guerro-
Assuncao et al., 2015) para abordar este andlisis, sin embargo, debido principalmente al

elevado coste actual, no parece justificada su aplicacion para este propdsito.

4.2.3. Epidemiologia molecular

La epidemiologia molecular ha supuesto un gran avance en el estudio de las
dindmicas de transmision del MTBC. La aplicacién de las técnicas de genotipado permite
identificar casos de transmisidon reciente de TB en mayor proporcién de la gque la
epidemiologia convencional lo habria hecho. Tradicionalmente, el estudio de las
cadenas de fransmision de TB descansa en el estudio de contactos, sin embargo, esta
aproximacién ha demostrado ser ineficaz para identificar rutas de transmision que
impliguen entornos diferentes al domiciliario y laboral. Las estrategias de biologia

molecular permiten optimizar estas carencias.

El genotipado de las cepas del MTBC puede desvelar dos situaciones diferentes:

1) Casos infectados por una misma cepa: los casos producidos por cepas con
genotipo idéntico (cluster) son candidatos a pertenecer a una misma cadena de
fransmision reciente de la infeccidon. En estos casos, se deberd corroborar la existencia de

vinculos epidemiolégicos entre los casos.

2) Casos infectados por cepas Unicas: los casos en los que el genotipo de la cepa

no sea identificado en otro caso de la poblacién (cepas huérfanas), son candidatos a
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gue su enfermedad se haya producido por la reactivacidn de infecciones latentes

adquiridas en el pasado.

En el establecimiento de los casos en cluster o huérfanos en una poblacién, es
decisiva la duracién del estudio poblacional (van Soolingen et al., 1999). Asi, en estudios
de corta duracidon es improbable identificar tanto el caso indice como los casos

secundarios, por lo que se estarian infradetectando los casos de transmisidn reciente.

Para el estudio de la transmisién de TB se han ufilizado diferentes técnicas de
genotipado. Inicialmente, la técnica de RFLP-IS6110 fue ampliamente usada para la
realizacién de estudios poblacionales (Pfyffer et al., 1998; Small et al., 1994; van Soolingen
et al., 1999) asi como para el estudio de brotes (Edlin et al., 1992; van Deutekom et al.,
1997; van Soolingen et al., 1999). La técnica de MIRU-VNTR ha demostrado ofrecer un alfo
poder discriminatorio, por lo que actualmente es utilizada a nivel mundial para el estudio
de las dindmicas de transmision (Allix-Beguec et al., 2008; Gurjav et al., 2014; Joseph et al.,
2013; Maes et al., 2008; Nabyonga et al., 2011). Actualmente, el desarrollo de WGS ha
permitido trazar con mayor precision la transmisidon reciente de TB. El estudio de grandes
brotes producidos por MTB estd permitiendo establecer un umbral, que actualmente se
considera de 5 a 11 SNPs, para predecir un contacto epidemiolégico consistente con la
fransmision (Kato-Maeda et al., 2013; Perez-Lago et al., 2014qa; Roetzer et al., 2013; Stucki
et al., 2015; Walker et al., 2013)). Sin embargo, debido principalmente al coste de la
técnica y al tiempo de la obtencién de resultados, la aplicacién prospectiva sistemdatica

aln no es abordable.

En cuanto a la transmision de TB bovinag, la técnica mds ampliamente utilizada ha
sido el espoligofipado (Aranaz et al., 1996; Gutierrez Reyes et al., 2012; Zumarraga et al.,
2013), debido a la baja discriminacién que ofrece el RFLP-IS6110 en las cepas de M. bovis.
Actualmente, se estd extendiendo la utilizacién de MIRU-VNTR para el estudio de las
dindmicas de transmision y de brotes (Hauer et al., 2015; Je et al., 2015). Esta técnica ha
demostrado ser mds discriminatoria que el espoligotipado (Allix et al., 2006; Marianelli et
al., 2015; Sun et al., 2012) particularmente en algunas cepas pertenecientes a ciertos

espoligotipos muy prevalentes (Hauer et al., 2015; Rodriguez-Campos et al., 2013).

4.2.4. Andlisis de la complejidad clonal de la tuberculosis

Antes de la aplicacidon de las estrategias de genotipado, se asumia que la
infeccion tuberculosa estaba causada por una sola cepa en cada caso. Sin embargo, el
desarrollo de los métodos moleculares ha permitido desvelar la existencia de infecciones

heterogéneas, producidas por mds de una cepad, en un mismo episodio de TB. Distintos
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estudios demuestran como en una misma muestra de un paciente tuberculoso pueden
coexistir distintas cepas (infeccidén mixta) (Andrade et al., 2009; Biffa et al., 2014; Biffa et
al., 2010; Shamputa et al., 2006; Shamputa et al., 2004; Warren et al., 2004) o variantes
clonales (infecciéon policlonal) (Al-Hajoj et al., 2010; Shamputa et al., 2006; Shamputa et
al., 2004). Adicionalmente, estudios mds exhaustivos, en donde se analizan aislados de
distintos tejidos, han desvelado una distribucion heterogénea de las cepas o variantes
clonales en los distintos tejidos, situacidn conocida como compartimentalizaciéon
(Andrade et al., 2009; Bernard et al., 2014; Garcia de Viedma et al., 2006). Estos casos son
de especial relevancia cuando las cepas involucradas presentan distinto perfil de
sensibilidad antibidtica, pudiendo impactar, la mencionada heterogeneidad, sobre la

eficacia del régimen terapéutico instaurado (Bernard et al., 2014; van Rie et al., 2005).

La aplicacién de técnicas de genotipado mediante RFLP-IS6110 o espoligotipado
no permite diferenciar la coexistencia de cepas o variantes debido a que el patréon
obtenido corresponde a la suma de ambas cepas. En cambio, la técnica de MIRU-VNTR
es especialmente adecuada para este fin, puesto que en estos casos se obtiene un
genotipo mixto, en donde se observa mds de un producto de amplificacién en aquellos

loci en los que las cepas presenten diferencias (Cohen et al., 2012).
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5. Virulencia de los miembros del complejo Mycobacterium

tuberculosis

El término virulencia hace referencia a la capacidad de un patdégeno de causar
morbilidad y mortalidad en el hospedador. La evolucién de la TB tras la infeccion con el
bacilo dependerd, como ya hemos mencionado, del estado inmune del hospedador,

pero también de la virulencia de la cepa del MTBC que causa la enfermedad.

Una mayor virulencia de la cepa se puede traducir en: i) una disminuciéon del
tiempo desde la exposicidn hasta la enfermedad activa o bien desde el diagndstico
hasta la muerte; i) una mayor transmision de la micobacteria, y por tanto, en una mayor
generacion de casos secundarios; iii) una mayor prevalencia de la enfermedad causada

por esa cepa (Parish y Brown, 2009).
5.1. Factores de virulencia en del complejo Mycobacterium tuberculosis

Al contrario de lo habitual en ofras bacterias, los miembros del complejo no
producen los factores de virulencia cldsicos como toxinas, moléculas de adhesidén o
moléculas de invasidon (Palomino et al., 2007). En este caso, la virulencia estd determinada
por ciertas proteinas estructurales o caracteristicas metabdlicas o genéticas. A pesar de
gue no se conoce con precisidn la asociacién entre estos factores de virulencia vy la
progresidén de la TB, en los Ultimos aios se han producido avances considerables en el
conocimiento de las bases moleculares de la virulencia de las micobacterias. Una
contribucién relevante ha sido la identificacién de genes esenciales de virulencia. La
mayoria de éstos codifican para enzimas de vias metabdlicas lipidicas, proteinas de la

envuelta celular o reguladores y proteinas de sistemas de transduccién de sefales.
5.1.1. Proteinas de envoltura y secrecién

En este grupo se encuadran las proteinas que son expuestas al medio exterior. Se
conocen alrededor de doscientas proteinas y enzimas, las cuales juegan un papel
relevante en la sintesis de moléculas de superficie celular (Sonnenberg y Belisle, 1997).
Entre ellas cabe destacar las proteinas filtradas de cultivo (Culture Filtrate Proteins; CFPs)
ESAT-6 y CFP-10. Ambas son secretadas por el sistema de secrecion ESX-1 del MTBC, el
cual se encuentra codificado en la regién RD-1 del cromosoma. Este sistema media la
exportacion de factores de virulencia que permiten modular la respuesta inmune innata
del hospedador en las primeras etapas de la infeccién (Skjot et al., 2000), por lo que su

presencia resulta critica para la virulencia de MTB y M. bovis.
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5.1.2. Enzimas de metabolismo celular

Entre estas enzimas cabe destacar aquellas que afectan a:

- Metabolismo de lipidos y dcidos grasos: se ha demostrado que MTB es capaz de
modificar su metabolismo. Cuando crece in vitro utiliza principalmente carbohidratos,
mientras que en el hospedador es capaz de utilizar dcidos grasos. Esto hace que cepas
mutantes de liasas (lcl), sintetasas (FadD33, PanC/PanD), lipasas (LipF) y fosfolipasas
(fosfolipasas C) tengan disminuida su virulencia (Camacho et al., 1999; McKinney et al.,
2000; Raynaud et al., 2002; Rindi et al., 2002; Sambandamurthy et al., 2002).

- Biosintesis de aminodcidos y purinas: ensayos a partir de cepas mutantes en
diferentes enzimas involucradas en la sintesis de aminodcidos y purinas (LeuD, TrpD, ProC,
PurC, etc) han demostrado que estas enzimas son relevantes para la supervivencia de la
micobacteria (Hondalus et al., 2000; Jackson et al., 1999; Smith et al., 2001).

- Incorporacion de metales: el magnesio y el hierro son metales esenciales para la
vida, y los defectos en la captaciéon de estos elementos frecuentemente disminuyen la
virulencia de los patdégenos. Asi, se ha comprobado que, mutantes en genes
relacionados con la incorporacion de metales (mgtC, mtbB, ideR) de MTB muestran una

virulencia atenuada (Buchmeier et al., 2000; Gold et al., 2001).

- Respiracion anaerdbica y estrés oxidativo: numerosos estudios han demostrado
gue MTB puede sobrevivir en ambientes microaerofilicos durante las fases tardias de la
infeccion. Ademds, las bacterias aerdbicas cuentan con enzimas que degradan
perdxidos producidos normalmente por la respiracion aerdbica. Debido a esto, mutantes
en genes (katG, ahpC, sodA, etc) que estdn involucrados en estas vias conllevan una

disminucion de la virulencia (Edwards et al., 2001; Heym et al., 1997; Wilson et al., 1995).

5.1.3. Reguladores tfranscripcionales

Estos reguladores controlan la transcripcién de un nimero elevado de genes. Por
lo tanto, cabe esperar que la inactivacion de estos genes conduzca a una disminucion
de la virulencia de las cepas del MTBC. Esto ha sido parficularmente demostrado
mediante la generaciéon de mutantes en distintos factores sigma (Collins et al., 2003;
Collins et al., 1995; Jensen-Cain y Quinn, 2001), asi como en los reguladores de dos

componentes como PhoP-PhoR y PrrA-PrrB (Ewann et al., 2002; Perez et al., 2001).
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5.2. Ensayos de evaluaciéon de virulencia

Para el estudio de la virulencia se han desarrollado ensayos de infectividad en

modelos celulares y animales.
5.2.1. Modelos celulares

Para la medida de la virulencia de los distintos miembros del MTBC se han usado
principalmente macréfagos (Abdul-Maijid et al., 2008; Camacho et al., 1999; Ewann et al.,
2002; Glickman y Jacobs, 2001; Martinez-Neri et al., 2015; Perez et al., 2001), aunque
también hay ensayos con células dendriticas (Bodnar et al., 2001; Hickman et al., 2002;
Zhang et al., 2013) o neumocitos (Birkness et al., 1999; Yokobori et al., 2013). Estos modelos
evallan las primeras etapas de la infeccion, las cuales implican la fagocitosis del bacilo
por parte de las células fagociticas del alveolo pulmonar. Constituyen modelos
relativamente sencillos y de bajo coste a partir de los cuales se obtienen resultados

rdpidamente.

Las células utilizadas pueden provenir de cultivos primarios, a partir de humanos o
ratones (ex vivo), o de lineas celulares (in vitro). Los cultivos primarios constituyen la forma
mdas natural y representativa de recrear la situacién real in vivo, sin embargo, son dificiles
de obtener y representan un fondo genético variable, sobre todo aquellos que se
obtienen de donantes humanos. Por ello, las lineas celulares son las mds utilizadas. Entre
ellas cabe destacar las lineas obtenidas a partir de macréfagos alveolares de ratén: J774
y MH-S, v la linea celular monocitica humana: THP-1. Esta Ultima ha sido ampliamente
usada en distintos estudios (Martinez-Neri et al., 2015; Saikolappan et al., 2012; Theus et al.,
2004), en donde, tras la adicion de ésteres de forbol, se diferencian a macréfagos cuya
respuesta a la infeccién por MTB es bastante similar a la obtenida a partir de monocitos

derivados de sangre humana (Stokes y Doxsee, 1999).

En estos modelos, para evaluar y comparar la virulencia de las distintas cepas, se
ufiliza la curva de crecimiento (growth rate), la cual es obtenida tras cuantificar la carga

bacteriana en distintos puntos de la infeccién.
5.2.2. Modelos in vivo

Los modelos animales permiten estudiar todas las etapas de la infeccion. Para el
estudio de la virulencia de las cepas se utilizan mayoritariamente el ratén, la cobaya vy el

conejo.
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El modelo de ratén es el mdas utilizado ya que, en relacién a los otros modelos
animales, presenta multiples ventajas. Por un lado, presentan bajos costes de
mantenimiento y alta facilidad en el manejo. Por otro lado, existen cepas consanguineas
que presentan distintos niveles de resistencia a la TB (Kramnik et al., 2000). Aunque la
progresidén de la enfermedad difiere de la humana, el hecho de que los ratones sean mds
tolerantes a la infeccién que otros animales, hace posible la obtencidn de modelos de

infeccién crénica.

Las cobayas son muy sensibles a la infeccién por TB, sin embargo, la gran ventaja
radica en que las fases de la enfermedad, incluyendo las etapas iniciales de la formacion
del granuloma, son similares a las humanas (Smith, 2003). Sin embargo, en comparaciéon
con el ratén, la variedad de cepas consanguineas es menor y los costes de

mantenimiento son mayores.

El modelo de conejo presenta una gran ventaja con respecto a los ofros modelos,
y es que el granuloma formado en el pulmdn presenta las mismas etapas de progresion
qgue en humanos (caseificacion, licuefaccidén y cavitacién) (Converse et al., 1996;
Subbian et al., 2011). Las desventajas son la falta de cepas endogdmicas, asi como los

altos costes de mantenimiento y la dificultad en el manejo.

Los tres pardmetros utilizados para la evaluacion de la virulencia de MTB y M. bovis

son la carga bacteriana, la morbilidad y la mortalidad de la cepa.

- Carga bacteriana: hace referencia al nUmero de bacterias aisladas del animal
infectado en diferentes momentos a lo largo de la infeccion. A partir de estos valores se
definen las dindmicas de infeccién mediante curvas de crecimiento (growth rates) que
permiten comparar la virulencia entre distintas cepas. Atendiendo a este pardmetro, y de
una forma tedrica, Glickman diferencié cuatro fenotipos de virulencia (Glickman vy
Jacobs, 2001) (Figura 13); i) fenotipo wild-type (wt): la cepa replica de forma logaritmica
durante 3 semanas vy, tras el inicio de la inmunidad especifica, persiste en el organismo; ii)
fenotipo severe growth in vivo (sgiv): son cepas que no son capaces de replicar y se
eliminan progresivamente; iii) fenotipo growth in vivo (giv): cepas que se multiplican en los
primeros momentos de la infeccidon pero en menor proporcién que la wild-type; vy iv)
fenotipo persistence genes (per): cepas que crecen normalmente en las primeras etapas

de la infeccidn pero que disminuyen su replicacion tras el inicio de la inmunidad celular.
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Figura 13. Fenotipos de virulencia en cepas de MTB en modelo de ratén

- Morbilidad: se evalla mediante el andlisis patoldgico e histopatoldégico del
pulmdn, asi como de los distintos érganos que resultan afectados. A nivel macroscépico
se evalta el tamano y la consistencia parenquimatosa del érgano (Lamichhane et al.,
2006; Vandal et al., 2009) y a nivel histopatoldgico se estudia principalmente el grado de
inflamacién del érgano, los focos de infiltracién celular y la reduccién del espacio
alveolar (Abdul-Majid et al., 2008; Lamichhane et al., 2006).

- Mortalidad: se refiere al porcentaje de animales infectados que mueren.
Alternativamente se puede evaluar el tiempo transcurrido entre la infeccidn y la muerte
(Abdul-Maijid et al., 2008).
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Organizaciéon de la tesis

El marco general de esta tesis es el estudio de la complejidad clonal en las
infecciones causadas por los dos patdégenos mds relevantes del complejo
Mycobacterium tuberculosis: Mycobacterium tuberculosis 'y Mycobacterium bovis.
Atendiendo al distintfo grado de avance cientifico en estos dos patégenos con respecto
a esta temdtica, y a la diferente naturaleza de los estudios, se ha organizado la tesis en

tres capitulos.

CAPITULO I. Caracterizacién de la complejidad clonal existente en
infecciones causadas por Mycobacterium tuberculosis y evaluacion de su

significado funcional.

Este capitulo recoge la identificacion y caracterizacion de las diferentes
modalidades de infecciones complejas desde un punto de vista clonal (infecciones
mixtas, policlonales y compartimentalizadas) en muestras poblacionales de entornos con
moderada incidencia de tuberculosis. Ademds, se aborda el estudio especifico del
significado funcional de una de las modalidades de infeccidn compleja, la infeccion
policlonal. Para ello, se seleccionaron variantes clonales surgidas por fendmenos de
microevolucion en diferentes casos clinicos; se caracterizaron los cambios gendmicos
adquiridos y se evalud su impacto funcional in silico, en ensayos de expresidn genética, y
en diversos modelos de infeccién celulares y animales. Los articulos generados como

resulfado de estos estudios son los siguientes:

1. Navarro Y, Herranz M, Pérez-Lago L, Martinez Lirola M; INDAL-TB, Ruiz-Serrano MJ,
Bouza E, Garcia de Viedma D. Systematic survey of clonal complexity in
fuberculosis at a populational level and detailed characterization of the isolates
involved. J Clin Microbiol. 2011; 49(12):4131-7

2. Pérez-Lago L, Navarro Y, Herranz M, Bouza E, Garcia-de-Viedma D. Differences in
gene expression between clonal variants of Mycobacterium tuberculosis emerging
as a result of microevolution. Int J Med Microbiol. 2013; 303(8):674-7.

3. Navarro Y, Pérez-Lago L, Sislema F, Herranz M, de Juan L, Bouza E, Garcia-de-
Viedma D. Unmasking subtle differences in the infectivity of microevolved
Mycobacterium tuberculosis variants coinfecting the same patient. Int J Med
Microbiol. 2013; 303(8):693-6.
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CAPITULO II. Estudio exhaustivo de eventos de complejidad clonal en

casos clinicos seleccionados.

En este capitulo se engloban los estudios genotipicos, fenotipicos y clinico-
epidemioldgicos realizados a partir del andlisis independiente de tres pacientes que
ofrecen circunstancias de andilisis singulares que permiten aumentar el conocimiento de
aspectos relevantes en el entorno de las infecciones clonalmente complejas por MTB. Se
han seleccionado para un estudio exhaustivo casos representantes de i) infeccidon mixta
por cepas con diferente sensibilidad a antibidticos, i) reactivaciéon clonalmente compleja
e i) infeccion persistente. Los estudios incluidos en este capitulo han generado los

siguientes articulos:

4. Pérez-Lago L, Martinez Lirola M, Navarro Y, Herranz M, Ruiz-Serrano MJ, Bouza E,
Garcia-de-Viedma D. Co-Infection with Drug-Susceptible and Reactivated Latent
Multidrug-Resistant  Mycobacterium  tuberculosis. Emerg. Infect. Dis 2015;
21(11):2098-2100

5. Navarro Y, Herranz M, Pérez-Lago L, Comas |, Sicilia J, Bouza E, Garcia-de-Viedma
D. In-depth characterization of Mycobacterium tuberculosis clonal variants from a
recurrent patient. Enviado a J Clin Microbiol.

6. Pérez-Lago L, Navarro Y, Montilla P, Comas |, Herranz M, Rodriguez-Gallego C, Ruiz-
Serrano MJ, Bouza E, Garcia-de-Viedma D. Persistent infection by a
Mycobacterium tuberculosis advantageous strain responsible for a massive
outbreak. J Clin Microbiol. 2015; 53(10)

CAPITULO IIl. Caracterizacién de la complejidad clonal en infecciones

causadas por Mycobacterium bovis.

En este capitulo se lleva a cabo la puesta a punto de esquemas de genotipado
gue permitan optimizar las estrategias de rastreo de eventos de complejidad clonal en la
infeccion por Mycobacterium bovis. Adicionalmente, se incluye un estudio especifico
dirigido a la identificacion y caracterizaciéon en una muestra poblacional de una de las
modalidades de infeccidon compleja, la infeccién compartimentalizada, y se aborda la
caracterizacion longitudinal de las dindmicas de adquisicidon de variantes clonales por
microevolucién en el contexto de explotaciones bovinas con infeccidén crénica por M.

bovis. Los articulos englobados en este capitulo son los siguientes:
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7. Navarro Y, Herranz M, Romero B, Bouza E, Dominguez L, de Juan L, Garcia-de-
Viedma D. High-throughput multiplex MIRU-VNTR typing of Mycobacterium bovis.
Res Vet Sci. 2014; 96(3):422-5.

8. Navarro Y, Romero B, Copano MF, Bouza E, Dominguez L, de Juan L, Garcia-de-
Viedma D. Multiple sampling and discriminatory fingerprinting reveals clonally
complex and compartmentalized infections by M. bovis in cattle. Vet Microbiol.
2015; 175(1):99-104.

9. Navarro Y, Romero B, Bouza E, Dominguez L, de Juan L, Garcia-de-Viedma D.
Detailed chronological analysis of microevolution events in herds infected

persistently by Mycobacterium bovis. Aceptado en Vet Microbiol
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Objetivos

OBJETIVOS

Capitulo I. Caracterizacion de la complejidad clonal existente en infecciones

causadas por Mycobacterium tuberculosis y evaluacion de su significado

funcional.

1.

Evaluar la presencia de las distinfas modalidades de complejidad clonal en la
infeccion por Mycobacterium tuberculosis (MTB) en una poblacidn con moderada
incidencia de tuberculosis.

Determinar el significado funcional de los cambios gendmicos producidos por los
fendmenos de microevolucidn en MTB que conducen a la aparicion de infecciones

policlonales.

Capitulo Il. Estudio exhaustivo de eventos de complejidad clonal en casos

clinicos seleccionados.

Evaluar el posible impacto que la complejidad clonal en la infeccidn por MTB pueda
tener sobre el manejo diagndstico vy terapéutico de los casos implicados.
Comparar la dindmica de la microevolucién en la infeccidn por MTB en diferentes

casos clinicos.
Capitulo lll. Caracterizacion de la complejidad clonal en tuberculosis bovina.

Poner a punto un formato de genofipado basado en MIRU-VNTR para optimizar el
estudio de complejidad clonal en la infeccién por Mycobacterium bovis.

Rastrear y caracterizar una de las modalidades de complejidad clonal, infeccién
compartimentalizada, en la infeccién por Mycobacterium bovis.

Abordar un estudio longitudinal de la dindmica de aparicidon de variantes clonales por

microevolucién en la infeccién por Mycobacterium bovis.
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Con anterioridad a la introducciéon de las estrategias de tipado molecular en
tuberculosis, se asumia que cada episodio de infeccién estaba causado por una Unica
cepa de Mycobacterium tuberculosis. Sin embargo, la aplicacién de los distintos métodos
de genofipado ha permitido desvelar un grado de complejidad clonal en estas
infecciones mayor de lo asumido. De esta forma, se comenzaron a identificar pacientes
coinfectados simultdneamente por dos cepas diferentes (infecciones mixtas) o con
presencia de variantes clonales (infecciones policlonales), probablemente generadas a
partir de una misma cepa parental mediante fendmenos de microevolucién. Algunos
estudios mds exhaustivos han descrito incluso modalidades de infeccion
compartimentalizada, en las que las cepas o variantes que coinciden en un Mismo

individuo se distribuyen heterogéneamente entre los diferentes tejidos infectados.

Los fendmenos de complejidad clonal comenzaron a describirse en poblaciones
con alta incidencia de tuberculosis. Posteriormente, su identificacion se ha extendido a
otras poblaciones de menor incidencia, aunque los reportes en la literatura en estos
entornos se refieren a casos aislados. Nuestro primer objetivo consistié en evaluar la
dimension de los fendmenos de complejidad clonal en la tuberculosis, en una poblacion
de baja/moderada incidencia. Para ello se diseid un primer estudio sistemdtico, en las
poblaciones de Madrid y Aimeria, en el que se genotiparon 774 aislados de pacientes
con tuberculosis exclusivamente pulmonar y 71 de pacientes con TB pulmonar vy
extrapulmonar. Mediante la aplicacidon de las técnicas de RFLP-IS61710 y MIRU-VNITR se
detectaron 21 pacientes con fuberculosis compleja desde un punto de vista clonal [11
pacientes (1,6%) con TB respiratoria y 10 pacientes (14,1%) con TB pulmonar y
extrapulmonar]. Entre ellos, 9 correspondieron a infecciones mixtas y 12 a infecciones

policlonales.

Si bien la descripcién de casos con infeccidn mixta o policlonal es poco frecuente,
el fendbmeno de compartimentalizaciéon es ain mds inusual. En nuestro estudio, en 9 casos
(5 pacientes con infeccién mixta y 4 con infeccion policlonal) se constaté que sus
infecciones complejas eran, ademds, compartimentalizadas. Debido al porcentaje
inesperadamente alto de este tipo de infecciones, decidimos comprobar que las
compartimentalizaciones fueran estrictas, descartando la presencia en cada ftejido
infectado del resto de cepas/variantes detectadas en ofros tejidos que hubieran podido
pasar desapercibidas por aplicacion de técnicas de genofipado de insuficiente
sensibilidad. Para ello, se selecciond el caso que presentaba el mayor nUmero, cuatro, de
variantes clonales compartimentalizadas. Se disenaron PCRs alelo-especificas (ASO-PCRs)
para cada variante, dirigidas a SNPs especificos identificados por secuenciacion del

genoma completo de cada variante. Tras pilotar la adecuada capacidad de las PCRs en
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detectar variantes minoritarias en combinaciones controladas in vitro (las detectaban en
proporciones 1/100-1/1000), se aplicaron a los cislados obtenidos de los tejidos con
infeccion supuestamente compartimentalizada. En todos los casos se confirmd la estricta
compartimentalizacion de la infeccién, y se constaté una diferente composicion de

variantes en los diferentes tejidos infectados.

Tras la descripcién sistemdtica de los casos de TB con infecciones complejas, nos
centramos en la modalidad a la que se ha prestado menos atencidn en la literatura, la
infeccion policlonal, con el objetivo de evaluar si los cambios sutiles que conducen a la
aparicién de variantes clonales pueden albergar un significado funcional. La primera
etapa en este objetivo consistié en abordar un estudio in silico de las posibles
implicaciones de estas variaciones, tanto en el nUmero de copias I1S6110, como en el
numero de repeticiones en tdndem en los loci MIRU-VNTR. El mapeo, mediante LM-PCR,
de los sitios de insercion de las I1S6110 diferenciales entre las variantes clonales indicd que
se localizaban intragénicamente, lo que afecta a la integridad de dichos genes, y por
tanto puede estar asociado a un efecto funcional. El estudio in silico de las variantes que
diferian en el marcador MIRU-VNTR indicé que las variaciones implicaban tanto a loci
intfragénicos, que pudieran modificar la estructura y funcién de las proteinas implicadas,
como intergénicos que podrian estar asociados a un potencial efecto sobre la expresion
de genes adyacentes. Tras el andlisis in silico se decidid evaluar experimentalmente el
posible efecto en expresion genética derivado de la variabiidad en el nUmero de
repeticiones identificadas en loci intergénicos. Se seleccionaron cuatro parejas de
variantes isogénicas (con diferencias exclusivamente en 1-2 repeticiones de un locus
MIRU-VNTR), y mediante RT-PCR cuantitativa se demostré que las variaciones, en tres de
los cuatro loci analizados, conducian a una modificacién sutil en la expresion de los

genes contiguos.

La etapa final en la evaluacion del significado funcional de la microevolucién en
la infeccién por MTB debia ser la comprobacion de que alguno de los efectos
identificados, tanto in silico como experimentalmente en ensayos de expresion,
repercutieran en la capacidad infectiva de las variantes. Para ello, seleccionamos dos
pacientes, uno de ellos con distribucidbn compartimentalizada, infectados
simultdneamente con un nUmero superior al promedio de variantes clonales (cuatro vy
cinco) y abordamos ensayos de infectividad comparativa en macréfagos. En una
primera etapa se estimd que, de existir diferencias de infectividad entre las variantes,
éstas debian de ser sutiles, y por tanto los modelos celulares de infeccion estédndar podian
no detectarlas. Con el fin de adecuar los modelos de infeccion a esta situacion, se

expandieron las condiciones experimentales del modelo de infeccidon celular a 4

58



Capitulo |

versiones de infeccién diferentes: se diferenciaron macréfagos a partir de la linea celular
humana THP-1, con o sin activacién por IFN-y, y se abordaron infecciones por separado
de cada cepa o coinfecciones competitivas. Gracias a la aplicacién de estas cuatro
estrategias se consiguié desvelar el diferente comportamiento infectivo de las variantes,
poniendo en relevancia la importancia de la aplicacion de diversas modalidades de
ensayo para poder desvelar las diferencias infectivas sufiles existentes enfre diferentes

variantes clonales.

En conclusidn, en este primer capitulo de la tesis se aportan estudios sistemdticos
con base poblacional que permiten dimensionar con mayor precision el fendmeno de la
complejidad clonal por Mycobacterium tuberculosis en sus diferentes modalidades: mixta,
policlonal y compartimentalizada, y que demuestran que es posible identificarlas en una
frecuencia mayor a la esperada. La evaluacion in silico de variantes clonales emergidas
por fendmenos de microevolucidn indica que las variaciones acumuladas por éstas
pueden tener un significado funcional. La evaluacion de variantes clonales mediante
ensayos de expresion muestra que pueden modificar la expresidon de genes adyacentes.
La puesta a punto de diferentes estrategias de infeccién en macréfagos aporta un
modelo que permite desvelar las diferencias sutfiles en infectividad mostradas por las

variantes obtenidas de infecciones policlonales.
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Clonally complex infections by Mycobacterium tuberculosis are progressively more accepted. Studies of their
dimension in epidemiological scenarios where the infective pressure is not high are scarce. Our study system-
atically searched for clonally complex infections (mixed infections by more than one strain and simultaneous
presence of clonal variants) by applying mycobacterial interspersed repetitive-unit (MIR U)-variable-number
tandem-repeat (VNTR) analysis to M. fuberculosis isolates from two population-based samples of respiratory
(703 cases) and respiratory-extrapulmonary (R + E) tuberculosis (TB) cases (71 cases) in a context of moderate
TB incidence, Clonally complex infections were found in 11 (1.6%) of the respiratory TB cases and in 17 (14.1%)
of those with R+ E TB. Among the 21 cases with clonally complex TB, 9 were infected by 2 independent strains
and the remaining 12 showed the simultaneous presence of 2 to 3 clonal variants. For the 10 R+E TB cases
with clonally complex infections, compartmentalization (different compositions of strains/clonal variants in
independent infected sites) was found in 9 of them. All the strains/clonal variants were also genotyped by
156110-based restriction fragment length polymorphism analysis, which split two MIRU-defined clonal vari-
ants, although in general, it showed a lower discriminatory power to identify the clonal heterogeneity revealed
by MIRU-VNTR analysis. The comparative analysis of IS6110 insertion sites between coinfecting clonal
variants showed differences in the genes coding for a cutinase, a PPE family protein, and two conserved
hypothetical proteins. Diagnostic delay, existence of previous TB, risk for overexposure, and clustered/orphan
status of the involved strains were analyzed to propose possible explanations for the cases with clonally
complex infections. Our study characterizes in detail all the clonally complex infections by M. tuberculosis found
in a systematic survey and contributes to the characterization that these phenomena can be found to an extent

higher than expected, even in an unselected population-based sample lacking high infective pressure.

In recent vears, the application of molecular tools such as
1S6110-based restriction fragment length polymorphism
(RFLP), spoligotyping, and mycobacterial interspersed repet-
itive-unit (MIRU }-variable-number tandem-repeat (VNTR)
analysis has revealed that infection by Mycobacterium tubercu-
losis could be more complex than initially assumed. Several
clonally complex phenomena have been observed, including
mixed infections with more than one strain (29, 30, 35), simul-
taneous presence of clonal variants (microevolution phenom-
ena) (1, 2), or even different distributions of strains/clonal
variants infecting independent anatomical sites in the same
patient (6, 15).

Most reports of clonal complexity phenomena are descrip-
tions of anecdotal cases and/or studies of clonal complexity are
often restricted to contexts where overexposure to tuberculosis
(TB) can be expected. This makes it difficult to evaluate the
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frequency at which we can expect this kind of infection to occur
outside a high-incidence setting.

The main objective of our study was to systematically survey
clonally complex infections (coinfections, microevolutions, and
compartmentalizations) in unselected population-based sam-
ples so as to be able to calculate their proportion. We selected
epidemiological contexts in which high infection pressure is not
expected to facilitate clonally complex infections, namely, in
settings with a moderate incidence of TB (Madrid and Alm-
erfa, Spain; average incidence rates, 20.5 cases/100,000 inhab-
itants and 26.6 cases/100,000 inhabitants, respectively). Our
secondary objectives were to perform a detailed genetic char-
acterization of the strains/clonal variants involved in the clon-
ally complex infections and to analyze the clinical and epide-
miological backgrounds of the corresponding cases.

MATERIALS AND METHODS

Study samples, Cases with microbiologically diagnosed respiratory TB were
investigated for clonally complex infections (infections with two or more different
strains/clonal variants infecting the same patient simultaneously). The popula-
tion-based sample analyzed corresponded to all cases in which M. fuberculoss
was isolated (initial diagnostic samples) from respiratory specimens between
January 2003 and December 2009 at all hospitals in the province of Almeria
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(Complejo Hospitalario Torrecardenas, Hospital de Poniente, and Hospital La
Inmaculada).

Cases in which M. fuberculosis was isolated from respiratory and extrapulmo-
nary sites in the same episode (initial diagnostic samples) were investigated for
compartmentalization (a clonally complex infection in which different strains/
clonal variants are isolated from independent infected sites). The population-
based sample corresponded to all cases fulfilling this requirement within the
Almeria sample mentioned above and cases from Hospital Gregorio Marafion
(Madrid, area 1) during the same study period.

Microbicological methods. Clinical specimens were processed by standard
metheds and ineculated on Lowenstein-Jensen slants and in mycobacterial
growth indicator tube (MGIT) liquid medium (Becton Dickinson, Sparks, MD).
The M. fuberculosis cultures were stored frozen at —70°C until analysis. Suscep-
tibility testing for isoniazid, rifampin, streptomycin, and ethambutol was pet-
formed for the Almeria isolates using a BacT/Alert 3D system (bioMérieux
Espafia SA, Madrid, Spain) and for the Madrid isolates using the mycobacterial
growth indicator SIRE system (Becton Dickinson, Sparks, Maryland) according
to standard methods.

Clonal complexity analysis. Genotypic analysis to identify cases with clonally
complex infections was based on MIRU-VNTR and IS6II¢-based RFLP
(I55713-RFLP) fingerprinting, Two isolates from the same patient were consid-
ered clonal variants when they shared highly similar genotypes (we allowed
differences in one MIRU locus or in two loci if they shared identical or highly
similar RFLP types [differences in one band]) and unrelated strains when their
MIRU types differed in three or more loci and their RFLP types were markedly
different (differences in more than six bands).

A case was considered to have a polyclonal infection (simultaneous presence
of two or more clonal variants or coinfection with more than one strain) when we
detected more than one amplification product for one or more MIRU-VNTR
loci. In these cases, polyclonality was confirmed by repeating simplex PCR of the
locus or loci involved. Additionally, single colonies were obtained after subeul-
turing dilutions of the primary culture on TH11 agar plates. Forty colonies were
selected and inoculated in MGIT medium. After growth of the isolates, MIRU-
VNTR was performed to confirm the presence of the allelic variants. After
confirmation of polyclonality, independent colonies representing allelic variants
were reinoculated on Lowenstein-Jensen slants, DNA was purified, and RFLP
analysis was performed (33).

In some cases with special findings, according to the clonal complexity of the
infection by M. fuberoulosis, we analyzed by the MIRU-VNTR and RTLP anal-
vsis methods additional isolates from independent clinical specimens (the num-
ber was variable depending on availability) from the same episode.

Genetyping methods. (i) MIRU-VNTR typing. The analysis period included
three sequential steps in the MIRU-VNTR procedures which were applied in
our laboratory, and these influenced the MIRU-VNTR versions applied at each
moment. First, a simplex MIRU analysis with 15 loci (MIRU-15) (3, 11) was
applied for the systematic survey of respiratory cases with mixed infection; it was
then switched to a simplex MIRU analysis with 24 loci (MIRU-24) (22), which
was applied to analyze cases with respiratory-extrapulmonary TB. For those
respiratory cases showing more than one MIRU-15 type, the extended MIRTS
format, MIRTU-24, was also applied. Finally, multiplex MIRU-24 (31) was im-
plemented and the last 111 samples were analyzed by application of this format.

(a) Simplex PCE format. We analyzed the original 12 MIRU-VNTR loci
following conditions published elsewhere (32) and modified the amplification
profile of the remaining 12 loci as described by Celemann et al. (22). Amplified
products were run in an agarose gel (2% MS-8; Pronadisa, Madrid, Spain) at 45
V for 18.5 h.

(b} Multiplex PCE formai. The final reaction mixture (50 pl) included 25 ul of
PCR master mix (Qfagen multiplex PCR kit), 5 ul of O solution (Qiagen mul-
tiplex PCR kif), and 0.25 pM each unlabeled and labeled oligonucleotide (3.9
uM for locus 4156). The primers used for PCR amplification were described by
Supply etal (31). Amplification profiles were as described elsewhere (22), except
for the number of cycles (20 cycles). PCR products were analyzed by capillary
electrophoresis (4) using an ABI Prism 3100 genetic analyzer (Applied Biosys-
tems, NLLab Centraal B.V., Haarlem, The Netherlands).

(ii) IS6110-based RFLP typing. All the isolates from each of the patients
showing differences in MIRU types were also analyzed by IS6110-RFLP follow-
ing international standardization guidelines (33). RFLP types were used to es-
tablish identities/differences only when they had more than six IS6110 copies.

(iii) LM-PCR. The coinfecting clonal variants showing subtle differences be-
tween their RFLP types were analyzed by ligation-mediated PCR (LM-PCR) to
map the IS611 locations.

The protocol used was based on that of Prod’hom et al. (23) with modifica-
tions. Briefly, the DNA was digested with the restriction enzyme Xmal (NEB)
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and ligated with adapter primers Rxma24/rxmal2 (22a; Rxma24 is 5’ AGC ACT
CTC CAG CCT CTC AAC GAC 3, and mal2 is 5" CCG GGT CGT TGA 3)
by incubation overnight with T4 DNA ligase (New England BioLabs, MA) at
16°C. The products were amplified by PCR with primers ISA1 and ISA3 (21) and
the linker primer Rxma24 using AmpliTaq Gold (Applied Biosystems). The PCR
consisted of 35 cycles at 95°C for 45 5, 65°C for 45 5, and 72°C for § min. The
amplified products were separated by electrophoresis in a 1.8% agarose gel and
purified using GFX PCR DNA and a Gel Band purification kit (GE Healthcare;
Buckinghamshire, United Kingdom). The purified fragments were sequenced
with the ISAl and ISA3 primers in a 3130zl genetic analyzer (Applied Biosys-
tems, Carlsbad, CA). The IS6710 insertion sites were mapped by investigating
the homology of the IM-PCR product sequences with the H37Rv reference
sequence genome in the TB Database (23).

Population-based molecular epidemiology databases. We used the genotypic
databases from two population-based studies run in Madrid (area 1, 2003 to
2009) (5) and Almeria (2004 to today) (20} in which all M. tubercuioss isolates
are labeled as clustered or orphan.

Clinical/epidemiological data. Clinical and epidemiological information was
obtained from clinical records. For cases coinfected by two independent strains,
we looked for risk factors for TB, overexposure to other TB cases, and existence
of previous TB. For the cases with the simultaneous presence of clonal variants,
we looked for risk factors for TB, diagnostic delay (between onset of symptoms
and diagnosis), and existence of previous TB.

RESULTS

Analysis of patients with respiratory TB. Among the 703
patients with respiratory TB, polyclonality was observed in 11
cases (1.6%; Fig. la) by the simultaneous detection of more of
one allelic variants in 1 to 11 MIRU loci. All strains were
susceptible. Additional genotyping of single colonies from
these cases allowed us to confirm the concurrent presence of 2
different genotypes in 10 cases and even 3 different genotypes
in the remaining case (case 11; Fig. 1a).

Among the 11 cases with complex infection, coinfection with
two independent strains was considered in 4 cases due to dif-
ferences in 7 to 11 loci (36.4%, cases 1 to 4). In the remaining,
seven cases (63.6%; cases 5 to 11; Fig. la), we observed the
simultaneous presence of related clonal variants (differences in
only 1 or 2 loci). We also performed 1567/0-RFLP analysis to
extend the genotypic characterization of the strains/clonal vari-
ants mvolved m the clonally complex cases detected by MIRU-
VNTR analysis. In all four cases considered coinfected by
independent strains, the RFLP types obtained were markedly
different (Fig. la), thus confirming the unrelatedness of the
coinfecting strains. For the remaining seven cases showing the
simultaneous presence of clonal MIRU variants, RELP anal-
ysis failed to detect heterogeneity (Fig. 1a). In order to eval-
uate whether extended screening could also facilitate identifi-
cation of variability by RFLP analysis, we selected the case
with the highest clonal complexity, as revealed by MIRU (case
11, three different MIRU types). Single colonies cultured from
two additional respiratory specimens (specimens 2 and 3; Fig.
1b) were analyzed by MIRU-VNTR and RFLP analysis. Only
two of the three MIRU variants found in the isolates from the
first specimen, specimen 1 (Fig. la), were detected (MIRU
types A and B). In the isolates from specimen 2, RFLP again
failed to detect variability (Fig. 1b). However, in the isolates
from the other specimen (specimen 3), in addition to the
shared RFLP type, two new RFLP variants (RFLP2 and
RFLP3) were identified (differing in only one band; Fig. 1a and
b). Finally, LM-PCR was applied to map the distribution of the
[86710 insertion sites from RFLP2 and RFLP3 compared with
those from RFLP1. LM-PCR electrophoresis patterns again
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FIG. 1. (a) Genotyping analysis of isolates from patients with respiratory TB and clonally complex infections. (b) Genotypic analysis of isolates
from additional specimens for case 11. Asterisks, difference in the locations of the IS6110 band in the RFLP types. Boldface indicates MIRU loci

with differences in numbers of tandem repeats.

reproduced the variability between the three variants, and se-
quence analysis revealed in RFLP2 the absence of an IS6110
copy in the cut-1 gene, which codes for a cutinase (Rv1758),
and an additional IS6710 copy in RFLP3 interrupting the gene
for a conserved hypothetical protein (Rv1682).

Analysis of patients with respiratory and extrapulmonary
TB. Among the 1,733 TB patients from the two population-
based samples analyzed (Madrid and Almeria), 86 (4.96%) had
concurrent respiratory and extrapulmonary M. tuberculosis iso-
lates. The extrapulmonary specimens most frequently yielding
M. wberculosis for cases with respiratory TB were urine (33
cases), blood (30 cases), pleural fluid (19 cases), lymph node
(10 cases), biopsy specimens (7 cases), and cerebrospinal fluid
(7 cases). In most cases (54 patients; 62.8% ), M. tuberculosis
was isolated from only one extrapulmonary specimen, in addi-
tion to the respiratory sample (group 1). In 32 cases (37.2%),
M. tuberculosis was isolated from two, three, or four different
extrapulmonary specimens (group 2).

For 71 of the respiratory-extrapulmonary TB patients

(82.6%), all the M. tuberculosis cultures were available for
analysis. A single MIRU type was shared by the respiratory
and extrapulmonary isolates in 61 patients (86%). In the re-
maining 10 cases (14%), we detected clonally complex infec-
tions (presence of more than one coinfecting strain/clonal vari-
ant; Fig. 2). All strains were susceptible. Five patients (cases A
to E), all belonging to group 1, were coinfected by two inde-
pendent strains (strains differing in 3 to 17 loci), and compart-
mentalization was observed in all cases, because each of the
two coinfecting strains was recovered either from respiratory
sites or from extrapulmonary sites (Fig. 2). In one case (case
), spoligotyping data were available, and these data revealed
coinfection by M. tuberculosis (blood) and Mycobacterium ca-
prae (sputum). For the remaining five cases (one from group |
and four from group 2), the simultaneous presence of 2 to 3
clonal variants was observed (cases I to I; differences in 1 to 2
loci). Except for case G, in which two MIRU variants were
found at three different sites, compartmentalization was iden-
tified for the remaining four cases (cases F, H, I, and I),
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FIG. 2. Genotyping analysis for the isolates from patients with respiratory and extrapulmonary TB and clonally complex infections. n.a., not
available. Asterisks, the location of the additional IS6/10 band in the RFLP type. The number of isolates is indicated before the specimen type
for the cases in which additional isolates from independent specimens were available for analysis. Boldface indicates MIRU loci with differences

in numbers of tandem repeats.

because of the presence of at least one of the variants in some
but not all of the infected sites. The distribution of variants in
patient H is worthy of mention: whereas two variants were
present in sputum, an additional variant was found in blood,
and only one of the respiratory variants was recovered from
urine.

In order to analyze the distribution of clonal variants in the
infected sites in more detail, we genotyped additional isolates
from independent specimens from these patients (available for
patients I to I; Fig. 2). In only one case (case H), the distri-
bution of variants in the additional specimens differed (only
one variant of the two identified in the first specimen was
found in the isolate from an independent sputum sample).

IS6110-RELP analysis was performed with all the isolates dis-
criminated by MIRU-VNTR typing (Fig. 2). Different RFLP
patterns were obtained for all except two cases coinfected with
independent strains; in these two cases (cases B and D), the low
number of IS6110 copies (4, 5) did not allow us to draw conclu-
sions. For the coinfecting clonal variants revealed by MIRU anal-
ysis, RFLP failed to detect differences between them except in
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case H, in which MIRU types B and C shared the same RFLP
type (RFLP2), whereas the remaining MIRU type (type A) was
split into two different RFLP types (RFLP1 and RFLP3). These
two new RFLP-defined variants further increased the complexity
of the compartmentalization observed in case H when analyzing
the distribution of MIRU-defined variants, as variant RFLP3 was
found only in blood, whereas variant RFLP1 was recovered from
sputum and urine (Fig. 2). Compared with variant RFLP1, the
application of LM-PCR confirmed the presence of a new 1S6110
copy in variant RFLP2 interrupting a PPE family protein (PPE34,
Rv1917¢) and in variant RFLP3 interrupting the gene for a con-
served hypothetical protein (Rv1754¢).

Epidemiological/clinical interpretation of clonal complexity
findings. Once the isolates from clonally complex infections
were analyzed, we classified cases according to specific clinical
and epidemiological features (Tables 1 and 2).

First, among the cases coinfected with more than one strain
(cases 1 to 4 and A to E; Table 1), all but one were immigrants
from countries where TB is endemic, two were HIV infected, and
two were alcoholics. Five patients were homeless or lived in sub-
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TABLE 1. Clinical and epidemiological features of patients coinfected with independent strains

Patient reference code Nation of origin Risk factor(s) Overexposure risk Previous TB
1 Morocco Alcoholism, smoking Substandard/shared housing No
2 Romania NA®
3 Morocco Smoking Substandard/shared housing No
4 Algeria No
A Brazil HIV positive NA
B Spain HIV positive, intravenous drug user, smoking Homeless No
@ Ghana Substandard/shared housing Yes
D Mali Alcoholism Substandard/shared housing No
B Mauritania NA

2 NA, not available.

standard shared housing (Table 1). In addition, one case had a TB
episode previous to the present one. Second, for the cases in-
fected with different conal variants (cases 5 to 11 and F to J;
Table 2), diagnostic delay was found in eight cases (2 to 31
months; Table 2). Three cases had previously had TB (Table 2).

Fmally, we integrated the molecular epidemiology data from
the studies run in Madrid and in Almetfa (5, 20). We analyzed
whether strains isolated from clonally complex cases were in-
volved in clusters (recent infection) or whether they corre-
sponded to orphan strains (reactivations of remote infections).
For the nine cases with mixed infections with two unrelated
strains, both coinfecting strains were clustered in two patients
(cases 2 and E); in another three patients (A, B, and D), one
of the strains was clustered, while the other was orphan. For
the remaining four cases, both strains were orphan.

We identified a clustered variant in 6 of the 12 cases infected
with clonal variants.

DISCUSSION

Clonal complexity is increasingly accepted to be a feature of
M. tuberculosis infection. From an epidemiological point of
view and to ensure precise tracking of recent transmission in
molecular epidemioclogy programs, it is essential to identify
those cases coinfected with more than one strain or clonal

TABLE 2. Clinical and epidemiological features of patients with
simultaneous presence of clonal variants

Patient reference  Nation of . Diagnosis Previous
code origin Risk factor(s) dela)g/ (mo) TB
5 Spain Multiple drug  No No
user
6 Morocco 6 No
7 Bolivia 3 No
8 Spain Alcoholism, Yes (NA%) No
smoking
9 Morocco 7 No
10 Spain 31 No
11 Spain No Yes
F Spain HIV positive, 2 No
intravenous
drug user
G Spain HIV positive  No No
H Spain No Yes
1 Spain HIV positive 2 No
I Nigeria ~ HIV positive  Yes (NA) Yes

4 NA, not available.

variant. Another important consideration is the possibility that
strains with phenotypic differences (in virulence, infectivity,
and susceptibility) can participate in clonally complex infec-
tions (28), and this could have an impact on diagnosis, clinical
practice, and therapy (6, 17, 28, 29, 34).

The number of studies on clonal complexity in M. fuberculosis
infection has increased in recent years (8, 10, 18). However, some
of these studies examine anecdotal cases (2) and others analyze
this phenomenon only in specific M. muberculosis lineages (35) or
specific phenotypes (34). Those which follow population-based
designs to determine the proportion of clonally complex TB cases
are performed mamly m epidemiological contexts with a mark-
edly high mcidence of TB (8, 10, 29, 30, 35) and/or where the
possibility of overexposure is more likely (28).

We measured the frequency of clonally complex infections in
epidemiological scenarios with a moderate incidence of TB. An-
other differential aspect of our study was the decision to indepen-
dently analyze two versions of donal complexity (coinfection with
different strains and simultaneous presence of clonal variants)
and to explore each of them in two kinds of patients, namely,
those with respiratory TB and those with respiratory-extrapulmo-
nary TB. This design allowed us to cover the spectrum of clonal
complexity: coinfection with different strains, coexistence of
clonal variants (likely due to microevolution phenomena), com-
partmentalized coinfections, and compartmentalized distribution
of clonal variants. Our data demonstrate that clonal complexity in
the infection by M. tubercuiosis is not anecdotal, especially in cases
with simultaneous nfection at independent sites. The real figures
for clonal complexity in this study could be even higher if we had
included more than a single sputum specimen in our screening
design (13, 18, 19, 28).

The application of MIRU-VNTR typing to investigate clonal
complexity was key for exploration of these events in an extensive
population-based sample (774 patients). Other standard strate-
gies applied, such as analysis of multiple independent colonies
(12, 14) or observation of low-intensity bands by RFLP (9), are
not suitable for large samples. Besides, if RFLF had been selected
as the screening strategy, we would not have identified most of the
cases mnfected with clonal variants and even some of the cases
infected by different strains according to MIRU data.

As for the nine cases with mixed infection by independent
strains, we did not detect any cases with more than two strains.
The presence of two independent strains in the same episode of
a TB case could be considered the result of simultaneous coin-
fection, supermfection, or reactivation of an old infection coinci-
dental with a recent infection (due either to a lack of contamment
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of a previous infection n immunocompromised hosts or to the
Immune impairment associated with the new infection). It is not
casy to associate a specific explanation with a particular patient.
However, we tried to identify which cases fulfilled clinical and
epidemiological features that could allow the options explamed
above. The hypothesis of comfection/superinfection could be
plausible for the five cases (all but one of whom were immigrants)
who were either homeless orlived in shared substandard housing.
As one case had already had TB, the possibility of reactivation/
recent infection could also be considered. This case corresponded
to an immigrant from Ghana who was coinfected with two dif-
ferent species, M. tuberculosis and M. caprae. Infections by M.
caprae are extremely uncommon in Spain (26); therefore, the
hypothesis of reactivation of M. caprae by recent M. tuberculosis
infection seems plausible.

We explored a novel application to processing of the data
obtained from the long-term molecular epidemiology surveys
run m the study populations in order to find explanations for
the cases of mixed infections by independent strains. We used
these data to determine whether the strains involved in
patients with mixed infections were involved in clusters (recent
transmissions) or were orphan (reactivations of remote infec-
tions). An orphan strain coincided with a clustered strain in
three cases, thus supporting the possibility of reactivation/
recent infection. In another two cases, both strains were clus-
tered, suggesting possible coinfection/superinfection.

As for cases with the simultaneous presence of clonal vari-
ants, most involved two variants, although four and five clonal
variants were found in two cases. To identify these cases, it was
necessary to consider MIRU and RELP typing data together,
because a MIRU type was split into two RELP variants.

As with cases of mixed infection, we explored the clinical and
epidemiological backgrounds of the 12 cases with clonal variants
to evaluate three possible explanations: variants could have ap-
peared during the active infection as a result of a diagnostic delay,
variants could have appeared during the latent phase in cases who
had previously had TB, and the patients were already nfected by
variants which had microevolved in previous hosts. In most cases,
a diagnostic delay had occurred, and in one case it reached 31
months. Three cases had previously had TB; these included the
cases with the highest number of variants (four and five variants;
cases H and 11). Considering molecular and epidemiology data,
m four cases none of the comfecting variants was clustered and m
six cases only one of the coinfecting variants was clustered, thus
minimizing the probability of microevolution in hosts preceding
the infection of the analyzed cases. The remaining two cases
corresponded to the first vear of the molecular survey; therefore,
we lacked sufficient data to assign previous orphan/clustered sta-
tus to the variants.

Identification of clonal variants may be considered a refined
exercise with no clinical significance. However, compartmen-
talization is sometimes observed i cases with clonal variants.
If these clonal variants are not equally distributed at the dif-
ferent infected sites, then these subtle genotypic differences
could entail an adaptive advantage. In cases coinfected with
two independent strams and with a compartmentalized mfec-
tion, the strain infecting the extrapulmonary site has higher
infectivity in in vitro and in vivo models (15). Similarly, a ge-
notypic change in a clonal variant could have made it able to
more efficiently infect the extrapulmonary site, as in case F, in
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which only one of the two variants from sputum was detected
in blood. The alternative explanation could be that the geno-
typic modification leading to the emergence of a clonal variant
is the consequence of an adaptation of the strain to the specific
circumstances of the extrapulmonary site. Examples of this
hypothesis could be seen cases I and I, in which one variant not
detected in sputum was found at an extrapulmonary site. The
marked clonal complexity in case H with the simultaneous
presence of four clonal variants and with a different clonal
distribution in each of the three sites involved could result
from the combination of the two possibilities mentioned above.

We mapped the 156110 sequences of the clonal variants
which showed subtle differences between their RFLP patterns
to evaluate whether potential functional differences could be
considered. In one case, two variants differed in an [S6710
sequence located in or absent from Rv1758. An 186110 copy in
the same sequence has also been found in strain H37Rv, and it
has been reported that it might have a duval impact: on the
expression of both cutinase, an enzyme mvolved in the lipid
metabolism (27}, and phospholipase picD (16), an enzyme con-
sidered a virulence factor in certain studies (24). For the sec-
ond case infected with clonal variants who was analyzed, we
detected an 156710 copy either present or absent in a region
coding for the protein PPE34, which has recently been found
to facilitate a shift toward the Th2 immune response, aiding
the immune evasion by mycobacteria (7).

Our study enabled us to assess that clonally complex M.
tuberculosis nfections must also be considered in populations
not subject to high infective pressure. The systematic survey of
clonally complex infections in a population-based sample al-
lowed us to calculate that the proportion of cases in which they
oceur is higher than expected. The application of an extended
scheme for genotypic characterization led to the detailed de-
scription of different modalities of clonal complexity in cases
with either respiratory TB only or respiratory-extrapulmonary
TB. The combination of genotyping data with clinical, epide-
miological, and molecular data could help us to identify po-
tential causes for these kinds of infections and provide more
information on their clinicopathologic significance.
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Clonal variants of Mycobacterium tuberculosis can emerge as a result of microevolution in a single host
or after sequential infection of different hosts. The significance of subtle genotypic variations is still
unknown. In three of the four loci analyzed from clonal variants differing in only one MIRU VNTR locus,
we found that the expression of the adjacent genes was modulated differently. These data highlight the
potential advantages that acquisition of subtle variability may have in M. tuberculosis.
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Introduction

Most infections by Mycobacterium tuberculosis (MTB ) areconsid
ered clonally homogeneous; however, the application of standard
genotyping tools such as IS6110 RELP or MIRU-VNTR has revealed
the existence of cases infected by clonal variants, with subtle dif
ferences between them. These clonal variants have been reported
to emerge through microevolution from a parental strain, either
within a single host orwhen a strain is sequentially transmitted to
different hosts (Al-Hajoj et al, 2010; Navarro et al.,, 201 1; Warren
et al., 2002; Cave el al,, 2005; Pérez Lago et al., 2011).

It is interesting to evaluate whether some of the subtle modi
fications caused by microevolution phenomena have a functional
impact. Different studies have proved that entry of an IS6110
copy can interrupt a coding sequence or modulate the expres-
sion of a neighboring gene (Pérez lago el al.,, 201 1; McEvoy el al.,
2007; Sampson et al,, 2001; Soto et al.,, 2004); therefore [unctional
differences between RFLP-defined clonal variants are expected
Lo be due to the specilic variations caused by the presence or

* Carresponding author at: Servicio de Microbiologia y Enfermedades Infecciosas,
Hospital Gregorio Marandn, Cf Dr. Esquerdo, 46, 28007 Madrid,
Spain. Tel.: +34 91 4265104; fax: +34 91 5044906,
E-mail address: daviedma2@amailcom (D. Carda-de-Viedma).

1438422 1/% - see front matter © 2013 Elsevier GmbH. All rights reserved,
htrp: Hdx.doiorz/10, 1016/ iimm. 201308010

absence of an IS6110 copy. Regarding microevolution detected by
MIRU-VNTR, much less information is available on the potential
functional impact of variations in the number ol landem repeats,
likely as a result of genetic slippage (Lovett, 2004}, Some intragenic
MIRU-VNTR loci are considered to constitute sources of antigenic
variability, and variations in the number of repeats can modify the
structure and function of the proteins affected (Y indeeyoungyeon
et al,, 2009). With intergenic MIRU-VNTR loci, variations in the
number of repeats can modulate expression of adjacent genes
either through direct interference with the regulatory regions
where they are localed or because some repetitions include ribo
somal or RNA polymerase-binding sites and can therefore promote
transcription (Tantivitayakul et al., 2010).

Qur aim in this study was to evaluate whether subtle differ-
ences in the number of repeats in a MIRU-VNTR locus between
clonal variants emerging as a result of microevolution phenomena

and, therefore, sharing an isogenic background - can modify
the expression of adjacent genes. Our hypothesis was that an
advantage is expected for a nascent clonal variant appearing in
a homogeneous bacterial population, whose representativeness
has increased markedly until it can be detected in standard elec-
trophoresis. The simplest explanation would be that the mentioned
advantage was conferred by modificarion of the expression of an
adjacent gene caused by the change in the number of repeats in a

MIRU-VNTR locus.
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Fig. 1. Relevant features of the clonal variants analyzed.

Results and Discussion

We therefore retrospectively sought pairs of clonal variants
within the same patient or in patients who were sequentially
infected by the same strain (in the same transmission chain). We
selected those clonal variants differing in only one MIRU-VNTR
locus and showing identical RFLP patterns, thus indicating a shared
isogenic background. Eight clonal variants (from four microevo-
lution events, three pairs of intrapatient variants (Navarro et al.,
2011), and one pair of interpatient variants) fulfilled the selec-
tion criteria and were available for analysis (Fig. 1). The four loci
involved in the microevolution of each pair of variants were QUB26,
VNTR52, MIRU27, and MIRU10 (Fig. 1). For MIRU27 and MIRU10,
the variants differed in two repeats, whereas for the remaining loci
the corresponding variants differed only in one (Fig. 1).

To evaluate whether expression of the genes adjacent to the
MIRU-VNTR loci differed between the two clonal variants of each
microevolution event, we carried out relative quantification assays
using RT-PCR with specific probes. First, the clonal variants were
grown in 7H9liquid media for 3 weeks. Cell lysis and RNA extraction
were performed as previously described (Pérez-Lago et al,, 2011),
RNA was purified using an RNeasy total RNAKkit (Qiagen GmbH,
Hilden, Germany) according to the manufacturer's instructions.
Five micrograms of purified RNA was reversed-transcribed using
the High Capacity RNA-to-cDNA Kit (Invitrogen, Life Technalogies,
CA, USA). This step was followed by qRT-PCR amplification (pre-
incubation at 95 “C for 10 min and 40 cycles of 95°C for 10,56 °C for
10s,and 72°C for 1) using the LightCycler® FastStart DNA Master
HybProbe kit (Roche). Primers and probes are described in Table 1.
Efficiency was calculated using a standard curve for each gene
analyzed. Quantitative values were calculated according to the fol-
lowing formula: ratio = Eé;_'gpﬂrge[(L‘UrLlml-sanLple)/'E_ACpr@f(r:omrl'}l-sanlplejl
where ref corresponds to sigA gene (Pfaffl, 2001). The control
carresponded arbitrarily to the variant with the lowest number
of repeats, Each point was measured in duplicate, and controls
with non-reverse-transcribed RNA were included to ensure the
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absence of DNA in the samples. Five independent quantitative
RT-PCR assays (from 2 to 3 independent RNA extractions) were
performed for each variant. One-sample f test was used to deter-
mine whether the average expression ratios between the variants
for each of the genes analyzed were statistically different from
1 (p<0.05). In all cases, the expression ratio between the clonal
variants for an independent reference gene was not statistically
different from 1, thus validating the assay (Fig. 2). The indepen-
dent reference was a gene adjacent to a MIRU locus not involved
in microevolution and sharing the same number of repetitions for
the two variants analyzed. For the genes adjacent to the MIRU
loci involved in microevolution, we detected statistically signifi-
cant differences in expression values in three of the four events
analyzed (those involving QUB26, VNTR52, and MIRU27). In two
of these cases (QUB26 and VNTR52), the genes whose expression

Table 1
Primers and probes used in the relative quantification assays.
Primers
MI10F 3 -CGAACATGTCCACACCTACC-3
MIOR 5-GTAGCGGGAGTAACTGACCA-3/
MOQ26FA 5 -CGTCAAGAGCGCACAGAT-3
MQ26RA 5 -ACTTGGTGATGACCTTCTCG-3/
M52F Rv3303 5 -GAGTICGTGGACGCCTATAC-3
M52R Rvi303 5-AACGACTCTTCCAGGACCA-Y
M52F Rv3304 5 -GGACCAGAAGAACCTTGACC 3
M52R Rv3304 5'-GTCCAAAACGTACAACCACG-37
M27F S-GTTTTCACCGCTACCACAGT -3
M27R 5 -GTCCAGAGCCACGTAAAG
SigAFN 5'-AAGTCCGCTAGTCOCTCC
SigARN S-GATGCTGCTGGTCGTAGT
Probes
M10S 5'-FAM-TGGCACTCTGGAATGCTCGC-BHO-1-3"
MQ2ESA 5'-FAM-ACGATCGCGAGCAACAGCTG-BHQ-1-3
M52S Rv3303 5 -FAM-CAGGACCACGTGCTGCCGTA-BHO-1-3
M52S Rv3304 5-FAM-AGAAGATCCGATCGCCGCGTG-BHQ-1-3
M27S 5 -FAM-ACCTGGACTGCGGGCAGTTG-BHO-1-3
SigASN 5 -FAM-CGCGAAGCGGGCTACCAAG-BHO-1-3
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expression that could be mediated by minor changes in MIRU loci
and it is therefore out of the scope of our study to extend the experi-
mental conditions in which the MIRU variants have been evaluated.
However, it would be informative to try to mimic the in vivo infec-
tion, by evaluating these variants at different phases of growth or
at different time points along the infection in macrophages.

Our approach to evaluating differences in expression within the
chromosome is one of the strengths of our study. Other studies
evaluate the role of variations in the repeats of MIRU-VNTR loci in
gene expression by cloning the repeats upstream of reporter genes
(Tantivitayakul et al., 2010; Akhtar et al., 2009), an approach that is
not necessarily representative of the effect on expression expected
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Fig. 2. Relative expression ratios plus SEM (standard error mean) of genes adjacent
to the MIRU-VNTR loci. The figure shows the value for the problem gene, which
was adjacent to the MIRU-VNTR locus differing between the variants and for an
independent reference gene (indep. reference ) with an adjacent MIRU-VNTR locus
identical for the two variants. The description of the variants A-H can be found in
Fig. 1.

was affected (Rv3610 and Rv3303, respectively) encode proteins
with enzymatic activity. It is therefore likely that changes in their
expression have functional consequences.

ForQUB26, which is included in the coding region of Rv3611, the
variation in the number of repetitions has been described to affect
the expression ratio of the adjacent gene Rv3610 (Tantivitayakul
et al,, 2010), although isogenic backgrounds had not been used in
this analysis. We observed a difference of expression of Rv3610
between the variants of 0.82 (0.66-0.97; p<0.05) (Fig. 2). This gene
encodes FtsH, a membrane-bound protein (Ito and Akiyama, 2005)
whose expression is modulated by stress and that is upregulated
in the presence of reactive oxygen and nitrogen intermediates and
downregulated during the stationary phase and starvation. Over-
expression of FtsH affects the growth and viability of MTB in vitro
and ex vivo (Kiran et al,, 2009).

Regarding VNTR52, we detected a 1.56-fold difference
(1.37-1.75; p<0.05) in one (Rv3303) of the two genes adja-
cent to the repetitions, but not in the other (Rv3304), indicating
that the modulating role of the repetitions is not indiscriminate
(Figs. 1 and 2). Rv3303 codes for LpdA, a member of the flavopro-
tein disulfide reductase family involved in the regulation of energy
requirements under anaerobic conditions. The Rv3303c gene is
involved in in vivo resistance to reactive oxygen intermediates
(Akhtar et al.,, 2006), a key factor in MTB virulence; therefore, the
difference in expression associated with the number of repeats
in the MIRU52 locus is also consistent with potential functional
significance.

Unfortunately, the function of the gene adjacent to the MIRU27
locus (Rv2689) - involved in the third event where differences of
expression were observed (0.83; 0.81-0.86, p<0.05) (Fig. 2) - is
unknown. Unlike the previous two events in which a functional
scenario for the expression differences was feasible, it is not easy
to contextualize the findings for this locus. Nevertheless, as Rv2689
is repressed more than 1.5 times in conditions mimicking the acidic
phagosome environment (Fisher et al, 2002), modulation of its
expression could still have some potential functional significance.

We could not detect differences in gene expression due to vari-
ations in MIRU10, probably because our standard in vitro culture
might not have recreated the specific circumstances needed to
identify the impact of MIRU10 variants on regulation.

In the three microevolution events where changes in the num-
berof repeats in MIRU-VNTR loci modify the expression of adjacent
genes, the effect is subtle. This is to be expected, since the dif-
ferences between the variants corresponded to only 1-2 repeats.
We pursued to give a snapshot of the potential variations in gene

in the chromosome.

The second strength of our study is that selected clonal vari-
ants share an isogenic background and standard genotyping only
revealed differences in the MIRU-VNTR locus under analysis. Other
studies have also proposed that the number of repeats in specific
MIRU-VNTR loci modulates expression of adjacent genes. However,
totally different and unrelated strains are compared, with extensive
genomic differences other than those involving the MIRU-VNTR
locus analyzed (Tantivitayakul et al, 2010; Akhtar et al, 2009;
Refayaet al, 2012). We cannot rule out that the differences in gene
expression found by these authors could also be affected by genetic
factors other than the number of repeats of the adjacent locus
and maybe for that reason some of the differences in expression
measured by them are more marked than our subtle differences.
Our study lacks these limitations; therefore, our expression data
seem more likely to be associated with specific modifications in
the number of repeats of the adjacent MIRU-VNTR loci. The fact
that we found changes in gene expression associated with minor
differences in the number of repetitions in MIRU-VNTR loci and
that these differences were found for most of the loci analyzed
alerts us to the potential significance of subtle variability in MTB,
eventhough significance of the variations has generally been disre-
garded. Therefore, microevolution in MTB leads to the emergence
of clonal variants that could be selected within the same patient
or by infection of sequential hosts, most likely as a result of their
hypothetical adaptive advantages.
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Clonal variants of Mycobacterium tuberculosis can emerge as a result of microevolution phenomena. The
functional significance of these subtle genetic rearrangements is normally disregarded. We show that
clonal variants from two patients had different infective behaviours in some in vitro cellular infection
models but not in others. Microevolution may have a subtle impact on infectivity, but specific experi-
mental conditions are needed to unmask it.

© 2013 Elsevier GmbH. All rights reserved.

Introduction

Some infections by Mycebacterium tuberculosis (MTB) are clon-
ally complex; examples include reinfections, mixed infections, and
compartmentalized infections (Cohen et al., 2012; Navarro et al,,
2011). This complexity is not always due to different MTB strains.
In some cases, a parental strain microevolves along a transmission
chain or within a single episode of infection, leading to the emer-
gence of clonal variants harbouring subtle differences with respect
to the parental strain. These differences are revealed by standard
genotyping techniques, namely, 1561 70-RFLP and MIRU-VNTR [(Al-
Hajoj et al,, 2010). Few studies have investigated the functional sig-
nificance of these subtle changes or other microevolutive changes
which could also be taking place in parallel in regions that are
not revealed by standard genotyping techniques. Variations in the
number of repetitions in specific MIRU-VYNTR loci have been found
to affect expression levels of neighbouring genes (Akhtar et al.,
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Hospital General Universitario Gregorio Marafién, Instituto de Investigacién Sani-
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2009; Tantivitayakul et al., 2010). Strains differing according to the
presence orabsence of an 1S6118 copy located upstream of specific
genes also show variations in the expression levels of these genes
(Perez-Lago et al., 2011). However, the potential impact on the
infectivity of clonal variants of the subtle rearrangements associ-
ated with microevolution phenomena has rarely been investigated.
Inthis study, we aimed to explore potential differences between the
infectivity of clonal variants coinfecting two independent cases.

Variants involved in compartmentalized infection

Differences in infectivity have been found between MTB strains
involved in compartmentalized infections (Garcia de Viedma et al.,
2005), ie., cases coinfected by more than one MTB strain, each
infecting a different compartment in the same patient. Therefore,
if we aim to investigate differences in infectivity between clonal
variants, one approach would be to select for analysis coinfecting
MTB variants involved in compartmentalized infections.

Based on data from a studywhichsystematically analyzed clonal
complexity (Navarro et al., 2011), we selected a TB case (patient
H) with an urotelial carcinoma and another previous TB episode,
who showed at diagnosis a general health decay, fever, pain in
lower limbs, lung and pleural nodules and kidney failure. In this
case, an infrequently high number of coinfecting variants (A1, A3,
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Fig. 1. (a) Genotypic features of the clonal variants from the patient H, The distribution of the coinfecting variants is indicated. Bold numbers and black diamonds indicate
changes in the MIRU-VNTR and RFLP patterns between the variants, respectively. (b) Features of the ASO-PCRs applied. Specificity was evaluated using 5ng of DNA rep-
resentative of each of the specific or nonspecific differential alleles. The expected sizes [or the specific amplicons were as follows: ASO-PCR1, 181 hp; ASO-PCRZ, 239bp;
and ASO-PCR3, 227 bp. The sensitivity of each PCR for identification of the homologous variant in the presence of nonhomologous variants was evaluated using a series of
templates constituted by a fixed amount of DNA representative of a nonhomologous allele, together with decreasing amounts of the DNA representative of the homolo-
gous allele (the amounts in the figure are in ng). The forward primers for ASO-PCR1 and ASO-PCR2 were complementary for the nonceding strand, whereas the primer for
ASO-PCR3 was complementary for the coding strand, The 3-end nucleotide highlighted in bold corresponds to the nucleotide involved in allelic discrimination. (¢) Infection
ol nonactivated THP-1 cells with the clonal variants; left panel: growth of the clonal variants in the THP-1 cells infected (at a multiplicity of infection (MOI) from 1 to 8)
individually (expressed as the growth rate |y axis|, L.e., the slope of the function of log s CFU values during the infection period [3 hto day 7]) using ANOVA analysis of three
independent experiments; CFUs were counted at 3 h and days 1,4 and 7; right panel: percentages of representativeness of the clonal variants, after simultaneous coinfection,
as determined by MIRU-VNTR analysis of 118 (3h) and 119 (day 7) independent colonies. Two independent experiments were carried out and Bonferroni correction was
used for statistical analysis. Asterisks indicate statistical significance (p<0.05).

B2, and (2, all pansusceptible), revealed by standard genotyping
(MIRU-VNTR and RFLP), were identified. In addition, these vari-
ants were not always isolated together from the same infected site
(respiratory, blood, and urine), thus suggesting that infection was
compartmentalized (Fig. 1a).

Confirmation of compartmentalization

If compartmentalization is to be used as a criterion for sus-
pecting that the variants involved show different phenotypes
(infective behaviour), we must confirm that compartmentalization
is strict and that it is not the consequence of a lack of sensitivity
when identifying variants at specific infected sites. Using whole
genome sequencing data for coinfecting variants (data not shown),
we designed a set of allele-specific oligonucleotide (ASO) poly-
merase chain reactions (PCRs) in order to ensure higher sensitivity
when investigating the presence of the variants at the infected
sites (Fig. 1b). An ASO-PCR could not be designed for variant A3
owing to the lack of specific single-nucleotide polymorphisms for
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this variant. The specificity of each ASO-PCR (amplification only
when the targeted variant was present), together with its analyt-
ical sensitivity, was measured using the DNAs representative of
each of the alternative alleles alone or in mixtures at controlled
proportions (a fixed amount of the alternative allele together
with decreasing amounts of the allele homologous to the ASO-
PCR) (Fig. 1b). The analytical sensitivity range was 0.02-0.002 ng
(Fig. 1b).

ASQO-PCRs 1, 2, and 3 were applied to investigate the presence
of variants A1, B2, and C2 at the sites where they had not been
identified by standard approaches (A1 in blood, B2 in urine, and
€2 in sputum and urine, Fig. 1a). Variant Al was also detected in
blood, whereas variants B2 and C2 were absent from the sites where
they had not been initially identified, thus confirming compart-
mentalization but depicting a new distribution of variants in the
compartmentalized infection. These data showed the necessity of
using highly sensitive tools to obtain an accurate snapshot of the
true distribution of variants at the infected sites when a compart-
mentalized infection is detected.
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Fig. 2. (a) Genotypic features of the clonal variants [rom patient 11. Bold numbers and black diamonds indicate changes in the MIRU-VNTR and RFLP patterns between the
variants, respectively. (b) Infection of activated THP-1 cells with the clonal variants: left panel: growth of the clonal variants in the THP-1 cells infected (at a multiplicity of
infection (MOI) from 1 to 10} individually (expressed as the growth rate [y axis|, i.e., the slope of the function of log, CFU values during the infection period [3 h to day 7])
using ANOVA analysis of three independent experiments, CFUs were counted at 3 hand days 1, 4 and 7; right panel: percentages of representativeness of the clonal variants,
after simultaneous coinfection, as determined by MIRU-VNTR analysis of 188 (3 h) and 174 (day 7) independent colonies. Two independent experiments were carried out
and Bonferroni correction was used for statistical analysis. Asterisk indicates statistical significance (p <0.05).

Functional evaluation of the variants involved in
compartmentalization

After confirming that the infection in this patient was compart-
mentalized and having established the true distribution of variants,
we evaluated whether infective behaviour differed between them.
Considering the subtle genotypic rearrangements between the
coinfecting variants, the potential infective differences were likely
to be minor and might not be revealed in every infection model.
Depending on the macrophage model applied, different out-
comes of infection have been found for certain clonal variants
of multidrug-resistant strains (Yokobori et al., 2013). With this
consideration in mind, we applied four different modalities of an
in vitro infection model based on the THP-1 line differentiated to
macrophages by the addition of phorbol myristate acetate (PMA,
Sigma, St. Louis, MO, USA; final concentration of 100 nM), as fol-
lows: (i) using either nonactivated or activated macrophages (by
adding recombinant human interferon [IFN] v [100 U/mL]; Endo-
gen), and (ii) infecting either in a standard way (with each variant
independently) or competitively (with an inoculum in which all
the coinfecting variants were included). Every infection assay using
independent variants was repeated 3 times and the simultaneous
coinfection assays were repeated twice.

We did not observe differences in the growth rate when inde-
pendent infections with each of the variants were carried out
(Fig. 1c) and CFU counts at 3 h post-infection were also equiv-
alent between them. Nevertheless, we observed a statistically
significant increase (p<0.05) in the representativeness of vari-
ant B2 (from 36.4% at 3h to 58% at day 7), together with a
reduction in variant C2 (from 23.7% at 3h to 10.9% at day 7),
which was restricted to the blood, when coinfecting nonactivated
macrophages simultaneously with the variants (Fig. 1¢). An equiv-
alent although nonsignificant trend was observed when activated
macrophages were used (data not shown). The proportion of clonal
variants at 3 h post-infection was not different in relation to the
inoculum.

These data support the need to evaluate infectivity using differ-
ent models in order to ensure that infective differences do not go
undetected. In addition, competitive coinfection assays seem to be
more efficient for this purpose, probably because they reproduced
the real clinical situation in which these variants were found, i.e.,
simultaneously in the same infection event.

Functional evaluation of respiratory coinfecting variants

We were able to take advantage of the presence of cases
with compartmentalized respiratory and extrarespiratory infection
involving MTB clonal variants as a criterion to screen for variants
that were candidates for differential infective behaviour. However,
most of the cases coinfected by clonal variants corresponded to pul-
monary TB without extrarespiratory involvement. Therefore, our
second aim was to evaluate whether different infectivity could also
be found between clonal variants coinfecting patients with only
respiratory TB. Patient 11, with another previous TB episode and
cavitary lung lesions, was infected by an unusually high number
of clonal variants (five, all pansusceptible) with single-locus vari-
ations (SLV) in the MIRU pattern and variations between the RFLP
patterns (Fig. 2a) (Navarro et al., 2011).

The clonal variants from this patient were assayed following
the same approach (four different modalities) for the in vitro THP-1
model. In the assay evaluating growth rate independently for each
ofthe variants, no statistically significant differences were observed
between them and CFU counts at 3 h post-infection were also equiv-
alent between them (Fig. 2b) whereas in the coinfection assay, A2
was outcompeted by the other variants in activated macrophages
(reduction from 10.6% at 3 h to 2.9% at day 7 of infection) (Fig. 2b).
Additionally, C1 showed a diminished growth rate in the assay
infecting individually with each variant and a reduction of its pro-
portion in the coinfection assay (from 27.7% at 3 h to 20.2% at day
7 of infection). They were both non significative. The proportion of
clonal variants at 3 h post-infection was not different in relation to
the inoculum. These data again highlight the need to apply multiple
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models to reveal the infective behaviour of clonal variants and show
that microevolution occurring within the respiratory compartment
is also related to the search for enhanced infectivity by the variants.

In summary, our aim to evaluate whether the subtle genetic
rearrangements caused by intrapatient microevolution events
could lead to differences in infectivity was proved for some vari-
ants. These differences seem to involve intracellular replicative
efficiency as no differences were detected between the variants in
any model at the 3 h post infection stage, which rules out some role
ofthewallcomposition inrelation to the efficiencyofthe variants to
be engulfed by macrophages. It is difficult to further understand the
significance of these subtle changes in the context of the compart-
mentalization of the first case. Ofthe two clonal variants involved in
compartmentalization and restricted to blood, a different infective
behaviour — in the percentage of representativity along competi-
tive infection — was only observed in one. At the respiratory sites,
we identified variants with a higher ability to infect macrophages
and variants that did not have this ability. These diflerent infective
behaviours can be result of different strategies of survival as dis-
cussed elsewhere (Brites and Gagneux, 201 2). A higher growth rate
would increase the ability of the clonal variant to form lung cavities
and be transmitted bul, in the other hand, a decreased infectivity
could have a greater evolutionary advantage in terms of assuring
the host and, therefore, bacterial survival.

The subtle genetic rearrangements caused by microevolution
phenomena may have a role in the infectivity of some emerging
clonal variants. Differential infective behaviour can be [ound not
only between clonal variants which are distributed differently at
pulmonary and extrarespiratory sites, but also between others still
coexisting in the lung. Models of infection should be applied in
conditions additional to the standard ones to allow us to uncover
masked infectivity phenotypes in MTB. Successfully detection of
differences of infectivity between MTB clonal variants will enable
us to understand the role that microevolution could play in the
disease.
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CAPITULO I

Estudio exhaustivo de eventos de complejidad clonal en
casos clinicos seleccionados
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De modo complementario a los estudios presentados en el capitulo |, que se
dirigen al rastreo y andlisis de la complejidad clonal en tuberculosis humana de modo
sistemdtico y atendiendo a los aspectos generales de su impacto funcional, es oportuno
asimismo ubicar el estudio de estos eventos en el escenario de casos clinicos singulares.
La finalidad de este planteamiento es, por un lado, enfocar el problema de las
infecciones complejas hacia el contexto clinico del paciente y valorar cédmo pueden
repercutir en aspectos diagndsticos y terapéuticos. Por otro lado, el andlisis del
comportamiento de la infeccidén en pacientes seleccionados permite convertirlos en un
modelo de observacion del que obtener una informacién que no es posible adquirir a

partir de los estudios poblacionales.

El primero de los tres estudios dirigidos al andlisis exhaustivo de casos
seleccionados corresponde a una mujer con infeccion mixta por dos cepas de MTB, una
sensible y otra multirresistente (MDR). Inicialmente, esta situaciéon de complejidad clonal
impactd sobre los resultados de los ensayos de sensibilidad antibidtica y de identificacion
genotipica de resistencias, conduciendo a resultados indeterminados y contradictorios
que dificultaron su interpretacién. Unicamente la actitud de considerar el caso como una
posible infeccion compleja, condujo a sospechar una infeccién mixta por cepas con
distinto perfil de sensibilidad antibidtica. La aplicaciéon de MIRU-VNTR en las muestras de
este paciente permitid confirmar dicha infeccién mixta, ademds de desvelar una
marcada infrarrepresentacion de la cepa MDR. Estudios de genotipado sobre colonias
individuales confirmaron que la cepa MDR estaba infrarrepresentada, en el limite de
deteccidén de diversas técnicas diagndsticas. Ensayos de fitness mostraron una inferioridad
de la cepa MDR con respecto a la sensible, que podia explicar su mala recuperacién en
cultivo liguido. Gracias al estudio de epidemiologia molecular llevado a cabo en la
poblacién del caso, se pudo documentar que la cepa MDR correspondia a un contacto
cercano de la paciente diagnosticado fres anos antes, mientras que la cepa sensible se
encontraba circulando activamente en la poblacién. La integracién de andlisis
genotipico individual y poblacional, con los datos clinicos y epidemiolégicos del caso
permitid llegar a la conclusion de que la infeccidon mixta fue consecuencia de la
infeccion reciente con una cepa sensible que propicié la reactivacion de una infeccion

latente por una cepa MDR.

Los dos casos restantes comparten interés alrededor de la segunda modalidad de
infeccion compleja, la infeccidén con variantes clonales. El interés de ambos casos es
debido a que ilustran dos situaciones relevantes alrededor del estudio de la

microevolucion: i) una adquisicion de variabilidad por parte de una cepa de MTB mayor
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de la esperada vy i) una ausencia de adquisicion de variabiidad a pesar de

oportunidades evidentes para la existencia de fendmenos de microevolucién.

El primero de estos dos casos corresponde a un paciente con una reactivacién
por MTB. En el segundo episodio aislamos una variante generada a partir de la cepa de
MTB responsable del primer episodio. Ambas variantes diferian tanto en el patrén de RFLP-
IS6110 como en el MIRUtipo y acumulaban asimismo variabilidad en SNPs, revelada por
secuenciacion de genoma completo. Dicha secuenciacion permitié, ademds, obtener el
escenario real de aparicion de las variantes, observéndose que cada variante habia
evolucionado de manera independiente de una cepa parental. Adicionalmente, una
tercera variante, que no habia sido detectada en las muestras clinicas, emergid por
microevolucion durante un ensayo de infeccidn in vitro en macréfagos. El genotipado vy la
secuenciacion del genoma completo, permitié detectar a partir de cudl de las dos
variantes clinicas habia microevolucionado y estudios in vitro demostraron cémo la nueva
variante tenia un fitness superior a su cepa parental. Todo ello demostraba la marcada

tendencia a microevolucionar de esta cepa.

El material aportado por este paciente, fres variantes clonales diferentes
completamente caracterizadas genotipicamente, permitié abordar un estudio exhaustivo
de expresidn de los entornos genéticos afectados por la variabilidad adqguirida,
pudiéndose demostrar diferencias de expresidon entre las variantes. Los ensayos de
infectividad estdndar realizados tanto en cultivos celulares como en ratones Balb/c no
manifestaron diferencias significativas entre las variantes, sin embargo, el modelo de
infeccion competitiva en ratén desveld una mayor replicacion de la variante del segundo

episodio, tanto en pulmdén como en bazo.

El segundo caso analizado en el entorno de la microevolucién correspondia a un
paciente que estuvo infectado persistentemente (8 anos) por una cepa Beijing, la misma
que habia sido responsable de un brote de grandes dimensiones en Gran Canaria. El
caso proporciond una ocasidén Unica para estudiar los posibles cambios gendmicos por
microevolucion que se pueden generar en la infeccién por MTB cuando se dan claras
oportunidades (infeccidn prolongada en el seno de una mala adherencia terapéutica
que condujo a un tratamiento intermitente). Inesperadamente, no se identificd ninguna
variacion, ni en cuanto al patrén de RFLP-IS6110, ni de MIRU-VNTR, ni en cuanto a la
adquisicién de mutaciones de resistencia. Incluso el andlisis exhaustivo por secuenciacion
de genoma completo fue incapaz de identificar algun SNP a lo largo de todo el periodo

de infeccion.
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De modo colateral, al margen del estudio especifico de microevolucién, este caso
permitid analizar las suposiciones asignadas a la infeccidon por cepas del linaje Beijing,
consideradas de alta virulencia y tfransmisibilidad. Esta cepa desafié los supuestos
existentes sobre este lingje, puesto que mostré una tasa de crecimiento Unicamente
moderada en macréfagos y no se detectaron casos secundarios ocasionados por el caso

persistentemente infectado por la cepa en estudio.

En conclusién, el estudio de casos clinicos singulares recogidos en este capitulo
nos permite concluir que la infeccién mixta debe de considerarse para asegurar un
correcto manejo diagndstico y terapéutico de los pacientes, incluso en entornos de
moderada incidencia y baja prevalencia de resistencias. Asimismo, el andlisis de
fendmenos de microevolucidon en pacientes concretos nos ha conducido a identificar la
adquisicion de una marcada variabiidad en situaciones que no la favorecen
especialmente y asimismo, la ausencia total de adquisicion de variabilidad en
circunstancias que la favorecen. Esto indica la probable participacion de factores propios
de cada cepa que determinan su tendencia a microevolucionar. Ademdas, los estudios
de expresidon y de andlisis comparativo de infectividad, tanto en modelos in vitro como in
vivo, a partir del material recogido de estos casos singulares han desvelado que los
cambios gendmicos adquiridos por microevolucion pueden asociarse a consecuencias
funcionales que pueden suponer una ventaja adaptativa en distintas etapas de la
infeccidon. Por Ultimo el estudio de uno de estos casos nos ha permitido, colateralmente,
demostrar que la mayor apftitud infectiva y transmisibilidad asumida para los aislados

Beijing de MTB no siempre se cumple.
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identified;, 2) this finding adds clues to the identification
of potential new co-infections occurring in HI V-infected
persons; and 3) this finding underlines the need to inves-
tigate the virome content of blood samples in a research
context of new microbes as potential threats for transfu-
sion. Further studies aimed at exploring genetic diversity
and natural history of gemycircularviruses in human hosts
are needed.

This work was supported by grant APR 2013.10 from the
Etablissement Frangais du Sang (Paris, France) and by the
Meéditerranée-Infection foundation.
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To the Editor: Genotyping of Mycobacterium tuber-
culosis (MTB) has identified mixed infections involving
=1 MTB strain (/—4), which are clinically relevant when
different susceptibility patterns are involved (4-7). We de-
scribe a tuberculosis (TB) case-patient with mixed infec-
tion in an area of moderate incidence. In a low-resistance
setting (monoresistance 4.6%; multiresistance 1.7%), 1 of
the strains was drug susceptible and the other was multi-
drug-resistant (MDR). Molecular fingerprinting and epide-
miologic research revealed that the infection corresponded
to a recent infection by a susceptible strain and reactivation
of an MDR TB strain. The patient was an HIV-negative
woman, 47 years of age, who had immigrated to Spain from
Romania and had been living in Almeria for =3 years. TB
was diagnosed in May 2014; she had experienced symp-
toms for 2 months. Her diagnosis was confirmed 3 years
after being studied in Almeria as a close contact of her hus-
band, also from Romania, who had tested positive for MDR
TB (resistant to rifampin and isoniazid). When she was ob-
served in the contact trace, she tested positive for purified
protein derivative, had been vaccinated against the A bo-
vis bacillus Calmette-Guérin strain, and had no radiologic
findings or clinical symptoms. Based on the susceptibility
profile of her husband, prophylaxis was not prescribed. Her
husband adhered to anti-TB treatment for 20 months; all
microbiological control test results had been negative since
2 months after starting therapy.
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Because her infection was thought to originate from
previous contact with an MDR TB case-patient. we as-
sessed her sputum samples for resistance using GenoType-
MTBDR-plus (Hain-Lifescience. Nehren, Rhineland-Pal-
tinate. Germany). The test showed hybridization with the
same mutant probes (rpoB-MUT3: katG-MUT1) as those
of her husband, the assumed index MDR TB case-patient
(Figure. panel A). The pattern was indeterminate because
the hybridization for the mutant probes was faint. and in-
tense hybridization was observed for all the w7 probes (Fig-
ure, panel A). Results suggested the simultancous presence
of an MDR strain and a susceptible strain in a respiratory
specimen. The presence of the MDR TB strain was con-
firmed by the phenotypic antibiogram in a BBL MGIT my-
cobacteria growth indicator tube (Becton Dickinson, Frank-
lin Lakes. NJ. USA) after the isolate had been cultured.
GeneXpert (Cepheid, Sunnyvale, CA, USA) was used to
analyze 2 respiratory specimens. Results indicated suscep-
tibility to rifampin, revealing the limitations of this test: the
use of probes targeting the wr sequences failed to detect re-
sistant strains that coexist with a susceptible strain (7).

To ascertain the likelihood of 2 co-infecting strains.
we analyzed the specimen and the cultured isolate by my-
cobacterial interspersed repetitive unit-variable number

Index

A Case with mixed
infection MDR

LETTERS

tandem repeat (MIRU-VNTR), which is highly sensitive
for detecting complex infections (8.9). Double alleles were
found at 12 loci (Figure. panel B). confirming co-infection.

Peaks in the electropherograms suggested that 1 of
the 2 strains was under-represented and its proportion was
lower in the cultured isolates (Figure. panel C). indicating
that culturing diminished its representation of the minor-
ity strain. This finding was consistent with the inability
of the GenoTvpe test to detect the MDR strain when ap-
plied to the cultured isolate (Figure. panel A). We also de-
tected lower fitness for the MDR strain compared to the
susceptible strain (p<0.01) (online Technical Appendix
Table. http://wwwne.cde.gov/EID/article/21/11/15-0683-
Techappl.pdf).

Proportions of the resistant and susceptible strains
were determined by plating on Middlebrook 7H11 +/- iso-
niazid (0.4 mL/mL) and counting single colonics. Because
2% of the colonies were of the resistant strain. we sepa-
rated the strains and concluded: 1) the strain cultured in the
presence of an antimicrobial drug coincided in the popu-
lation exclusively with the MDR strain from the husband
(as shown by MIRU-VNTR); and 2) the co-infecting MDR
strain was a minority strain that was under-represented in
the cultured isolate.

MIRU-VNTR patterns of the coinfecting strains

MDR/susceptible

223132253633233433437223 MDR strain
226132233333242212226423 Susceptible strain

C
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Figure. Identification of co-infection with drug-susceptible and reactivated latent multidrug-resistant Mycobacterium tuberculosis
(MDR TB). A) Genotype of multidrug-resistant tuberculosis (MDR TB) and results for the MDR TB index patient and for 2 respiratory
specimens and 1 cultured isolate from the case-patient who had a mixed MDR/susceptible infection. The same indeterminate intense-
wt/faint mutant pattern test was repeated by using another 2 specimens. B) Mycobacterial interspersed repetitive units—variable
number tandem repeat (MIRU-VNTR) types for the 2 strains involved in the co-infection. The results from the loci in which the analysis
yielded double alleles are in bold text. Values for MIRU47 and 53 are indicated. C) Selection of 2 electropherograms representative
of 2 (MIRU47 and 53) of the 12 loci with double alleles caused by mixed infection. Data that were obtained from direct analysis of a

respiratory specimen or from a cultured isolate are shown.
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To analyze the origin of the susceptible strain, we in-
vestigated its MIRU-VNTR type in the population-based
molecular epidemiology survey (1) and found another 4
cases (from 2008, 2011 [2 cases], and 2014). Three case-pa-
tients had emigrated from Romania, and all 5 case-patients
lived in the same area of Almeria. These data indicated that
the susceptible strain was circulating in the geographic/epi-
demiological context of the current case-patient before and
when she tested positive for that strain; therefore, she likely
acquired the susceptible strain through recent transmission.

The presence of susceptible and resistant strains in a
patient should be considered even in moderate incidence
settings and where resistance rates are not high. Under-
detection of these cases could lead to misinterpretation
when MDR became apparent after treatment of suscep-
tible strains. Diagnostic laboratories could easily screen
for mixed infections by applying MIRU-VNTR. However,
only by integrating clonal analysis, refined molecular typ-
ing, and epidemiologic data from universal genotyping
programs can we clarify the reasons underlying complex
MTB infections. For this case-patient, a recent infection
with a susceptible strain coincided with or could have trig-
gered reactivation of a latent infection involving an MDR
strain acquired through close contact years previously. We
emphasize the alteration of the true clonal complexity of
an infection induced by culturing specimens and that some
commercial tests do not identify complex MTB infections.
These findings are particularly relevant when the infec-
tion invelves resistant strans such as those found in this
case-patient.
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To the Editor: The epidemiology of cholera, espe-
cially in Africa and Asia, has periodically changed in subtle
ways (1). The recent cholera epidemic in Haiti, a Carib-
bean country with no cholera cases in decades, affected
>500,000 persons, caused =8,000 deaths, and brought this
illness to the forefront of Haitian public health concerns
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Technical Appendix. In vitro fitness of the multidrug-resistant and susceptible

Mycobacteriuntuberculosisstrains involved in the mixed infection.

Technical Appendix Table. T

Lag phase (hours to positive threshold [75 Growth rate (hours for the 3000-4000 GU
Strains GU]) increase)
Susceptible strain 220.17 +14.85 28+1.13
MDR strain 289.67 +6.12 46.4 £2.26

*MGIT960 culture system, Becton Dickinson, Franklin Lakes, NJ, USA.
tMean and standard deviation values were calculated from data from 3 independent experiments. GU: growth units.
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ABSTRACT

Despite the fact that clonal complexity has been progressively accepted in the
infection by Mycobacterium tuberculosi@MTB), analysis dissecting in detail cases with
these kind of infections are very limited. In this study, we selected as representative of a
clonally complex infection a case with different MTB clonal variants detected in recurrent
episodes 14 months appart. We studied in depth this case by integrating standard
genotyping analysis, whole genome sequencing, gene expression analysis and evaluation
of infectivity in in vitro andin vivo models. The variants isolated from each sequential
episode differed in one MIRU-VNTR locus, one&sI9.0copy and 11 SNPs. One of these
differential SNPs mapped mce8R, which codifies for a repressor of an operon involved
in virulence, and impacted on the expression of the first gene in the operon. Comipetitive
vivo andin vitro co-infection assays revealed a higher infective efficiency for the clonal
variant which had emerged in the second episode. A new clonal variant, which had not
been observed in the clinical isolates, appeared in one of the in vitro infection assays, and it
showed a higher fitness than its parental strain. Our study could constitute an example of
the integrative efforts that are needed to advance in our knowledge of the role and meaning

of microevolution in the infection by MTB.
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INTRODUCTION

The idea thatMycobacterium tuberculosi$MTB) infection of a single case is
exclusively caused by a single strain has been increasingly debated. The application of
genotypic methods has allowed us to describe cases of simultaneous co-infection by two
different strains (mixed infection) or coexistance of clonal variants (polyclonal infection)
[1-6]. In the later case, clonal variants emerge by microevolution phenomena which lead to
the detection of subtle changes when applying the standard fingerprinting strategies
(IS6110RFLP or MIRU-VNTR). These changes can have a functional impact, and it has
been described either on the expression of neighbouring genes or in increasing the

variability of proteins with antigenic properties [7-12]

Most of the studies focusing on the analysis of microevolution in the infection by
MTB or in the functional characterization of MTB clonal variants are limited to the
description of the genotypic changes involved or, if they include some functional analysis
it only partially covers either gene expression assays or standard infection models. In our
study we aim to escape from this fragmented vision of clonal complexity of the infection
by MTB. We selected a representative case of clonally complex infection by MTB and
fully dissected it by integrating i) complete characterization of the variants, not only by
standard genotyping analysis but also by whole genome sequencing, i) gene expression
analysis and iii) evaluation of infectivity, analyzing the behaviour of clonal variants not
only in standard infections but also in coinfections in experimental conditions wider than
usual, applying both cellular and animal models. Our study could constitute an example of
the integrative efforts that are needed to advance in our knowledge of the role and meaning

of microevolution in the infection by MTB.
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MATERIALS AND METHODS

M. tuberculosis clonal variants

The clonal variants (A and B) were isolated from a patient (patient 37) with
recurrent TB described in Martin et al. [13]. The two variants were isolated 14 months
apart and the preliminary characterization by MIRU-VNTR analysing 15 loci detected a

single locus variation in MIRU42 (3 repetitions in variant A and 1 repetition in variant B).

Expanded characterization of the clonal variants

The characterization of the clonal variants was completed by performing MIRU-
VNTR of 24 loci [14] as described in Navarro et al. [5] an@1B)-RFLP, following
international standardization guidelines [15]. Whole genome sequencing from DNA
purified from Lowenstein-Jensen slants was performed as detailed elsewhere [16]. We
followed standard library preparation protocols based on the recommendations for lllumina
TruSeq DNA sample preparation. A HiSeq 2000 device generating 101-51-bp paired-end
reads was used for sequencing. We mapped the reads for each strain using the Burrows-
Wheeler Aligner to map the MTB ancestral genome as detailed elsewhere [17]. SNP calls
were made with SAMtools (coverage of at least 10x, mean SNP mapping quality of 20)
and later corroborated by VarScan (coverage of at least 10x, 95% of the reads to call a
homozygous position, SNP found in both strands, and SNP quality of 20). Alternatively,
VarScan also enabled us to analyze the strains using a multisample SNP calling approach.
Multisample analysis is also implemented in VarScan and has the potential to exploit the
joint evidence contributed by each strain to enhance SNP calling. The per base depth of

sequencing (715x-1252x) allowed us to examine low-frequency variants. We defined low
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frequency variants as any SNP call in which the alternative allele had a frequency of 5-

95%.

Gene expression assay

Relative quantification assays using RT-PCR were performed to compare the
expression of the gene involved in the microevolution events. The clonal variants were
grown in 7H9 liquid media (Difco) supplemented with 10% ADC (Becton Dickinson) and
1% Tween 80 (Merck) for 3 weeks. Cell lysis and RNA extraction and purification were
performed as previously described [10]. RNA was reversed-transcribed using the High
Capacity RNA-to-cDNA Kit (Invitrogen, Life Technologies, CA, USA). This step was
followed by qRT-PCR amplification (preincubation at @5 for 10 min and 45 cycles of
95 -C for 10 s, 60C for 10 s, and 72C for 20 s) using the LightCycler® FastStart DNA
Master SYBR Green | kit (Roche). Efficiency was calculated using a standard curve for
analyzed genes and quantitative values were calculated according as previously described
[10]. Expression results were expressed as a ratio of the values obtained for the variant
harbouring a SNP in the analyzed gen, with respect to the values fromildhiype
variant. Three independent quantitative RT-PCR assays from 2 independent RNA
extractions were performed. Controls including non-reverse-transcribed RNA were
included to assure the absence of DNA in the samples. One-sample t test was used to

determine whether the average expression ratio was statistically different from 1 (p< 0.05).

Infection assays

Preparation of inocula

Stored aliquotes from the cultured clonal variants in analysis were defrosted and

inoculated in MGIT. Fourteen days later, 200rom the culture were inoculated in 5 ml
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of Middlebrook 7H9 medium (Difco) supplemented with 10% ADC (Becton Dickinson)
and 1% Tween 80 (Merck). The culture was incubated until it reached an Optical Density
(ODsoonm measurement of 0.9. Cultures were passed through 30G gauges and distributed
in aliquots that were kept frozen until analysis. The bacterial concentration in the inoculum
was calculated by plating 1Q0 of serial dilutions of one frosted aliquot on Middrook

7H11 agar (Difco) supplemented with 10% OADC (Becton Dickinson) and 0.5% glycerol

(Merck).

In vivo infection model

Specific pathogens free (spf) female Balb/c mice, eight-week-old, were obtained
from Charles River Laboratories (L'Arbresle, France) and from the animal experimental
laboratory (Instituto de Investigacion Sanitaria Gregorio Marafidén, Madrid, Spain). They
were shipped in adequate travel conditions, with the corresponding certificate of health and
origin. All the animals were kept under controlled conditions, with food and \adter

libitum, in a Biosafety Level 3 Facility.

Mice were anesthetized by intraperitoneal injection with xylazine (0.75mg/g) and
ketamine (0.1mg/g) and subsequently infected with P6Djnoculum (1-5 x18bacilli) by

intravenous inoculation in lateral veins of tail.

The infections of each clonal variant were followed by monitoring colony forming
units (CFUs) counts. The lungs and spleen of the infected mice were individually
homogenized in PBS supplemented with 0.05% Tween 80. Serial 10-fold dilutions of the
homogenate were plated on Middlebrook 7H11 agar (Difco). The growth rates for each

clonal variant were calculated by lineal regression of CFUs logarithm. Eighteen mice were
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infected, and 3 mice were analysed in each point for each strain (day 1, week 1 and week

3).

The assays in which the mice were simultaneously coinfected with the two clonal
variants were analyzed by comparing the proportion between the coinfecting strains before
(adjusting to a 1:1 proportion) and after the infection. The lungs and spleen of the infected
mice were individually homogenized and plated at each time point (day 1 and week 5), to
analyze the allelic value of MIRU24 in 40 single colonies. Ten mice we coinfected and
standard deviations were calculated on the basis of the results obtained from 5 mice in each

point.

In vitro infection model

THP-1 cells (TIB-202; Manassas, Virginia, USA) were grown in modified RPMI
1640 + L-glutamine (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine
serum (Gibco, Grand Island, NY, USA), 10 mM HEPES, anddithl gentamicin (Gibco,
Grand Island, NY) and incubated at 37°C in 5%,@0a humidified incubator. Cells were
differentiated to macrophages by the addition of phorbol myristate acetate (PMA, Sigma,

St. Louis, MO, USA; final concentration of 100 nM).

Cells were simultaneously coinfected with both clonal variants following the
protocol described by Alonso et al. [18] with a multiplicity of infection of 3 bacteria per
cell. The proportion between the coinfecting variants was calculated at 3 hours and day 7
by plating 10-fold serial dilutions of lysates on Middlebrook 7H11 agar (Difco). Seventy

colonies at each point were analyzed by simplex PCR of MIRU 42 locus.
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Fitness assay

Clonal variants were subcultured on Mycobacteria Growth Indicator Tubes
(BACTEC MGIT 960 System; Becton Dickinson) supplemented with BBL™ PANTA™
and BACTEC MGIT 960 Growth Supplement as indicated by the manufacturer. Inocula
were performed from 3-day positive tubes following the same protocol than for
antimicrobial susceptibility testing. Three MGITs were inoculated after assuring equivalent
bacterial concentration in the three inoculum aliquotes used, by plating them in
Middlebrook 7H11 agar (Difco). Growth curves were obtained by monitoring the growth
units (GU) every hour using the BD EpiCenterTM software. The fithess of the clonal
variants was compared by two parameters taken from the growth curves: i) lag phase [time
to positive threshold (75 GU)] and ii) rate growth (time required for the 4000-6000 GU

increase).

The means and standard deviations were determined and one-way analysis with
repetitive measures was used to determine P values, which were adjusted using the

Bonferroni method.
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RESULTS

Complete characterization of clonal variants

The available genotypic characterization of the clonal variants by MIRU-VNTR
analysis of 15 loci was expanded to 24 locB180-RFLP and whole genome sequencing.
Differences in VNTR analysis were restricted to the MIRU24 locus (SLV: 3 repetitions in
variant A and 1 repetition in variant B) (Fig 1a). According to RFLP, an additional band
was detected in variant B (Fig 1a). WGS revealed 11 different SNPs between the two
variants. After comparing the WGS data with the most recent common ancestor of MTB as
a reference, we obtained 6 specific SNPs from the variant A and 5 from the variant B (Fig

1b).

Regarding the 6 specific SNPs from variant A, 3 were nonsynonymous and mapped
in Rv1963c Mce3R, Rv2579 @haAh), and Rv2921c f(sY) genes. The remaining 3
synonymous SNPs mapped in Rv0836¢c, Rv1487 and Rvi1ig®7. (For the 5 SNPs from
variant B, 4 were nonsynonymous and mapped in Rv1201c, Rv1HRE6)( Rv1553

(frdB) and Rv2209 genes, and the remaining one was intergenic.

For the evaluation of the potential impact of the SNP-based variability we focused
on the SNP mapping in Rv1963m¢e3R because it codifies for a repressor of several
genes, including the yrbE3A-Rv1975 operon, a well known system involved in virulence.
We compared the expression of the first gene in the opgroB3Ain the two variants
using the primers FyrbE3A: 5 -GGTGTTTCTCATGCACGTCT-3" and RyrbE3A: 5°-
CCGACCGACATGCCCTTATA-3". A 0.7910-fold ratio (0.6936-0.8884; p<0.05) was
observed in the expression ybE3Ain variant A compared to variant B, indicating that

the SNP detected in the variant A increased the efficiency of the repressor mce3R.
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Infectivity of clonal variants

The infectivity of the clonal variants was measured in both murine and cellular
models. In the mice infection model, not significant differences were found in the growth
rates of each variant neither in lung (0.8089%07 and 0.865&1683 for variants A and

B) nor in spleen (0.2328).2996, 0.59268.1911 for variants A and B).

To evaluate the occurrence of subtle differences between the infectivity of the
variants, that were not revealed in standard infection assays, we performed competitive
assays, simultaneously infecting mice with the two clonal variants. We did not detect
differences in the proportion of the variants at day 1 compared with the proportion in the
inoculum [both in lung and spleen (Fig. 2a)]. However, the representativity of variant B
between day 1 and week 5 increased both in lung (from 0.3095+0.0336 at day 1 to
0.5058+0.0950 at week 5) and spleen (from 0.2019+0.0624 at day 1 to 0.3638+0.0779 at

week 5) (p<0.05) (Fig. 2a).

To get new evidences of the likely higher infectivity of the clonal variant B, we
performed a new coinfection experiment, now in macrophages, and modifying the
inoculum to force an underrepresentation of the clonal variant B (96:4). Even at this
disbalanced proportion, a more efficient uptake was observed for variant B compared to
variant A, meaning that the 96:4 proportion in the inoculum turned into 61:39 at 3 hours
(Fig. 2b). The measurements at day 7 could not be properly done due to an unexpected
finding. A new clonal variant, not detected before, was detected (variant C: 2 repetitions in
MIRU 42 locus). In the new scenario, the three variants were found at a proportion
62:10:28 (A:B:C) (Fig. 2b). Thus indicating that representativity of variant A remained

constant compared with 3 hours, whereas for variant B decreased.
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Characterization of the new clonal variant

The new emerged variant was isolated to be fully characterized. The MIRU-VNTR
analysis indicated that the variant C only harboured a difference in MIRU 42 locus (allelic
value 2). The 1S6110-RFLPtype was identical to clonal variant B (Fig. 3), suggesting that
variant B was its parental strain (Fig. 3). We selected one of the Rvs (Rv1963c) where we
had detected differential SNPs between variants A and B and the allele for variant B was
also found by Sanger sequencing in variant C, confirming that variant B was the parental

strain of variant C.

The fitness of the new emerged variant C was compared with that from the other
two variants. It was higher for variant C, as indicated by its shorter lag phase [219+5.292
hoursvs 260+12.12 hours (variant B) and 255.3+12.5 (variant A); p<0.01] (Fig. 4a) and
rate of growth [25.62+1.22 houvs 71.23+16.32 hours (variant B) and 56.84+5.569 hours

(variant A); p<0.05] (Fig. 4b).
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DISCUSSION

We have in-depth studied the clonal variants which emerged sequentially in a
patient with recurrent tuberculosis. A first genotypic characterization, based on MIRU-
VNTR and I1$110-RFLP analysis, confirmed that the strains isolated from each episode
were clonal variants because they only differed in a DLV (Double Locus Variant) in MIRU
42 locus, and in one 8810 copy. Similar subtle differences have been described for clonal

variants in different studies [1, 5, 6].

WGS was applied to obtain a more exhaustive description of the degree of
variability between the clonal variants in analysis and 11 SNPs were identified between
them. These figures are higher than expected according to the variability observed either in
transmission chains or intrapatient, which led to establish a 5 SNPs similarity threshold to
consider relatedness between independent isolates [19]. To clarify this point, we performed
a new analysis using the most recent common ancesttyaafbacterium tuberculoses a
reference [20, 21]. This study revealed that variant B did not evolve directly from variant
A because 6 and 5 SNPs were specific of variant A and B respectively. Therefore, each
variant represent an independent evolutionary path from a common parental strain that had
not been sampled in the analyzed specimens. The results obtained from this new analysis
fitted better with the variability consensus thresholds [19], and illustrates how a proper

reference is needed to obtain the true phylogenetic relationships between clonal variants.

The WGS analysis gave us also some clues about the potential functional meaning
of the two evolutionary routes followed by these clonal variants. Regarding variant A
specific SNPs, the most remarkable one is a nonsynonymous substitution mapping in the
essential genmce3R a transcriptional repressor of the mce3R regulon, involved in related

lipid metabolism and redox reactions [22]. The expression of the first gene in the mce3
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operon,yrbE3A, in variant A was lower than in variant B indicating that the SNP found in

A leads to a higher efficiency of the repressor, which would likely have a functional effect.
Another nonsynonymous SNP mappedftslY (Rv2921c), an essential gene coding a
membrane-bound SRP (signal recognition particle) receptor. The remaining
nonsynonymous SNP mapped in the catalytic core domain | of a haloalkane dehalogenase
(dhaA Rv2579) [23]. Regarding the variant B five specific SNPs, four were
nonsynonymous, and mapped in genes with a potential functional impact. One mapped in
the essential genedapD (Rv1201¢ which is part of the L-lysine biosynthetic pathway
[24]. Another SNP mapped in the catalytic domairdg, Rv1553) of the fumarate
reductase (FRD) complex, which is over-expressed in oxygen-limited cultures [25]. Two
other SNPs mapped pks5 Rv1527¢, which codifies for a polyketide synthase involved

in the production of lipooligosaccharides (LOS) of the cell envelope, and in an integral
membrane proteinRv2209). These SNPs could be involved in conformational changes in

cell envelope which could allow it to escape from immune control.

The potential functional impact of several of the specific SNPs acquired for each
clonal variant as deduced from thesilico analysis, together with the differential gene
expression observed farce8R and with their previously reported differences according to
TNFa production when infecting macrophages [184 us to explore in detail the infective
behavior of the clonal variants. A first assay in a standard mice model did not shown
differences, as had happened before when evaluating infectivity in a standard infection on
PMA-differentiated THP-1 cells [13]. Previous results from our group indicated that the
subtle differences in infectivity expected between clonal variants emerging by
microevolution, required non-standard infection models to be revealed [26]. Based on that,
a competitive infection in mice with simultaneous coinfection by both variants and in these

new conditions, the infection dynamics of clonal variant B were more successful compared
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with variant A. To corroborate the higher infectivity phenotype of variant B we run a

second competitive co-infection assay, now in macrophages, with a severely imbalanced
representation of variant B, supported in previous studies in which strains with a higher
infectivity also show their advantageous phenotype in co-infection assays regardless its
representation in the inoculum [27]. The advantageous phenotype of variant B was
confirmed in these challenging conditions and surprisingly, and likely due to this severe
imbalance, a new variant emerged, which had not been identified in the clinical specimens.

This finding suggested some high tendency to microevolve of this strain.

The new evolutionary scenario offered by this unexpected event led to the
comparative analysis of the new variant C together with the two previous ones. A higher
fithness was detected for variant C and a new analysis of the potential role of its genetic
peculiarities on that phenotype was performed. The variation in the MIRU 42 locus is not
expected to have an impact since this locus has an intergenic location. The absence of

differential SNPs cannot explain the greater fitness.

Summarizing, we present an in-depth study of clonal variants detected in sequential
episodes of a recurrent TB case. WGS analysis suggested that instead of a sequential
microevolution we faced two variants which microevolved from a non-sampled common
parental strain, suggesting that they represent two independent exploratory branches in a
microevolution event. In addition to the potential impact of the subtle genetic variations
found between the variants, differential gene expression and differential infectivity were
observed. Non-standard infection models had to be used to reveal the differential infective
behaviours of the variants. A new microevolution event was unexpectedly recorded during

one of the experimental assays, which led to the emergence of a new clonal variant with a
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higher fitness which has not been previously detected in the clinical specimens, which

suggested a high tendency to microevolve of this strain.

Additional efforts to perform complete analysis integrating molecular and genomic
analysis together with infection models must be done to advance in our knowledge of the

dynamics, role and meaning of microevolution in the infection by MTB.
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Figure 1
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Figure 1. Genotypic features of the clonal variants A and B. A) Genotypes of vé
MIRU-VNTR locus differing between the variants is highlighted in bold. Ast
indicates the additional 610band invariant B. B) Specific SNPs from variants obtail

by WGS. S=synonymous SNP; NS= I-synonymous SNP; I=Intergenic S
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Figure 3
Clonal Year of
MIRU-VNTRtype IS6110RFLPtyp
variant isolation
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Figure 3.Genotypes of varia C. MIRU-VNTR locus differing between the variants A ¢
B is highlighted in bold. Asterisk indicates the same additiiS6110band obtained fror

variant B.
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Figure 4. Fitness assay of the three variantsLag phase [time to positive threshold |
GU)]. Asterisks indicate statistical significance 0.01). B) Rate growth (time requir

for the 40006000 GU increase). Asterisk indicates statistical significance (p-.
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The strains involved in tuberculosis outbreaks are considered highly virulent and transmissible. We analyzed the case of a pa-
tient in Madrid, Spain, who was persistently infected over an 8-year period by the same Beijing Mycobacterium tuberculosis
strain. The strain was responsible for a severe outbreak on Gran Canaria Island. The case provides us with a unique opportunity
to challenge our assumptions about M. ruberculosis Beijing strains. No clinical/radiological findings consistent with a virulent
strain were documented, and the in vitro growth rate of the strain in macrophages was only moderate. No secondary cases stem-
ming from this prolonged active case were detected in the host population. The strain did not acquire resistance mutations, de-
spite constant treatment interruptions, and it remained extremely stable, as demonstrated by the lack of single-nucleotide-poly-
morphism (SNP)-based differences between the sequential isolates. Qur data suggest that the general assumption about M,
tuberculosis Beijing strains having advantageous properties (in terms of virulence, transmissibility, and the tendency to acquire

mutations and resistance) is not always accurate.

enotyping makes it possible to discriminate between different

- lineages of Mycobacterium tubercidosis and enables usto iden-
tify highly virulent strains with advantageous properties. The Bei-
jing lineage (1-3) has generated the most attention for a number
of reasons. First, it is highly transmissible and responsible for se-
vere outbreaks (2). Second, studies based on cellular and animal
models reveal higher virulence for most Beijing strains (4-6).
Third, Beijing strains are thought to have a hypermutator pheno-
type (7), which could increase the tendency to acquire variability
and, more specifically, resistance mutations (8).

In this study, we present a clinical case with persistent active
infection by a Beijing M. fuberculosis strain over an 8-vear period.
This case provides us with a unique opportunity to analyze the
behavior of a strain with advantageous properties. We examined
virulence, transmissibility, variability, and acquisition of resis-
tance. The added value of this case is that the Beijing strain in-
volved is considered very highly transmissible: it caused a severe
outbreak on Gran Canaria Island, where it spread after its intro-
duction by a Liberian immigrant in 1993 (2), eventually account-
ing for one-third of all cases of tuberculosis on the island.

MATERIALS AND METHODS

Immunological studies. This research was approved by the research re-
view board at our institution. The production of interleukin 12 p70 (IL-
12p70) and tumor necrosis factor alpha (TNF-a) in response to recom-
binant human gamma interferon (rhIFN-v) was assessed in whole blood
cultures diluted 1:2 in RPMI 1640 (Lonza). Cultures were left instimu-
lated or were stimulated with 100 ng/ml lipopolysaccharide (LPS) from
Salmonella enterica serovar Enteritidis (Sigma), either alone or in cornbi-
nation with various concentrations (10° to 10° IU/ml) of thIFN-y (R&D
Systems). Supernatants were collected after 24 h of incubation at 37°C in
a 5% CO, atmosphere (9). The production of IFN-v was analyzed in
whole-blood cultures diluted 1:1 in RPMI 1640. Cultures were left um-
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stimulated or were stimulated for 48 h with phytohemagglutinin (PHA; 5
pg/ml; Roche) or live Mycobacterium bovis bacille Calmette-Guérin
(BCG; 5 mg/ml; Sanofi Pasteur Limited), either alone or in combination
with rhIL-12p70 (20 ng/ml; R&D Systems) (10). The response to TNF-o
was analyzed by evaluating the production of IL-10 and IL-8 in whole-
blood cultures diluted 1:1 in RPMI 1640. Cultures were left unstimulated
or were stimulated for 48 h with 20 ng/ml of TNF-o.

Peripheral blood mononuclear cells (100,000/well) were resuspended
in RPMI 1640 supplemented with 10% FCS (Biochrom). Cells were stim-
ulated with 12.5 ng/ml soluble anti-CD3 (12.5 ng/ml; clone HIT3a; Bec-
ton Dickinson) or PHA-L (10 pug/ml; Roche), both alone and in combi-
nation with IL-12 (20 ng/ml; R&D Systems), soluble anti-CD3 plus
soluble anti-CD28 (250 ng/ml; Sanquin), staphylococcal enterotoxin B
from Staphyiococcus aurews (SEB; 1 pg/ml; Sigma Chemical Co.), or 10
ng/ml of phorbol myristate acetate (PMA; Sigma Chemical Co.) plus 1
pg/ml of ionomycin (Sigma Chemical Co.). Cellswere cultured in U-bot-
torn, 96-well plates (0.2 mljwell) for 48 h.

The levels of TNF-w, IL-6, 1L-8, IL-10, IL-12p70, IFN-v, IL-2, and
IL-17 in cultures were measured using a flow cytometry-based bead array
system (BD Biosciences).
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TABLE 1 Summary of the MTB isolates from the case

Typing by*: Susceptibility to®
Isolate Date Specimen RFLP MIRU-24 Spoligotype WGS RIF INH PZA SM PZA
1 Sep 2006 Sputum X X X
2 Sep 2006 Sputum & 5 B 5 8
3 Sep 2006 Sputum X X
4 Tul 2007 Sputum X X
5 Tul 2007 Sputum X S S S S S
6 Tul 2007 Sputum X X
7 Aug 2007 Sputum X 5 5 5 5 8
8 Aug 2008 Sputum X
9 Aug 2008 Pleural fluid X X
10 Aug 2008 Pleural fluid
11 Aug 2008 Pleural fluid
12 Aug 2008 Pleural fluid
13 Aug 2008 Urine X
14 Aug 2008 Sputum X X
15 Sep 2008 Sputum
16 Sep 2008 Urine
17 Sep 2008 Urine 8
18 Sep 2012 Sputum X X
19 Sep 2012 Sputum
20 Sep 2012 Sputum X & 5 5
21 Nov 2012 Sputum
22 Nov 2012 Sputum
23 Apr 2013 Sputum 5 5 5

“ W GS, whole-genome sequencing; X, typing for the indicated isolate was performed.

?SM, streptomycin; EMB, ethambutel; INH, isoniazid; PZA, pyrazinamide; RIF, rifampin; S, susceptible.

Microbiological methods. Clinical specimens were processed accord-
ing to standard methods and inoculated on Lowenstein-Jensen slants and
also in MGIT liquid medium (Becton Dickinson, Sparks, MD, USA).
Testing for susceptibility to isoniazid, rifampin, streptomycin, and
ethambutol was performed using MGIT SIRE (Becton Dickinson, Sparks,
MD, USA). The M. tuberculosis cultures were stored at —70°C until anal-
ysis.

Genotyping methods. The fingerprinting methods applied were
1861 10-based restriction fragment length polymorphism (RFLP) typing,
which was performed as described in reference 11, mycobacterial inter-
spersed repetitive-unit—variable-number tandem-repeat (MIRU-VNTR)
typing with the 24-locus set (12, 13), and spoligotyping, which was per-
formed following standard procedures (14) using a commercially avail-
able kit (Isogen Bioscience BV, Maarssen, The Netherlands). We looked
for identical patterns by comparing patterns from the case isolates and
those in the population database. We also performed a second-line anal-
vsisin which subtle differences were allowed (1-band differences between
the RFLP types or single locus variations [SLVs| between the MIRU-
VNTR patterns).

High-resolution melting (HRM) analysis was performed as described
elsewhere (15) to identify SNPs that are markers of Beijing strains.

Whole-genome sequencing. Four sequential isolates were used to
identify SNPs as detailed elsewhere (16). We extracted the DNA from
pooled colonies. We followed standard library preparation protocols
based on the recommendations for Illumina TruSeq DNA sample prepa-
ration. A HiSeq 2000 device generating 101 51-bp paired-end reads was
used for sequencing. We mapped the reads for each strain using the Bur-
rows-Wheeler Aligner to map the M. fubercuiosis ancestral genome, as
detailed in reference 16. SNP calls were made with SAMtools {coverage of
atleast 10x; mean SNP mapping quality of 20) and later corroborated by
VarScan (coverage of at least 10<, 95% of the reads to call a homozygous
position, SNP found in both strands, and SNP quality of 20). Alterna-
tively, VarScan also enabled us to analyze the strains using a multisample
SNP calling approach. Multisample analysis is also implemented in
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VarScan and has the potential to exploit the joint evidence contributed
by each strain to enhance SNP calling. The per-base depth of sequenc-
ing (715> to 1,252 ) allowed us to examine low-frequency variants.
‘We defined a low-frequency variant as any SNP call in which the alter-
native allele had a frequency ot 10% to 90%. The threshold is based on
a trade-off between detecting real variants and avoiding false-positive
reporting.

In vitro infection. PMA-differentiated THP-1 cells were infected as
described elsewhere (4, 17). Briefly, PMA-differentiated THP-1 cells
were infected at a multiplicity of infection of 7 to 9 bacteria per celland
incubated for 3 h at 37°C in 5% CO,. To evaluate bacterial growth,
supernatants were aspirated and monolayers were lysed at 3 hand days
1, 4, and 7 after infection. Serial 10-fold dilutions of cellular lysates
were plated on Middlebrook 7H11 plates and incubated for 3 weeks at
37°C in 5% CQ,, and colonies were counted. Intracellular growth was
expressed as the growthrate, which is the slope of the function of log, ,
CFU values throughout the infection period (at 3 h and at days 1, 4,
and 7). Three independent experiments were performed for each
strain assayed.

RESULTS

The patient was a 45-vear-old man who had been HIV positive
since 1990 and was an intravenous-drug user (IVDU). He had not
been vaccinated against BCG. He had spent 8 years in various
prisons in the 1990s, after which time he was placed in an open
prison regime. He registered with our institution and was diag-
nosed with Mycobacterium tuberculosis infection in September
2006, At the time, his CD4 count was below 100/ul, and his op-
portunistic infections were oropharyngeal candidiasis and muco-
cutaneous infection by herpes simplex virus. M. fuberculosis was
subsequently cultured over 8 years (2006 to 2013) from 23 clinical
specimens {Table 1). The Mantoux and Quantiferon tests were
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FIG 1 Analysis of the IL-12/TFN-+ axis and of cytokine production by T cells. (A) Normal response to IL-12, measured as IFN-v production. Data represent the
production of [FN-y in response to BCG or PHA alone and in response to BCG or PHA plus IL-12p70 in whole blood cultures from the patient (white bars)
compared with those from 2 travel healthy controls (grayand black bars). (B and C) Normal response to IFN-vy and to IL-12p70 production measured as the ratio
of TNF-ct (B) and IL-12p70 (C) produced in response to LPS plus increasing concentrations of IFN-+y to that produced in response to LPS alone in whole blood
cultures from the patient (solid symbols) and travel controls (open symbols). (D) Production of IFN-+, IL-17, and IL-2 by peripheral blood mononuclear cells
from the patient activated with staphylococcal enterotoxin B from . aureus compared with that produced by PBMC from 2 travel healthy controls (TC) and 5
laboratory controls (LC) (values are means + standard deviations [SD]). (E) Production of IEN-y and IL-2 by peripheral blood monoenuclear cells (PBMC) from the
patient activated with PMA plus ionomycin compared with that produced by PRMC from two travel healthy controls (TC) and five laboratory controls (LC) (values are

mean = 5D).

not performed because of their lack of clinical usefulness in this
context,

Given the repeated isolation of M. tuberculosis over such along
period, we first investigated the involvement of host factors other
than HIV-induced immunosuppression, namely, primary immu-
nodeficiency, which predisposes to Mendelian susceptibility to
mycobacterial disease (OMIM 209950 [http://www.omim.org
Jentry/209950]), which can first appear during adulthood. We
found a normal response to IL- 12, which was measured as 2 ratios:
the ratio of [EN-y production in response to BCG plus [L-12p70
to [FN-y production in response to BCG alone and the ratio of
[FN-y production in response to PHA plus IL-12p70 to IFN-y
production in response to PHA alone (Fig. 1). We also found that
the levels of IL-12RP1 expressed by T cells activated with PHA
plus IL-2 in cultures of cells from the patient were similar to those
in cultures from healthy controls (data not shown). The patient’s
cells also produced normal amounts of [L-12p70 and responded
to IFN-y. The ratios of [L-12p70 and TNF-« production in re-
sponse to LPS, whether in the presence or absence of increasing
concentrations of [FN-y, were equivalent for the patient and for
healthy controls (Fig. 1). Finally, production of IL-10 in response
to TNF-a and production of IL-6 after activation with BCG were
equivalent in both the patient and the healthy controls (data not
shown).

Once the role of primary immunodeficiency had been ruled
out, we evaluated the patient’s treatment history. During an in-
depth interview, he admitted that he had taken treatment for only
1 to 2 months after every indication, enough until his symptoms
improved. He repeatedly stopped taking his medication in order
to remain ill, avoid prison, and gain access to social benefits. This
new scenario was more consistent with a persistent untreated in-
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fection, which was confirmed by identical 1561710 RFLP and
MIRU-VNTR patterns (Fig. 2a and b) for the isolates throughout
the 8-year infection.

We extended the genotypic analysis to spoligotyping in order
to assign the lineage to the M. fubercudosis strain involved in the
persistent infection. The pattern revealed was characteristic of M.
tuberculosis strains belonging to the Beijing lineage, that is, lack of
spacers 1 to 34 (Fig. 2¢). The Beijing lineage was confirmed using
high-resolution melting analysis (Fig. 2d} and DNA sequencing to
detect SNPs (in Rv2629 and Rv2952), which are markers for this
family. Comparative analysis with MIRU-VNTR revealed that the
Beijing strain persistently infecting our patient corresponded to
the Beijing strain that was responsible for a severe outbreak on
Gran Canaria Island (2). The patient was interviewed to establish
epidemiological support for this finding and reported that he had
spent a week on the island in the 1990s, which was before he was
diagnosed with tuberculosis in our institution.

Given the fast and efficient transmission of this strain on Gran
Canaria Island, the infectiveness of our patient {stain-positive in
2007 to 2012) and his transmission-associated epidemiological
characteristics (IVDU, socioeconomic disadvantages, and prison
stays), we looked for secondary cases infected by the same strain.
Only 3 patients, all of whom had been on Gran Canaria Island
before their stay in Madrid, were found to be infected by the same
strain. In 2 of these patients, the diagnosis was made before that of
the present case.

Despite the treatment interruptions and lack of adherence, all
the susceptibility tests performed revealed exclusively pansuscep-
tible isolates. Whole-genome sequencing of 4 available isolates
from the 5 isolates that were representative of the patient’s history
and covered a 7-vear period (2006, 2007, 2008, and 2012)
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(Table 1) revealed that there were no SNPs between any 2 iso-
lates over this prolonged period of active infection. To corrob-
orate this finding, we compared 2 SNP calling approaches. The
analysis revealed two possible SNPs acquired by the strains.
However, a detailed inspection of the alignment revealed that
they are involved in insertion/deletion regions and therefore
they are likely false-positive SNPs.

Thanks to the high coverage achieved in the analysis (715
to 1,252 %), we analyzed the possible presence of minority vari-
ants in greater detail. First, we analyzed variation in known
drug resistance genes. No heterozyvgous sites were detected,
suggesting that antibiotic pressure did not play a major role in
the evolution of bacteria during treatment. In addition, we
detected six positions with evidence of coexisting alleles. How-
ever, forthree ofthem (2127067, 2295685, and 3119513), none
ofthe sites had a frequency of the alternative allele below 90%,
suggesting that they are true homozygous positions that are not
at 100% because of background noise introduced by sequenc-
ing or mapping errors. Another site (4124351) hasa frequency
of the alternative allele of 60% in two strains, while for the
other two, there is a deletion. Manual inspection of the align-
ments revealed that the same deletion has likely created a mis-
alignment around the region for the two strains exhibiting the
heterozygous SNPs. Only 2 heterozygous positions with a min-
imum frequency difference between isolates of 209% (1986639
and 2128040) remained after all the filters. However, evidence
ofheterogeneity in both cases, although strong, has to be taken
with caution, as the coverage of the site in both cases is far
below the mean coverage for the strain. Again, this finding
suggests that intrapatient microevolution did not play a major
role in this patient.

We expected higher-than-average severity of M. tuberculosis
infection owing to the present patient’s impaired T-cell function,
which was probably secondary to HIV infection. Production of
IL-2, 1L-17, and TFN-v in response to T-cell-receptor-mediated
activation with SEB was considerably lower in cultures of the pa-
tient’s peripheral blood mononuclear cells than in those from
healthy controls (Fig. 1D). In contrast, the response to PMA plus
ionomycin, measured in terms of IFN-y and IL-2 production, was
not reduced; in fact, high production of IFN -y was observed (Fig.
1E). Despite such a permissive environment, signs of severity such
as miliary or marked cavitary disease were absent. From 2008 on-
ward, sputum specimens were complemented by systematic blood
and urine culture. However, the results were always negative ex-
cept for a short period (August to September 2008) when urine
was positive for M. fuberculosis, 1.e., exactly when the CD4 counts
were lowest (80/L]) and the HIV load was highest (1,000,000
copies/ml).

The absence of clinical findings consistent with a virulent
phenotype for this strain was in line with the infective behavior
of the isolate when its growth rate was evaluated in a macro-
phage infection model. Compared with the virulent Beijing
control isolates, the growth rate for this strain was average, and
it was lower than that for the reference M. fuberculosis strain
H37Rv (Fig. 3).

DISCUSSION

The case we present, that of continuous isolation of M. tuberculosis
over an 8-year period, is exceptional. Primary immunodefi-
ciency predisposing to mycobacterial disease was ruled out,
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and DNA fingerprinting combined with a detailed interview
provided key information. All the sequential isolates corre-
sponded to the same strain and were the result of conscious
nonadherence, which enabled the patient to avoid incarcera-
tion and obtain social benefits,

The infection involved the Beijing strain responsible for one of
the most extensive outbreaks of tuberculosis ever recorded (2, 3).
It provided us with an extraordinary opportunity to review the
validity of some of the assumptions generally accepted for this
advantage-bearing M. fuberculosis lineage in terms of virulence,
transmissibility, and ability to acquire variability.

Beijing strains are considered virulent (18). However, this
strain showed an average ability to replicate in macrophages in
vitro (4, 17). In addition, despite marked immunosuppression
of the host and prolonged persistence and treatment interrup-
tions, no radiological findings consistent with severity were
found. Systematic culture of blood and urine specimens was
performed, and all blood specimens were negative, whereas
urine was positive only in the short period where CD4 counts
were lowest.

Given the high number of secondary cases caused by the
same strain on Gran Canaria Island, one would also expect a
high number of secondary cases in Madrid, especially consid-
ering that the index patient was smear positive, had spent pe-
riods of time in prison, and was an [VDU. However, against all
expectations, only 3 additional cases (2 of which had been di-
agnosed before the present case) were caused by this strain.
This value is far from the 28% of the total number of cases of
tuberculosis on Gran Canaria Island. In addition, since the 3
patients had previously been on Gran Canaria Island, they were
more likely infected there.

Additional cases in Madrid that were caused by the same
strain may have gone undetected owing to insufficient finger-
printing coverage. The database used in the survey included the
genotypes ofthe M. ruberculosisisolates from 2,669 cases. These
were obtained from a multicenter molecular epidemiology
study performed over 9 vears in Madrid (2001 to 2009) and
involving &8 hospitals (19-21). The sample corresponded to
79% and 32% of all culture-positive cases in immigrants and
autochthonous patients, respectively. While it is true that only
the analysis of the whole population can ensure the complete
lack of additional cases infected by the strain under study, the
population covered in our sample is reasonably representative.
In addition, our findings for cases infected by the Madrid strain
are far from the 28% obtained on Gran Canaria Island, thus
showing that transmission is clearly different in each of these 2
settings. Apart from the secondary cases that might be expected
from our persistent case, 2 of the other patients in Madrid
infected by the same strain had pulmonary tuberculosis (the
remaining one was articular) and were diagnosed before the
present case (in 2002 and 2005). These cases could also have
generated secondary cases owing to the patients’ characteristics
and history (prison stays, IVDU, alcoholism, and homeless-
ness), but secondary cases were not detected during the 8-year
molecular epidemiology survey. These data suggest that the
successful transmission of'this strain on Gran Canaria [sland is
more probably a consequence of epidemiological factors
and/or social networks than of bacterial factors. The index case
on Gran Canaria Island was that of a nonadherent patient with
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spoligotyping (c), and HRM analysis for the Rv2629 SNP for Beijing and non

laryngeal tuberculosis (2), which could be the main reason for
the outbreak, thus minimizing the role of bacterial factors.
The Beijing lineage is thought to be more prone to resistance
than other strains (8). In the present case, the strain always re-
mained pansusceptible despite a long history of treatment inter-
ruptions and poor adherence. Acquisition of variability in M. fu-
berculosiscan also prove to beadvantageous in contexts other than
resistance (16, 22), since it can aid in escape from the immuune
system and in the acquisition of more infective phenotypes (23)
and can lead to the emergence of more infective variants. The
finding of a potential hypermutator phenotype for Beijing strains
(7) could point to a high tendency to accumulate diversity. In the
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FIG 3 Growth rates of the isolate from the case we report here (6613) and
other Beijing strains analyzed previously (46, 17). 6898 and 45261 correspond
to Beijing virulent strains. H37Rv is also included as a reference.
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-Beijing controls and for the case isolate (d).

present case, the lack of an appropriate control precludes a more
rigorous analysis of whether the Beijing strain studied has a lower
underlying mutation rate, leading to lower variability. However,
our findings seem to challenge the assumption that Beijing strains
are more promne to acquire variability because, despite the persis-
tent and prolonged active infection, the strain was observed to be
extremely stable, even when whole genome sequencing was ap-
plied. Given the high coverage achieved in the whole-genome se-
quencing analysis (715 to 1,252 X)), the power to identify minor-
ity variants was very high. Consequently, we were able to rule these
variants out with sufficient confidence and no further need to
analyze single colonies. A more in-depth analysis of the readings
including heterozygous calls and based on 2 independent algo-
rithms enabled us to rule out minority variants in all cases. We
tound that the present patient had a previous M. tuberculosis iso-
lation in 1990 in Barcelona; however, the isolate was unavailable,
with the result that it was not possible to expand the genomic
analysis backwards.

In summary, we performed an in-depth analysis of a patient with
an 8-vear history of persistent infection by a Beijing M. tuberculosis
strain that had previously caused an extensive and prolonged out-
break. None of the advantages generally assumed for such an epide-
miologically successful strain were found in our study. In the case we
present, the strain did not generate secondary cases, was not virulent,
and remained susceptible and extremely stable from a genomic point
of view. Our findings suggest that the general assumption of an ad-
vantageous microbiological phenotype for specific strains involved in
severe outbreaks might not always be correct.
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Data availability. All sequences are available as a fastq file at
EBI under project PRJEB9158.
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La aplicacion de las técnicas de genotipado en las infecciones causadas por
Mycobacterium tuberculosis (MTB) ha permitido desvelar la complejidad clonal existente
en la tuberculosis humana. Sin embargo, las lagunas de conocimiento en relacion a estos
aspectos en el dmbito de la tuberculosis bovina (TBb) son aln muy extensas. Parte de la
responsabilidad de esta situacién puede deberse al retraso en la implantacién de
estrategias de genotipado de alta discriminacién en la caracterizacion de los aislados de
Mycobacterium bovis (M. bovis) y Mycobacterium caprae (M. caprae), en comparacion
a los ritmos de aplicacion de las mismas en MTB. El espoligotipado es aun la técnica de
genotipado aplicada mayoritariamente en TBb, método de baja capacidad de
discriminacién e ineficaz para identificar con precisién infecciones complejas desde un

punto de vista clonal.

Los estudios en MTB han demostrado que la técnica de MIRU-VNTR es la Unica que
ofrece una éptima identificacion de infecciones mixtas y policlonales y por tanto deberia
aplicarse en estudios equivalentes en M. bovis. Recientemente, esta técnica ha
comenzado a utilizarse con fines epidemiolégicos sobre aislados de M. bovis,
principalmente, ofreciendo resultados satisfactorios en cuanto a su poder de
discriminacién. Sin embargo, aungue existe un panel minimo definido a nivel europeo,
aldn no se ha consensuado un panel estandarizado de loci que ofrezca una buena
discriminacién a nivel global. Ademds, la aplicacién de la técnica en M. bovis se apoya
en un diseno de PCR simplex y andlisis de productos en electroforesis convencional, con
asignacion manual de valores alélicos. Este método es lento, laborioso y puede
comportar imprecisiones en la asignacién alélica. Por ello, nuestro primer objetivo fue
ajustar la metodologia de andlisis por MIRU-VNTR en M. bovis al formato de alta resolucion
aplicado en el andlisis de complejidad clonal en MTB, basado en PCR multiplex con
andlisis de productos en electroforesis capilar y asignacion automdtica de alelos. Se
selecciond un panel de 9 loci como el idéneo para ofrecer una elevada discriminacién
basdndonos en un estudio reciente de epidemiologia molecular en nuestro pais. Este
diseno se aplicd en 44 cepas de M. bovis y 2 cepas de M. caprae aisladas de ganado
vacuno, representantes de 14 espoligotipos diferentes. En 45 de las 46 cepas se obtuvo un
MIRUtipo completo. Se identificaron 22 MIRUtipos diferentes en la muestra analizada, lo
que demuestra el alto poder discriminativo de la técnica, muy superior a los 14 genotipos

diferentes ofrecidos por el espoligotipado.

Tras la puesta a punto de una metodologia idénea para abordar
adecuadamente el fendmeno de las infecciones complejas por M. bovis, que d su vez
puede tener enorme potencial para optimizar los estudios de epidemiologia molecular en

TBb, decidimos abordar un primer andlisis de complejidad clonal. En el segundo estudio
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de este capitulo decidimos focalizarnos en una de las modalidades mds extremas, y por
tanto infrecuentes, de este tipo de infecciones, la infeccién compartimentalizada.
Esporddicamente se han descrito infecciones de este tipo en TBb, pero, de nuevo,
carecemos de estudios sistemdticos con base poblacional que nos permitan conocer la
dimensidon de estos eventos. En nuestro estudio se seleccionaron todos los animales de
una muestra poblacional de Asturias con aislamiento de M. bovis en dos o mds
localizaciones anatémicas diferentes. A pesar de que el espoligotipado es una técnica
de baja discriminacion, la comparacion entre los genotipos obtenidos de 55 animales
que cumplieron los criterios de seleccién desveld que é (10,9%) de ellos estaban
infectados por cepas diferentes. La aplicacion en segunda linea de la técnica MIRU-VNTR
confiirmd que la compartimentalizacidon era estricta, con una Unica cepa diferente en
cada linfonodo infectado. Finalmente, en uno de los casos se pudo demostrar, mediante
genotipado por MIRU-VNTR de aislados adicionales de otros animales infectados de la
misma explotaciéon, que la compartimentalizacion fue originada por una superinfeccién

con cepas que infectaban a animales independientes.

En el tercer estudio incluido en este capitulo nos centramos en otra modalidad de
infeccion compleja, la infeccidn policlonal por variantes clonales que emergen en el seno
de una infeccion por fendmenos de microevolucion. Nuestro objetivo era abordar,
debido a la existencia de explotaciones infectadas cronicamente por M. bovis, un estudio
cronolégico sistemdtico y prolongado de la dindmica en la que ocurren estos fendmenos
en M. bovis, aspecto que no es posible abordar en la infeccion por MTB. Para este estudio
se seleccionaron 8 explotaciones de ganado vacuno infectadas durante mds de un ano
por una misma cepa. Se disend un esquema de andlisis que se basaba en el genotipado,
mediante MIRU-VNTR, de los aislados obtenidos secuencialmente a lo largo de la
infeccion. Tras el genotipado de 88 aislados, se detectd microevolucion en la mitad de las
explotaciones seleccionadas, involucrando a distintas cepas y loci. Se pudo observar
coémo la aparicién de variantes clonales es independiente del tiempo de infeccion y del
numero de animales infectados. En 2 de las 3 explotaciones en los que se pudo realizar un
seguimiento posterior a la emergencia de la variante generada por microevolucién, esta

reemplazdé a la cepa inicial, indicando una mayor aptitud infectiva.

Finalmente, este estudio puede considerarse como un modelo de estudio de la
variabilidad que se puede adquirir por microevolucién, desde el punto de vista de los
marcadores MIRU-VNTR, en la infeccidn por M. bovis. Estos datos son de utilidad para
identificar la variabilidad que puede llegar a adquirir una cepa en condiciones de
infeccion persistente y permiten proponer los umbrales de variabilidad que debe ser

tfolerado para asegurar que las variantes clonales, que se detecten en estudios
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epidemioldgicos, no sean incorrectamente interpretadas como aislamientos no
relacionados. A partir de los resultados de nuestro estudio, y a falta de estudios
adicionales que ayuden a refinar el punto de corte, se podria proponer tolerar
diferencias de hasta tres repeticiones en un locus hipervariable o dos en uno estable,

cuando se maneje el panel completo de 26 loci.

En conclusién, los estudios realizados en cepas de M. bovis, disladas de ganado
vacuno, han permitido desvelar la existencia de infecciones clonalmente complejas en
esta poblacién. La optimizacidon de la técnica de MIRU-VNITR, llevada a cabo en esta
tesis, ofrece un formato idéneo para el estudio de la complejidad clonal que puede ser
asimismo adaptado a estudios de epidemiologia molecular. La compartimentalizacion y
la microevolucién en la TBb son eventos que ocurren con mayor frecuencia de la
esperada. La microevolucién en M. bovis puede conducir a la emergencia de variantes
clonales que pueden sustituir en la poblacién a las cepas parentales. La complejidad
clonal en la TBb debe ser considerada para asegurar una correcta interpretacion de los
resultados en los estudios epidemioldgicos y asi lograr un buen control y erradicacion de

la enfermedad
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Spoligotyping is the most widely used method for genotyping Mycobacterium bovis (M. bovis). However,
its discriminatory power varies widely between countries. MIRU-VNTR typing could be a promising al-
ternative, although it generally requires the time consuming and laborious simplex PCR assays using stan-
dard agarose gel electrophoresis. The accuracy of this approach depends on good standardization and a
certain degree of expertise. This study presents a version of MIRU-VNTR based on three triplex PCRs with
automatic allelic assignation of the products analyzed in capillary electrophoresis. The technique was pro-
spectively applied to 44 M, bovis and two Mycobacterium caprae (M, caprae) isolates, and 22 different MIRU-
VNTRtypes were obtained; with spoligotyping, only 14 different types were obtained. The proposal makes
it possible to shorten response times, automate procedures, and increase accuracy, thus minimizing errors
in assigning genotypes. It would enable the switch from a standard limited method of genotyping M. bovis
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to a high-throughput discriminatory fingerprinting approach.
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Mycobacterium bovis (M. bovis) is the main causative agent of
bovine tuberculosis (bTB) and can affect both wild and domestic
animals. Zoonotic transmission of this pathogen is by contact with
infected animals or consumption of contaminated animal prod-
ucts, such as unpasteurized milk. The incidence of human tuber-
culosis (TB) caused by M. bovis is low in countries with bTB control
programs (Hlavsa et al., 2008; Pavlik et al., 2004; Rodriguez et al.,
2009) and higher in countries where resources are insufficient to
implement bTB programs (Ayele et al., 2004; Malama et al., 2013;
Muller et al.,, 2013). Person-to-person transmission events have also
been reported (Evans et al., 2007; Sunder et al., 2009).

Genotyping tools can provide detailed information on the epi-
demiology of infection by M. bovis. Direct variable repeat
spoligotyping is the most commonly used technique, although its
discriminatory power varies widely between countries and even geo-
graphical regions, with the best results in Portugal (Duarte et al.,
2008), Italy (Boniotti et al., 2009), Spain (Rodriguez et al., 2010), or
South Africa (Michel et al., 2008), and poor results in the United

* Corresponding author, Tel.: 434914 265104; fax: 915044906,
E-mail address: dgviedma2@gmail.com {D. Garcia-de-Viedma).

http:/fdx.doi.org[10.1016/j.rvsc.2014.03.012
0034-5288f© 2014 Elsevier Ltd. All rights reserved.

Kingdom (Hewinson er al., 2006; Skuce et al., 2005) or Northern
Ireland (Costello et al., 1999). This variability in the discriminatory
power of spoligotyping has obliged us to investigate new alterna-
tives for genotyping M. bovis. In Mycobacterium tuberculosis (MTB),
the 24-loci mycobacterium interspersed repetitive units variable—
number tandem repeat (MIRU-VNTR) has produced good results and
is the current reference method for surveying transmission events
involving this entity (Sloot et al., 2013; Supply et al., 2006). Simi-
larly, VNTR typing has been considered the most suitable method,
either to complement spoligotyping or as an alternative to it, when
high discriminatory power between M. bovis strains in molecular
epidemiology programs is sought (Boniotti et al., 2009;
Rodriguez-Campos et al.,, 2011). However, a standardized panel of
loci assuring high discriminatory power at a global geographical level
is not yet achievable in M. bovis, as it is in MTB. Different sets of loci
have been found to be suitable for specific countries (Boniotti et al.,
2009; Duarte et al., 2010; McLernon et al., 2010). In Spain, a nine-
loci set with reasonably high discriminatory power was reported
when the technique was used to investigate the most prevalent geno-
type, SB0121 (Rodriguez-Campos et al., 2013). Six of these loci (ETR-
A, ETR-B, MIRU 4, QUB 11a, QUB 11b, and VNTR 3232) were
recommended by the VENoMYC consortium (EU Coordination Action
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SSPE-CT-2004-501903) (Supply, 2006), and the remaining three
[MIRU 31, MIRU 26 (Gortazar et al., 2005) and QUB 26 (Romero et al.,
2008)] were successfully used to type Spanish strains.

MIRU-VNTR-based studies with M. bovis were based on inde-
pendent simplex PCRs and, in the great majority of them, sizing of
the amplification products using standard agarose gel electropho-
resis. This method is time consuming and laborious, and accurate
sizing depends on good standardization of products and the exper-
tise of the technician. The procedure can be affected by mistakes
in allelic assignation and also by the manual transcription of values.
In the case of MTB, it has been demonstrated that a high-throughput
multiplex PCR assay, followed by sizing of the amplicons using cap-
illary electrophoresis and automatic assignation of allelic values, is
the best approach to ensuring highly accurate fingerprinting (de Beer
et al,, 2012); moreover it reduces workload. In M. bovis, only one
study (Allix et al., 2006) has adapted MIRU-VNTR-based genotyping
to a high-throughput format, although the protocol which had been
proposed for MTB typing was replicated directly for M. bovis fin-
gerprinting, without selecting the more suitable loci and tailoring
the design to the specific requirements of M. bovis. Our aim was to
design and evaluate a high-throughput multiplex procedure adapted
specifically to M. bovis using a nine-loci set, the majority corre-
sponding to those applied worldwide. This nine-loci set has proven
to be highly efficient in our laboratory.

The study was carried out in 44 M. bovis isolates from cattle (Bos
tavrus, n=40), wild boar (Sus scrofa, n=2), pig (Sus scrofa, n=1),and
goat (Capra hircus, n=1) and in two Mycobacterium caprae (M. caprae)
isolates from cattle. The isolates were randomly selected over
3 months (15th September to 15th December, 2012) from 100 pos-
itive media used to culture tissue samples processed at the VISAVET
Health Surveillance Centre.

The tissue of each animal was homogenized with sterile dis-
tilled water, decontaminated with 0.35% hexadecylpyridinium chlo-
ride for 30 min, centrifuged at 1500 g for 30 min, and cultured onto
Coletsos and 1% (wtfvol) pyruvate-enriched Lowenstein-Jensen
media (Difco FSM, Madrid, Spain) at 37 °C. The isolates were both
identified and genotyped using spoligotyping according to the pro-
tocol described by Kamerbeek et al. (1997). For the multiplex PCR
assay, DNA was extracted from Lowenstein-Jensen slants using a
column-based purification method (QlAamp DNA Mini Kit proto-
col; Qiagen, Courtaboeuf, France) in accordance with the manufa-
cturer’s instructions. DNA was eluted in 70 pL of buffer AE and diluted
at 10 ng/ul.

The MIRU-VNTR combinations of the loci selected for M. bovis
(Rodriguez-Campos et al., 2013) for each of the three triplex PCRs
were defined using as a reference their distribution in the MIRU 24-
loci set applied in MTB (Supply et al., 2006). Therefore, MIRU 4 and
MIRU 26 and QUB 11b and QUB 26 were kept for mixes 1 and 2, re-
spectively. We selected two loci in mix 3, QUB 11a and VNTR 3232,
which were not included in the MTB MIRU24 set. Regarding VNTR
32332, two different pairs of oligonucleotides were used (two an-
nealing [3188927-3189629] within the region delimited by the other
pair [3189107-3189567], coordinates using M. bovis AF2122/97 as
a reference), and the best results were obtained with the pair an-
nealing closer together. The selection of the third locus complet-
ing each multiplex mix was supported on the Tm values of the
corresponding primers, to assure that all the primers in a mix shared
similar Tm. Different options were tested experimentally by assay-
ing four different previously genotyped DNAs with different amounts
of Q solution (5 pL was finally added) and using the intensity of the
amplification products in an agarose gel and the lack of nonspe-
cific amplifications as evaluation criteria. To complete mix 1, we
tested both MIRU 31 and ETR-A and selected MIRU 31. For mixes 2
and 3, the best options were ETR-B and ETR-A, respectively.
Finally, one oligonucleotide from each pair was fluorescence labeled
(Fig. 1)
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Table 1

Genotyping results of 46 isolates. Order of loci: MIRU 4, MIRU 26, MIRU 31, QUB 11b,
ETR-B, QUB 26, QUB 11a, VNTR 3232 and ETR-A. n indicates the number of isolates
sharing the pattern.

Spoligotype (n) MIRU-VNTRtype (n) Species
SBO119(2) 2532351076(2) M. bovis
SBO0121(15) 3632451075(4) M. bovis
4532451094(4) M. bovis
3532461076(3) M. bovis
3632451076(1) M. bovis
3132251076(1) M. bovis
4532451094(1) M. bovis
3232451084(1) M. bovis
SB0124(3) 32324510106(3) M. bovis
SB0134(2) 343455953(1) M. bovis
353425856(1) M. bovis
SBO157 (1) 452.23.2 5=4(1) M. caprae
SB0265(2) 353244865(1) M. bovis
3532741065(1) M. bovis
SB0295 (5) 3532451076(3) M. bovis
353235676(1) M. bovis
35324510136(1) M. bovis
SB0339(8) 3532451075(6) M. bovis
3531451073(1) M. bovis
3533451096(1) M. bovis
SB0948 (1) 3532551064(1) M. bovis
SB1081 (1) 452232584(1) M. caprae
SB1142 (2) 3532451084(2) M. bovis
SB1336 (1) 3632451075(1) M. bovis
SB1624(2) 3532451076(2) M. bovis
SB1981(1) 3532451075(1) M. bovis

Multiplex PCR assays were carried out by adding 5 uL of DNA to
a final reaction mixture of 50 pL, including 25 pL of PCR master mix
(Qiagen Multiplex PCR Kit, Qiagen, Hilden, Germany). The
thermocycling conditions were 15 min at 95 °C followed by 20 de-
naturation cycles at 95 °C for 50 s, 58 °C for 60 s, an extension at 72 °C
for 1.5 min, and a final extension for 7 min at 72 °C. The amplicons
were sized in an ABI Prism 3100 genetic analyzer (Applied
Biosystems, NLLab Centraal B.V., Haarlem, The Netherlands). Allelic
values were assigned using GeneMapper 4.0 (Applied Biosystems,
Foster City, California, USA).

A complete MIRU-VNTR type was obtained in 45 of the 46 iso-
lates (Table 1). One locus (VNTR 3232) from one isolate could not
be amplified even after trying a simplex amplification of that locus.
This isolate corresponded to M. caprae, and although some authors
were able to analyze this species (Duarte et al., 2010), (the second
M. caprae included in our sample was amplified) others were un-
successful (Prodinger et al., 2005; Rodriguez et al., 2011 ). The VNTR
3232 locus is considered as hypervariable, and this feature could
be responsible for the amplification problems observed, as has been
reported for another locus of this kind (Supply et al, 2006). We
cannot rule out the potential role of a sequence variation in the an-
nealing region of the primers. In any case very little experience has
been acquired with this species (Prodinger et al., 2005).

MIRU-VNTR increased the discriminatory power of spoligotyping,
according to previous studies (Rodriguez-Campos et al., 2013). The
14 spoligotypes were split into 22 different MIRU-VNTR types. Since
MIRU-VNTR is still not used as a routine fingerprinting technique
for M. bovis in all laboratories, additional studies are needed before
precising its discriminatory power in different settings/profiles of
circulant strains.

The same philosophy applied in this study, of tailoring a limited
set of multiplex PCRs which is adapted to the specificities of the
M. bovis strains prevalent in our context, must be replicated in those
settings with differences in the profile of circulant strains, to find
equivalently efficient and fast fingerprinting schemes. Finally, in
certain situations in which the presence of a highly prevalent M. bovis
genotype is known, such as SB0121 in Spain, a more reduced set of
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Fig. 1. Electropherograms corresponding to the multiplex PCRs for three representative isolates. MIRU 4, QUB 11b and QUB 11a correspond to blue peaks; MIRU 26, ETR-B,
VNTR 3232 to green peaks; and MIRU 31, QUB 26 and ETR-A to black peaks. (A) MIRU-VNTRiype 3534 25 85 6 (SB0134), (B) MIRU-VNTRtype 3 53 245 10 7 6 {SB0295),
(C) MIRU-VNTRtype 353 2 7410 6 5 (SBO265). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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loci can be enough to achieve a reasonable discriminatory power
(Rodriguez-Campos et al., 2013), which would allow the applica-
tion of an even easier and more cost-effective first-line screening
scheme based on only one or two multiplex PCRs. For the compo-
sition of circulant strains found in Spain, with SB0121 as the prev-
alent genotype, the mix 3, composed by three of the four most
discriminatory loci for SB121, should be the one selected if only one
mix is to be applied. If a higher discrimination is needed, mix 2,
which includes the third and fifth more discriminatory loci
(Rodriguez-Campos et al., 2013) might be included.

It is highly likely that MIRU-VNTR will become the reference
method for genotyping of M. bovis{M. caprae. The multiplex PCR
version for MIRU-VNTR analysis presented here is suitable as a sys-
tematic routine tool and would enable the switch from a standard
limited method of genotyping M. bovis to high-throughput discrim-
inatory fingerprinting. The new approach will make it possible to
shorten response times, automate procedures, and increase accu-
racy, thus minimizing errors in assigning genotypes.
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Bovine tuberculosis (bTB) generates a considerable
economic and health burden, thus justifying strict
epidemiological surveys for monitoring and control.
Studies of the molecular epidemioclogy of infection by
Mycobacterium bovis have increased our knowledge of the
transmission dynamics of this pathogen (Costello et al.,
1999; McCluskey et al,, 2014) on farms, in the natural
environment, and between both settings and have
facilitated the design of control programs.

The application of molecular fingerprinting to the
analysis of Mycobacterium tuberculosis (MTB) infections
has shown that the infection by this pathogen is more
clonally complex than initially expected. Infections by
mere than one MTB strain and compartmentalized
infections with different strains at independent anatomical
sites in the same patient have been described (Muwonge
et al, 2013; Navarro et al, 2011). We recorded these
findings after improving our sampling schemes and
applying MIRU-VNTR (mycobacterial interspersed repeti-
tive units-variable number of tandem repeats), which is
particularly sensitive to detect coinfecting strains, even if
they are under-represented (Garcia de Viedma et al., 2005).
Accurate identification of infections involving more than
one strain or clonal variant and its potentially asymmetric
distribution in different tissues has enabled us to more
accurately track the dynamics of MTB transmission and
increase our knowledge of the complex patterns of MTB
infection.

However, the issue of clonal complexity has received
little attention in animals infected by M. bovis. Standard
molecular epidemiology studies of M. bovis are based on
DVR-spoligotyping (Cunha et al.,, 2012; Mwakapuja et al.,
2013), a hybridization-based approach that is unable to
identify mixed infections. This limitation is aggravated by
the common habit of genotyping isolates from a pool of
tissues from a single animal. Both limitations could explain
why clonal complexity is underdetected in infection by M.
bovis.

Our aim was to apply the multiple-sampling with
refined analysis by MIRU-VNTR strategy, used to analyze
clonal complexity in MTB infections, to animals infected by
M. bovis in order to identify and analyze clonally complex
events associated with this pathogen.

1. Materials and methods
1.1. Study samples

The study sample comprised 154 animals diagnosed
with bTB (based on the intradermal tuberculin test)
between January 2007 and December 2008 from 74 cattle
farms in the autonomous community of Asturias in
northern Spain. Samples were processed according to
the pattern of macroscopic lesions found in each carcass.
When lesions were observed, the involved lymph node/s
(mediastinal, tracheobronchial, and/or retropharyngeal)
andfor the lungs were taken and cultured separately.
When lesions were not cbserved, each lymph node and a
pool of the lymph nodes (mix} were cultured separately.

Animals with > two positive cultures from different
samples were selected for the study of clonal complexity.
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1.2. Bacterial procedures and DNA extraction

Lymph nodes were homogenized separately, deconta-
minated, and cultured in Coletsos, Lowenstein-Jensen with
pyruvate or MGIT (Mycobacterial-Growth-Indicator-Tube)
media. Pelleted cultures were boiled to extract the DNA
and identify the isolates as M. bovis by spoligotyping.

For MIRU-VNTR typing, purification of the extracted
DNA from boiled specimens was needed. We used a
column-based purification method (QlAamp DNA Mini Kit
protocoel; Qiagen, Courtaboeuf, France) without the pro-
teinase K step. Samples were finally eluted in 70l of
buffer AE.

1.3. Genotyping analysis

1.3.1. DVR-spoligotyping

The isolates were spoligotyped following the protocol
described by Kamerbeek (Kamerbeek et al, 1997)
Spoligotyping profiles were assigned according a standard
nomenclature (www.mbovis.org) (Smith and Upton,
2012).

1.3.2. MIRU-VNTIR typing

Standard panel of nine loci: the nine MIRU-VNTR loci
(VNTR 580 [MIRU 4], VNTR 2996 [MIRU 26], VNTR 3192
[MIRU 31], VNTR 2163b [QUB-11b], VNTR 2461 [ETR-B],
VNTR 4052 [QUB-26], VNTR 2163a [QUB-11a], VNTR 3232
[QUB-3232], VNTR 2165 |[ETR-A]} defined as optimum for
typing of M. bovis (Rodriguez-Campos et al, 2013) were
selected for analysis using multiplex PCR (Navarro et al.,
2014). Five microliters of non-diluted DNA were added to a
final reaction mixture of 50 ul. MIRU-VNTR types were
obtained by sizing amplicons in an ABI Prism 3100 genetic
analyzer (Applied Biosystems, NLLab Centraal B.V., Haarlem,
The Netherlands} and assigning allelic values using Gene-
Mapper 4.0 (Applied Biosystems, Foster City, CA, USA).

Extended panel of 24 loci: in cases showing differences
in the nine MIRU-VNTR analysis, we continued the analysis
to complete the 24 loci in the extended set, using simplex
PCR and agarose electrophoresis (Navarro et al., 2011).

2. Results

2.1. Screening of clonal complexity by multiple sampling and
spoligotyping

We diagnosed bTB in 154 animals from 74 cattle farms.
In 64 animals (41.5%)}, lesions were observed at > two
locations and were therefore independently sampled and
cultured. The cultured isolates were from lymph nodes
(mediastinal [51 animals], trachecbronchial [42 animals],
retropharyngeal [15 animals]) and lung tissue (six
animals). Spoligotyping of > two isolates from the same
animal was performed in 55 cases. The spoligotypes
obtained were as follows: SB0O120, SBO0121, SBO130,
SBO134, SBO140, SB0265, SBO329, SB0339, SBO828,
SBO869, SB0882, SB1019 and SB1665.

Comparison of the spoligotypes obtained for the isolates
cultured from independent nodes revealed differences in six
animals (10.9%), each from a separate farm (Fig. 1.
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Fig. 1. Genotypes corresponding to animals with compartmentalized infection. MIRU-VNTR loci differing between the strains from the same animal are
highlighted in bold. M, mediastinal lymph node; T, tracheobronchial lymph node; R, retropharyngeal lymph node; MIX, pool of different lymph nodes. nt:

non-typable. Q abbreviates QUB.

2.2. Analysis of complex cases by MIRU-VNTR typing

As spoligotyping is a hybridization-based technique, it
cannot identify mixed infections, because it would
generate a spoligotype in which coexisting patterns
overlapped. Thus, the finding of different spoligotypes in
two samples from six animals could correspond to (i)
mixed infections in both samples with a different ratio
between the strains in each of them (leading to different
overlapping patterns), or (ii) true compartmentalized
distribution of the two strains, each infecting a different
sample. To discriminate between these two possibilities,
we used MIRU-VNTR, which is highly sensitive for
detection of mixed infections.

MIRU-VNTR analysis was performed in five of the six
animals with isolates from two samples showing different
spoligotypes, and different MIRU-VNTR types were ob-
served for the strains isolated from each sample in the
same animal, thus confirming the existence of two
coinfecting strains. In all but one animal, MIRU-VNTR
did not reveal double alleles in any of the nine MIRU-VNTR
loci analyzed, thus indicating the presence of asingle strain
in each sample and, therefore, a strictly compartmental-
ized infection, with each strain only present in one of the
nodes and not in the other, and vice versa (Fig. 1). The
findings for the remaining animal (no. 6) corresponded toa
slightly different situation, because, whereas one of the
two spoligotypes was obtained after culture of a single
tracheobronchial node, the other was from a culture of a
pool of different lymph nodes (Fig. 1). The finding of a
MIRU-VNTR type without double alleles (510355_35) in
the isolate from the single node shows that it was infected
by a single strain, whereas the MIRU-VNTR type from the
pool included the same previous strain together with a
second one (113355_35) (as suggested by the double
alleles in loci4 and 31)(Fig. 1), thus indicating the presence
of two different strains in the pooled nodes. However, the
fact that the tracheobronchial node which was analyzed
alone harbored only the strain 510355_35, and not the

other strain 113355_35 which was coinfecting this animal,
indicated also strict compartmentalization (different
nodes infected by different strains).

SB0121 spoligotype is common in our context and the
isolates are frequently split in several different genotypes
by applying MIRU-VNTR analysis (Rodriguez-Campos
et al., 2013). Here, all of the four SB0121 isolates involved
in compartmentalization with MIRU-VNTR analysis avail-
able had different genotypes (Fig. 1). In order to analyze the
possibility that we had overlooked compartmentalized
infection in some of the animals with two SB0121 isolates,
we used MIRU-VNTR to analyze 16 animals with SB0121
isolates in their different nodes. Identical MIRU-VNTR
types were observed for the SBO121 isolates within each
animal, thus ruling out mixed infection and compartmen-
talization.

2.3. Analysis of the isolates from the farms with
compartmentalized animals

The most likely interpretation for animals with
compartmentalized infection by M. bovis is that they were
superinfected by two strains that were independently
circulating on their farms and that the coinfecting strains
had finally infected independent nodes. The first part of
this hypothesis could be proven if the same two
compartmentalized strains were found to be independent-
ly infecting other animals on the same farm. Additional
isolates from other infected animals were only found on
two of the farms housing animals with compartmentalized
infection (animals three and four, Fig. 1).

For the animal from farm three, the same two
spoligotypes involved in its compartmentalized infection
were detected—one each—in two animals from the same
farm (Fig. 2a, animals 3a and 3b), thus supporting
coinfection of animal three by two strains which were
infecting independent animals. MIRU-VNTR analysis
revealed an unexpected finding. Isolates SB1665 and
SB0339, which were from different animals (3a and 3b),
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were indistinguishable by MIRU-VNTR. However, in the
coinfected animal, the strain with the SB0339 pattern
differed in two repetitions at locus QUB-3232, suggesting
the emergence of a variant from a microevolution event
(Fig. 2a). Extended MIRU-VNTR analysis (24 loci) for the
two SB0339 variants did not reveal additional differences.
On the farm housing animal four, a further eight
animals were diagnosed with bTB (Fig. 2b). Since they were
all infected with a SBO121 strain, we did not detect the
SB0120 strain involved in the compartmentalization of
animal four. MIRU-VNTR analysis of the SBO121 strains on
this farm revealed the presence of at least three different
circulating strains. One of them (no. 4a, Fig. 2b), probably
corresponded to the one involved in the compartmental-
ized infection of animal four. In this case, MIRU-VNTR
analysis revealed a complex composition of circulating
strains on the farm and made it possible to track the
presence of one of the strains involved in the compart-
mentalized infection in another animal; however, the
source of its other coinfecting strain was not identified.

3. Discussion

Molecular epidemiology studies are essential if we are
to refine M. bovis control programs. However, the
fingerprinting techniques and analytical strategies cur-
rently used for M. bovis are less advanced than those
applied in population-based studies aimed at identifying
MTB transmission chains. Highly discriminatory finger-
printing tools and refined specimen sampling recently
revealed a degree of clonal complexity in infection by MTB

Y. Navarro et al. /Veterinary Microbiology 175 (2015) 99-104

which is higher than that revealed by less refined
genotyping strategies. Accurate identification of coinfec-
tion, superinfection, microevolution, and compartmental-
ized infection is essential to ensure accuracy in molecular
epidemiology studies, and it also provides valuable and
detailed information on relevant aspects of infection by
M. bovis.

Until recently, studies of M. bovis were based on a
fingerprinting tool, spoligotyping, with not too high
discriminatory power and on a single isolate per infection,
as was the case in molecular epidemiology of MTB some
years ago. If clonal complexity also exists in infection by M.
bovis, it has probably been overlooked using these
procedures. The presence of coinfecting strains in the
same culture can go undetected by spoligotyping, because
it leads to overlap of coexisting strain patterns (Romero
et al., 2008).

In this study, we focused on compartmentalization,
which is an extreme modality of clonal complexity
(Navarro et al., 2011). Compartmentalization implies not
only the coexistence of > two strains coinfecting a single
host, but also restriction of strains to specific anatomical
sites and the resultant asymmetric distribution of bacteria
in the host. In order to overcome the challenges implicit in
this problem, we improved the sampling procedure by
increasing the number of lymph nodes analyzed from each
animal. Even using a low-power discriminatory tool such
as spoligotyping, and in a geographical area with a low
prevalence rate (0.24-0.22% in 2007-2008), we identified
an unexpectedly high proportion (10.9%) of animals with
mixed and compartmentalized infections. Given that our

a) Farm 3
MIRU-VNTRiype
ANIMAL SPOLIGOTYPE
4 26 31 Qllb ER-B Q26 Qlla Q3232 ETR-A
3 SB1665 (B | Bl | B EEE | NEEE || |||/ §§S§§N| 3 5 3 2 4 5 10 7 &
SB0339  WACNENENERERNNEKN NNEN [[TNRERMANEKLLID| 3 5 3 2 4 5 10 ? 6
3a SB1465 WCNENCNENEEN TN NENTTINGEEENIID| 3 5 3 2 4 5 10 7 4
4d SBO12]  MeC M NN NN NN T 3 5 3 2 4 5 10* 4
4e SBOT2]1 WM MR RN NN NN 11T 3 5 3 2 4 5 10* 4
af SBO12]  MCEENNE NEENN WESN NENENNKENNENNNNNNIIII 3 5 3 2 4 5 10* 7 4
4g SBO12]  MCENNECERRERCERNC RO T 3 5 3 2 4 5 10* 48 4
4h SEOT21  weCwmmms sesns Sums NENSEERRENERRERNN 11 nt

Fig. 2. Genotypes corresponding to the two farms: (a) farm 3; (b) farm 4, including an animal with a compartmentalized infection and other infected animals
(indicated by letters a-h).(a) Farm 3: 3a and 3b are additional animals. {b) Farm 4: from 4a to 4h are additional animals. MIRU-VNTR loci differing between
the strains from the same animal are highlighted in bold. MIRU-VNTR loci differing between the strain from the compartmentalized animal and those from
other animals sharing the same spoligotype are highlighted with an asterisk. nt: non-typable. Q abbreviates QUB.
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first screening could not be performed directly with MIRU-
VNTR, which has higher discriminatory power (Allix et al.,
2006; McLlernon et al, 2010) than spoligotyping, our
findings very likely underestimate the true proportion of
compartmentalization. The high sensitivity of MIRU-VNTR
for detecting mixed infections (Garcia de Viedma et al.,
2005) enabled us to confirm that the compartmentaliza-
tion revealed by spoligotyping was strict, with only a single
strain in each infected node. To verify this finding, we
performed MIRU-VNTR analysis using fluorescent primers
and detected single products using capillary electrophore-
sis, with subsequent visual confirmation.

Very few studies report data on clonally complex M.
bovis infections. Some of them only report mixed infections
{Lamine-Khemiri et al,, 2014), whereas others also found
compartmentalized infections (Biffa et al., 2014; Furphy
et al, 2012). Ina recent study in Ethiopia (Biffa et al., 2014),
nine out of 18 animals with multiple samples harbored >
two (up to five} strains, and some of them showed a
compartmentalized infection. However, the much higher
prevalence rate in Ethiopia (around 50%, Firdessa et al.,
2012), together with the absence of control programs,
justifies these findings and highlights the relevance of our
findings, which are based on a completely different
epidemiological setting.

The existence of animals coinfected by > two strains
indicated that some of the studied farms likely had > two
circulating strains. However, other studies also reported
several circulant strains in the same farm (Costello et al,,
1999; Duarte et al, 2008; Figueiredo et al, 2012;
Rodriguez-Campos et al, 2013} and it did not lead to
clonally complex infections.

The presence of farms with > twe circulating strains is a
finding that had been previously reported in Spain
{Redriguez-Campos et al, 2013} and it could result from
contact with neighboring herds, residual infection or
interaction with infected wild animals (Guta et al., 2014),
since five of the six farms housing animals with compart-
mentalized infection has a semi-extensive management. To
more accurately describe the infective context where our
compartmentalized cases occurred, we genotyped addition-
al animals from the farms housing these cases using MIRU-
VNTR. However, additional animals with bTB were found in
only two of the six farms where compartmentalized
infection was detected. In the first farm, we confirmed
the most plausible explanation, namely, that the two strains
involved in the animal with compartmentalized infection
had independently infected other anirmnals on the same farm.
This same case revealed an unexpected interesting finding,
namely, a microevolution event leading to the emergence of
a clonal variant in the compartmentalized animal that was
highly similar to that infecting the other animal on the farm.
Microevolution events in MTB can affect the expression of
specific genes (Perez-Lago et al, 2013), subtly modify the
infectivity of the variant that emerged { Navarro etal., 2013},
and may even be associated with a different ability to infect
extrarespiratory sites (Garcia de Viedma et al., 2006}, This
equivalent finding in one of the two strains involved in
compartmentalized infection by M. bovis suggests that these
subtle changes could also play a role in infection by this
pathogen.

In the second farm, however, only cne of the two strains
involved in the compartmentalized infection was found to
be infecting other independent animals. In this case, a high
variety of strains infected other animals, and, even in this
context, the source for the second compartmentalized
strain was not found, suggesting that the variability of
infecting strains was expected to be even higher than the
one depicted in the snapshot.

In summary, given the finding of 10.9% of compart-
mentalized infections in an area with a low prevalence of
bovine TB, in certain situations it could be recommended
optimizing sampling strategies by genotyping several
nodes in the same animal. Such an approach would help
to obtain a more accurate picture of the true composition
of infecting strains in order to ensure high accuracy in
melecular epidemiology studies.

Qur findings are relevant for the accurate molecular
tracking of M. bovis. Furthermore, the description of
coinfection, compartmentalization, and microevolution
clearly demonstrates the complexity of M. bovis infection
and points to the need for a more in-depth analysis of the
role that these events could play in infection and in the
ways M. bovis evolves within the infective process.
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Abstract

Various studies have analyzed microevolution events leading to the emergence of
clonal variants in human infections byycobacterium tuberculosis However,
microevolution events in animal tuberculosis remain unknown. We performed a systematic
analysis of microevolution events in eight herds that were chronically infected lbgvis
for more than 12 months. We analyzed 88 animals using a systematic screening procedure
based on discriminatory MIRU-VNTR genotyping at sequential time points during the
infection. Microevolution was detected in half of the herds studied. Emergence of clonal
variants did not require long infection periods or a high number of infected animals in the
herd. Microevolution was not restricted to strains from specific spoligotypes, and the subtle
variations detected involved different MIRU loci. The genetic locations of the subtle
genotypic variations recorded in the clonal variants indicated potential functional
significance. This finding was consistent with the dynamics of most clonal variants, which
outcompeted the original strains, suggesting an advantageous phenotype. Our data
constitute a first step in defining the thresholds of variability to be tolerated in molecular
epidemiology studies d¥1. bovis We could therefore ensure that related clonal variants
emerging as a result of microevolution events are not going to be misinterpreted as

unrelated isolates.

Keywords: Mycobacterium bovjgmicroevolution, tuberculosis
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Bovine tuberculosis is caused mainly Mycobacterium bovigM. bovig. The
disease has a major impact on public health and can generate considerable financial loses.
Despite the implementation of eradication strategies in recent years, bovine tuberculosis
persists on some farms and can infect animals chronically over several years. Persistence
of bovine tuberculosis could facilitate clonally complex infections owing to the emergence
of clonal variants similar to those described kdycobacterium tuberculosifMTB) in
humans (Aga et al., 2006; Al-Hajoj et al., 2010; Navarro et al., 2011; Shamputa et al.,

2006).

The availability of a new highly discriminatory tool to fingerptit bovis namely
MIRU-VNTR, enabled us to reveal clonal variants coexisting in an infected animal (Biffa
et al.,, 2014; Navarro et al.,, 2015). Clonal variants have also been reported in
epidemiological studies (Costello et al., 1999; Firdessa et al., 2012), although they have not

been characterized in detail.

In a previous study (Rodriguez-Campos et al., 2013), MIRU-VNTR analysis of
farms infected byM. bovis strains belonging to the SB0121 spoligotype enabled us to
identify five farms where clonal variants differing at a single locus between them were
isolated, most likely owing to microevolution events. The limited observation time for the

microevolution events in this study prevented us from drawing robust conclusions.

Therefore, in the present study, we aim to determine whether microevolution can
also be detected in strains other than those belonging to the SB0121 spoligotype and to
establish the chronology of the microevolution events detected. An in-depth knowledge of
microevolution in infection byM. bovis can help us to better understand the adaptive
mechanisms involved in infection by this pathogen and to establish more accurately the

similarity thresholds that should be applied in molecular epidemiological studies.
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1. Materials and Methods

1.1. Farms

The farms studied were selected from the 68 farms in the region of Madrid
involved in bovine tuberculosis eradication programs between 2006 and 2011 and on
which M. bovishad been isolated. Spoligotyping data were available, and were taken into
consideration to ensure the variability of strains in the study sample. We selected farms
where the infection was present in the herd for more than 12 months and an identical
spoligotype involved during the infection had been detected. For spoligotypes other than
SB0121, we selected the six herds with the longest infection regardless of the spoligotype
involved. In addition, to ensure the presence of farms involving the SB0121 spoligotype,

we selected the two with the longest period of positivity.

1.2. M. bovis culture and genotyping

A total of 101 tissue samples from 101 animals were decontaminated and cultured
in Coletsos and Lowenstein-Jensen with pyruvate (Corner and Trajstman, 1988).
Spoligotyping was performed to identify and charactekizebovisisolates after boiling
pelleted cultures following the protocol described by Kamerbeek (Kamerbeek et al., 1997),
and profiles were assigned following a standard nomenclature (Smith and Upton, 2012).
MIRU-VNTR analysis was carried out by amplifying the 24 loci included in the 24 MIRU-
VNTR format (Navarro et al., 2011). In addition, QUB 11a and QUB 3232 were amplified

in a duplex reaction under the same conditions.
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1.3.MIRU-VNTR-based microevolution screening procedure

Sequential isolates from each farm were screened to determine the occurrence of
microevolution events according to the procedure described below. We analyzed the first
and last isolates using multiplex MIRU-VNTR; the mobilities between the band-patterns
were analyzed qualitatively in order to ascertain identity or differences (Fig. 1a). When the
mobilities of the MIRU-VNTR patterns in this first screening were identical (lack of
microevolution), a new round was performed for the second and penultimate isolates to
compare the mobility of the triplex patterns (Fig. 1b). Sequential new rounds of screening
following the same sampling scheme were performed until clonal identity was confirmed
for all the isolates available separated at least 12 months or, alternatively, identification of
differences in mobility (likely microevolution). In the latter case, microevolution was
confirmed by simplex MIRU-VNTR analysis of the three loci involved in the triplex
reaction to determine the genetic change and locus involved in the microevolution event
(Fig. 1c). Once this locus was identified, we used simplex PCR to screen for differences in

the remaining isolates from the farm (Fig. 1d).

1.3.1. MIRU-VNTR typing

DNA was purified from boiled isolates using a column-based purification method

(QlAamp DNA Mini Kit protocol; QIAGEN, Courtaboeuf, France).

- Multiplex format: MIRU-VNTR analysis was carried out as indicated before.
Amplicons were run in an agarose gel (2% MS-8; Pronadisa, Madrid, Spain) at 45V for
18.5 hours for qualitative analysis of their mobilities in order to establish differences

between them in the screening of microevolution events.
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- Simplex format: loci were amplified using Taq DNA Polymerase (Roche). Five
microliters of DNA was added to a final volume of @Ocontaining 1ul of DNA
polymerase (1U), @l of PCR reaction buffer with Mggl 200uM of each dNTP, 0.5M
of each primer, and different quantities of DMSO depending on the locus. One microliter
of DMSO was added to the QUB 3232 mastermiy] #as added to the MIRU 4, MIRU
26, MIRU 40, and QUB 11a mastermixes, angl @vas added to the MIRU 42, MIRU 43,
ETR-A, QUB 11b, 1955, and QUB 26 mastermixes. One microliter of Mdfiial
concentration 2 mM) was added for amplification of MIRU 4, MIRU 40, and QUB 11a.
Cycling conditions were one cycle at 95°C for 10 min, 40 cycles at 94°C for 60s, 59°C for
60s (54°C in case of MIRU 4, MIRU 26 and MIRU 40 loci), 72°C for 110s, and 72°C of 10
min. Amplicons were sized by running electrophoresis at 45V in an agarose gel (2% MS-8;

Pronadisa, Madrid, Spain) for 18.5 hours, and allelic values were assigned.
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2. Results

Chronic infection (13-156 months) was detected on 15 of the 68 farms (22%). We
selected eight for analysis. Two involved the SB0121 spoligotype (14-16 months), and six
were infected with other spoligotypes (SB0265, SB0339, SB0867, and SB1142) (22-156

months).

Four farms (infection by SB0121 in two, SB0265 in one, and SB1142 in one) did
not show any genetic change according to the MIRU-VNTR screening of microevolution
(Fig. 2a). The emergence of a clonal variant was determined in the remaining four farms
(SB0339 in two, SB0867 in one, and SB1142 in one) (Fig. 2b). Microevolution events
were not associated with the duration of the infection, number of animals on the farm, or

number of infected animals.

Microevolution was detected within five to 22 months (Fig. 2b); however, no
microevolution was detected on some of the farms with longer infection periods (Fig. 2a).
Microevolution was detected even on farms with a low number of animals (53) or infected
animals (2, 8, Fig. 2b), whereas microevolution was not detected on other farms with a

higher number of animals or infected animals (Fig. 2a).

A number of observations can be made with respect to the genetic changes caused
by microevolution (Fig. 2b). First, only a single locus was involved in each event. Second,
the number of repetitions differing between the microevolved variant and the parental
strain (either gained or lost) was one, two, or three. Third, the loci involved in the
microevolution events were MIRU 43, QUB 11a, QUB 3232, and MIRU 26. In order to
understand the potential impact of the subtle genetic changes occurring in the

microevolution events, we mapped the loci involved in the reference $traimovis
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AF2122/97. QUB 11la is located intragenically, in a region coding for proteins of the PPE
family. QUB 3232 and MIRU 43 are located upstream of genes that encode membrane
proteins, namely, an ammonium-transport membrane protein (amt) and a conserved
putative integral membrane protein (Rv0487), respectively. MIRU 26 is located upstream

and within gene Rv2680 (conserved hypothetical protein).

When we analyzed the dynamics of the microevolved variant that emerged within
the population, we observed different behaviors. On farm 94 (Fig. 2b), the clonal variant
outcompeted the initial strain. On farm 16, the variant was only transiently detected, and
on farm 52 it seemed to persist. The lack of more exhaustive sampling for the remaining

farm (145) prevented us from drawing firm conclusions.
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3. Discussion

Several studies have analyzed microevolution events leading to the emergence of
clonal variants in infection by. tuberculosis(Aga et al., 2006; Al-Hajoj et al., 2010;
Navarro et al., 2011; Shamputa et al., 2006). However, microevolution events in animal
tuberculosis remain largely unknown, and the few articles available (Costello et al., 1999;
Firdessa et al., 2012) are limited to isolated descriptions of the events and provide only a
snapshot of the phenomenon. In a previous study (Rodriguez-Campos et al.,, 2013), we
described the presence of clonal variants in herds infected by prevalent SB0121 strains.
However, we were unable to draw robust conclusions because the study was not expanded
to other spoligotypes, our sampling strategy was limited, few MIRU loci were used in the

analysis, and the observation period was short.

In this second analysis of microevolution events, we attempt to compensate for the
limitations of our previous study. First, we enhanced the discriminatory power of our
fingerprinting analysis by using the complete panel of 24 MIRU-VNTR loci for MTB
instead of the more limited sets based on a lower number of loci that is generally applied in
M. bovis(de la Cruz et al., 2014; Hauer et al., 2015; Malama et al., 2014; Ramos et al.,
2014; Rodriguez-Campos et al., 2013; Shimizu et al., 2014). Second, we surveyed
microevolution systematically, by covering sequential time points during the period of
infection instead of performing a cross-sectional survey based on a single time-point
(Malama et al., 2014; Ramos et al., 2014; Sanou et al., 2014). Finally, we included not only
the spoligotype in which we had previously described microevolution, namely SB0121, but
other, different spoligotypes in order to ascertain whether it was restricted to a specific

lineage or not.
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The optimized design of the present study revealed microevolution events leading
to the emergence of clonal variants in half of the farms analyzed, a proportion which was
completely unexpected. Nevertheless, considering that some animals with a positive
tuberculin skin test did not lead to a positive culture, and therefore could not be genotyped,
the true figures could therefore be even higher. Figures could also have been even higher if
we had applied whole genome sequencing, which offers the highest discriminatory power
(Acosta et al., 2015). However, this approach could not be adopted, because the strains
involved in the study were not viable and the amount and quality of DNA required for this

analysis was not available.

We detected microevolution in some of the MIRU loci known to be highly
discriminative, namely, QUB 1la and QUB 3232 (Velji et al., 2009). However,
microevolution was also found to involve loci with lower discriminatory power, such as
MIRU 26 (Bolado-Martinez et al., 2015; Boniotti et al., 2009; McLernon et al., 2010;
Rodriguez-Campos et al., 2013), and even in a locus considered to be poorly
discriminative, such as MIRU 43 (Allix et al., 2006; Boniotti et al., 2009). Therefore, many
microevolution events would have gone undetected if the MIRU-VNTR sets of analysis

commonly used to investigate the molecular epidemiology of M. baddeen applied.

The inclusion of a wide variety of spoligotypes enabled us to conclude that
microevolution was not limited to specific lineages. We showed that microevolution could

be found in spoligotypes other than SB0121.

It is important to define the thresholds of variability to be tolerateM.irbovis
molecular epidemiology studies. Our data lead us to propose that these thresholds should
tolerate differences of up to three repeats in a hypervariable locus or two in a stable one to

ensure that related clonal variants are not going to be misinterpreted as unrelated isolates.
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However, similar studies should be performed in various settings before proposing strict

similarity cutoffs in molecular epidemiology studies involving M. bovis

We initially expected microevolution to be time-dependent, namely, the longer the
infection period, the higher the probability of detecting subtle clonal variations in the
population of infecting strains. This was the reason we selected long-term, chronically
infected herds. However, the analysis of farms where microevolution was detected
revealed that time dependence was not as strict as expected. In some events,
microevolution was detected very quickly (only five months after starting the analysis),
whereas in farms with long infection times (156 months), microevolution did not occur.
Similarly, we assumed that herds with a higher number of animals or infected animals
would be more likely to reveal microevolution, as the stress and adaptation efforts
associated with establishing new infections could facilitate selection of genotypic
variations. However, no microevolution events were detected in some large herds (305

animals), and clonal variants were found on farms with much smaller herds (53 animals).

Given the lack of association between the environmental/epidemiological features
that were initially assumed to facilitate microevolution and our findings, our data suggest
that differences in the tendency to microevolve could depend omiheovis strains
themselves and not on external environmental factors. A similar hypothesis has been
proposed forM. tuberculosis and specific representatives from certain lineages are
considered to be more prone to acquire variability than others (Ebrahimi-Rad et al., 2003),

regardless of the time of infection and the number of hosts infected.

All the clonal variants showed only subtle genotypic differences (involving only
one locus) with respect to the parental strain, as expected for changes due to

microevolution. Such minor changes are not expected to be functionally significant.
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However, various studies on MTB found a functional impact of equivalent subtle
genotypic variations on expression of neighboring genes or on the improvement in
antigenic variability (Perez-Lago et al., 2011; Tantivitayakul et al., 2010;
Yindeeyoungyeon et al., 2009). An equivalent scenario is possibM. foovis When we
analyzed the genetic context of the variations detected in our study, some mapped at
locations where a functional impact could be likely. One such variation (involving locus
QUB 11a) mapped in a gene coding for a PPE protein and could modify its antigenic
properties. The three other microvariations involved the loci QUB 3232, MIRU 43, and
MIRU 26, which map upstream of coding genes. Therefore, subtle variations could impact
on the expression of adjacent genes, as previously demonstrated for MTB (Perez-Lago et

al., 2013).

In addition to thisin silico analysis of the potential functional impact of the
microevolution detected iM. bovis, observation of the behavior of clonal variants once
they have emerged could help us to understand whether the variations acquired were
advantageous or not. In three out of four events (farms 94, 52, and 145), the clonal variant
outcompeted and replaced the original strain. In the remaining event (farm 16), the variant

that emerged was only transiently detected, probably owing to incomplete sampling.

In summary, our systematic analysis of microevolution even imovisinfection
supports the potential emergence of related clonal variants, a finding that is more common
than initially assumed. Microevolution iM. bovis does not seem to depend on long
infection periods, a high number of animals, or a high number of infected animals in the
herd and is not restricted to specific strains. It could be hypothesized that the tendency to
microevolve or not was more strain-dependent than environmentally mediated. The genetic

locations of the subtle genotypic variations recorded in the clonal variants that emerged
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indicate potential functional significance. This functional significance is consistent with
the enhanced representativity of clonal variants after emergence, thus suggesting an
advantageous phenotype. Our data will help to define the thresholds of variability to be
tolerated inM. bovismolecular epidemiology studies, to ensure that related clonal variants
are not going to be misinterpreted as unrelated isolates, in order to increase precision in

molecular epidemiology studies involving M. bovis
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Figure 1.Screeningorocedure to determine microevolution events. Only one triplex

is shown for purposes of simplificatic a) Qualitative comparison of mobilities of t
three-band multipleMIRU-VNTR patterns, starting with the first and last isol
(identical patters: A and A. b) Qualitative comparison of mobilities of the th-band
multiplex-MIRU-VNTR patterns for the second and penultimisolates (identical
patterns: A and A). c) When differences in mobility were detected betwethree-band
multiplex MIRU-VNTR patterns (A and B), simplex PCR of the three loci involved (lo
2 and 3 in the example, letters are arbitrary) was performed to determine the allelic
(X, Y, Z, K, letters are arbitrary) for each loci. The amplicon of the locus involvece

microevolution event (locus 2 in the example) is indicated by an asterisk. d) Once tt
involved in the microevolution event was determined in c), it was screened by s

PCR for the remaining isolates to determine whether it harboured the allelic values
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Discusion

El desarrollo de las distintas herramientas de genotipado dirigidas a la
caracterizaciéon de cepas de Mycobacterium tuberculosis (MTB) y Mycobacterium bovis
(M. bovis) ha permitido optimizar la investigacién de sus dindmicas de transmisién y ha
conducido, por tanto, a un mejor confrol de la tuberculosis humana (TB) y bovina (TBb).
Durante el proceso de desarrollo e implementacién de estas técnicas de genotipado, se
han modificado los esquemas metodoldgicos aplicados. De este modo, en un inicio, la
técnica de RFLP-IS6110 fue ampliamente usada como técnica de referencia para la
redlizacién de estudios poblacionales de epidemiologia molecular de TB y de
caracterizacion de brotes especificos (Edlin et al., 1992; Small et al., 1994; van Deutekom
et al., 1997; van Soolingen et al., 1999). Este método fue posteriormente sustituido por la
técnica de MIRU-VNTR, que aportd las ventajas de ser una técnica mds réapida y sencilla y
con mayor poder de discriminacion que la de referencia (Joseph et al., 2013; Nabyonga
et al., 2011). Por otra parte, en cuanto al estudio molecular de la transmisién por M. bovis,
la técnica de referencia tradicionalmente aplicada fue inicialmente el espoligotipado
(Aranaz et al., 1996; Gutierrez Reyes et al., 2012). Sin embargo, su insuficiente poder de
discriminacién, que se ha demostrado tras su aplicacion en algunas poblaciones (Costello
et al., 1999; Hewinson et al., 2006; Skuce et al., 2005), estd propiciando el inicio de su
sustitucion por la técnica MIRU-VNTR, impulsado por el éxito de su aplicacion en MTB (Allix
et al., 2006; Marianelli et al., 2015; Sun et al., 2012).

La utilizacién de las técnicas de genotipado con fines de epidemiologia molecular
revelé una potencial aplicabilidad para la caracterizacién de la composicién clonal de
la poblacién bacteriana que infecta a un individuo. Con anterioridad a la aplicacion de
estas estrategias de genotipado, se aceptaba la asuncion general de que cada
infeccion por MTB o M. bovis, estaba causada por una sola cepa. Sin embargo
comenzaron a detectarse modalidades de infeccidon por MTB que ponian en cuestiéon la
citada asuncién. De esta forma, el genotipado desveld que una parte de las recurrencias
estaban producidas por cepas diferentes a las causantes del primer episodio
(reinfecciones) (Bandera et al., 2001; Garcia de Viedma et al., 2002; Glynn et al., 2010;
Jasmer et al., 2004). Asimismo, se describieron casos de pacientes coinfectados por mas
de una cepa (infeccidén mixta) o con presencia de variantes clonales procedentes de
una misma cepa parental (infeccién policlonal) (Al-Hajoj et al., 2010; Andrade et al., 2009;
Shamputa et al., 2006; Shamputa et al., 2004; Warren et al., 2004). Estudios mads
exhaustivos han demostrado cémo algunas infecciones mixtas o policlonales pueden
estar compartimentalizadas, con diferente representatividad de las cepas o variantes
clonales en diferentes tejidos infectados (Andrade et al., 2009; Bernard et al., 2014; Garcia
de Viedma et al., 2006). La técnica de MIRU-VNTR, responsable de un gran avance en los

estudios de epidemiologia molecular, ha demostrado ser un método optimo para
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identificar y caracterizar este fipo de infecciones clonalmente complejas dada su
eficacia para detectar la presencia simultdnea de cepas o variantes y, especialmente, su
elevada sensibilidad para idenfificarlas cuando alguna de ellas se encuentra

infrarrepresentada.

Sin embargo, si repasamos la literatura centrada en la identificacion vy
caracterizacion de infecciones complejas por MTB, podemos identificar una serie de
limitaciones a las que se deberia dar respuesta. Asi, los estudios disponibles son
generalmente descripciones de casos anecddticos (Al-Hajoj et al., 2010; Andrade et al.,
2009), o anadlizan este fendmeno de modo restringido a determinados linajes o a
siftuaciones especiales como es la coexistencia de cepas con diferentes fenotipos de
sensibilidad de MTB (van Rie et al., 2005; Warren et al., 2004). En aquellos estudios en los
que se ha abordado un estudio mds sistemdtico de las infecciones complejas por MTB
con una base poblacional se han seleccionado entornos geogrdaficos con una alta
incidencia de TB (Cohen et al., 2011; Dickman et al., 2010; Shamputa et al., 2004) que
facilitan la sobreexposicion (Shamputa et al.,, 2006) y limitan la posibilidad de hacer
extensivas sus conclusiones a entornos de incidencia mds moderada. En cuanto al
abordaje de este problema en la TBb, los estudios se encuentran en fases mucho mds
preliminares que en la TB humana. La descripcion de infecciones complejas es mucho
mds esporddica y mayoritariamente reciente (Biffa et al., 2014; Biffa et al., 2010; Lamine-
Khemiri et al., 2014), como resultado del retraso que estd experimentando la
implementaciéon de la técnica MIRU-VNTR, lo que obliga al desarrollo de formatos de
andlisis optimizados y automatizados, equivalentes a los disponibles en MTB, que permitan
acelerar el estudio de estos fendmenos en M. bovis hasta alcanzar la situacion del

conocimiento obtenido en MTB.

Ademds de las limitaciones de la literatura antes expuestas en cuanto al estudio
de las infecciones complejas, debemos anadir que los esfuerzos realizados en el estudio
de estos eventos, ademds de escasos, han sido meramente descriptivos desde un punto
de vista microbiolégico. Sin embargo, seria interesante realizar un andlisis de las
circunstancias y consecuencias clinico-epidemiolégicas que rodean al fendmeno de las
infecciones complejas. Asimismo, una de las modalidades de infeccion compleja, la
infeccion policlonal, nos ofrece la oportunidad de profundizar en los fendmenos
implicados en la adquisicidon de variabilidad por este patdégeno en el seno de la
infeccion, probablemente explorando vias de adquisicion de mayor eficacia infectiva
mediante microevolucion. Sin embargo, el tratamiento dado por la literatura al respecto
es, de nuevo, meramente descriptivo, sin prestar atencidon al posible significado funcional

que pudieran tener los cambios gendmicos sutiles que aparecen en una variante clonal.
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En este sentido algunos estudios apuntan a que variaciones en el niUmero de repeticiones
de MIRU-VNTR pueden conducir a un efecto funcional, bien modulando la expresién de
los genes adyacentes o bien modificando la funcién de las proteinas afectadas (Akhtar
et al., 2009; Olsen et al., 2009; Tantivitayakul et al., 2010; Yindeeyoungyeon et al., 2009). Sin
embargo, carecemos de estudios que valoren diferencias funcionales entre variantes
clonales identificadas en el seno de una misma infeccidn. Asimismo, es necesario abordar
de un modo integrado el estudio del significado funcional de la microevolucion
abarcando i) el andlisis in silico de los cambios detectados entre las variantes clinicas
reveladas mediante las distintas técnicas de genotipado, incorporando la variabilidad en
SNPs identificada mediante las nuevas estrategias de secuenciacion de genoma
completo, ii) el estudio de los genes implicados en la microevolucién mediante la
realizacion de ensayos de expresion y finalmente iii) la evaluacion final de diferencias
funcionales en estudios de infectividad apoyados tanto en modelos celulares como

animales que exploren el comportamiento infectivo de Ias variantes.

Por Ultimo, y aln en referencia a las infecciones por variantes clonales, no se
presta atencidon al hecho de que la microevolucidon es un fendmeno dindmico vy la
mayoria de trabagjos centrados en el estudio de infecciones policlonales ofrecen una
vision del evento restringida a un momento de observaciéon puntual. En este sentido, seria
de gran utilidad poder monitorizar las dindmicas de microevolucién y la cronologia de
aparicion de variantes clonales en situaciones de infeccidn cronica, para profundizar en
las causas relevantes que rigen cudndo y cdmo una cepda microevoluciona vy las

circunstancias que facilitan estos fenédmenos.

El intento de abordar las limitaciones expuestas anteriormente constituye el
armazén de esta tesis doctoral, que se dirige a hacer avanzar los aspectos
metodoldgicos, analiticos y conceptuales que rodean al estudio del fenédmeno de las

infecciones clonalmente complejas en la infeccién por MTB y M bovis.

1. Descripcion de eventos de complejidad clonal en infecciones causadas por

M. tuberculosis y M. bovis

Como resultado de la falta de estudios que aborden el fendbmeno de las
infecciones clonalmente complejas de un modo sistemdtico, con base poblacional y en
un escenario epidemiolégico que por su tasa de incidencia no favorezca la
sobreexposicion, decidimos abordar un estudio que compensara las limitaciones
mencionadas y permitiera conocer la dimensidon de infecciones complejas. Con la idea
de aumentar la exhaustividad del estudio perseguimos dos aspectos: i) incluir casos tanto

con TB pulmonar exclusivamente como con TB pulmonar y extrapulmonar vy ii) cubrir el
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espectro completo de modalidades de infecciones clonalmente complejas: coinfeccién
con cepas diferentes y coexistencia de variantes clonales, considerando en ambos casos
las opciones de encontrar ambas cepas/variantes en el pulmdn o por el contrario,
encontrarlas diferencialmente distribuidas (infeccién compartimentalizada) en tejido

pulmonar y extrapulmonar.

Nuestro estudio permitid identificar todas las modalidades de infeccién
clonalmente complejas antes mencionadas y establecer el porcentaje en el que ocurre
en circunstancias no seleccionadas. Los datos indican que éstas no ocurren Unicamente
de modo esporddico, sino que en ocasiones alcanzan frecuencias mayores a las
esperadas. Asi, en cuanto a la versidn de infeccion compleja considerada inicialmente
como mds extrema e infrecuente, la infeccion compartimentalizada, se identificd en un
14% de los casos. Estas frecuencias son inesperadamente elevadas, mdxime cuando
consideramos que deben de estar reflejando cifras de minimos, dada la simplificacion del
muestreo realizado en nuestro estudio, un Unico aislado por paciente de cada tejido
infectado. Diversos estudios han demostrado que a medida que incrementamos el
nUumero de aislados genotipados, es posible desvelar infecciones complejas que hubieran
sido consideradas como homogéneas a partir del andlisis de un Unico aislado (Peng et
al., 2013; Shamputa et al., 2006).

Como ya se ha mencionado anteriormente, la aplicacién de la técnica de MIRU-
VNTR resulta clave para desvelar correctamente los casos con infecciones complejas. Asi
observamos coémo, en los casos con infeccion exclusivamente pulmonar, la aplicacién de
la técnica estdndar RFLP-IS6110 no hubiera identificado las infecciones complejas. Las
claras limitaciones de la técnica de RFLP para detectar la coexistencia de
cepas/variantes en un mismo aislado ha quedado demostrada en éste y otros estudios
previos, puesto que generalmente requiere de la identificacién de bandas de hibridacion
de baja intensidad, dificiles de diferenciar de bandas residuales de hibridacién, lo que
implica un elevado grado de experiencia para su correcta interpretacién y conlleva una
elevada inespecificidad en cuanto a la asignacion (Allix et al., 2004; Cohen et al., 2012;
Huyen et al., 2012). Ademds, en cuanto a los casos con infecciéon tanto pulmonar como
extrapulmonar, la menor discriminacion de la técnica RFLP hubiera perdido parte de los

casos complejos desvelados por la técnica MIRU-VNTR.

Puesto que la filosofia de esta tesis era la de abordar en lo posible el estudio de las
infecciones clonalmente complejas tanto en MTB como en M. bovis, el siguiente paso era
el de intentar comenzar a obtener informacion al respecto de la complejidad clonal en la
TBb. De este modo realizamos un primer estudio, no tan ambicioso como el abordado en

MTB, pero que comparte las exigencias de sistemdtico y poblacional, aunque ahora
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centrado en rastrear Unicamente una modalidad de infeccion clonalmente compleja, la
mds extrema, la infeccidn compartimentalizada, en un entorno epidemioldgico, Asturias,
de baja incidencia de TBb. El genotipado sistemdtico mediante espoligotipado, de varios
linfonodos de cada animal, arrojé cifras de infeccion compartimentalizada
inesperadamente elevadas (11%), equivalentes al obtenido en el andlisis equivalente en
TB humana. Los pocos estudios que exploran este fendbmeno se han realizado en entornos
epidemioldgicos de alta incidencia de TBb como Etiopia, donde alcanzan cifras de hasta
el 50% de los casos (Biffa et al., 2014; Furphy et al., 2012). Sin embargo, esta alta incidencia

asi como la falta de estrategias de control pueden justificar esos porcentaijes.

Sin embargo, al igual que la técnica de RFLP-IS6110, el espoligotipado es un
método muy deficiente para la identificacion de coexistencia de cepas/variantes (Huyen
et al., 2012). Los datos derivados del estudio en la TB humana indicaban que la aplicacion
de MIRU-VNTR era esencial para garantizar una identificacion eficaz de infecciones
complejas. Esta observacion obligaba a contar asimismo con una metodologia
equivalente para andlisis en M. bovis. Sin embargo, la experiencia acumulada en M. bovis
con respecto a la técnica MIRU-VNTR era marcadamente menor que en MTB, y no se
disponia de un formato consensuado de andlisis que facilitara la identificaciéon de
infecciones complejas (Ameni et al., 2010; Biffa et al., 2010; Gutierrez Reyes et al., 2012;
Milian-Suazo et al., 2008; Rodriguez-Campos et al., 2013). En este sentido, siendo
conscientes de la falta de una metodologia adecuada, nuestro objetivo fue optimizar y
adaptar un formato de andlisis idbneo para M. bovis, que aunara una elevada
sensibilidad de deteccidén con un andlisis estandarizado. En este sentido adaptamos la
estrategia que habia sido desarrollada para MTB, basada en andlisis MIRU-VNTR
multiplexado con separacion de fragmentos en electroforesis capilar y asignacion
automdtica de alelos (Supply et al., 2006). Este disefo resulta éptimo para detectar tanto
infecciones mixtas como para detectar cepas/variantes infra-representadas (Garcia de
Viedma et al., 2005a). El esquema de multiplexado permite una mayor automatizacién de
la técnica, reduciendo asi los posibles errores que pueden producirse en asignaciones o
franscripciones de valores alélicos. Ademds, este formato simplifica la realizacién de la

técnica y reduce los tiempos de obtencidon del MIRUtipo.

Volviendo al estudio de compartimentalizacién en TBb, quisimos aplicar el nuevo
formato de MIRU-VNTR multiplexado para refinar el estudio. De este modo, la alta
sensibilidad de MIRU-VNTR para identificar variantes minoritarias permitié asegurar que la
compartimentalizaciéon propuesta por el andlisis de espoligotipado era estricta, con la
presencia de una Unica cepa diferente en cada tejido. Ademds, la superioridad del

nuevo formato de MIRU-VNTR multiplex para la identificacién de infecciones complejas
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guedo evidenciada tras el estudio de uno de los casos, en el cual se disponia de un
cultivo de un pool de tejidos, y en el que se reveld una infeccidén mixta que habia pasado

desapercibida para el espoligotipado.

Finalmente, considerando la alta probabilidad de que MIRU-VNIR se convierta en
el método de referencia para el genotipado de M. bovis con fines de epidemiologia
molecular, el formato de andlisis MIRU-VNTR multiplexado puesto a punto en esta tesis,
facilitaria la transicion a un formato de alto rendimiento capaz de dar respuesta a los
interrogantes del trabajo de campo. La flexibilidad del formato permite adaptarlo a
diferentes escenarios epidemioldgicos, seleccionando la combinacidon de loci mds
idéneos y discriminativos en funcidén de la composicidn de cepas circulantes en cada
entorno. De esta forma, en nuestro contexto, debido a la existencia de un espoligotipo
prevalente (Rodriguez et al., 2010), seria posible adaptar el formato a una estrategia de
andlisis en dos etapas, la primera basada en la aplicacidén de una Unica PCR ftriplex que
engloba 3 de los 4 loci mds discriminativos para dicho espoligotipo (Rodriguez-Campos et
al., 2013), y una segunda etapa extendida a loci adicionales que Unicamente seria

aplicada en casos que requirieran de una mayor capacidad de discriminacion.

2. Factores relacionados con la aparicidn de infecciones clonalmente complejas

Una vez analizada la dimensidon que pueden alcanzar las infecciones complejas
desde un punto de vista clonal, tanto por MTB como por M. bovis, y definidas las
estrategias metodoldgicas mds iddéneas para asegurar su deteccién, parecia oportuno
reflexionar acerca de los posibles factores que pudieran favorecer su aparicién. De este
modo se podria intentar identificar las circunstancias clinico-epidemioldgicas en las que

sea mds probable encontrar este tipo de infecciones.

Dada la diferente naturaleza de las dos modalidades de infecciones complejas
manejadas en esta tesis era necesario proceder al andlisis de los factores favorecedores
de modo independiente ya que las circunstancias que debieran conducir a la existencia
de infecciones mixtas por cepas diferentes probablemente difieran de las que se asocian

a la aparicién de infecciones policlonales, con la participacion de variantes clonales.

2.1. Factores relacionados con la aparicidon de infecciones mixtas.

A la hora de analizar las posibles situaciones clinico-epidemioldgicas que pueden
conducir a la aparicién de un caso de TB con infeccidn mixta podriamos considerar
diferentes escenarios, entre ellos: la coinfeccidén simultdnea a partir de un caso que

presentara, asimismo infecciéon mixta (Braden et al., 2001); la sobreinfeccion con una
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cepa diferente a la implicada en el episodio del caso (Chaves et al., 1999; Mankiewicz y
Liivak, 1975); vy la reactivacién de una infeccién latente como consecuencia de una
infeccion reciente con una cepa diferente. La dificultad inherente a la trazabilidad de las
rutas de transmision en TB hace complicado poder identificar con precision cudl de las
explicaciones anteriores estd detrds de cada caso identificado con infeccion mixta,
especialmente en un entorno de moderada incidencia como el que nos ocupa. En
nuestros estudios, hemos intentado apoyarnos en la informacion clinica y epidemiolégica
de los pacientes, asi como en los datos de epidemiologia molecular poblacional
disponibles en nuestro grupo para intentar aproximarnos a las explicaciones mds

probables para los casos identificados.

Atendiendo a la informacién epidemioldgica, la identificacion de circunstancias
en las que la exposicidén a mds de un caso infeccioso sea posible, permitiria etiquetar a los
casos cuya infeccidn mixta haya podido ser causada por coinfeccidén o sobreinfeccion.
En nuestro estudio, casi la mitad de los casos estudiados, correspondian a pacientes bien
sin hogar, o bien que habitaban en viviendas compartidas, generalmente en condiciones
precarias, lo que facilitaria la exposicidn a casos infecciosos. Esta hipdtesis pudo
reforzarse, en algunos de los casos, gracias a los datos de epidemiologia molecular,
puesto que las cepas implicadas en esas infecciones mixtas formaban parte de cadenas
de transmisién (clusters) activas en su poblacién, lo que es indicador de que las cepas

estaban circulando activamente en su entorno.

Por ofro lado, la explicacién alternativa de que la infeccidn mixta pueda ser
resultado de una reactivacién coincidente con una infeccién reciente, requiere para su
consideracion la documentacién de la existencia de un episodio de TB previo en el
paciente. Esta situacidon pudo encontrarse en un Unico caso, que correspondid a un
paciente de origen ghanés coinfectado con M. tuberculosis y M. caprae. El hecho de
gue las infecciones con M. caprae sean exiremadamente infrecuentes en Espana
(Rodriguez et al., 2009), abre la posibilidad a que la infeccion por esta especie del
complejo MTB haya sido adquirida en el pais de origen del caso y hace plausible que el
episodio actual corresponda con una reactivacion coincidente con una infeccidn
reciente por MTB. La hipdtesis de reactivacién coincidente con infeccion reciente por
ofra cepa puede intentar soportarse en los datos de epidemiologia molecular. En este
caso esperariaomos que una de las cepas implicadas en la infeccidn mixta fuera
identificada en algun cluster de esa poblacién, lo que indicaria circulacién activa,
mientras que la ofra cepa resultara huérfana, indicador de que esta cepa no circula ya

en ese entorno poblacional y por tanto puede corresponder a una reactivaciéon de una
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infeccidn acontecida en el pasado. Estos condicionantes fueron cumplidos por tres de los

casos con infeccidon mixta.

De los dos escenarios manejados como posibles facilitadores de infeccidén mixta,
este Ultimo, el de la reactivacion de una TB pasada coincidente con una infeccidn
reciente por una cepa diferente, puede parecer el mds inverosimil. Con el fin de
comprobar si era posible localizar algun caso que reflejara con una elevada probabilidad
esta causa de infeccion mixta dedicamos esfuerzos a rastrear la presencia de este
paciente modelo en nuestro entorno. Como resultado, identificamos un paciente
candidato, representante de una infeccién mixta por dos cepas de MTB, que ademds,
mostraban diferente sensibilidad antibidtica, siendo una cepa multirresistente y la otra
pansensible. Tras aglutinar las observaciones de los ensayos diagndsticos moleculares y
fenotipicos, con los datos clinicos y epidemioldgicos del paciente, asi como con los datos
de epidemiologia molecular de las cepas implicadas en la infeccion mixta, fue posible
sustentar una explicacién para este caso. Los datos reforzaban que la causa de esta
infeccion mixta era la coincidencia de i) una reactivacién de una cepa MDR que habia
sido adquirida 3 anos antes como resulfado de un contacto domiciliario prolongado con
un caso con TB por esa misma cepa MDR, y de ii) la infeccién reciente por una cepa
sensible que se encontfraba activamente circulando en el entorno epidemiolégico del
caso. La existencia de un caso modelo de estas caracteristicas en un escenario
epidemioldgico de moderada incidencia de TB y con baja prevalencia de resistencias
sugiere que es posible encontrar circunstancias que conduzcan a infecciones mixtas
derivadas de causas complejas mds alld de los entornos de elevada prevalencia donde

generalmente se asume que estdn restringidas.

En relacién al estudio paralelo de infecciones complejas por M. bovis, por
dificultades inherentes a la limitaciéon de la informacion que es posible obtener de los
eventos de TBb nos focalizamos a intentar documentar como causa posible de las
infecciones mixtas identificadas, la sobreinfeccidn por dos cepas que se encuentren
circulando de manera independiente en la poblacién, en este caso la explotacion. La
demostracién de esta hipdtesis requiere disponer de muestreos exhaustivos del resto de
animales enfermos en las explotaciones en las que se identifique un animal con infeccidn
mixta. Lamentablemente, en nuestro estudio no existian esos aislados adicionales mas
gue en un numero reducido de explotaciones, con lo que esta hipdtesis pudo ser
confirmada en un Unico caso. En el resto de las explotaciones en las que se detectd un
animal con infeccidn mixta, bien no se identificaron las cepas implicadas en otros
animales enfermos o bien no constaban animales adicionales infectados. Sin embargo,

hay que tener en cuenta que la dindmica de exposicion y tfransmision en la TBb se puede
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extender mds alld de la propia explotacion, debiéndose contemplar la posibilidad de
contacto con animales salvajes o interaccidén en pastos contaminados, que pudieran

constituir eslabones de transmisién entre explotaciones cercanas (de la Cruz et al., 2014).

2.2. Factores relacionados con la aparicidon de infecciones policlonales

A la hora de analizar las circunstancias clinico-epidemiolégicas asociadas a la
aparicion de infecciones policlonales, el planteamiento debe ser diferente al expuesto
con anterioridad para la ofra modalidad de infecciones complejas, las infecciones
mixtas. Es importante recordar que en el caso de las infecciones policlonales nos
encontramos ante la coexistencia de variantes clonales relacionadas filogenéticamente.
Esta relacién se delbbe a que, a partir de una cepa parental, mediante fendmenos de
microevolucion se generan cambios gendmicos sutiles que dan lugar a la/s variante/s
clonal/es (Casali et al., 2012; de Boer et al., 2000; Kato-Maeda et al., 2013).

Por tanto, a la hora de definir las circunstancias que pudieran favorecer las
infecciones policlonales, resulta obvio que deben ser aquellas que ofrezcan una ventana
temporal suficientemente amplia para que la cepa pueda experimentar esos eventos de
microevolucién (Colangeli et al., 2014; Eldholm et al., 2014; Merker et al., 2013). Este
intervalo temporal podria conseguirse en circunstancias de demora diagndstica
prolongada, si estamos considerando una infeccidon activa (Al-Hajoj et al., 2010).
Asimismo, podriamos considerar que durante un periodo de latencia podria ofrecerse esa
ventana temporal necesaria para que acontezcan los fendbmenos de microevolucion si
interpretamos el periodo de latencia como un periodo con cierto nivel de divisién del

bacilo (Colangeli et al., 2014).

Tras analizar los datos clinicos y epidemiolégicos de los pacientes con infecciones
policlonales, sélo algunos de los casos en los que se disponia informacién de demora
diagndstica, mostraron un periodo suficientemente extenso como para permitir la
generaciéon de las variantes clonales. En cuanto a la existencia de un episodio de TB
previa que pudiera haber aportado un periodo de latencia previa a la deteccién de la
infeccidon policlonal, sdlo se pudo documentar en tres casos. Por tanto, aunque habia una
parte de pacientes en los que las infecciones clonales pudieran acogerse a los perfiles
hipotéticos comentados, parecia claro que podian encontrarse infecciones policlonales
fuera de los escenarios planteados. Esto nos llevd a considerar una nueva opcion, la
posibilidad de que los casos en los que se habia identificado infeccién policlonal hayan
sido meros receptores de la complejidad clonal generada en el caso que les infectd, bien
a su vez por demora diagndstica o bien por variabilidad generada durante una fase de

latencia en ese caso indice. Intentamos buscar apoyo para esta hipdtesis alternativa
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mediante el rastreo de las cepas implicadas en las infecciones policlonales en ofros
miembros de la poblacién apoyados en los estudios disponibles de epidemiologia
molecular poblacional. Sin embargo no se identificaron estas cepas en ofros casos de la

poblacién.

El hecho de que se observaran infecciones policlonales sin que fuera posible
identificar alguna circunstancia clinica-epidemiolégica que lo justificara nos hizo
profundizar en los aspectos que pudieran regular la emergencia de variantes clonales.
Eramos conscientes de que el estudio de un fenémeno dindmico como la microevolucién
no debia abordarse con estudios en los que Unicamente observdbamos un instante del
proceso infeccioso de cada paciente. La comprension mds detallada de los eventos de
microevolucidn que conducen a las infecciones policlonales requiere de una
aproximacion diferente, idealmente a través de modelos de infeccién prolongada o
crénica. Por causas obvias no es posible contar con este tipo de modelos en TB humana,
sin embargo, recordemos de nuevo nuestro interés de abordar en paralelo el estudio de
estos fendmenos en TBb. En este sentido, la existencia de explotaciones de animales
cronicamente infectados con M. bovis nos brindé una excelente oportunidad para
estudiar cronoldgicamente los fendmenos de microevolucidn asi como los posibles
factores que influyen en su generacién, debido a un muestreo continuo exhaustivo de
animales infectados. Con este fin se monitorizaron diferentes cepas de M. bovis
responsables de infecciones crénicas en explotaciones independientes. De nuevo
observamos que la apariciéon de variantes clonales no estaba exclusivamente asociada a
las circunstancias con las que, intuitivamente, debian estar relacionadas (duracion de la

infeccion persistente en la explotacién o nimero de animales infectados).

Como resultado de la constatacidon de que era posible detectar infecciones
policlonales tanto en MTB como en M. bovis independientemente de que se cumplan los
factores clinicos y epidemioldgicos esperados, pasamos a evaluar la posible participacion
adicional de factores propios de la cepa en estos eventos. Nuestro nuevo planteamiento
conducia a considerar, como hipdtesis complementaria, el que diferentes cepas
pudieran mostrar diferente tendencia a microevolucionar y por tanto que las infecciones

policlonales pudieran estar asociadas a la infeccién por determinadas cepas.

En esta nueva linea de trabajo, resultaria de utilidad la identificaciéon de cepas
qgue mostraran un comportamiento en microevolucién opuesto al esperado por los
factores del entorno. En ofras palabras, cepas que no microevolucionaran a pesar de
tener oportunidades vy, por el contrario, cepas con una tendencia a microevolucionar
aun en situaciones inesperadas. Afortunadamente pudimos identificar una cepa modelo

de cada uno de estos comportamientos, lo que apoyaba la participacion adicional de
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factores puramente bacterianos en los eventos de microevolucion que pueden conducir

a la aparicién de infecciones policlonales.

La existencia de cepas sin capacidad de microevolucionar a pesar de tener
oportunidades quedd ejemplificada gracias al estudio en profundidad de un caso
infectado persistentemente durante 8 anos con una misma cepa. Este paciente reunia las
condiciones idoneas para la generacién de variantes clonales ya que, durante los 8 aios,
no realizé una adecuada adherencia al tratamiento. Esto ofrecia una enorme ventana
temporal a la cepa para microevolucionar, mucho mds prolongada que las demoras
diagndsticas que habiamos considerado con anterioridad. Sin embargo, tras el andlisis de
los distintos aislados mediante técnicas de genotipado convencional, e incluso mediante
secuenciacion de genoma completo, no se observd ninglin tipo de modificacion

gendmica, ni siquiera SNPs.

Por otro lado, el estudio exhaustivo de otro caso de infeccidon por MTB, nos facilitd
la cepa modelo de alta tendencia de microevolucidn en situaciones que no lo
propiciaban. La cepa correspondié a un paciente con microevolucién en el seno de una
recurrencia. La variabilidad adquirida afectaba a diferentes marcadores y era detectada
por diferentes técnicas de genotipado (RFLP-IS6110 y MIRU-VNTR), Asimismo, se
identificaron 11 SNPs diferenciales entre ambas variantes que correspondian a dos
variantes independientes de dos rutas evolutivas diferentes a partir de una cepa parental.
Una nueva variante clonal adicional a las dos identificadas en muestras clinicas surgié en
el seno de un ensayo de infeccion en macréfagos, tras sélo 7 dias del inicio de la

infeccion.

Por tanto, la identificacidn de dos cepas con tendencias tan marcadamente
diferenciales en cuanto a la capacidad de microevolucionar apoya la existencia de
factores bacterianos implicados en la aparicion de infecciones policlonales, que
complementan a los clinico-epidemioldgicos. Otros autores han propuesto asimismo que
algunas cepas muestran una tendencia incrementada a adquirir variabilidad, lo que

entra en sintonia con nuestra propuesta (Ebrahimi-Rad et al., 2003).

3. Estudio del impacto funcional de los cambios gendmicos generados durante la

microevolucién

El cardcter estable de Mycobacterium tuberculosis, desde un punto de vista de
variabilidad genética, condicionado por su baja tasa de division, ausencia de pldsmidos
y reducida recombinacién (Gutacker et al., 2002; McEvoy et al., 2007), induce a

considerar que cualguier cambio genotipico debiera conllevar algun tipo de ventaja
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adaptativa. El hecho de que podamos detectar un cambio genotipico sutil significa que
éste ha sido fijado desde una representacion poblacional minoritaria en la que surge por
azar. Por tanto, esta fijacion debiera de aportar algun tipo de ventaja a la variante que lo
adquiere y por tanto tendemos a asumir que el citado cambio debe de tener un
significado funcional. Algunas de las observaciones derivadas del estudio cronoldgico de
microevolucion en M. bovis asimismo sugieren que los cambios gendmicos adquiridos
parecen conferirle a la bacteria algun tipo de ventaja puesto que pudimos observar
coémo las variantes que emergen en el seno de las infecciones crénicas son capaces de
reemplazar a la cepa parental. Estos aspectos justifican que el fin Ultimo del estudio de

microevolucion sea el de intentar profundizar en su significado funcional.

El primer abordaje conllevé una primera aproximacién in silico del posible papel
funcional que potencialmente pudieran conllevar los cambios gendmicos identificados.
Desde el punto de vista de la variabilidad generada por las modificaciones detectadas
en las secuencias de insercidn 1S6110, observamos cémo éstas se encontraban en genes
gue codificaban para diferentes enzimas y proteinas, o que conlleva una evidente
implicaciéon en la modificacion o incluso eliminacion de la funcién de estas proteinas. En
cuanto a la variabilidad generada por modificaciones en el nimero de repeticiones de
determinados loci MIRU-VNTR, observamos que los loci implicados se localizaban bien
intfragénicos, con lo que de nuevo era factible asumir un impacto funcional, o bien inter-
génicos dejando abierta la posibilidad de un efecto sobre la expresion de genes
adyacentes. La reciente introduccion de la secuenciacion de genoma completo en la
caracterizacion de MTB nos ha permitido extender el conocimiento de los cambios que
pueden acontecer por fendbmenos de microevolucion, incorporando la variabilidad en
forma de SNPs entre variantes clonales (Jamieson et al., 2014; Mehaffy et al., 2014). En
nuestro estudio, la mayoria de estos polimorfismos eran no sindnimos y mapeaban en
genes, algunos de ellos esenciales, que codifican para distintas enzimas y proteinas de
membrana. Por lo tanto, estos SNPs podrian suponer cambios conformacionales de la
pared celular potencialmente asociados a escapes del control inmunitario, o bien,
modificaciones en el metabolismo bacteriano, que pudieran conducir a ventagjas

adaptativas en alguno de los estadios por los que transcurre la infeccidn por MTB.

Puesto que el andilisis in silico dejaba abierta la posibilidad al impacto funcional de
los diferentes cambios genotipicos recogidos tras nuestros estudios de eventos de
microevolucion, tenia sentido progresar en el andlisis, ya de un modo experimental. De
modo que recurrimos a evaluar los posibles cambios en la expresion de ciertos genes que
habia sugerido el andlisis in silico. Los trabajos previos que habian estudiado el efecto

funcional de las modificaciones en el nUmero de repeticiones de ciertos loci MIRU-VNTR
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adolecian de deficiencias de diseno, puesto que evaluaban el efecto en expresion tras
clonar la regidon de interés, desvirtuando el contexto gendmico original (Akhtar et al.,
2009; Tantivitayakul et al., 2010; Yindeeyoungyeon et al., 2009). Por lo tanto, era necesario
realizar un estudio comparativo entre variantes isogénicas, que Unicamente mostraran
diferencias en el loci MIRU-VNTR en andlisis, para poder evaluar con rigor si variaciones en
el niUmero de repeticiones podian tener un impacto en expresion génica. En nuestro
estudio cumplimos con este requisito y, gracias a ello, podemos afirmar que los cambios
sutiles en MIRU-VNTRs adquiridos por fendmenos de microevolucién son capaces de

modificar la expresidon de los genes contiguos.

Con respecto al impacto funcional esperado como resultado de la variabilidad
de SNPs adquirida, se identificé un cambio especialmente atractivo que correspondia a
una sustitucién no sindnima en el represor transcripcional mce3R, modulador del reguldn
mce3. Este estd constituido por genes implicados en virulencia, metabolismo de lipidos y
reacciones redox (de la Paz Santangelo et al., 2009). Ensayos de expresion in vitro
demostraron que la presencia del SNP en estudio conllevaba un efecto en la expresion

del primer gen del operdn, lo que significa un potencial efecto funcional.

El estadio final en el proceso de evaluacién del significado funcional de los
cambios adquiridos por microevolucidn supone la constataciéon de que alguna de estas
modificaciones altera la capacidad infectiva de las variantes. Puesto que los cambios
genotipicos son enormemente sutiles, sospechamos que de detectarse un impacto sobre
infectividad, éste deberia ser inevitablemente tenue. En este sentido era posible que estos
cambios menores no fueran desvelados por un modelo de infeccidn convencional y que
los resultados dependieran de las condiciones de infeccidn seleccionadas, tal y como se
habia publicado recientemente a la hora de valorar la infectividad de diferentes cepas
de MTB resistentes (Yokobori et al., 2013). De modo que se dedicaron esfuerzos para
poner a punto diferentes versiones del modelo de infeccidn en macréfagos
estandarizado para MTB con el fin de aumentar las oportfunidades de identificar
diferencias en infectividad que pudieran pasar desapercibidas con un modelo de
infeccion celular convencional. Tras la aplicacion de cuatro estrategias infectivas
diferentes con una seleccion de variantes clonales obtenidas de pacientes que habian
mostrado un notable grado de microevolucién se consiguié documentar diferencias en
su infectividad. Estas diferencias se revelaron especialmente en condiciones de
coinfeccion competitiva, quizds poniendo de manifiesto la necesidad de recrear
situaciones experimentales similares al entorno clinico, en el que las diversas variantes

clonales coexisten en el mismo proceso infeccioso.
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Finalmente quisimos evaluar si, del mismo modo que era posible identificar
diferencias en infectividad en modelos celulares entre las variantes surgidas por
microevolucion, podiamos documentar un efecto equivalente sobre un modelo complejo
de infeccion, el modelo murino. De modo equivalente a las observaciones recogidas en
el modelo celular, Unicamente tras redlizar ensayos de coinfeccidén con dos variantes

pudimos desvelar una mayor capacidad infectiva de una de las mismas.

4. Implicaciones epidemiolégicas y clinicas de la complejidad clonal

Los estudios incluidos en esta tesis han permitido profundizar en la deteccién,
caracterizacion y andlisis del significado funcional de las infecciones complejas, desde un
punto de vista clonal, por MTB y M. bovis. Es oportuno ahora revisar los contextos en los
gue la consideracién de la existencia de este tipo de infecciones puede tener un

impacto.

El primer entorno de trabajo en el que debemos de contempilar la existencia de
infecciones complejas es el de la epidemiologia molecular. Las cadenas de transmision
de TB se identifican fras constatar la existencia de un grupo de pacientes infectados por
una misma cepa (cluster) (Gurjav et al., 2014; van Soolingen et al., 1999). La identificaciéon
de estos clusters permite conocer la/s cepa/s que se encuentra/n activamente
circulando en una poblacién y hacia las que debemos dirigir nuestros recursos de control
para evitar su transmisidon. Generalmente, para la definicibn de un cluster se exige
identidad entre los patrones genotipicos de los diferentes aislados. Es fundamental
garantizar una correcta definicidén de todos los casos en cluster para asegurar que todos
los miembros de una cadena de transmision han sido identificados y por tanto conocer
con precision la magnitud del evento asi como el entorno y los factores de riesgo
asociados a la transmisién. Las diferentes modalidades de infecciones complejas
manejadas en esta tesis, infecciones mixtas, infecciones policlonales, infecciones
compartimentalizadas, de no considerarse en el proceso de genotipado y asignacion de
clusters, van a conducir a imprecisiones en la asignacién de genotipos, que conducirdn a
la no inclusibn de casos en su correspondiente cluster. Ello repercutird en una
inespecificidad en los estudios de epidemiologia molecular, que excluirdn
equivocadamente a ciertos casos de sus clusters, por no haberse analizado bajo la
consideracién de la coexistencia de varias cepas o variantes. A nivel poblacional, es
relevante incorporar todas estas consideraciones en los andlisis de epidemiologia
molecular si pretendemos lograr un correcto control epidemiolégico y finalmente
minimizar la transmisién de la tuberculosis. Todos estos aspectos, relevantes para el control
de la transmisién de MTB, por supuesto son trasladables a los estudios de epidemiologia

molecular de M. bovis. La no consideraciéon de infecciones complejas en explotaciones
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infectadas por M. bovis puede llevar a errores en la asignacién de genotipos,
equivalentes a los mencionados para MTB. De este modo, explotaciones con infecciones
crénicas que implican animales con infecciones mixtas o eventos de microevolucion
pueden ser errbneamente consideradas infecciones con cepas que presentan genotipos
diferentes. Este error conducird a un manejo equivocado del problema, al interpretarse
la existencia de importaciones de nuevas cepas en la explotacidn causadas por la
entfrada de nuevos animales, en vez de manejar adecuadamente el problema como

una Unica infeccién persistente/crénica.

Ya en un entorno de andlisis no poblacional sino del manejo individual de cada
paciente, también es necesario contemplar la posibilidad de encontrarnos ante una
infeccion compleja. Obviamente, estas infecciones van a tener un especial impacto
cuando implican a cepas/variantes clonales con distinto patrén de sensibilidad
antibidtica. Se ha descrito cémo la presencia de cepas de este tipo en un mismo
episodio, cuando pasan desapercibidas, pueden conducir a regimenes terapéuticos
inapropiados (Peng et al., 2013; Shamputa et al., 2004, van Rie et al.,, 2005). La
consideracién inicial de que estas situaciones estdn restringidas a entornos de alta
incidencia de TB y elevadas tasas de resistencia es puesta en cuestién en esta tesis por el
hallazgo de un caso de este tipo en un entorno de moderada incidencia de TB y fasas de
resistencia reducidas. Unicamente gracias a la interpretacion de este caso desde el
prisma de la complejidad clonal e integrando datos clinicos, epidemioldgicos y
moleculares fuimos capaces de desvelar la coinfeccién simultdnea con una cepa
sensible y ofra MDR, marcadamente infrarrepresentada. Un fallo en la deteccidén precoz
de pacientes coinfectados simultdneamente con dos cepas con distinto perfil de
sensibilidad antibidtica conlleva evidentes repercusiones terapéuticas (van Rie et al.,
2005). Las mds obvias, la instauracién de tratamientos de primera linea ineficaces. Las
mas complejas, las derivadas del diferente fitness esperado para cepas MDR y sensibles
que conducird a reemergencias priorizadas de la cepa sensible en casos de mala
adherencia al tfratamiento, lo que conducird a reinterpretaciones errdneas del perfil de
sensibilidad del caso. Por ofro lado, pacientes coinfectados con cepas MDR/S en los que
se identifique correctamente la cepa resistente y en los que se instaura tratamiento
correcto de segunda linea, pueden eliminar con menos eficacia a la cepa sensible
debido al menor poder bactericida de estos fdrmacos comparados con los de primera
linea, dejando abierta la posibilidad de recurrencias. Finalmente, la confusidén generada
de la interpretacién de discrepancias obtenidas de los ensayos de sensibilidad en los
casos con infecciones complejas de este tipo no sospechadas, generan inevitablemente
retrasos en la eleccion del tratamiento adecuado, lo que puede ampliar la ventana de

oportunidad de transmisién y afectar al prondstico.
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Por Ultimo, al margen ya del impacto terapéutico, las diferentes cepas/variantes
implicadas en infecciones complejas pueden mostrar diferencias en infectividad,
virulencia y capacidad de infectar tejidos extrapulmonares. Este Ultimo aspecto queda
ilustrado por las infecciones compartimentalizadas, en las que la distribucién diferencial
de cepas/variantes en diferentes tejidos indica una diferente capacidad de infeccion de
los mismos. Asi, se ha descrito que las cepas implicadas en infecciones
compartimentalizadas que son capaces de infectar tejidos extrapulmonares, presentan
una mayor virulencia, in vifro e in vivo que aquellas que quedan restringidas al tejido
pulmonar (Garcia de Viedma et al., 2005b). En este mismo sentido, algunos de los estudios
incluidos en esta tesis demuestran cémo el rastreo de infecciones policlonales nos ha
permitido identificar variantes clonales con una infectividad optimizada con respecto a la
cepa parental de la que han microevolucionado. Por tanto los casos con infecciones
complejas pueden constituir un modelo clinico de identificacién de cepas con mayor
capacidad infectiva, que podrian facilitar la identificacion de nuevos factores de

virulencia o mecanismos de infectividad.
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1. Elrastreo sistemdtico de infecciones complejas por Mycobacterium tuberculosis en
pacientes con tuberculosis pulmonar ha permitido conocer su magnitud en una
poblacién de moderada incidencia, identificndose una proporcidon equivalente

de infecciones mixtas (1%) y policlonales (1,4%).

2. Los eventos de complejidad clonal ocurrieron mds frecuentemente (14%) en los
casos de tuberculosis con afectaciéon tanto pulmonar como extrapulmonar vy la

mayoria de los mismos mostraron una infeccién compartimentalizada.

3. La no consideracion de la complejidad clonal en tuberculosis puede conducir a

dificultades diagndsticas y terapéuticas en el manejo de estos casos.

4. La descripcidn de un caso con una infeccidén reciente por Mycobacterium
tuberculosis coincidente con la reactivacidn de una infeccidn por una cepa
diferente indica que las infecciones mixtas no estdn exclusivamente asociadas a

coinfeccidén o sobreinfeccion.

5. La técnica de MIRU-VNTR multiplex resulta idénea para abordar el rastreo

optimizado de complejidad clonal en la infeccidén por Mycobacterium bovis.

6. El fendmeno de microevolucidn se observd en una frecuencia superior en las
infecciones animales por Mycobacterium bovis que en las infecciones por
Mycobacterium tuberculosis en humanos, siendo equivalente la frecuencia de

infecciones compartimentalizadas.

7. La magnitud de la microevolucion observada en Mycobacterium bovis permite
definir los umbrales de variabilidad que pueden ser tolerados en el marcador
MIRU-VNTR  para  considerar a dos aislados como  relacionados

epidemioldégicamente.

8. La existencia de infecciones complejas en tuberculosis humana o bovina no estd
exclusivamente asociada a las circunstancias que pudieran favorecerla, tales

como riesgo de sobreexposicién o duracién de la infeccion.

9. EI estudio exhaustivo de casos clinicos permitié identificar cepas de
Mycobacterium tuberculosis con diferencias en su tendencia a adquirir
variabilidad, sugiriendo la participacion de factores bacterianos como

moduladores de la microevolucion.
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10. La aplicacion de una bateria de ensayos de infeccién celular y animal, diferentes

11.

al modelo estdndar, permitié detectar diferencias en infectividad entre variantes

clonales de Mycobacterium tuberculosis.

El andlisis in silico de los cambios gendmicos adquiridos por microevolucién sugiere
un significado funcional, que es demostrado al documentarse tfanto cambios de
expresion en los genes localizados en el entorno de las modificaciones como

diferencias en el comportamiento infectivo de las variantes clonales.
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RESUMEN

Las herramientas de genotipado en tuberculosis fueron desarrolladas inicialmente
para la realizacion de estudios epidemioldgicos. Sin embargo han permitido asimismo
desvelar la complejidad clonal existente en las infecciones causadas por Mycobacterium
tuberculosis (MTB) y Mycobacterium bovis (M. bovis), poniendo asi en cuestion la asuncion
de que cada episodio de tuberculosis (TB) estuviera causado por una Unica cepa. De
este modo se comenzaron a describir situaciones de coinfeccidén por mds de una cepa
(infeccion mixta) o bien de presencia simultdnea de variantes clonales (infeccion
policlonal), pudiendo estas, ademds, ofrecer una distribucion heterogénea de las mismas

en los diferentes tejidos infectados (infeccidon compartimentalizada).

Sin embargo, son pocos los estudios existentes entorno a estos fendbmenos, y los
gue se han realizado atienden a la mera descripcidon de casos anecddticos o al estudio
de estos eventos en poblaciones en donde la incidencia de TB es alta. Asi, el primer
objetivo de esta tesis se centré en dimensionar la complejidad clonal existente en las
infecciones por MTB en una poblacién no seleccionada, en un entorno de moderada
incidencia, donde las expectativas de encontrar la citada complejidad eran escasas.
Mediante el andlisis por RFLP-IS6110 y MIRU-VNTR se detectaron infecciones complejas en
11 pacientes con TB pulmonar (1,6%) y en 10 pacientes con TB pulmonar y extrapulmonar
(14,1%). De estos 21 casos, 9 correspondieron a infecciones mixtas y 12 a infecciones
policlonales. Por Ultimo, en 9 casos (5 pacientes con infeccidn mixta y 4 con infeccién

policlonal) se documentd la compartimentalizacion de la infeccion.

Tras la descripcién sistemdtica de los casos de TB con infecciones complejas, nos
centramos en el estudio de una de sus modalidades, la infeccidn policlonal. En concreto
decidimos abordar la evaluacién del posible significado funcional que pudiera conllevar
la adquisicion de las sutiles reorganizaciones genéticas identificadas entre variantes

clonales, que surgen como resultado de eventos de microevolucion.

Primeramente, mediante un estudio in silico, observamos las potenciales
implicaciones derivadas de la modificacion en el nimero de copias de la secuencia
IS6110 y en el nUmero de repeticiones MIRU-VNTR. El andlisis detectd que algunas de estas
variaciones se localizan intragénicamente, con una potencial repercusidn sobre la
estructura y funcién de las proteinas codificadas e incluso con un impacto funcional
completo en los casos en los que la modificacion truncaba el gen donde se localiza.
Ademds, se identificaron modificaciones de repeticiones localizadas intergénicamentes
en algunos loci MIRU-VNTRs, que podian implicar un efecto en la expresién de genes

adyacentes.
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Tras el andlisis in silico se pasd a objetivar experimentalmente el efecto en
expresidon génica que pudiera resultar de la variabilidad detectada en el nimero de
repeticiones de ciertos loci intergénicos. Mediante la aplicacién de RT-PCR cuantitativa
en cuatro parejas de variantes clonales, se demostré que, en tres de los cuatro loci
analizados, variaciones en 1 6 2 repeticiones conducen a una modificaciéon sutil en la

expresion de los genes contiguos.

Finalmente, la evaluacion del significado funcional de la microevolucion debia
incluir la comprobacién de su impacto en la capacidad infectiva de las variantes.
Partiendo de la premisa de que variaciones sufiles de infectividad pudieran no ser
detectadas aplicando el modelo estdndar de infeccidn, realizamos cuatro modalidades
de infeccioén in vitro (macréfagos diferenciados a partir de la linea celular humana THP-1,
con o sin activacién por IFN-y; infecciones individuales de cada variante y coinfecciones
competitivas) gracias a las cuales se pudo documentar el efecto en infectividad

asociado a las sutiles reorganizaciones genéticas mostradas entre variantes clonales.

Una vez anadlizada la dimensién de la complejidad clonal, y desvelado el impacto
funcional de la microevolucidn, parecia oportuno estudiar estos eventos de modo
exhaustivo en el seno de determinados pacientes seleccionados, representantes de
diferentes circunstancias clinicas. Estos estudios nos permitieron valorar el modo en el que
las infecciones complejas pueden repercutir en determinados aspectos diagndsticos y
terapéuticos, asi como obtener informacidén de la dindmica de los fendmenos de
microevolucidn que no es posible adquirir a partir de los estudios descriptivos

poblacionales.

El primer estudio correspondié a una paciente con sospecha de TB-MDR en la que
la existencia de una infeccidn compleja no sospechada condujo a dificultades en su
manejo diagndstico y terapéutico. La integraciéon de un andlisis clonal exhaustivo con
estrategias de epidemiologia molecular asi como con los datos clinicos/ epidemioldgicos
del caso y su contexto, permitié desvelar que la paciente presentaba realmente una
infeccidn mixta con una cepa sensible y otra MDR. La cepa sensible era de reciente
adquisicién, circulaba en el entorno de la paciente, y habia coincidido con la
reactivacion de una cepa diferente, MDR, infrarrepresentada y con menor fitness que la
cepa sensible, tres anos después de la exposicidn a un caso indice infectado con esa

misma cepa MDR.

El segundo caso correspondié a un paciente con dos episodios secuenciales de
TB, como resultado de una reactivacion, en el que se aislaron variantes clonales

diferentes en cada episodio. Este caso fue utilizado como modelo de andlisis integrado
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de todas las estrategias analiticas desarrolladas a lo largo de este tfrabajo. Asi, las
variantes clonales fueron estudiadas por RFLP-IS6110 y MIRU-VNTR, mostrando variaciones
en ambos marcadores. El andlisis por WGS reveld la presencia de variabilidad de SNPs. La
infegraciéon de todos estos datos permitié trazar la dindmica de microevolucion
acontecida, demostrando que cada variante habia evolucionado de manera
independiente a partir de una cepa parental. Ensayos de expresibn demostraron que la
variabilidad adquirida conducia a diferencias de expresidon entre las variantes. Por Ultimo
la aplicacién sistemdtica de diversos modelos permitié identificar, en concreto en el
modelo de infeccidn competitiva en ratones Balb/c, una mayor capacidad infectiva de
la variante aislada en el segundo episodio. Adicionalmente, una nueva variante emergid
por microevolucion durante un ensayo de infeccién in vitro en macréfagos y demostrd
fener un mayor fitness que la cepa parental. Todos los datos acumulados del estudio
integrado de este paciente permitieron, adicionalmente, identificar una cepa con alta
capacidad de adquirir variabilidad. Este hecho sugiere que los eventos de
microevolucién, ademds de poder estar modulados por circunstancias clinicas y

epidemioldgicas, dependen de factores exclusivamente bacterianos.

El tercer caso analizado nos condujo a reforzar la hipdtesis de la existencia de
factores bacterianos implicados en los eventos de microevolucién, puesto que condujo a
la identificacién de una cepa de baja tendencia a adquirir variabilidad, que
complementa a la cepa de alta tendencia descrita en el caso anterior. Este caso
correspondié a un paciente infectado persistentemente, durante 8 anos, por una cepa
Beijing que habia sido responsable de un brote de grandes dimensiones en el pasado. La
infeccion prolongada fue resultfado de una mala adherencia terapéutica, la cual
condujo a un fratamiento intermitente. Sorprendentemente, a pesar de las enormes
oportunidades que ofrecia este escenario para la generacién de microevolucién, no se
identificd la aparicion de mutaciones de resistencia ni variaciones en ninguno de los
marcadores genotipicos habituales. Asimismo, la secuenciacién de genoma completo no

identificd la generacién de ningun SNP a lo largo de toda la infeccion.

Una vez abordado el estudio de la complejidad clonal existente en la fuberculosis
humana, analizados estos eventos en diversos ejemplos clinicos, y detectado el impacto
funcional de la microevolucion en MITB, quisimos fransferir estrategias de andlisis
equivalentes, asi como los conocimientos obtenidos, al abordaje del estudio de la
complejidad clonal en TB bovina. Debido, en parte, al retraso en la implantacion de
estrategias de genotipado de alta discriminacién en la caracterizacion de los aislados de
Mycobacterium bovis (M. bovis), las lagunas de conocimiento en relacion a estos

aspectos eran muy extensas.
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Los estudios en MTB han demostrado que la técnica de MIRU-VNIR es la que
ofrece una éptima identificacion de infecciones mixtas y policlonales, y por tanto estudios
equivalentes en M. bovis deberian poder aplicarla. Por ello, nuestro primer objetivo fue
adaptar y optimizar esta técnica a la caracterizacién de M. bovis, desarrollando un
diseno de PCR multiplex con andlisis de productos en electroforesis capilar y asignacion
automdatica de alelos. La seleccidén de loci la realizamos a partir de un estudio de
epidemiologia molecular en TB bovina, realizado en nuestro pais, que identificd un panel
de 9 loci como el idéneo para ofrecer una elevada discriminacién. La aplicacién de
nuestro ensayo a una muestra de aislados de M. bovis demostrd su eficiencia y poder

discriminativo.

Una vez puesta a punto la metodologia idénea para abordar adecuadamente el
fendmeno de las infecciones complejas por M. bovis, decidimos realizar un primer andlisis
focalizdndonos en la modalidad mds extrema e infrecuente de complejidad clonal, la
infeccion compartimentalizada. Tras la seleccidén de todos los animales de una poblacién
con aislamiento de M. bovis en dos o mds localizaciones anatémicas diferentes y la
comparacion entre los espoligotipos, se desveld que 6 (10,9%) de ellos estaban infectados
por cepas diferentes. Mediante la aplicacién adicional de MIRU-VNTR se confirmd que la
compartimentalizacién era estricta, con una Unica cepa seleccionada en cada
localizaciéon. El andlisis adicional de animales infectados de esas mismas explotaciones
permitid trazar la presencia de las cepas implicadas en la compartimentalizacion en

animales independientes, indicando que el evento se inicid con una sobreinfeccion.

Finalmente, la existencia de explotaciones infectadas crénicamente por M. bovis
ofrecia la oportunidad de abordar un estudio cronoldgico longitudinal de la dindmica en
la que ocurre la microevolucién en M. bovis, aspecto que no es posible abordar
facilmente en la TB humana. Este estudio podria considerarse como un modelo de andlisis
de la variobilidad que se puede adquirir por microevolucidon. Con este fin se
seleccionaron 8 explotaciones de ganado vacuno que habian estado infectadas
durante mds de un ano por una misma cepa. Se abordd un esquema de andlisis por
MIRU-VNTR secuencial de los aislados obtenidos a lo largo de la infeccidén que reveld la
existencia de microevolucidon en la mitad de las explotaciones estudiadas. Esta
microevolucion involucraba a distintos lingjes e implicaba a diversos loci MIRU-VNTR. Se
observdé cémo la aparicidn de variantes clonales es independiente del tiempo de
infeccion y del niUmero de animales infectados. Ademds, se pudo observar cémo la
variante generada por microevolucion reemplazé a la cepa inicial en 2 de 3

explotaciones, sugiriendo una mayor aptitud infectiva.
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En resumen, esta tesis constituye un avance en cuanto al andlisis de los fendmenos
de complejidad clonal tanto en la tuberculosis humana como bovina; desarrolla
metodologia y estrategias analiticas para optimizar su deteccién y abordar su
caracterizacion y profundiza en el conocimiento de su significado funcional. Todos estos
aspectos confluyen en un nuevo estado de conocimiento que facilitard la progresion

futura en este dmbito de estudio.
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SUMMARY

Genotyping tools in tuberculosis were inifially developed for epidemiological
studies. However, they have also revealed the existence of clonally complex infections
caused by Mycobacterium tuberculosis (MTB) and Mycobacterium bovis (M. bovis), thus
questioning the assumption that each episode of tuberculosis (TB) is caused by a single
strain. Coinfection by more than one strain (mixed infection), simultaneous presence of
clonal variants (polyclonal infection) and even heterogeneous distribution of strains or
clonal variants in different infected tissues (compartmentalized infection) have been

described.

However, there are few studies focused on these phenomena, and those
correspond to the description of anecdotal cases or the analysis of these events in
populations with high TB incidence. Thus, the first objective of this thesis focused on
defining the magnitude in which clonally complex infections by MTB occur in an
unselected population, in a context with moderate incidence, where the expectations of
detecting this kind of infections are limited. By applying 1S6110-RFLP and MIRU-VNTR
analysis, clonally complex infections were detected in 11 (1.6%) and 10 (14.1%) patients
with exclusively pulmonary TB and both pulmonary and extrapulmonary TB respectively.
Nine out of these 21 cases were mixed infections and the remaining 12 corresponded to
polyclonal infections. Finally, in ? cases (5 patients with mixed infection and 4 patients with

polyclonal infection) compartmentalization of the infection was documented.

Once the systematic description of clonally complex infections was done, we
focused on the study of polyclonal infections. Specifically, to evaluate the potential
functional meaning associated to the acquisition of subtle genefic rearrangements by

microevolution phenomena.

First, we evaluated the potential in silico meaning of the variations in the number of
IS6110 copies and in the number of repetitions in MIRU-VNTR loci. The analysis detected
that some of these variations are located intragenically, which means either a potential
impact on the structure and function of the encoded proteins, or even a loss of function
when the modification truncates the reading frame of the gene. In addition, variations
were also located in intergenic MIRU-VNTR loci, which could mean a potential effect on

the expression of adjacent genes.

After the in silico analysis, we evaluated the effect that could cause on gene
expression the variability in the number of repefitions mapping in infergenic loci. By

applying quantitative RT-PCR on four pairs of related clonal variants, we showed that in
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three of the four analyzed loci, variations in 1 or 2 repetitions led to a subtle change in the

expression of the adjacent genes.

Finally, evaluation of the functional significance of microevolution should include
the study of the infectivity of the involved clonal variants. With the premise that subfle
variations in infectivity might not be detected by applying standard infection models, we
performed four different versions of in vitro infection models (macrophages differentiated
from the THP-1 human cell line, activated with or without IFN-y; individual infections with
each clonal variant and competitive coinfections), which allowed us to detect the effect

of subfle genetic rearrangements on infectivity.

Once analyzed the proportion of clonally complex infections, and revealed the
functional impact of microevolution, it was necessary to study these events on a selection
of patients, representative of different clinical circumstances. These studies allowed us to
assess the way in which complex infections can interfere with diagnostic and therapeutic
aspects, as well as to get information on the dynamics of the microevolution phenomena,

that cannot be obtained from the descriptive population-based studies.

The first study corresponded to a patient with suspected MDR-TB who met
difficulties on her diagnosis and treatment due to the involvement of a non-suspected
complex infection. An integrative analysis combining clonal analysis, molecular
epidemiology strategies, clinical and epidemiological data, allowed us to reveal that the
patfient actually had a mixed infection with two MTB strains, one susceptible and another
MDR. The susceptible strain was circulating in the epidemiological context of the patient
and it had been recently acquired, and coincided with the reactivation of a MDR strain,
three years after exposure to the index case infected with the same strain. The MDR strain
was underrepresented in the patient with mixed infection and it showed lower fitness than

the susceptible strain.

The second case corresponded fo a patient with two sequential TB episodes, as a
result of reactivation, with different clonal variants isolated from each episode. This case
was used as a model of analysis integrating all the strategies developed in this thesis. Thus,
clonal variants were genotyped by IS6110-RFLP and MIRU-VNTR, showing variations in both
markers. WGS analysis revealed the presence of SNPs between the variants. The
integration of these data allowed us to define precisely the microevolution dynamics,
showing that each variant had evolved independently from a common parental strain.
Expression assays demonstrated that the acquired variability led to differences in the
expression between variants. Finally, the systematic application of several models of

infection identified a higher infectivity for the variant isolated in the second episode, as
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shown by applying a competitive infection model in Balb/c mice. Additionally, a new
variant emerged by microevolution during an in vitro infection assay and this new variant
had higher fitness than the parental strain. All data from the integrated study of this patient
allowed us to consider a high ability to acquire variability for the involved strain. This
suggests that the microevolution events, in addition to be modulated by clinical and

epidemiological circumstances, also lie on bacterial factors.

The third case analyzed reinforced the hypothesis of the existence of a role in the
microevolution events for bacterial factors, because involved a strain with a low fendency
to acquire variability. This case corresponded to a patient persistently infected, along 8
years, with a Beijing strain that had been responsible for a large outbreak in the past.
Prolonged infection in this case was a result of poor adherence to therapy, which meant
an infermittent treatment. Surprisingly, despite the huge opportunities offered by this
scenario for the detection of microevolution, no resistance mutations or any variatfions
were identified by analyzing the standard genotypic markers. Even whole genome

sequencing failed to identify SNPs throughout the infection period.

Once fulfilled the study of clonal complexity in human tuberculosis, we decided to
tfransfer equivalent analytfical strategies and the acquired knowledge to study of the
clonal complexity in bovine TB (bTB). Due to the delay experienced in the implementation
of highly-discriminating genotyping strategies for the characterization of Mycobacterium

bovis (M. bovis) isolates, the knowledge gaps in relation to clonal complexity were wide.

The experience with MTB indicated that MIRU-VNTR offers the best choice to an
accurate identification of polyclonal and mixed infections, and therefore, equivalent
studies in M. bovis should include it. Our first objective was to adapt and opfimize this
technigue to the characterization of M. bovis. We developed a multiplex PCR followed by
an analysis of PCR products by capillary electrophoresis and automatic alellic assignment.
A panel of 9 loci, suitable to offer a high discrimination, was selected based on data from
a study of molecular epidemiology in bTB performed in our country. The application of our
new methodology on a sample of M. bovis isolates showed its efficiency and

discriminative power.

When the methodology to address the phenomenon of clonal complexity in M.
bovis infections was optimized, we decided to perform a first analysis by focusing on the
most exireme and uncommon version of clonal complexity, the compartmentalized
infection. All the animals in a population with M. bovis isolation from two or more different
anatomical sites were selected, and their spoligotypes were compared. Six (10.9%) of

them were infected by different strains. The additional analysis by MIRU-VNTR confirmed
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that the compartmentalization was strict, with a single strain at each location. Further
analysis of infected animals in the same herds allowed us to trace the presence, in
independent animals, of the strains involved in the compartmentalization, indicating that it

was caused by overexposure.

Finally, the existence of farms chronically infected with M. bovis offered the
opportunity to address a chronological study of the dynamics of microevolution, an issue
that cannot be easily addressed in human TB. This study could be considered as a model
for analyzing the variability that can be acquired by microevolution. Eight farms that had
been infected along more than one year by a single strain were selected. The MIRU-VNTR
analysis of sequential isolates obtained during the infection revealed the existence of
microevolution in half of the farms studied. Microevolution involved different lineages and
different MIRU-VNIR loci. We observed that the emergence of clonal variants did not
depend on the length of the infection or on the tfotal number of infected animals.
Furthermore, it was observed how the clonal variants, generated by microevolution,
replaced the initial strain in 2 out of 3 farms, suggesting a higher infective ability for these

emerged variants.

In summary, this thesis means an advance regarding the analysis of clonal
complexity in human and animal TB; it develops methodology and analytical strategies to
optimize its detection and characterization allowing a more in depth knowledge of its
functional meaning. All these aspects support a new knowledge status which will facilitate

the progress in this field.
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Abreviaturas

AAR: dcido-alcohol resistencia
ADN: dcido desoxirribonucleico
ARNr: dcido ribonucleico ribosdémico

ASO-PCR: reaccién en cadena de la polimerasa alelo especifica (Allele Specific
Oligonucleotide-Polymerase Chain Reaction)

BCG: Bacilo de Calmette y Guérin

DR: repeticion directa (Direct Repeat)

DVR: repeticién directa variable (Direct Variable Repeat)

ELISA: ensayo inmunoenzimdtico(Enzyme-Linked ImmunoSorbent Assay)
EMB: etambutol

ESAT-6: Early Secreted Antigenic Target ékDa

ETR: repeticidn en tdndem exacta (Exact Tandem Repeats)

IDTB: infradermotuberculinizacion

IFN-y: interferébn gamma

IGRA: ensayo de deteccion del interferon gamma (Interferon Gamma Release Assays)
INH: isoniazida

IS6110: secuencia de insercidon 6110 (insertion sequence 6110)

LM-PCR: reaccién en cadena de la polimerasa mediada por ligacién (Ligation Mediated-
Polymerase Chain Reaction)

MAF1: Mycobacterium africanum tipo | West African 1
MAF2: Mycobacterium africanum tipo | West African 2
MDR: multirresistente

MGIT: tubo indicador del crecimiento de micobacterias (Mycobacteria Growth Indicator
Tube)

MIRU: unidad de repeticion intercalada micobacteriana (Mycobacterial Interspersed
Repetitive Unit)

MTB: Mycobacterium fuberculosis
MTBC: complejo Mycobacterium tuberculosis

OMS: Organizacién Mundial de la Salud
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Abreviaturas

OTF: oficialmente libre de tuberculosis (Oficial Tuberculosis Free)

PCR: reaccion en cadena de la polimerasa (Polymerase Chain Reaction)
PPD: derivado proteico purificado

Pvull: endonucleasa de restriccion tipo Il, aislada de Proteus vulgaris

PZA: pirazinamida

QUB: Queen’s University Belfast

RD: regiones de diferencia (Regions of Difference)

RFLP: andlisis de polimorfismos en los fragmentos de restriccion (Resfriction Fragment
Length Polymorphism)

RIF: rifampicina

SIDA: Sindrome de Inmunodeficiencia Adquirida

SNP: polimorfismo de un solo nucledtido (Single Nucleotide Polimorphism)

TB: tuberculosis

TBb: tuberculosis bovina

UE: Unién Europea

VIH: Virus de la Inmunodeficiencia Humana

VNTR: nUmero variable de repeticiones en tdndem (Variable Number Tandem Repeat)
WGS: secuenciacion de genoma completo (Whole Genome Sequencing)

XDR: extensivamente resistente
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