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Resum

RESUM

L'Organitzacié Mundial de la Salut va declarar la tuberculosi (TB) com "una emergeéncia global"
ara fa vint anys. En I'actualitat la TB continua sent la principal causa de mortalitat i morbiditat
per malaltia infecciosa a nivell mundial. La TB és causada pels bacteris del complex
Mycobacterium tuberculosis, dels quals M. bovis i M. caprae en son els patogens zoonotics
més importants, presentant una amplia varietat d'hostes animals, tant domeéstics com
silvestres. Per tant, la TB té repercussions en la salut publica i la sanitat animal, aixi com en
I'economia dels sectors public i ramader. Les cabres poden ser particularment susceptibles a la
infeccié per TB i el recent augment de casos reportats indiquen que la TB caprina podria ser
una malaltia emergent. Aixi doncs, es necessiten noves eines especifiques per al control de la
TB en el cabrum.

Les estrategies de control de la TB depenen en gran mesura de la disponibilitat d'una vacuna
segura i eficac. El Bacil Calmette Guerin (BCG), I'iinica vacuna disponible en |'actualitat, té una
eficacia variable tant en els éssers humans com en animals, i els esforcos actuals de la recerca
es centren en desenvolupar noves vacunes que reemplacin la BCG, o que n’incrementin
I'eficacia. També sdn necessaris nous reactius de diagnostic associats a les vacunes que siguin
capacos de distingir els individus vacunats dels infectats. Aquesta tesi pretén abordar aquests
reptes mitjangant un nou model animal experimental.

La tesi es divideix en cinc seccions: introduccié general, objectius, estudis, discussié general i
conclusions:

La introduccié descriu una visié global sobre I'epidemiologia, les caracteristiques de I'agent
etiologic, la patogénia, la immunitat i el desenvolupament de noves vacunes i estrategies de
vacunacio, per contextualitzar els objectius que s’enumeren a continuacio.

Els quatre estudis contenen cada un dels experiment duts a terme durant el decurs del
programa de doctorat. El primer estudi descriu el model experimental de TB en la cabra
domestica, incloent la caracteritzacid dels parametres immunologics i post-mortem que seran
utilitzats en els estudis posteriors. La tomografia computeritzada va ser validada en aquest
estudi per al seu Us com a metode quantitatiu de valoracio de lesions tuberculoses. El segon i
tercer estudi estan enfocats en I'avaluacié de I'eficacia de la vacuna BCG i de dues noves
vacunes adenovirals recombinants de refor¢ de la propia BCG, basades en antigens que sén
reconeguts pel sistema immune durant la infeccid tuberculosa. La BCG va protegir les cabres
front a la disseminacié extra-pulmonar de la infeccié, mentre que quan es reforcava amb les
vacunes adenovirals es millorava la protecci6 en termes de reduccid de les lesions
tuberculoses i de la carrega bacteriana. Finalment, el quart estudi va mostrar que les
campanyes de vacunacio contra la paratuberculosi (PTB) en cabres poden causar interferencies
en el diagnostic de la TB quan s'utilitzen les eines de diagnostic actualment disponibles. La
proteccié creuada de la vacuna de PTB Silirum® també es va avaluar en aquest estudi. En els
quatre experiments es van avaluar nous reactius de diagnostic dissenyats seguint el principi
DIVA (diferenciaciéd d’animals infectats i vacunats) i marcadors immunologics especifics
associats amb la proteccid o la progressio de la infeccid.

Els resultats globals i la seva aplicacié en els programes de control i eradicacié de la TB en
animals domestics, aixi com en assaigs clinics de vacunes antituberculoses, es discuteixen en la
seccié de discussio general. Finalment s’enumeren les principals conclusions de la tesi.



Abstract

ABSTRACT (in English)

The World Health Organization (WHO) declared tuberculosis (TB) “a global public emergency”
twenty years ago. Nowadays, TB is still the leading cause of infectious disease mortality and
morbidity worldwide. TB is caused by Mycobacterium tuberculosis complex (MTBC) bacteria.
M. bovis and M. caprae are the most important zoonotic pathogens among the MTBC, and
have a wide range of animal hosts, including both livestock and wildlife. Therefore, TB has
repercussions on public and animal health and on the economy of both public and livestock
sectors. Goats seem to be particularly susceptible to TB. The recent increase of caprine TB
reported cases points to its consideration as an emerging disease. Thus, specific measures to
control TB in goat herds need to be implemented.

The TB control strategies depend strongly on the availability of a safe and effective vaccine. The
Bacillus Calmette Guerin (BCG), the unique currently available vaccine, has variable efficacy
both in humans and animals. Current research efforts are focused on the development of new
vaccine candidates to replace BCG, or improve its protective effect. In addition, novel vaccine-
associated diagnostic reagents are also needed to distinguish vaccinated from infected
individuals. The present thesis addresses these concerns using a new experimental animal
model.

The thesis is divided in five sections: General introduction, objectives, studies, general
discussion and conclusions:

The introduction describes a global overview of the epidemiology, etiological agent
characteristics, pathogenesis, immunity and development of new vaccines and vaccination
strategies against TB, to contextualize the thesis objectives.

Each of the four studies contains one of the experiments conducted during the PhD program.
The first study addresses a comprehensive description of the experimental model of TB in
goats, including the characterization of immunological and post-mortem parameters used in
subsequent studies. Computed Tomography was validated for use as quantitative method to
evaluate gross TB lesions. The second and third studies are focused on assessing the efficacy of
BCG and two BCG-booster recombinant adenoviral vaccines. The latter are based on antigens
recognized by the immune system during the TB infection. BCG protected goats against extra-
pulmonary dissemination. However, boosting BCG with the adenoviral vaccines showed
improved protection by reducing TB gross lesions and bacterial load. Finally, the fourth study
showed that vaccination campaigns against paratuberculosis (PTB) in goats may cause
interferences on the diagnosis of TB when using the currently available diagnostic tools. Cross-
protective effect of the PTB vaccine Silirum® was also evaluated in this study. In addition,
throughout the four experiments, new vaccine-associated diagnostic reagents, designed
following the DIVA (differentiation of infected and vaccinated animals) principle were assessed,
as well as specific immunological markers associated with protection or the progression of the
infection.

The global results and their application in the TB control and eradication programs in domestic
animals, as well as in TB vaccines clinical trials are discussed in the general discussion section
and the main conclusions are subsequently listed.
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Introduccid general

1. La tuberculosi: passat i present
1.1. Evolucio del bacil tuberculds

A finals del segle XIX el metge Robert Koch va descobrir |'etiologia de la tuberculosi (TB)
descrivint el bacil que causa la infeccid en les persones: Mycobacterium tuberculosis
(Koch. 1882). Pero la TB es remunta molt més endarrere en el temps essent una de les
primeres malalties humanes de les que es té constancia. Pel cap baix, la TB és tan antiga
com la propia civilitzacid. Les primeres evidéncies de tuberculosi 0ssia en humans daten
del Neolitic, tot i que recentment s’han descobert a Turquia unes restes fossils que es
remuntarien a uns 500 mil anys enrere, pertanyents a un Homo erectus amb lesions
cranials que, per la seva forma i localitzacid, serien caracteristiques de leptomeningitis
tuberculosa (Kappelman et al., 2008). El primer cas confirmat de TB correspondria a les
restes momificades d’un nen d’uns 1300 anys d’antiguitat, descobertes en unes
excavacions realitzades a la provincia de Nazca (Perud). En aquestes restes es van observar
lesions amb acumulacions de bacils acid alcohol resistents, tenyits per mitja de la tecnica
de Ziehl-Neelsen (Allison et al., 1973).

Pel que fa a la TB en animals, i en particular en els bovids, la malaltia podria ser encara
més antiga que en humans. Les analisis practicades a les restes d’un bisé extint a Nord
America datades d’uns 17000 anys (molt abans de la domesticacié del bestiar vaqui), van
permetre detectar ADN d’un ancestre del complex M. tuberculosis (MTBC). Aquesta
troballa és indicativa que un MTBC ancestral ja era present al Pleistoce i que els bovids en
podien haver estat els primers hostes (Rothschild et al., 2001).

Sigui com sigui, ara fa uns deu mil anys, durant el Neolitic, la domesticacié de bovids
salvatges a I’Africa i el Proxim Orient hauria propiciat les condicions per a que els bovids
actuessin com a vectors i reservoris de la malaltia (Figura 1). El fet que el M. tuberculosis
modern sigui un patogen quasi exclusiu de I’ésser huma, mentre que el M. bovis, una altra
especie del MTBC, és un patogen capag¢ de causar la TB a un ampli rang de mamifers, va
fer hipotetitzar en un primer moment que l'espécie causant de la TB humana (M.
tuberculosis) havia evolucionat de I'espéecie causant de la infecciéd en bovins (M. bovis)
(Stead et al., 1995).

Contrariament a aquesta teoria, estudis filogenétics recents de les espécies integrants del
MTBC, han dibuixat un nou escenari d’evolucié temporal dels seus diferents llinatges.
Concretament, es van analitzar 20 regions variables del genoma, que incloien les regions
de diferéncia (RD), de 100 soques representatives del MTBC, (Brosch et al., 2002). Els
resultats d’aquest estudi han permes especular que les diferents especies del MTBC
haurien evolucionat a partir d’'un Unic ancestre comu (que filogeneticament era més
proper a les soques modernes de M. tuberculosis), constituint- se en diferents “ecotips”
que s’haurien adaptat a hostes especifics. A partir d’aqui, successives mutacions, incloent
més delecions de les RD, han donat lloc a la resta d’espécies modernes del MTBC (Brosch
et al., 2002; Gutierrez et al., 2005; Smith et al., 2006b).
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H Figura 1. Reconstruccio d’un fresc de pastors amb el seu ramat, Tassili n’Ajjer, Sahara algeria (Neolitic).

Aixi doncs, en algun moment de I’evolucid, la pressid selectiva va fer saltar la barrera
d’especies produint-se una mutacié en un M. tuberculosis ancestral que finalment hauria
donat lloc al primer M. bovis, que presenta una millor adaptacid a I'espécie bovina. De la
mateixa manera hauria evolucionat M. caprae, que el 2003 va ser proposat com a nova
especie separada del MTBC (Aranaz et al., 2003), ja que s’ailla freqlientment en el bestiar
cabrum i presenta diferencies bioquimiques i genotipiques respecte a la resta d’integrants
del MTBC.

1.2. Epidemiologia de la tuberculosi

La TB és una malaltia de les persones i els animals. L'Organitzacié Mundial de la Salut
(OMS) i I'Oficina Internacional d’Epizooties (OIE) recolzen el concepte One world, one
health, que és un enfocament col-laboratiu i integral de la salut publica i la sanitat animal a
escala mundial. La TB animal es considera una malaltia zoonotica (que pot afectar a les
persones), pero I'ésser huma també pot transmetre la infeccié als animals domestics. Per
aquest motiu, cal considerar també la interficie entre persones i animals a I’'hora d’abordar
I'epidemiologia, el control i la prevencié de la TB.

1.2.1. Latuberculosi en I’ésser huma

S’estima que actualment hi ha prop de 2000 milions de persones infectades per M.
tuberculosis a nivell mundial (World Health Organization. 2009). La majoria d’aquestes
persones infectades controlen la infeccid de forma activa, donant lloc al que es coneix
com a infecciéd tuberculosa latent (en anglés LTBI). Quan, per diferents factors, la
immunitat queda compromesa, es produeix una reactivacié de la infeccié desencadenant
coneguda com a TB activa, que és I'evolucié de la infeccid cap a la malaltia propiament
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dita. S’ha descrit que el control de la infeccid es dona en un 90% dels casos, mentre que el
10% restant desenvolupa TB activa (Young and Dye, 2006).

L’any 2009 es va reportar la incidéncia estimada de casos de TB més elevada de la historia,
arribant fins als 9,4 milions de persones arreu del moéon (World Health Organization.
2010a). La majoria dels casos es localitzaven a I’Africa i I'Asia Central i Oriental, amb
proporcions menors al Proxim Orient, Europa, Ameérica i Oceania. Un total de 22 paisos
acumulaven el 80% dels casos de TB al mén (Figura 2, Lawn and Zumla, 2011). Els paisos
gue van presentar un major nombre de nous casos de TB van ser (per aquest ordre):
I'india, la Xina, Sud Africa, Nigéria i Indonésia (World Health Organization. 2010a).

Figura 2. Distribucié geografica dels rangs d’incidéncia estimada de la TB en persones I'lany 2009 (Lawn and
Zumla, 2011).

Cal tenir present que un 12% dels nous casos de TB al mén (més d’'un milid) estan
associats a casos de VIH (Virus de la Immunodeficiencia Humana), dels quals quatre
cinquenes parts es donen a I’Africa subsahariana (World Health Organization. 2010a).

A més a més, en les darreres dues décades hi ha hagut una emergencia global de les
formes MDR (Multidrug-resistant) de TB i posteriorment de les formes XDR (Extensively
drug-resistant). L’any 2007 es va estimar una incidencia de 50000 TB-MDR i al voltant de
50000 casos de TB-XDR (World Health Organization. 2009), localitzats principalment a
I'india, la Xina, Russia, Sud Africa i Bangladesh. Concretament l'india i la Xina
concentraven més del 50% dels casos (World Health Organization. 2010b).

Amb tot, s’estima que la TB encara avui és la causa de mort d’ aproximadament 1,7
milions de persones cada any (World Health Organization. 2009).
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1.2.2. Latuberculosi en els animals

S’entén per tuberculosi animal la infeccié causada pels diferents micobacteris del MTBC a
un ampli rang d’espécies animals, essent M. bovis la principal espécie causant de la
infeccid. Tot i aixi, encara és forca comu el terme “tuberculosi bovina” per referir-se a la
infeccid en el bestiar vaqui o inclds sovint generalitzada al conjunt d’hostes animals. Amb
aquesta denominacié apareix a la llista de malalties, infeccions i infestacions de I'OIE de
2013 (www.oie.int, consultat 19/02/2013).

A nivell mundial, la tuberculosi continua sent un problema sanitari important del bestiar i,
com a conseqliéncia, un problema economic per al sector ramader, aixi com un risc per a
la salut publica. Al voltant d’un 70% dels paisos membres de la OIE tenen bestiar infectat
per MTBC (www.oie.int, consultat el 19/02/2013) que ocasionaria una disminucié del 10%
al 20% de la produccié de carn o llet (Bennett and Cooke, 2006; Boland et al., 2010).
Aquest fet, conjuntament a les restriccions legals de la seva venta i/o exportacié en
ramats positius, causa pérdues economiques molt importants al sector ramader, a les
quals s’hi han d’afegir les despeses publiques en matéria d’indemnitzacions per sacrifici
d’animals.

L' estratégia de lluita als paisos desenvolupats basada en proves diagnostiques in vivo,
normalment la prova de la Intradermotuberculinitzacié (IDTB), i el posterior sacrifici dels
animals positius (estratégia de prova i sacrifici), ha aconseguit eradicar o reduir molt
significativament la tuberculosi en bovins en la majoria dels casos, incloent gran part de
I’'Europa continental, els EUA, el Canada, Australia, Cuba i alguns paisos de Sud America
(Cosivi et al., 1998; Ayele et al., 2004; Amanfu. 2006; Smith et al., 2006a; Thoen et al.,
2006).

Per altra banda, la TB és endemica en el bestiar vaqui a gran part de Sud America (de
Kantor and Ritacco, 2006) i, tret d’algunes excepcions, també podria ser endemica a la
resta del mon, perd es disposa de poques dades i molt fragmentades per a confirmar-ho.
Fins a la data s’han realitzat uns pocs estudis de les soques presents a cada pais (Cosivi et
al., 1998; Thoen et al., 2006; Jeon et al., 2008; Tadayon et al., 2008). Més concretament,
es coneix que la TB és present en el bestiar vaqui a I’Africa, tot i que en general la realitat
de la malaltia en els paisos d’aquest continent es desconeix (Cosivi et al., 1995; Ayele et
al., 2004), amb I'excepcié de Sud Africa, on també s’ha dut a terme I'estratégia de prova i
sacrifici reduint la malaltia fins a nivells minims (Michel et al., 2008).

A la unid Europea |'estrategia de prova i sacrifici ha tingut resultats desiguals, malgrat els
grans esfor¢cos economics dedicats al control i a I’ eradicacié de la TB en bovins (71 milions
d’euros previstos per al 2013, Decisié d’execucid de la Comissid de 30 de novembre de
2012, 2012/761/UE). A estats com Espanya, Portugal o Italia, tan sols s’ha aconseguit
I’estabilitzacié de la prevalenca (Pavlik. 2006), mentre que en altres estats, com el Regne
Unit, la incidéncia s’ha incrementat significativament en les darreres decades (Smith et al.,
2006a). Actualment a la Unid Europea hi ha un total de 14 estats membres que es
consideren no lliures de tuberculosi (Irlanda, Regne Unit, Portugal, Espanya, ltalia,
Hongria, Romania, Bulgaria, Grécia, Malta, Xipre, Lituania, Letonia i Estonia) si bé cal tenir
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en compte que Escocia i algunes regions d’Italia es consideren oficialment lliures (Figura
3). Els estats membres que van presentar una major proporcié de ramats positius I'any
2010 van ser el Regne Unit (8,6%) i Irlanda (4,7%) (European Food Safety Authority. 2012).
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Figura 3. Estatus sanitari de TB dels estats membres (MS) de la UE I'any 2012. OTF, Oficialment lliures de TB
(European Food Safety Authority. 2012).

A l'estat espanyol no és fins a I'any 1986 quan s’inicia I'actual programa d’eradicacio en el
bestiar bovi. Aquest programa, basat fonamentalment en |'estratégia de prova i sacrifici,
va donar uns resultats altament satisfactoris durant els seus primers anys, reduint la
prevalenca a nivell de ramat en uns 10 punts, perod aquesta s’ha mantingut molt estable
entorn al 1,5-2% durant la darrera década (Ministerio de Medio Ambiente Rural i Marino,
2012). Val a dir que a l'estat espanyol existeixen grans diferencies entre arees
geografiques. Els majors nivells de prevalenca se situen al sud-oest de I'estat. A Catalunya
I'evolucié de la TB ha estat semblant, si bé a partir de I'any 2007 la prevalenca de TB a
nivell de ramat s’ha situat entre mig punt i un punt per sota de la mitja de l'estat (Taula 1).

Taula 1. Evolucié de la tuberculosi bovina a Catalunya i Espanya (2004-2011).

Any

2004 2005 2006 2007 2008 2009 2010 2011

Prevalenca Catalunya 1,78 1,7 1,65 1,08 085 083 0,59 0,81
de ramat (%) Espanya 1,8 1,52 1,76 163 159 165 151 1,33
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1.2.3. Latuberculosi en el bestiar cabrum

Segons la FAO (Food and Agriculture Organitzation), I'any 2010 el cens de bestiar cabrum
a nivell mundial s’estimava en uns 910 milions de caps. D’aquests, més del 97%, aixi com
el gruix de la produccié caprina mundial, es localitzava en paisos empobrits o en vies de
desenvolupament (Taula 2, FAOSTAT 2010, consultat 18/12/2012), la majoria dels quals ja
pateixen una epidémia greu de TB en humans i/o en el bestiar vaqui. La TB en el cabrum
ja s’ha pogut confirmar en alguns d’aquests paisos com Nigéria o Etiopia (Cadmus et al.,
2009; Hiko and Agga, 2011), per tant, com ja s’ha observat en paisos desenvolupats, la TB
a les explotacions ramaderes de cabrum, pot suposar un problema econdomic i sanitari
afegit a tenir en compte (Daniel et al., 2009; Shuralev et al., 2012).

Taula 2. Cens i produccid de la ramaderia de bestiar cabrum de paisos representatius a
escala mundial.

Cens Produccio (carn) Produccio (llet)

Estat

Caps Posicié Tones Posicié Tones Posicid
india 154.000.000 1 586.500 2 4.594.000 1
Xina 150.706.554 2 1.872.863 1 277.500 13
Pakistan 59.900.000 3 275.000 4 739.000 4
Nigeria 56.524.100 4 291.300 3 ND -
Bangladesh 50.000.000 5 191.100 5 2.496.000 2
Etiopia 22.786.900 8 66.300 10 ND -
Brasil 9.312.780 17 30.000 28 148.149 20
Grécia 4.850.000 30 53.700 14 470.000 9
Argentina 4.250.000 35 9.900 53 ND -
EUA 3.038.000 42 ND - ND -
Espanya* 2.933.800 43 9.000 57 602.000 7
Russia 2.136.640 55 17.944 39 255.175 15
Franga 1.349.030 70 12.053 50 645.176 6

*Catalunya: 91.023 caps, 781 T de carni 7.181 L de llet (www.ldescat.cat, 18/12/2012).

Als paisos desenvolupats I'existéncia de TB en I'espécie caprina va ser descrita durant la
primera meitat del segle XX en casos esporadics al Regne Unit i els EUA (Bishop et al.,
1934; Schwabacher. 1934; Francis. 1958), pero en els darrers anys hi ha hagut un
increment molt significatiu de publicacions que han reportat brots de TB en granges de
cabrum al Regne Unit (Crawshaw et al., 2008; Daniel et al., 2009; Sharpe et al., 2010a),
Italia (Zanardi et al., 2013), Portugal (Duarte et al., 2008; Quintas et al., 2010; Cunha et al.,
2011) o Espanya (Domingo et al., 2009; Rodriguez-Campos et al., 2012; Napp et al., 2013).

No obstant, a data d’avui la tuberculosi caprina encara no apareix al llistat de malalties de
notificables de la OIE i normalment no esta inclosa als programes d’eradicacié de
tuberculosi bovina, tret que existeixi una cohabitacié amb el bestiar vaqui en granges
mixtes o pastures compartides. Aquesta realitat contrasta amb el fet que alguns dels
estats membres de la UE no oficialment lliures de TB en el vaqui, com Grecia o Espanya,
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son els que tenen censos més importants de bestiar cabrum (Taula 2). Concretament a
Espanya alguns estudis apunten que la TB és present amb una prevalenca molt
significativa en els ramats de cabrum (Aranaz et al., 1999; Garcia Marin. 2010; Rodriguez
et al., 2011).

Recentment s’han trobat evidencies que els caprins poden actuar com a reservoris
domestics de la TB i representar una font d’infeccié tant de M. bovis com de M. caprae
per al bestiar vaqui (Napp et al., 2013; Zanardi et al., 2013). Aquest factor, tot i que no és
I’Gnic, pot ser una de les causes de I'aparicié constant de nous brots de TB en el vaqui,
impedint la disminucié de la prevalenca a nivell de ramat i dificultant I'eradicaci6 de la
malaltia en aquesta espécie (Humblet et al., 2009).

Es interessant destacar que mentre els brots de TB en el cabrum al Regne Unit sén causats
per M. bovis, a Espanya la majoria dels casos sén deguts a M. caprae. Les lesions causades
per ambdues espécies en animals sén macroscopicament indistingibles, tot i que algun
estudi recent assenyala que podrien existir algunes diferencies histopatologiques (Garcia-
Jimenez et al., 2012). En tot cas, I'aillament d’una o altra espécie pot tenir importancia en
termes de valor epidemiologic.

1.2.4. Latuberculosi per Mycobacterium caprae

A banda de ser un agent causatiu de la TB en el capri domeéstic (Aranaz et al., 1999), M.
caprae també s’ha aillat en casos de TB en altres animals domestics i en fauna silvestre,
tant en estats de I'Europa central oficialment lliures de TB bovina (Haddad et al., 2001;
Prodinger et al., 2002; Erler et al., 2004; Prodinger et al., 2005; Pate et al., 2006;
Domogalla et al., 2013), com en estats del sud d’Europa que no tenen estatus oficialment
lliure de TB bovina com Grécia (lkonomomopoulos et al., 2006), Italia (Boniotti et al.,
March 2009), Espanya (Rodriguez et al., 2011) i Portugal (Duarte et al., 2008). A Espanya
M. caprae representa un 7,4% de tots els aillaments de MTBC realitzats a partir d’animals
domestics i silvestres (Rodriguez et al.,, 2011). Darrerament també s’han reportat
nombrosos casos d’aillaments de M. caprae en I'ésser huma a Europa (Kubica et al., 2003;
Prodinger et al., 2005; Cvetnic et al., 2007; Rodriguez et al., 2009; Bayraktar et al., 2011;
Aimé et al., 2012; Hansen et al., 2012).

2. Agent etiologic i patogenia
2.1. Caracteristiques generals

Tots els bacteris causants de TB pertanyen al MTBC que inclou les seglients espécies: M.
tuberculosis (Koch. 1882), M. microti (Wells and Oxon, 1937), M. africanum (Castets et al.,
1968), M. bovis (Karlson and Lessel, 1970), M. caprae (Aranaz et al., 2003), M. pinipedii
(Cousins et al., 2003) i recentment s’ha identificat una nova espéecie: M. mungi (Alexander
et al., 2010). Tradicionalment també s’ha inclos M. canettii (van Soolingen et al., 1997)
dins del MTBC, pero analisis filogenetics recents el situen com una de les possibles
especies ancestrals del MTBC (Gutierrez et al., 2005; Supply et al., 2013). El grau de
similitud de les especies del MTBC és virtualment idéntic en termes de genomica
comparada amb un nivell d’identitat del 99,95% de les seqliencies de nucleotids (Garnier
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et al., 2003; Huard et al., 2006). La seva elevada proximitat filogenetica esta d’acord amb
la hipotesi que les espécies del MTBC sdn ecotips (Taula 3) que han evolucionat d’un
ancestre comu sovint anomenat M. prototuberculosis (Supply et al., 2013).

Taula 3. Evoluci¢ filogenetica dels ecotips del MTBC.

Espécie Hoste natural Delecions de RD?

M. prototuberculosis®  Desconegut -

M. tuberculosis Humans -

M. africanum WA*®1 Humans 9

M. africanum WA2 Humans 9,7,8i10

M. mungi Mangostes 9,7,8i10

Bacil “Dassie” Damans 9,7,8i10

Bacil “Oryx” Antilops 9,7,8i10

M. microti Talpons 9,7,8i10

M. pinipedii Foques 9,7,8i10

M. caprae Caprins 9,7,8,10,2,12i13
M. bovis Bovins 9,7,8,10,2,12,13i4

% RD, regions de diferéncia del genoma.
b Hipotétic ancestre comu del MTBC.
© WA, West-African.

El MTBC s’integra dins del génere Mycobacterium, que ja agrupa 159 espécies diferents
(www.bacterio.net, consultat el 19/02/2013) i és I'Unic membre de la familia

Mycobacteriaceae, que al seu temps esta integrada dins de 'ordre Actinomycetales. El
genere Mycobacterium inclou altres patogens estrictes per humans, com M. leprae (agent
causant de la lepra), o per animals, com M. avium subespecies paratuberculosis (agent
causant de la malaltia de Johne o paratuberculosi en bovins i petits remugants).

Els micobacteris (tal com es denominen genéricament les especies del génere
Mycobacterium) sén bacils filamentosos, Gram-positius, acid alcohol resistents, immobils,
aerobis estrictes i amb alt contingut de Guanina i Citosina en el seu ADN. En general, el
seu estudi ha representat un nucli separat dins de la bacteriologia per les seves elevades
singularitats: dificultat de ser cultivats, lent creixement (en la majoria dels casos), elevada
patogenicitat o la necessitat de condicions de treball en laboratoris d’alt grau de
biocontencid.

Una de les singularitats principals dels micobacteris, que els distingeix de la resta de
bacteris gram positius, és la complexitat de I'envolta cel-lular. Aquesta esta formada per la
membrana plasmatica, la paret cel-lular i la membrana externa (o capsula). Al seu temps,
la paret cel-lular esta formada pel peptidglica, 'arabinogalacta i els acids micolics (Figura
4). Aquests Ultims sén uns acids grassos de cadena llarga de 60 a 90 atoms de carboni que
s’estenen per tota la regid hidrofobica i tenen una consisténcia quasi solida a temperatura
ambient (Vincent Lévy-Frébault and Portaels, 1992). En conjunt, aquesta composicid
atorga unes propietats fortament hidrofobiques a I'envolta cel-lular dels micobacteris que,
en el cas dels micobacteris del MTBC, els confereix una major resistencia al procés de
fagocitosi per part dels macrofags (Rastogi et al., 2001), permetent-los sobreviure i
replicar- se intracel-lularment en un ambient hostil (Daffé and Draper, 1998).
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Figura 4. Esquema de I'envolta cel-lular de M. tuberculosis (Abdallah et al., 2007). D’interior a exterior: la
membrana plasmatica o membrana interna; la paret cel-lular formada pel peptiglica, I'arabinogalacta, els acids
micolics i glicolipids (exterior); i la capsula formada per polisacarids.

L’envolta cel-lular dels micobacteris del MTBC també té un especial interés pel seu paper
fonamental en les interaccions hoste- patogen, incloent tant factors de viruléncia com
possibles dianes terapéutiques o vacunals (Gordon et al., 2009).

2.2. Patogenesi

Tant en humans com en remugants domeéstics la principal via de transmissié de la TB és
per mitja d’aerosols (tos, expectoracié) a partir d’individus amb TB pulmonar activa
(Pollock and Neill, 2002; Russell. 2007). Les goticules aerosolitzades que contenen els
bacils poden evadir la barrera mucociliar i arribar als alveols pulmonars, on els bacils seran
fagocitats pels macrofags alveolars. A partir d’aqui es pot establir la infeccié amb una lesid
inicial o focus primari a I'6rgan d’entrada (per ex: el pulmé en el cas de la via d’infeccid
respiratoria).

Un cop s’ha establert la infeccié inicial es produeix un drenatge bacil-lar de I'organ
d’entrada als seus limfonodes associats, on es pot iniciar una nova lesid. STanomena
complex primari complet al conjunt de lesions a I'0Organ d’entrada i els limfonodes
associats (per ex: pulmad i limfonodes pulmonars).

Un cop establert el complex primari es poden obrir diferents escenaris. En la majoria dels
casos en humans no es produeix la malaltia, aixi doncs, o bé hi ha una destruccié rapida
dels bacils per part dels macrofags activats per la resposta immunitaria de I'hoste, o bé
s’esdevé la LTBI.

En altres casos es pot donar una disseminacié post- primaria o reinfeccioé al produir-se un
nou focus d’infeccié, normalment per disseminacid de bacils per via broncoalveolar a
partir del focus primari. Aquests bacils infectaran un nou macrofag alveolar inactiu i
generaran una nova lesid.

Finalment també es pot produir una disseminacié per via limfohematogena que doni lloc
a la sembra de bacils a diferents organs i un procés de generalitzacié. Sovint aquesta
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infeccid generalitzada origina lesions granulomatoses multifocals a les membranes
seroses donant lloc al que es coneix com a tuberculosi mil-liar.

Pel que fa referencia als animals la patogénesi de la TB no esta tan extensament estudiada
com en el cas del humans, pero existeixen suficients indicis per assumir, si més no en
remugants domestics, la preponderancia de la via de transmissié aerogena, ja que en la
majoria de casos es detecten lesions tuberculoses al pulmé o als limfonodes respiratoris
(Cassidy. 2006; Daniel et al., 2009). Tot i que la localitzacid6 de les lesions no és
necessariament indicativa de la via de transmissié, s’ha pogut comprovar que en bovins
infectats experimentalment amb M. bovis per via oral, les lesions apareixien
fonamentalment en pulmons i el teixit limfoide associat, aixi com en limfonodes del cap,
pero no en organs o teixit limfoide del sistema digestiu (Palmer et al., 2004).

2.2.1. Formacio del granuloma

El granuloma, també denominat “tubercle” per la seva morfologia, és la caracteristica
histopatologica fonamental de la lesié tuberculosa. Es una conseqiiéncia de la resposta de
I’hoste que remodela el lloc d’infeccié en un agregat cel-lular disposat en un patré tipic
gue es reconeix com a granuloma (Russell. 2007). L’arquitectura del granuloma permet la
contencid de la disseminacié dels micobacteris encerclant el nucli central de la lesié amb
multiples barreres concéntriques de cél-lules inflamatories (Saunders and Cooper, 2000).
Els primers estudis sobre la formacid i el rol dels granulomes en la patogénesi de la TB es
van realitzar en el model de conill (Dannenberg. 2001). Anteriorment, I'any 1955, el
metge i bidleg Georges Canetti havia fet una descripcid histopatologica a partir d’un cas
de LTBI en un huma. Canetti la va descriure com una “evolucié benigna” de la infeccio
perque en la necropsia el subjecte presentava granulomes petits encapsulats per un anell
fibrés amb necrosi mineralitzada al centre (Canetti. 1955).

Aixi doncs, un cop els micobacteris inhalats sén fagocitats pels macrofags alveolars,
aquests envien senyals a altres cel-lules inflamatories del sistema immunitari que sén
reclutades cap al focus d’infeccio a través dels vasos sanguinis propers. El granuloma es va
formant a partir d’'un nucli de macrofags infectats, vorejat concéntricament per les
diferents cél-lules proinflamatories reclutades: a) primerament per macrofags escumosos
(caracteritzats per un alt contingut de lipids i freqlents en teixits amb estimuls
proinflamatoris cronics), cel-lules gegants multinucleades o cél-lules de Langhans
(macrofags fusionats amb els nuclis en disposici6 de corona) i altres fagocits
mononuclears; i b) en segon lloc per limfocits. Posteriorment es forma una beina fibrosa
de col-lagen i altres components de la matriu extracel-lular que delinea la periféria de
I'estructura disminuint sensiblement el nombre de vasos sanguinis que penetren a
I’estructura (Russell. 2007, Figura 5). Aquesta resposta tissular defineix una primera fase
de “contencid” de la infeccid.
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Figura 5. Representacio de les etapes de formacié i destruccié del granuloma (adaptat de (Russell. 2007)). (1)
Infeccié de macrofags alveolars. (2) Reclutament de cel-lules inflamatories al focus d’infeccié. (3) Formacid del
granuloma inicial (macrofags escumosos, limfocits, vasos sanguinis). (4) Granuloma consolidat (amb capsula
fibrosa). (5) Liqliefaccié del granuloma i obertura de la lesié a les vies aéries.

La regié central d’aquests granulomes és hipoxica i en la majoria de mamifers s’hi acaba
desenvolupant necrosi. Aquesta caracteristica classicament s’ha atribuit a una reaccio
toxica anomenada “fenomen de Koch” (Bothamley and Grange, 1991). Estudis més
recents atribueixen la necrosi intragranulomatosa a |'accié de diferents factors que es
poden donar de forma conjunta o inclUs alternativa: a) infiltrats de cél-lules T que actuen
activant els macrofags que contenen els bacils i posteriorment es destrueixen per
mecanismes apoptotics (Keane et al.,, 1997); b) una resposta immunitaria no efectiva
impossibilitant I'activacié dels macrofags que sén destruits per la multiplicacié dels bacils
(Orme. 1998); o c) una resposta immunitaria innata exagerada amb un rapid influx de
macrofags i granulocits al focus d’infeccié (Turner et al., 2003).

La generacié d’un medi extracel-lular necrotic produeix una evolucid de les lesions cap a la
necrosi, la caseificacié que finalment pot derivar en la liqliefaccié i cavitacié dels teixits. La
ruptura i desintegracid del granuloma provoca un vessament de milers de bacils
infecciosos a les vies respiratories, resultant en el desenvolupament d’una tos productiva
que facilita la propagacié d’aerosols de bacils infecciosos (Russell. 2007).

En resum, el granuloma és un complex d’interaccions dinamiques entre macrofags,
cél-lules T, produccid de citocines i activitat micobacteriana que determinaran I’evolucio
de la lesié cap a necrosi, mineralitzacid, ligliefaccid o regressié (Cassidy. 2006).
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2.2.2. Factors de viruléncia

Els factors que influeixen en la severitat de la TB en individus infectats sédn multiples i
depenen de les caracteristiques genetiques de la soca bacteriana, de I'hoste i de la seva
interaccio (Collins. 2001; Kaufmann. 2008). Les manifestacions cliniques de la TB també
estan influenciades per altres factors que transcendeixen les caracteristiques intrinseques
de I'hoste i el patogen com soén la ruta d’infeccid o la dosi infectiva (Pollock and Neill,
2002).

En animals també s’ha assenyalat I'edat de I'individu com un factor a tenir en compte. En
general la progressio de la infeccid és més rapida i la severitat de la patologia és major en
animals joves (Martin-Hernando et al., 2007). En explotacions ramaderes de produccio
intensiva també s’ha comprovat que la freqliencia i disseminacid de la infeccid
tuberculosa és més elevada degut a la major concentracié d’animals caracteristica dels
sistemes productius ramaders i al compromis de la immunocompeténcia derivat de
I’estrés que pot ocasionar la vida productiva (Ramirez-Villaescusa et al., 2010).

Els patogens del MTBC presenten factors de viruléncia propis. La viruléncia de les soques
vindra determinada per la seva habilitat per superar les defenses de I'hoste. Per exemple,
s’ha descrit que els lipids de la paret cel-lular juguen un paper important com a efectors
defensius, ofensius o adaptatius de la viruléncia (Hotter and Collins, 2011).

En diversos estudis de factors de viruléncia, s’han comparat soques patogenes amb
soques atenuades. La soca vacunal atenuada M. bovis BCG (Bacil de Calmette-Guerin)
ofereix un bon marc per a aquest camp d’estudi. Aquesta soca, a diferéncia de la resta
d’especies del MTBC, ha patit la delecié de la RD1 del genoma (Mahairas et al., 1996) i
conseqiientment, els gens que formen part de la RD1 han estat ampli objecte d’estudi.
Concretament el locus Esx-1 (ESAT-6 secretion complex 1) és el més estudiat (Gey et al.,
2001; Abdallah et al., 2007). El sistema Esx-1 permet la secrecid de les proteines ESAT-6
(6-kDa early secretory antigenic target) i CFP-10 (10-kDa culture filtrate protein), que
formen un heterodimer estable i sén un factor clau en les interaccions hoste- patogen
(Renshaw et al., 2005). Concretament s’ha suggerit que estan involucrades en la lisi de la
membrana de I'hoste i la disseminacié cél-lula- cél-lula (de Jonge et al., 2007). Recentment
també s’ha demostrat que ESAT-6, després de ser secretat pel micobacteri, s’integra entre
els fosfolipids de la membrana del fagosolisosoma dels macrofags i la destrueix permetent
als micobacteris accedir al citosol (Houben et al., 2012). La capacitat de translocacio
d’alguns micobacteris patogens al citosol ha esta descrita en el MTBC, M. leprae i M.
marinum (Stamm et al., 2003; van der Wel et al., 2007) i s’ha demostrat que és un factor
clau associat de la patogenesi de les infeccions micobacterianes (Houben et al., 2012).

Finalment, la transcriptdomica és una eina que també ha estat utilitzada darrerament per
comparar diferents perfils d’expressid entre soques de M. bovis amb la finalitat
d’identificar polimorfismes cromosomics que puguin donar lloc a nous determinants de
viruléncia (Inwald et al., 2002; Blanco et al., 2009).
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3. Immunitat i antigenicitat

La patologia causada per MTBC és fonamentalment immunopatologica, ja que és el
resultat de I'alteracié tissular concurrent provocada per la resposta immune de |’hoste
contra la infeccid tuberculosa (Ulrichs and Kaufmann, 2006). Tanmateix, el coneixement
dels mecanismes immunologics implicats és I'area de recerca central per al disseny
racional d’estratégies vacunals contra la TB (Kaufmann. 2006).

La LTBI causada per M. tuberculosis en I'ésser huma és inicialment controlada de forma
activa per la resposta immune i, en determinades circumstancies, pot progressar cap a TB
activa (malaltia). Les caracteristiques qualitatives i quantitatives de la resposta immune
seran un dels principals factors que determinaran si un individu infectat emmalalteix
(desenvolupa clinica o lesions macroscopiques) o no (Kaufmann. 2005).

En els grans mamifers, tot i que menys estudiats, els fonaments immunologics i
immunopatologics sén en general similars als desenvolupats en els humans, salvant certes
diferéncies fisiologiques i patogéniques (Buddle et al., 1994; Caro et al., 2001; Palmer and
Waters, 2006; Gil et al., 2010). Concretament els estudis a partir d’infeccions
experimentals de bovins amb M. bovis han contribuit significativament al coneixement de
la immunitat enfront a la TB en aquesta espécie (Pollock et al., 2005; Palmer and Waters,
2006; Pollock et al., 2006).

3.1. Control immunitari de la tuberculosi

Les interaccions entre els micobacteris i les diferents dianes cel-lulars de la mucosa
respiratoria de I'hoste determinen el desenllag de la TB pulmonar. En aquestes
interaccions, tant la immunitat innata com I'adaptativa juguen un paper critic.

Tant en animals com en I'ésser huma, el control de MTBC es basa principalment en la
immunitat mitjancada per cel-lules (en angleés CMI) que és el resultat del treball en equip
de diferents poblacions de cel-lules T i macrofags (Pollock et al., 2005; Cooper. 2009).
Concretament la resposta que es considera imprescindible per al control de MTBC és la
CMI basada en cel-lules T cooperadores de tipus | (en anglés Th1). La intensitat de la CMI,
sobretot els nivells d’interfer6-gamma (IFN-y) produits per les cél-lules T, és el parametre
gue s’associa a nivells de proteccio front a la TB (Flynn et al., 1993; Andersen et al., 2007).

Per la seva banda la immunitat mitjancada per anticossos o immunitat humoral en general
no s’ha considerat rellevant per al control dels micobacteris que, degut a la seva
caracteristica de patogens intracel-lulars, practicament no estarien exposats a l'accié
neutralitzant dels anticossos. No obstant, estudis recents emprant el model muri han
demostrat que terapies basades en anticossos sén eficaces en impedir la reactivacié de la
infeccid per M. tuberculosis (Guirado et al., 2006; Balu et al., 2011) i el rol dels anticossos
en la proteccid contra la TB és encara matéria de discussio.

3.1.1. Immunitat innata

Els micobacteris poden ser endocitats pels macrofags i també per les cél-lules
dendritiques (en anglés DCs) (Russell. 2007). Ambdods tipus cel-lulars, que alhora sén
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cél-lules presentadores d’antigen (en anglés APCs), expressen receptors de superficie de
dos tipus: 1) receptors endocitics, com els receptors fixadors del complement (en anglés
FcRs) o els receptors de manosa, que fixen el micobacteri i faciliten I'inici del procés de
fagocitosi; i 2) receptors de senyalitzacié o receptors de reconeixement de patrons (en
anglés PRRs), que detecten patrons moleculars associats a patogens (en anglés PAMPs)
(Akira et al., 2006). La principal familia de PRRs sén els receptors de tipus toll (en angles
toll-like receptors, TLRs) que interactuen amb components de la paret cel-lular dels
micobacteris i desencadenen la resposta immune innata.

El macrofag, com a fagocit professional, és la principal cel-lula diana i també I'habitat de
preferéncia dels micobacteris del MTBC, que hi duen a terme mecanismes sofisticats de
supervivencia i d’evasid de la resposta immune innata, com el segrest del fagosoma en
una etapa immadura, impedint la seva acidificacio i prevenint la fusié del fagosoma amb
el lisosoma i la formacio del fagolisosoma (Figura 6).
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Figura 6. Esquema de la influéncia de M. tuberculosis durant el procés de fagocitosi per part dels macrofags
(Kaufmann. 2001). Els micobacteris impedeixen la maduracié del fagosoma i sobreviuen dins del macrofag en
repos.

La maduracié del fagosoma és un punt critic per a completar la fagocitosi i eliminar els
micobacteris. En el fagosoma immadur els micobacteris podran tenir accés al ferro, que
resulta essencial per a la seva supervivencia intracel-lular, i competir per ell amb la cél-lula
hoste, que el requereix per diferents mecanismes de defensa (Kaufmann. 2001). Els
macrofags activats promouen la maduracié del fagosoma, particularment després de ser
estimulats per I'IFN-y secretat per cel-lules T efectores que han migrat al granuloma
(Kaufmann. 2001). L'IFN-y, conjuntament amb el factor de necrosi tumoral alfa (TNFa),
son els principals promotors de I'activitat fagocitica i antimicobacteriana dels macrofags.
Ambdues citocines estimulen diferents mecanismes efectors fonamentals per a
I’eliminacié dels micobacteris: maduracié i acidificacié del fagosoma (que passa de pH 6,5
a pH 4,5), restriccié de I'accés al ferro, disminucié de la concentracié d’oxigen o sintesi
d’oxid nitric (Schaible et al., 1998; Endsley et al., 2007; Russell et al., 2009).

La destruccid del micobacteri desencadena una cascada de senyalitzacié que acaba amb
I’activacié del factor de transcripcié NF-kB (factor nuclear de les cadenes lleugeres kappa
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de les celllules B) que indueix I'expressié de citocines proinflamatories com les
interleuquines (IL) IL-1B, IL-6 o els interferons de tipus | (IFN-a i IFN-B), aixi com de
guimioquines que sdn responsables del reclutament d’altres cél-lules inflamatories al lloc
d’infeccid.

3.1.2. Immunitat adaptativa

La immunitat adquirida, fonamentalment la CMI que involucra cél-lules T, juga un paper
central i tanmateix dual davant la infeccié tuberculosa, proporcionant immunitat
protectora en determinats casos, perd també contribuint al desenvolupament de les
lesions granulomatoses i la necrosi caseosa que facilita la progressid transmissio de la
infeccid. Si la resposta és massa lenta, el creixement bacteria pot arribar a un punt en que,
malgrat s’expressi una potencial immunitat protectora, 'ambient que s’ha generat al
focus d’infeccidé impedeix que aquesta sigui eficag (Cooper. 2009).

Els limfonodes regionals de drenatge sén el lloc d’iniciacié de la immunitat efectora contra
MTBC (Wolf et al.,, 2008). L’activacido i expansid limfocitaria antigen-especifica es
correlaciona temporalment amb [l'arribada dels bacils disseminats des de I'0rgan
d’entrada al limfonode de drenatge (Chackerian et al., 2002). Un cop els micobacteris
arriben al limfonode, les cél-lules T verges sén activades a través de la presentacio
antigenica per part de les APCs (normalment DCs) que migren del interstici alveolar al
limfonode regional (Demangel et al.,, 2002; Bhatt et al., 2004). Les APCs presenten els
antigens de MTBC, que han estat previament processats a través del complex major
d’histocompatibilitat (en angles MHC), unes moléecules que s’expressen a la superficie de
les APCs. La presentacio a les cél-lules T CD4+ es realitza a través del MHC de tipus II,
mentre que la presentacio a les cel-lules T CD8+ es realitza per mitja del MHC de tipus I.
Per la seva banda, per iniciar I'activacid i proliferacié de les cel-lules T verges, aquestes
necessiten expressar a la seva superficie el receptor de cel-lules T (en angles TCR).

Les cél-lules T efectores activades, migren del limfonode a través del torrent circulatori i
son reclutades al focus primari d’infecciéd per participar en la resposta inflamatoria.
Aquesta migracid pot trigar 15-18 dies post-infeccid segons s’ha descrit en ratolins (Reiley
et al., 2008). Tant les poblacions de cel-lules T CD4+ com les cél-lules T CD8+, juguen un
paper essencial en la lluita contra la infeccié per MTBC:

Les cel-lules T CD4+ es polaritzen en diferents subpoblacions. La disponibilitat de
determinades citocines definira el fenotip d’aquestes subpoblacions. Les DCs exposades a
MTBC, indueixen IL-12 que contribueix a diferenciar les cel-lules T CD4+ en cél-lules Thl
(Flynn and Chan, 2001; Flynn. 2004). Les ceél-lules Thl activen els mecanismes
antimicobacterians dels macrofags i per aquest motiu la seva estimulacié és un punt
crucial per als candidats vacunals (Kaufmann. 2005).

Les cél-lules Th1l efectores i de memoria produeixen diferents citocines com la IL-2, que
participa en I'activacié i proliferacié de cel-lules T, o com I'IFN-y i el TNFa que activen els
macrofags (Foulds et al., 2006). Recentment s’han descrit altres subpoblacions, com les
cel-lules productores de IL-17 o Th17, que reforcen les respostes Th1l al focus d’infeccié
(Khader et al., 2007) i activen els granulocits polimorfonuclears (en anglés PNG). La IL-23,
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secretada per les DCs i els macrofags activats, contribueix a la polaritzacié de les cel-lules
T CD4+ cap a Thl7 i és essencial per una resposta optima de la IL-17 front a la infeccié
(Khader and Cooper, 2008). De la mateixa manera, la IL-23 també contribueix a polaritzar
les cél-lules T CD4+ a cél-lules T productores de IL-22 (Th22). La IL-22, produida per les
cél-lules Th22 i també per les Thl7 té una activitat de barrera protectora tissular i
promotora de la resposta inflamatoria front a agents infecciosos (Sonnenberg et al.,
2011). Recentment s’ha comprovat que els nivells de IL-22 en bovins vacunats contra la TB
s’associen amb la proteccié (Bhuju et al., 2012).

Les cel-lules Th2 secreten IL-4 i les cel-lules T reguladores (Treg) IL-10 i TFGB. Aquestes
citocines contraresten I'activitat de les cél-lules Thl (19). Per tant, el balang Th1/Th2 és
important per determinar I'evolucié de la infeccié (Pollock et al., 2005; Welsh et al., 2005).

Per la seva banda les cel-lules T CD8+ també participen en I'activacié dels macrofags
produint IFN-y i TNFa (Cooper. 2009) i, per una altra banda, també actuen com a limfocits
T citolitics (en anglés CTL). Els CTL secreten perforina i granulisina, lisen la cel-lula hoste i
ataquen directament els micobacteris (Stenger et al., 1998).

L’acumulacié de les cel-lules T CD4+ i T CD8+ a dins o al voltant del granuloma resultara
clau per activar de forma efectiva els macrofags i desencadenar una resposta immunitaria
efectiva. S’ha observat en ratolins, que els animals que no sdn capacos d’infiltrar
adequadament els limfocits dins de la lesié granulomatosa, sdn més susceptibles a morir
davant una eventual infeccié per M. tuberculosis (Orme. 1998). El treball en equip de les
diferents subpoblacions de cel-lules T i dels macrofags determinara la capacitat de I’hoste
per controlar la infeccid en granulomes solids mantenint una forma latent de TB o
d’evolucionar cap a granulomes caseosos i la forma activa de la malaltia (Figura 7).
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Figura 7. Esquema general de respostes immunologiques en la infeccié tuberculosa (Kaufmann et al., 2010). El
balang de la resposta immunologica determinara si es produeix una contencié activa de la infeccid (proteccid)
en un granuloma solid o si s’indueix la seva caseificacid, evolucionant cap a una infeccio activa.
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A banda de les cél-lules T CD4+ i T CD8+, una altra subpoblacié de cel-lules T també
participa en la resposta immune enfront durant la infeccié per MTBC, les cel-lules T
gamma delta (y8), que sén particularment abundants en remugants, especialment en
animals joves (Rhodes et al., 2001). Les cel-lules T y6 s’Tanomenen aixi perqué expressen
un TCR y& (format per una cadena y i una cadena §), distint al de les cel-lules que
expressen un TCR af, com les T CD4+ i T CD8+. El seu mecanisme d’activacié i de
reconeixement antigenic és encara forca desconegut pero s’ha descrit que aquestes
cél-lules podrien jugar un paper important en la primera fase de les infeccions
micobacterianes i que estarien involucrades tant en la immunitat innata, com en
I'adquirida (Blumerman et al.,, 2007; Plattner et al, 2009). En bovins infectats
experimentalment amb M. bovis, s’ha observat que la primera subpoblacié de cel-lules T
en actuar son les T y§, seguides de les T CD4+ i les T CD8+ (Pollock et al., 1996). També
s’ha descrit que les cel-lules T y6 poden tenir un efecte supressor sobre |'activitat antigen-
especifica de les T aff (Rhodes et al., 2001).

Concretament, |'expressié o no del receptor WC1 (Workshop cluster 1) a la superficie de
les cél-lules T y& és la principal caracteristica per distingir les subpoblacions d’aquestes
cél-lules en remugants (Wijngaard et al., 1992). S’ha observat que les cél-lules T y6 WC1+
de sang periféerica de bovins infectats amb M. bovis responen significativament front a
antigens micobacterians proteics i no proteics (Welsh et al., 2002). A més, s’ha demostrat
que cel-lules T yd WC1+ d’animals sans i sense sensibilitzacié prévia, també proliferen i
produeixen grans quantitats d’IFN-y en resposta a estimulacions amb antigens de la paret
cel-lular de MTBC (Vesosky et al., 2004).

Tenint en compte que les cel-lules T y6 constitueixen la major poblacié en sang periféerica
de remugants (sobretot en animals joves), la seva activitat té un impacte important en la
resposta de I’hoste contra la infeccié tuberculosa i esdevé una area de recerca d’especial
interés en la tuberculosi animal.

3.2 Hipersensibilitat retardada

La resposta d’hipersensibilitat de tipus IV o retardada (en anglés DTH) enfront a
determinats antigens de MTBC és una CMI indicativa d’un encontre previ de I’hoste amb
el micobacteri. Es tracta d’una reaccié inflamatoria local que es produeix entre 24 i 72h
després de la sensibilitzacio.

Durant forca temps es va associar la DTH (considerada una forma independent de la CMI)
al fenomen de Koch i la causa principal de la necrosi caseosa intragranulomatosa
(Bothamley and Grange, 1991; Dannenberg Jr. 1991). Posteriorment s’ha observat que la
DTH és una resposta induida per citocines secretades fonamentalment per cél-lules T
CD4+ i macrofags (principalment TNFa i IFN-y) que estimulen la secrecié de quimioquines
per part de les cél-lules tissulars locals que atrauen de forma massiva cel-lules
inflamatories del torrent sanguini al lloc d’inflamacid, ja sigui el focus infecciés o un punt
d’inoculacié (Orme. 1998).

Aquesta reaccid ha tingut (i encara té) una gran transcendeéncia en el camp diagnostic de
la TB. La prova diagnostica de I'aplicacid intradermica de la tuberculina o IDTB es basa en
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la DTH a nivell local produida enfront al derivat proteic purificat (en anglés PPD) o
tuberculina. El PPD prové de M. tuberculosis en la prova de Mantoux en humans, o de M.
bovis i M. avium en la IDTB comparada que es realitza en bovins.

3.3. Antigenicitat

El MTBC conté antigens que estan ampliament conservats entre els micobacteris, molts
del quals es troben també en el PPD. Dins del génere Mycobacterium es poden classificar
els antigens en 4 grups en funcié de la seva especificitat (Standford. 1983): a) comuns a
tots els micobacteris; b) comuns a les especies de creixement rapid; c) comuns a les
espécies de creixement lent; i d) especifics d’'una espécie o d’un conjunt d’espécies
estretament relacionades. Aquest darrer grup d’antigens acostumen a ser
immunodominants a I’'hora generar respostes immunologiques enfront als patogens.

La resposta immune front a la infeccié tuberculosa és predominantment de base cel-lular,
pero els antigens del MTBC tenen determinants antigénics (o epitops) especifics per
cél-lules T i per cél-lules B. Alguns d’aquests antigens, per les seves caracteristiques
immunogeniques, han estat objecte d’estudi per a ser utilitzats en el diagnostic o el
disseny de nous candidats vacunals (Mustafa et al., 2006; Mustafa et al., 2008; Lindestam
Arlehamn et al., 2012).

La identificacié d’antigens associats a laténcia també és un recent camp d’interes. Aquests
antigens sén aquells que tindran una major expressio durant la fase latent de la infeccid i
poden ser incorporats en vacunes contra la LTBI (Aagaard et al., 2011; Niu et al., 2011) o
com a reactius diagnostics (Schuck et al., 2009).

A la Taula 4 es mostren els antigens proteics de MTBC més representatius en funcio del
seu Us recent en el disseny de noves vacunes i reactius de diagnostic. Els antigens de la
Taula 4 es divideixen en 4 grups funcionals:

a) Complex Antigen 85 (Ag85). Complex que inclou 3 micoliltransferases (Ag85A, B i C)
involucrades en la sintesi de la paret cel-lular (Armitige et al., 2000). Recentment s’ha
descrit que I’Ag85A també podria estar involucrat en la sintesi de triacilglicerols
generant cossos d’emmagatzematge de lipids en el micobacteri que li permetrien
persistir dins del macrofag (Elamin et al., 2011).

Tant I’Ag85A (Wang et al.,, 2004; McShane et al., 2005; Santosuosso et al., 2006;
Hawkridge et al., 2008) com I’Ag85B (Dietrich et al., 2005; Langermans et al., 2005;
Dietrich et al., 2006; van Dissel et al., 2010) estan entre els antigens més
immunogenics identificats fins ara i son els més utilitzats en les diferents vacunes
subunitat (constituides per només algun dels components del micobacteri) que
actualment es troben en fase d’assajos clinics. Sén principalment dianes per a les
cel-lules T pero també poden induir alts nivells d’anticossos antigen-especifics.

b) Sistema de secrecio del complex ESAT-6 (Esx). Sistema de secrecié de proteines.
El genoma de MTBC conté 5 locus Esx dels quals I'Esx-1 és el més extensament descrit
(Cole et al., 1998; Gey et al.,, 2001) i és el responsable de la secrecié dels antigens
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ESAT-6 (EsxA) i CFP-10 (EsxB) (Behr and Sherman, 2007; MclLaughlin et al., 2007)
(Figura 8). Agquests antigens formen un complex heterodimeric 1:1 estable i, com s’ha
comentat amb anterioritat, juguen un paper central en les interaccions hoste-patogen
(Renshaw et al., 2005). A banda de la seva rellevancia com a factors de viruléncia,
ESAT-6 i CFP-10 sén antigens immunodominants i tenen un gran interés en el
diagnostic de la TB per dues raons: 1) perqué estan codificats a la regié RD1, absent al
genoma de les diferents soques de M. bovis BCG (Mahairas et al., 1996; Ganguly et al.,
2008) (Figura 8 ); i 2) perqué ambdds antigens sén potents inductors d’IFN-y per part
de les cél-lules T durant les primeres fases de la infeccié tuberculosa (Pollock and
Andersen, 1997). Multiples estudis han avaluat el seu Us en el diagnostic de TB basat
en l'alliberament d’IFN-y en humans (Pai et al., 2004) i animals (Vordermeier et al.,
2001; Aagaard et al., 2006; Cockle et al., 2006; Bezos et al., 2011). ESAT-6 també
s’incorpora en alguns candidats vacunals (Dietrich et al., 2005; Dietrich et al., 2006; Lin
et al., 2012).
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Figura 8. Esquema de l'organitzacié de la regid genomica que conté els gens del sistema de secrecid del
complex ESAT-6 1 (ESX-1) i de la participacié d’alguns dels seus productes en la formacid i posterior secrecid
de I'heterodimer ESAT-6:CFP-10. La barra inferior indica els gens deleccionats a les soques de M. bovis BCG
(figura adaptada de Gey et al., 2001 i Behr and Sherman, 2007).

Per altra banda el locus Esx-3 és responsable de la secrecié de TB10.4 (EsxH) i TB9.8
(EsxG) (Bitter et al., 2009). Com ESAT-6 i CFP-10, ambdds antigens contenen epitops
fortament reconeguts per les cél-lules T durant la infeccid tuberculosa, pero també en
individus vacunats amb BCG (Skjgt et al., 2002).
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c)

TB10.4, en combinacid amb altres antigens, també s’ha incorporat en diferents
vacunes prototip (Dietrich et al., 2005; Dean et al., 2008; Niu et al., 2011). Per la seva
banda TB9.8 també s’ha identificat com un potencial candidat per incorporar en
vacunes subunitat, tot i que en una fase preliminar i encara sense estudis d’eficacia
vacunal publicats a data d’avui (Mustafa et al., 2006).

Respecte a TB7.7, no se’n coneix la funcionalitat pero si que també és fortament
reconegut per les cel-lules T durant les primeres etapes de la infeccié (Aagaard et al.,
2004). Tampoc esta present en el genoma de les diferents soques de M. bovis BCG.
Aguestes caracteristiques el converteixen en un bon candidat per el diagnostic de la
TB i ja s'utilitza en I'actualitat per aquest proposit en persones (Diel et al., 2008).
Malauradament, té restringit el seu Us veterinari degut a que el gen que codifica per
TB7.7 es troba a la regid RD11 que no esta present ni en M. bovis, ni en M. caprae
(Brosch et al., 2002; Mostowy et al., 2002).

Rv3615c o EspC (Esx-1 substrate protein C) és una proteina codificada fora de la regid
RD1 pero la seva secrecié també depén del sistema Esx-1 (Millington et al., 2011).
Com que el sistema Esx-1 esta interromput a BCG (degut a I'abséncia de la regié RD1),
es creu que M. bovis BCG no pot secretar el Rv3615c i per aixo els individus vacunats
amb la vacuna BCG no generen respostes cel-lules T-especifiques enfront a Rv3615c,
mentre que els infectats responen amb una intensitat similar a la d’ESAT-6 i CFP-10
(Millington et al., 2011). Per aquest motiu també s’ha estudiat el seu Us en el
immunodiagnostic de TB en pacients humans (Millington et al.,, 2011) i en bovins
(Sidders et al., 2008; Whelan et al., 2010; Casal et al., 2012).

Antigens involucrats en I'adaptacié del micobacteri (Adapt). S6n proteines de xoc
termic i xaperones moleculars que estan involucrades en |'adaptacié del micobacteri a
les condicions d’estres i també sén dianes de la resposta immunologica de I'hoste
enfront a MTBC (Wilkinson et al., 2005).

Acr (a-crystalin), també anomenat HspX o proteina de 16kDa, és un antigen amb
epitops immunodominants tant per cél-lules T com per cél-lules B (Wilkinson et al.,
1998) i s’associa a la fase de laténcia de la infeccid tuberculosa ja que es requereix per
a la persistencia del micobacteri en I'ambient d’estrés (privacié d’oxigen i exposicio a
I’0xid nitric) en que es troba dins del macrofag (Yuan et al., 1998). S’ha demostrat que
pacients amb LTBI indueixen una resposta de cel-lules T especifica que no s’indueix en
individus vacunats amb BCG (Geluk et al., June 2007). Aquestes caracteristiques han
convertit a Acr en un bon candidat com a reactiu diagnostic (Lindestam Arlehamn et
al,, 2012) i per vacunes subunitat (Geluk et al.,, June 2007). Recentment s’ha
incorporat en vacunes multiestadi (que incorporen antigens secretats en fase aguda i
en latéencia) en combinacio amb TB10.4 (Niu et al., 2011).

Per la seva banda, Acr2 (a-crystalin 2), també anomenat Hsp20, és una proteina que
conté un 30% d’homologia amb Acr en la seqiiéncia aminoacidica, perd, mentre
aquesta Ultima és predominant durant la laténcia, Acr2 genera una resposta
immunitaria especifica de cél-lules T en les etapes primerenques de la infeccid
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tuberculosa. Per aquesta caracteristica també s’ha postulat com un bon candidat per
vacunes subunitat (Wilkinson et al., 2005).

Recentment s’ha identificat la nova hipotética proteina Rv2660c que tindria un patré
d’expressio preferent durant la privacid de nutrients, caracteristica de la fase latent de
la infeccid (Aagaard et al., 2011). Aquest antigen també s’ha incorporat amb éxit en
vacunes multiestadi conjuntament amb Ag85B i ESAT-6 (Aagaard et al., 2011; Lin et
al., 2012).

d) Antigens associats a la paret cel-lular (PC). Grup d’antigens format per proteines de

superficie com MPB70, MPB83 i MPB64 (com s’anomenen en M. bovis) o MPT70,
MPT83 i MPT64 (com s’anomenen en M. tuberculosis) que presenten
immunodominancia per cel-lules B (Oettinger and Andersen, 1994; Lightbody et al.,
1998).

Tant MPB70 com MPB83 sén antigens serodominants de M. bovis que sén reconeguts
pel sistema immunologic en les primeres etapes de la infeccié (Lyashchenko et al.,
2004; Waters et al., 2006). Per aquest motiu, sobretot MPB83 és un antigen altament
empleat en el desenvolupament de noves eines de diagnostic serologic de la TB
(Waters et al., 2006; Lyashchenko et al., 2007; Lyashchenko et al., 2008).

Taula 4. Caracteristiques dels principals antigens proteics del complex M. tuberculosis.

Antigen Num.Rv®  Grup PMP® Dianes Us

Ag85A Rv3804c Ag85 37kDa CellulesTiB  Vacunes
Ag85B Rv1886¢ Ag85 35kDa CellulesTiB  Vacunes
ESAT-6 Rv3875 Esx 6 kDa Cel-lules T Vacunes/Diagnostic
CFP-10 Rv3874 Esx 10kDa Cel-lulesT Diagnostic
TB10.4 Rv0288 Esx 10kDa Cél-lulesT Vacunes
TB9.8 Rv0287 Esx 10kDa Cel-lulesT Vacunes
TB7.7 ¢ Rv2654c - 6 kDa Céllules T Diagnostic
EspC Rv3615c Esx ° 6 KDa Cel-lules T Diagnostic
Acr (HspX) Rv2031c Adapt 16kDa Cél-lulesTiB  Diagnostic
Acr2 (Hsp20) RV2051c Adapt 18kDa Cél-lulesT Vacunes
Rv2660c Rv2660c Adapt 6 kDa Cel-lules T Vacunes
MPT70/MPB70 Rv2875 PC 19 kDa Cel-lules B Diagnostic
MPT83/MPBS83 Rv2873 PC 22 kDa  Ceél-lules B Diagnostic
MPT64/MPB64 Rv1980c PC 25kDa Ceél-lules B Diagnostic

® Num. Rv: Nimero que s’atribueix a totes les seqiiéncies codificants de M. tuberculosis H37Rv (Cole et al.,

1998).

b
PM: Pes molecular.

¢ Absent a M. bovis i M. caprae (Brosch et al., 2002; Mostowy et al., 2002)
d Pertany a la familia proteica Esp que esta associada al sistema Esx.

3.4. Diagnostic immunologic

El coneixement de quins components de la resposta immunologica durant la infeccid

tuberculosa poden ser utilitzats en cada una de les de la infeccid, és crucial per poder

diagnosticar la TB.
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Els microorganismes del MTBC sén patogens intracel-lulars que resideixen principalment
dins dels macrofags. Per aquest motiu, des de fa temps esta ampliament reconegut el
paper predominant de la CMI (especialment la resposta Th1) durant la infeccid. Aixi doncs,
tot i que recentment s’han identificat antigens que generen una resposta d’anticossos en
les primeres etapes de la infeccié tuberculosa (Lyashchenko et al., 2004; Waters et al.,,
2006), la principal via per detectar una infeccid recent continua sent la mesura de la CMI.

Tant en persones com en animals, la intensitat de la CMI, particularment dels nivells
d’IFN-y contra alguns antigens especifics de MTBC, es correlaciona amb la carrega
bacteriana, i per tant, amb la progressio de la infeccié (Vordermeier et al., 2002; Andersen
et al., 2007).

Durant la LTBI en persones el creixement de M. tuberculosis es manté en uns nivells
extremadament baixos, dificultant la deteccid d’antigens micobacterians per part del
sistema immune. De la mateixa manera les respostes d’anticossos sén normalment
indetectables. Per contra els assajos d’alliberament d’IFN-y (en anglés IGRAs) poden
diagnosticar la LTBI en persones dues setmanes després i durant tot el curs de la infeccid,
mentre que un pacient amb LTBI pot o no ser positiu a la IDTB. Finalment, si es produeix
una progressié cap a TB activa, la infeccid podra ser detectada per proves de deteccid
antigénica (com la PCR) o per proves de deteccid d’anticossos contra M. tuberculosis
(Andersen et al., 2007, Figura 9).
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Figura 9. Representacié esquematica de les diferents possibilitats de deteccié de la TB humana en les fases
latent i activa (Andersen et al., 2007).

La infeccid per M. bovis en bovins no reprodueix la LTBI tal i com es dona en les persones
infectades per M. tuberculosis, pero si que té en comu la predominanca de la CMI en les
primeres fases de la infeccié.

En una primera etapa de “laténcia” (abséncia de lesions macroscopiques i molt baixa
carrega bacteriana) es pot detectar la resposta d’IFN-y (entre 2 i 4 setmanes post-infeccio,
Dean et al., 2005) i posteriorment la DTH per mitja de la IDTB. En fases més avangades de
la infeccio, on la carrega bacteriana és més significativa, es pot detectar també la resposta
d’anticossos i, finalment, en fases molt croniques, es pot produir un fenomen d’anérgia
durant el qual no és possible detectar la CMI contra els principals antigens de MTBC.
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Aquests animals encara poden ser detectats per proves de deteccié de la resposta
humoral (de la Rua-Domenech et al., 2006, Figura 10).
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Figura 10. Representacié esquematica de |'evolucid de la infeccid tuberculosa en bovins i la capacitat de les
proves de diagnostic immunologic per detectar la infeccio (Vordermeier et al., 2004).

3.4.1. Intradermotuberculinitzacié (IDTB).

La prova de la IDTB és el meétode estandard per detectar la TB tant en persones com en
bestiar bovi. Aquesta prova es fonamenta en la reaccié de DTH, mesurant la induracio (en
persones) o I'engruiximent del plec cutani (en animals), del punt on préviament s’han
inoculat tuberculines (PPDs) per via intradérmica.

En persones la IDTB o Prova de Mantoux s’interpreta mesurant el diametre transversal de
la induracié. A I'estat espanyol s’utilitza el PPD-RT23 de M. tuberculosis (Statens Serum
Institut, Dinamarca) i normalment es considera que un resultat és positiu quan la
induracié és major a 5 mm (Taula 5).

En bovins s’utilitza PPD de M. bovis o bovi (PPD-B) i es mesura I'espessor del plec de pell al
punt d’inoculacid. A I'estat espanyol s’utilitza la soca M. bovis AN-5 per produir el PPD-B
(CZ Veterinaria, Espanya) i els resultats s’interpreten tenint en compte tant I'engruiximent
del plec cutani com el signes clinics associats a la inoculacié de la tuberculina (edema
difus, exsudat, necrosi dolor o reaccié inflamatoria dels limfonodes regionals). La
interpretacié de la reaccié es realitza de la seglient manera (Ministerio de Medio
Ambiente, Medio Rual y Marino, 2008; Taula 5): a) positiva, quan I'engruiximent sigui
major o igual a 4 mm i/o hi hagi preséncia de signes clinics; b) dubtosa, si hi ha abséncia
de signes clinics i un engruiximent major a 2 mm i menor a 4mm; c) negativa,
engruiximent menor o igual a 2 mm i absencia de signes clinics.

Els PPDs no sén especifics del MTBC, com a conseqiiencia, la IDTB pot donar lloc a
resultats falsos positius per exposicio de I'individu a altres micobacteris no tuberculosos o
per efecte de la vacuna BCG. En determinades circumstancies, s’aconsella realitzar la
prova de la IDTB comparada, per evitar la possible interferencia en el diagnostic que pot
provocar la sensibilitzacid per micobacteris ambientals o la infeccié per M. avium subsp.
paratuberculosis, I'agent causant de la malaltia de Johne o paratuberculosi, que és
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endémica en el bestiar vaqui i els petits remugants en diversos paisos d’Europa (de Juan
et al., 2006; Good et al., 2009).

Taula 5. Caracteristiques de la Intradermotuberculinitzacié (IDTB) en les persones i el
bestiar vaqui.

IDTB
Persones Bovins
Tuberculina PPD-RT23 PPD-B
Soca MTBC Diverses M. tuberculosis M. bovis AN-5
Dosi * 2UT > 20000 Ul
Punt d'inoculacié Avantbracg Coll
Temps de lectura 48-72h 72h
Interpretacio b >5mm (+), > 15 mm (++) >4mmosc(+),>2<4(d)

 UT, Unitats de Tuberculina; Ul, Unitats Internacionals.
b +, positiu; ++, positiu fort; d, dubtds; sc, signes clinics.

La IDTB comparada consisteix en valorar la reaccié produida en resposta a la inoculacié de
la PPD-B, en relacid a la reaccié produida per la inoculacié de PPD de M. avium o aviar
(PPD-A). A I'estat espanyol s’utilitza la PPD-A de la soca M. avium subsp. avium D4-ER (CZ
Veterinaria, Galicia, Espanya). La interpretacid de les IDTB comparada es defineix de la
seglient manera (Ministerio de Medio Ambiente, Medio Rual y Marino, 2008): a) positiva,
quan la reaccio a PPD-B sigui positiva i >4 mm que la reaccié a PPD-A i/o hi hagi preséncia
de signes clinics; b) dubtosa, quan la reaccié a PPD-B sigui positiva o dubtosa i entre 1i 4
mm major que la reaccié a PPD-A; c) negativa, quan la reaccié a la PPD-B sigui negativa o <
a lareaccié a PPD-A.

En els darrers anys s’esta estudiant I'Gs de reactius alternatius a la PPD, per ser utilitzats
en la prova cutania de valoracid de la DTH en bovins i poder diferenciar animals infectats i
vacunats o sensibilitzats amb altres micobacteris no tuberculosos (Whelan et al., 2010;
Casal et al., 2012).

3.4.2. Assajos d’alliberament d’IFN-y (IGRAs).

El primer IGRA antigen- especific va ser desenvolupat el 1990 per Rothel i col-laboradors
per diagnosticar la TB bovina (Rothel et al., 1990). Diverses proves experimentals i estudis
de camp realitzats a Australia, van confirmar la seva idoneitat com a prova diagnostica in
vitro i ex vivo complementaria a la IDTB per incrementar la sensibilitat diagnostica (Wood
and Rothel, 1994). Aquest immunoassaig actualment es comercialitza amb el nom de
Bovigam® (Prionics, Suissa) i a la UE és una prova oficial complementaria (Decisio de la
Comissid de 8 de juliol de 2012 que corregeix I'anex B de la Directiva Europea 64/432). La
prova IGRA actualment s’inclou en programes d’eradicacio i control de la TB bovina a la
UE, Estats Units, Nova Zelanda i Australia. També és reconeguda per la OIE com a prova
alternativa per al comerg internacional (Manual d’animals terrestres de la OIE 2009,
capitol 2.4.7).
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Aquest primer IGRA es duu a terme en dues etapes (veure Figura 11): 1) estimulacié de
sang periférica amb PPD-B i PPD-A durant 16-24h a 37°C, 2) deteccié de I'IFN-y alliberat al
plasma per mitja d’'un assaig immunoenzimatic (ELISA).

Figura 11. Realitzacié de la prova de I'lFN-y (Bovigam®). A, estimulacié de sangs; B, ELISA de detecci6 d’IFN-y
alliberat en plasma sobrenedant.

El fonament del metode es basa en la CMI front a la infeccié per MTBC. Si I'animal esta
infectat, les APCs presentaran els antigens del PPD-B a les cel-lules T efectores de sang
periférica que proliferaran i produiran IFN-y entre altres citocines. Els nivells d’IFN-y
produits en la mostra estimulada amb PPD-B, es comparen amb els nivells produits per la
mostra del mateix animal estimulada amb PPD-A o no estimulada. L’aplicacié del metode i
el punt de tall per determinar la positivitat varia en funcié de la situacio epidemiologica de
cada pais amb la finalitat d’incrementar la sensibilitat o I'especificitat diagnostica.

Diversos estudis han comparat la sensibilitat i I'especificitat de la IDTB front a la prova de
I'IFN-y. La gran majoria conclouen que la prova de I'lFN-y és més sensible que la IDTB pero
no sempre és tan especifica com la IDTB comparada (Wood et al., 1992; Domingo et al.,
1995; de la Rua-Domenech et al., 2006; EFSA Panel on Animal Health and Welfare
(AHAW). 2012).

La identificacid d’antigens alternatius al PPD ha permes desenvolupar IGRAs més
especifics. Fonamentalment ESAT-6 i CFP-10 sén els antigens especifics de MTBC més
estudiats per aquest proposit (Pai et al., 2004; Pai et al., 2006) i s’han incorporat en dos
kits de diagnostic comercial: el QuantiFERON-TB GOLD Test (QFT, Cellestis Limited,
Carnegie, Victoria, Australia) i I'assaig T-SPOT.TB (Oxford Immunotec, Oxford, Regne Unit).
Aquests dos assajos han estat dissenyats especificament per diagnosticar la LTBI humana.
El QFT és una prova equivalent al Bovigam® (ELISA deteccié d’'IFN-y) pero estimulant la
sang periferica amb ESAT-6, CFP-10 i TB7.7 al mateix temps. Per la seva banda, el
T.SPOT.TB quantifica cel-lules productores d’IFN-y després d’estimular cel-lules
mononuclears de sang periferica amb ESAT-6 i CFP-10. L’Us d’aquests antigens atorga una
elevada especificitat a les dues técniques (Ferrara et al., 2006).

3.4.3. Diagnostic immunologic en caprins

La tuberculosi caprina encara no apareix en el llistat de malalties notificables de la OIE i no
esta sotmesa a campanyes d’eradicacid de caracter obligatori. El programa d’eradicacio
de tuberculosi bovina a I'estat espanyol contempla I'analisi obligatori del bestiar cabrum
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gue conviu, comparteix pastures o esta epidemiologicament relacionat amb el bestiar
bovi. No obstant, en algunes Comunitats Autonomes existeixen programes voluntaris de
qualificacio sanitaria de ramats respecte a la TB.

La proximitat biologica entre bovins i caprins permet que el bestiar cabrum pugui ser
sotmeés a les mateixes proves de diagnostic antermortem que s’apliquen al bestiar vaqui
(IDTB i prova de I'lFN-y) (Gutiérrez et al., 1998; Liebana et al., 1998; Bezos et al., 2012)
(Figura 12). Alguns estudis rebel-len que els resultats de sensibilitat i especificitat en
diferents situacions de camp sén similars als dels bovins (Alvarez et al., 2008; Bezos et al.,
2012). En cabres co-infectades per paratuberculosi i TB, s’ha demostrat que la resposta
contra PPD-A pot emmascarar la deteccié de la infeccid tuberculosa, tant per mitja de la
IDTB com per I'lGRA (Bezos et al., 2010). Per tal de validar les proves diagnostiques en el
bestiar cabrum encara manquen dades addicionals d’estudis de camp realitzats amb un
numero més elevat d’animals, aixi com estudis especifics d’optimitzacié de les proves en
I’especie caprina (dosis de tuberculina, punts de tall, etc.).

Figura 12. Detall del procés de lectura d’una reaccid positiva a la IDTB en una cabra infectada amb M. caprae. H

4. Prevencio i control de la tuberculosi: vacunes

Les mesures de prevencié de la TB, el diagnostic precog de la infeccid i, pel que fa a les
persones, el tractament, sén els tres pilars fonamentals de I'estratégia de control i
eradicacié de la TB. Les vacunes dirigides tant a la profilaxi com a la immunoterapia,
juguen un paper central en aquesta estrategia.

4.1. Historia de les vacunes contra la TB

La primera temptativa de vacuna contra la TB recau en el propi Robert Koch. Es tractava
d’utilitzar el PPD del M. tuberculosis que ell mateix havia descrit com una vacuna amb
finalitats terapéutiques. Koch va realitzar uns estudis preliminars en cobais amb resultats
prometedors i el 1890 va realitzar un assaig clinic en 1700 pacients amb TB. En aquest
estudi I’Us del PPD va resultar ser un fracas com a terapia antituberculosa (Koch. 1891) .

La primera vacuna amb finalitat preventiva no va veure la llum fins als anys 20 del segle
passat. Va ser la BCG, desenvolupada a I'Institute Pasteur pel microbioleg Albert Calmette
i el veterinari Camile Guerin. Uns anys abans aquests cientifics havien aconseguit atenuar
una soca virulenta de M. bovis després de multiples subcultius seriats en medi de patata,
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bilis i glicerina realitzats cada 3 setmanes durant més de 13 anys. La hipotesi es basava en
que per obtenir proteccid era necessaria la preséncia de bacils tuberculosos a
I'organisme. La BCG va ser utilitzada per primera vegada en un nounat I'any 1921 i el
1927 es va realitzar el primer estudi d’eficacia de la vacuna en més de vint mil recent
nascuts (Calmette. 1927). Des d’aleshores la BCG ha estat (i encara és) |I"Ginica vacuna
disponible contra la TB i més de 4000 milions de persones han estat immunitzades amb
BCG des de la seva aparicid (Kaufmann et al., 2010).

Després de varies décades sense temptatives fermes per a desenvolupar noves vacunes
qgue milloressin I'eficacia de la BCG, la recerca en aquest camp va patir un punt d’inflexio a
partir de 1993. Aquest any I'OMS va declarar que la TB havia esdevingut una emergencia
global (World Health Organization. 1994) i uns anys més tard, a través de la propia OMS,
es va donar un impuls molt important a la recerca contra la TB amb la creacié de I'alianca
internacional STOP-TB, que té per objectiu I'accés al diagnostic i el tractament, aixi com
potenciar la investigaci6 de noves eines diagnostiques, medicaments i vacunes
(www.stoptb.org).

En la darrera decada, s’ha produit un increment significatiu de la recerca sobre vacunes
contra la TB humana i animal (Figura 13, Buddle et al., 2012). Aquest fet també s’ha vist
traduit en avencos significatius en el desenvolupament de nous candidats vacunals contra
la TB. En I'actualitat, 14 d’ells es troben en fase d’assajos clinics.
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Figura 13. Evolucié de les publicacions sobre vacunes contra la TB humana (A) i bovina (B) en revistes
cientifiques indexades (Buddle et al., 2012).

4.2, La vacuna BCG

La soca atenuada de M. bovis BCG es va mantenir en subcultius seriats durant decades
produint-se diversos polimorfismes genetics que van anar donant lloc a una varietat de
soques resultants (Behr and Small, 1999; Garcia Pelayo et al., May 2009) creant nous
llinatges a partir de noves soques de la BCG (Taula 6). No obstant, actualment tan sols
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esta disponible la seqliencia completa del genoma la soca original, també anomenada
BCG Pasteur (Brosch et al., 2007).

Taula 6. Evolucié dels llinatges derivats de la soca original M. bovis BCG Pasteur.

Any Soca Sinonim

1921 Pasteur

1924 Moscou Russia
Brasil Moreau
Toquio Japé
Goteborg Suecia
Filadelfia Phipps

1931 Danesa 1331 Dinamarca

1934 Chicago Tice

1937 Montreal Frappier

1946 Birkhaug

També s’han originat noves soques derivades d’aquets nous llinatges paral-lels, com és el
cas de les soques Praga, Glaxo, Beijing i Xangai que deriven de la BCG Danesa 1331, o la
soca Toronto (també anomenada Connaught) que deriva de la BCG Montreal (Behr and
Small, 1999; Garcia Pelayo et al., May 2009).

Com s’ha esmentat en l'apartat anterior, la BCG és I'Gnica vacuna disponible en
I'actualitat contra la TB. La soca vacunal emprada és la BCG Danesa 1331, que s'utilitza en
humans en una dosi de 5x10° Unitats Formadores de Colonia (UFC). Tot i que és eficag en
els casos més greus de TB, com la meningitis tuberculosa infantil, la seva eficacia en
protegir contra la TB pulmonar és molt variable (Fine. 1995). Les seves principals
avantatges son: a) I'elevada eficacia contra la TB extra pulmonar en nens, b) el baix cost
(pot ser utilitzat en una dosi baixa) i c) la seva elevada seguretat. Mentre que les seves
principals desavantatges sén: a) la limitada eficacia protectora contra la TB pulmonar, b)
I’absencia de proteccié contra la LTBI, c) la manca d’efectes terapeutics i d) la positivitat
d’alguns individus vacunats a la IDTB.

A nivell veterinari I'Ginica especie domeéstica que ha estat sotmesa a estudis d’eficacia de
la BCG contra la infeccid per M. bovis és el bestiar bovi. Tal i com s’observa en I'ésser
huma, la BCG és eficag en protegir contra la TB vacunant vedells neonatals (Hope et al.,
2005) i dosis entre 10*-10° UFC confereixen un nivell similar de proteccié (Buddle et al.,
1995). Les soques BCG Pasteur 1173P2 (subcultiu nimero 1173, segon passi) i BCG
Danesa 1331 confereixen similars nivells de proteccid, perd la BCG Pasteur produeix
respostes d’IFN-y front a PPD-B més elevades (Wedlock et al., 2007). La durada de la
immunitat protectora es manté entre 12 i 24 mesos i després decau en estudis realitzats
amb vedells neonatals vacunats amb la BCG Danesa 1331 (Thom et al., 2012).

Fins a la data no s’han realitzat estudis d’eficacia de vacunes antituberculoses en el
bestiar cabrum, tot i ser I'hoste principal de M. caprae (Aranaz et al., 1999) i
probablement el reservori doméstic més important de TB bovina causada tant per M.
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bovis com per M. caprae (Rodriguez-Campos et al., 2012; Napp et al., 2013; Zanardi et al.,
2013).

Per contra darrerament s’han realitzat diversos estudis d’eficacia de la BCG en les
especies de fauna silvestre que es consideren els principals reservoris silvestres de M.
bovis (i/o M. caprae), com 'opossum (Nova Zelanda), el teixd (Gran Bretanya i Irlanda), el
porc senglar (Peninsula Ibérica) o el cérvol de cua blanca (Nord Ameérica). S’ha demostrat
proteccio en diferents graus de la vacunacié oral amb la BCG en opossums (Wedlock et
al., 2005; Tompkins et al., 2009) i porcs senglars (Ballesteros et al., 2009; Garrido et al.,
2011), de la vacunacid oral, intranasal, subcutania i intramuscular en teixons (Lesellier et
al., 2009; Corner et al., 2010; Chambers et al., 2011), i de la vacunacié oral, parenteral i
subcutania en cérvols de cua blanca (Palmer et al., 2007; Nol et al., 2008).

Tot i que la BCG és I'Unica vacuna actualment disponible contra la TB, els diferents
estudis realitzats en persones i animals coincideixen que la seva eficacia és molt variable
(Fine. 1995; Waters et al., 2012a). El repte present de la recerca en vacunes
antituberculoses és el desenvolupament de nous candidats i noves estrategies vacunals
qgue reemplacin o que millorin I'eficacia de BCG i allarguin la durada de la immunitat
protectora que aquesta confereix. En el camp veterinari, encara queda pendent el
desafiament addicional associat a I'ls de la BCG que és el desenvolupament d’eines de
diagnostic que permetin diferenciar animals infectats i vacunats (en anglés DIVA).

4.3. Noves estrategies vacunals

En [lactualitat es poden definir dues grans families de candidats a vacunes
antituberculoses: les vacunes terapeutiques i les preventives. Les primeres estan
concebudes per accelerar o complementar l'efecte de la quimioterapia antituberculosa,
mentre que el principal repte de les noves vacunes preventives contra la TB és el de
millorar I'eficacia i la durada de la immunitat protectora de la BCG.

Les dues principals aproximacions per desenvolupar noves vacunes profilactiques contra la
TB son el reemplagament de la BCG i I'Us d’antigens immunodominants en una vacuna de
reforc que és administrada després de la vacunacidé amb BCG. Aixi doncs, l'objectiu
d’aquesta segona generacio de vacunes profilactiques és el d’establir un estat d'immunitat
perllongat en el temps que permeti protegir individus contra una futura exposicié a MTBC,
0 una reactivacié de la LTBI. Lobtencié d’una vacuna esterilitzant “antiinfecciosa” no es
considera una fita realista en 'actualitat, de manera que els esforcos van més dirigits a
generar una freqiéncia adequada de recirculacié de cél-lules T de memoria antigen-
especifiques que puguin entrar rapidament en els llocs d’infeccid, contenir la disseminacio
de la infeccid i/o esterilitzar la lesié (Orme. 2005).

A llarg termini, es considera necessari el desenvolupament d’una tercera generacio de
vacunes profilactiques concebudes per a prevenir I'establiment de la infeccid. La principal
estratégia alternativa que s’apunta per assolir aquest objectiu, es basa en la generacio
d’anticossos especifics que evitin I'entrada de MTBC al teixit diana (teixit pulmonar).
Aquesta generacid de vacunes seran dissenyades per estimular una immunitat de mucoses
potent, capaces d’induir la produccio local d’'immunoglobulines A (IgA) especifiques contra
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MTBC en l'espai alveolar (Kaufmann. 2006).

A hores d’ara hi ha 14 candidats a vacunes contra la TB en persones en fase d’assajos
clinics que es distribueixen en 3 grans grups de vacunes: 4 sdn vacunes de reemplagament
de BCG, 8 son vacunes de refor¢ de BCG i 2 sén vacunes terapeutiques. Els 3 grups de
vacunes amb els seus respectius candidats es mostren a la Taula 7 (Kaufmann et al., 2010;

Ottenhoff and Kaufmann, 2012; www.stoptb.org, juliol de 2012).

Taula 7. Noves vacunes contra la tuberculosi en assajos clinics.

Tipus de

Grup vacuna Candidat Descripcid Estat®
o VMP 1002 BCGr que e)_(f)relssa listerolisina i Fase lla
5 amb deleccié d’ureasa
= BCG
g recombinants rBCG30 BCGr que expressa Ag85B Fase |
S 3 (BCGN)
o BCGr que expressa Ag85A
o _ ,
£ AERAS-422 Ag85B, RV407 i perfringolisina Fase |
]
2 Micobacteris MTBVAC M. tuberculosis amb deleccié de Fase I°
recombinants phoP i els gens fadD26
MVAS85A Vaccinia Ankara modificat que Fase Iib
(AERAS-485) expressa Ag85A
Antigens Crucell Ad35 Adenovirus serotip 35 deficient
expressats per i en replicacié que expressa Fase llb
vectors virals (AERAS-402) Ag85A, Ag85B i TB10.4
Adenovirus huma serotip 5
AdAg85A deficient en replicacié que Fase |
8 expressa Ag85A.
m .z . .
Fusio de Rv1196 i Rv0125;
% M72 Adjunvant ASO1 o AS02 Fase lla
O
—
o Fusié d'Ag85B i ESAT-6;
G _ ’
2 H1-1C31 Adjunvant IC31 Fase |
Proteines de Fusio d'Ag85B i ESAT-6;
fusi6 H1-CAFO1 Adjunvant CAFO1 Fase |
H4-1C31 Fusié d'Ag85B i TB10.4; Fase |
(AERAS-404) Adjunvant IC31
Fusi6 d'Ag85B, ESAT-6 i Rv2660c;
H56-IC31 Adjunvant IC31 Fase |
g " . . M. vaccae M. vaccae inactivat Fase lll
8 o Micobacteris
E 2 inactivats RUTI |I\/I tuberculosis detoxificat en Fase I3
iposomes
® A data juliol de 2012; ®ha entrat en fase d’assajos clinics el 2013 (Martin et al., 2006).

4.3.1. Estrategia prime-boost heteroleg

Conceptualment hi ha 2 vies per incrementar I'eficacia o allargar la durada de la immunitat
de la BCG:

a) Amplificar o reforcar la immunitat induida per la BCG en el moment de la vacunacié
(veure Figura 14, amplify/boost). Els candidats a vacunes antituberculoses basades en
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BCG recombinant serien un exemple d’aquesta estratégia.

b) Induir una primera immunitat amb la BCG i reforcar-la posteriorment amb
I'administracié d’antigens immunodominants (veure Figura 14, boost 1). Aquest régim
de vacunacié es denomina estrategia d’induccié i reforc (o prime-boost) heteroleg.
Entre les diferents aproximacions de desenvolupament de noves vacunes
antituberculoses que es mostren a la Taula 7, aquesta és la que aglutina més
candidats (8 en total).

_ Amplify/Boost
R

iy
i

1VE 1mimumna

Immunity level sufficient for protection

Protect
]
1
1
1
1
1
1
I
i
]
1
1
1
1
1
1
1
1

BCG "~ --

Time

Figura 14. Esquema conceptual de les 2 estrategies per incrementar i allargar la immunitat induida per la BCG
(gris fosc): Estrategia d’amplificacié o refor¢ de la BCG en una sola dosi (gris fosc discontinu) i estrategia de
reforg heteroleg en una segona dosi (gris clar). El nivell d'immunitat necessari per conferir proteccié es mostra
en gris clar discontinu.

Com es pot veure a la Figura 14, a banda de reforcar la immunitat protectora front a la
infeccid tuberculosa, I'estrategia primer-boost heteroleg té 'avantatge d’allargar la durada
d’aquesta immunitat protectora, en comparacié amb l'estratégia d’amplificacié de I'efecte
de la BCG en una sola formulacid.

Lestrategia prime-boost heteroleg utilitzada en la que s’utilitzen els actuals candidats
vacunals en fase d’assajos clinics es basa sempre en fer el prime amb la BCG, per tant, els
antigens requerits per a fer el boost han d’estar presents a les diferents soques de BCG i
han d’estar altament conservats dins del MTBC. Els mecanismes pels quals aquesta
estratégia indueix majors respostes de cel-lules T antigen-especifiques que la BCG en
solitari no estan del tot elucidats perd s’especula que un dels més importants és la
immunodominancia per cél-lules T d’alguns epitops d’aquests antigens. Aixi doncs, en una
primera exposicid a l'antigen (priming) s’induiran les respostes de cél-lules T contra els
epitops més immunonodominants, i en una segona immunitzacié (boosting), que
s’efectuara només amb alguns antigens seleccionats respecte a la primera immunitzacid,
s’expandiran preferentment les cel-lules T de memoria induides en el priming i es
focalitzara la CMI en aquest tipus de resposta (McShane and Hill, 2005).

Tal i com es mostrava a la Taula 7, dins de les vacunes que segueixen l'estrategia prime-
boost es distingeixen dos subgrups en funcié del mecanisme “d’entrega” dels antigens: les
vacunes subunitat basades en proteines i les vacunes subunitat basades en vectors virals.
Les primeres son proteines de fusié que combinen dos 0 més antigens immunodominants
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i son administrades conjuntament amb adjuvants sintétics inductors de la resposta de
cél-lules Th1 (Dietrich et al., 2005; Dietrich et al., 2006; Von Eschen et al., 2009; Aagaard et
al., 2011). Per la seva banda, les vacunes basades en vectors virals utilitzen virus
recombinants que mantenen la capacitat infectiva i d’expressar proteines perd que han
perdut la capacitat replicativa, com el poxvirus vaccina Ankara modificat (en angles MVA)
(McShane et al., 2005) o els adenovirus serotip 5 i 35 no replicatius (Xing and Charters,
2007; Radosevi¢ et al., 2007).

L'ds de virus recombinants com a vectors virals té I'avantatge de ser una tecnologia que
permet clonar multiples antigens immunodominants de diferents mides, obtenint titols
molt elevats i, per tant, facilitant produccié de vacunes. Emprant aquesta tecnologia, la
MVAS85A (MVA que expressa Ag85A) va ser la primera vacuna contra la TB després de la
BCG que entrava en assajos clinics. En les primeres fases el régim prime-boost BCG-
MVAS85A va demostrar una bona eficacia i immunogenicitat en diferents models animals
(Williams et al.,, 2005; Verreck et al., 2009; Vordermeier et al., 2009). No obstant,
recentment s’han publicat els resultats de la darrera fase d’assajos clinics. Aquests no
demostren que la MVA85A confereixi una millora estadisticament significativa de la
proteccid respecte la BCG en 2794 nens sud-africans (Tameris et al., 2013).

Per la seva banda, I'is d’adenovirus com a vacunes contra la TB presenta punts forts, com
la seva potent immunogenicitat i el seu tropisme natural per I'epiteli respiratori (Wang et
al., 2004; Santosuosso et al., 2006), mentre que el principal desavantatge, sobretot pel
que fa a I'adenovirus huma serotip 5 (AdHu5), és la freqliéncia de la preséncia d’anticossos
neutralitzants contra el vector viral en persones (Lasaro and Ertl, 2009). Evidentment
aquesta limitacid que suposa la immunitat basal contra adenovirus humans, desapareix
quan es concep la vacuna per a I'Gs veterinari. En aquest sentit, el candidat vacunal
AdAg85A basat en un AdHu5 no replicatiu que expressa Ag85A, administrat com a reforg
de la BCG, incrementa l'efecte protector d’aquesta en vedells posteriorment desafiats amb
M. bovis (Vordermeier et al., 2009).

4.4. Diagnostic diferencial i estratéegia DIVA

La IDTB era I'Ginica técnica disponible per diagnosticar la TB en persones i animals durant
la major part del segle passat. La seva principal limitacié és que una proporcié dels
individus sensibilitzats amb micobacteris no tuberculosos o vacunats amb BCG, resulten
falsos positius a la IDTB. Els actuals candidats a vacunes antituberculoses, tant els que
utilitzen la BCG per fer el priming, com els que utilitzen micobacteris recombinants vius
amb l'objectiu reemplacar BCG, presenten aquest mateix inconvenient en relacié al
diagnostic de la TB.

Per aquest motiu, en paral-lel al desenvolupament de vacunes, s’estan desenvolupant
nous reactius de diagnostic capacos de diferenciar els individus infectats del vacunats.
Aquest concepte inicialment es va definir en el camp veterinari amb les sigles DIVA
(differentiation of infected from vaccinated animals). Actualment, el terme DIVA també
s’utilitza per referir-se més genéericament a la diferenciacid d’individus vacunats i infectats.
Es tracta d’identificar marcadors especifics d’infeccié i/o de vacunacié que puguin ser
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detectats per proves de diagnostic (Figura 15)

(A) (B)

TB+ VAC/TB+ VAC/TB-

Figura 15. Representacio esquematica dels diferents resultats d’'una prova DIVA amb doble marcatge (infeccié i
vacunacio). (A), animal infectat i no vacunat; (B), animal vacunat i infectat; (C), animal vacunat i no infectat.
TB+, infectat; TB-, no infectat; VAC, vacunat.

Com s’ha descrit amb anterioritat, els IGRAs utilitzats per tal de diagnosticar la LTBI en
persones, es basen en antigens absents al genoma de M. bovis BCG i d’altres micobateris
no inclosos al MTBC. Aquestes proves han estat avaluades en diferents situacions cliniques
i s’Tha pogut demostrar la seva eficacia en distingir individus infectats per TB d’individus
vacunats amb la BCG (Diel et al., 2006; Pai et al., 2008). En contrast, els IGRAs actualment
utilitzats per al diagnostic de la TB en els remugants domestics, encara continuen basant-
ses en els PPDs. No obstant, seguint el cami dels IGRAs que ja s’utilitzen en persones, els
antigens ESAT-6 i CFP-10, ja sigui formulats com una proteina de fusid o com un coctel
peptidic, han estat incorporats en els IGRAs i han estat ampliament testats en proves de
camp en bovins (Vordermeier et al., 2001; Waters et al., 2004; Cockle et al., 2006).

El coctel peptidic o proteic format per ESAT-6 i CFP-10, aixi com I'antigen Rv3615, també
han estat testats en una prova intradérmica per mesurar la DTH en el bestiar vaqui
(Whelan et al., 2010; Casal et al., 2012) i recentment s’ha aconseguit millorar la sensibilitat
afegint també I'antigen Rv3020c (Jones et al., 2012). De la mateixa manera, també s’ha
desenvolupat una nova prova intradérmica per diagnosticar la LTBI en persones, basada en
ESAT-6 i CFP-10 que ja ha estat avaluada satisfactoriament en cobais (Weldingh and
Andersen, 2008).

Tot i que la BCG no és propiament una vacuna marcadora, els IGRAs i les proves
intradermiques basats en reactius DIVA han aconseguit incrementar significativament
I'especificitat diagnostica de la TB, permetent distingir els individus vacunats i no infectats
dels infectats (vacunats o no, Figura 16). Tanmateix és cert que pel que fa a la millora de la
sensibilitat, els resultats no sén consistents en totes les poblacions i diferents situacions
epidemiologiques estudiades quan es comparen amb les proves basades en els PPDs (Pai
et al., 2008).
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ESAT-G/CFP-10
& PPO-B

TB+ BCG/TB+ BCG/TB-

Figura 16. Representacid esquematica dels diferents resultats diagnostics en un estudi de vacunacid i
desafiament utilitzant reactius DIVA (coctel ESAT-6/CFP-10) i tuberculina bovina (PPD-B). (A), animal infectat i
no vacunat; (B), animal vacunat amb la BCG i no protegit; (C), animal vacunat amb la BCG i protegit o no
infectat. TB+, infectat; TB-, no infectat.

Els reactius DIVA basats en antigens expressats per gens codificats en la regié RD1 absent
al genoma de la BCG (com ESAT-6 i CFP-10), o basats en antigens que son secretats per
tots els MTBC pero no per la BCG (com Rv3615c), poden ser aplicats en el diagnostic de la
TB conjuntament a la vacunacié amb la BCG o a estratégies vacunals, basades en la BCG.
Per aquest motiu, paral-lelament al desenvolupament de noves vacunes i nous
tractaments contra la TB, una tercera linia de recerca prioritzada en l'actualitat, es basa en
I'optimitzacid d’aquests reactius de diagnostic diferencial i la identificacié de nous antigens
que puguin complementar-los en pro d’incrementar la sensibilitat diagnostica (Aagaard et
al., 2006; Mustafa et al., 2008).

4.5. Biomarcadors

Els biomarcadors o marcadors biologics sén indicadors d’un estat biologic derivat d’'un
procés fisiologic, d’un procés patogenic o d’'una resposta farmacologica a un determinat
tractament. A més a més, han de poder ser objectivament mesurables i avaluables. Pel
que fa als processos patogénics, i més concretament de la infeccid tuberculosa, es poden
definir marcadors associats al patogen (especificitats de la soca, temps de cultiu negatiu
post-infeccid) o associats a I’hoste (resposta immunitaria, clinica). En relacié a la resposta
immunitaria durant el procés d’infeccid tuberculosa s’han identificat biomarcadors
immunologics especifics d’'infeccid, de proteccio i d’estadi clinic (LTBI o TB activa).

Els biomarcadors immunologics tenen un especial interés en estudis clinics perqué poden
facilitar/accelerar el desenvolupament de vacunes. En aquest sentit podem distingir 3
tipus de biomarcadors (Vordermeier et al., 2012): a) predictors de proteccid, que indiquen
si una vacuna és efectiva després de la vacunacié pero abans de la infeccid (no
requereixen desafiaments experimentals); b) correlats de proteccid, que indiquen si una
vacuna és efectiva després de la vacunacié i I'exposicié a MTBC (requereix desafiaments
experimentals); c) correlats d’infeccid, que s’associen a I'laugment de la patologia o la
carrega bacteriana durant la progressié de la infeccid (després del desafiament).

Els principals marcadors immunologics sén les citocines, les quimioquines i els anticossos.
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4.5.1. Interferé-y (IFN-y)

L'IFN-y és la citocina més ampliament estudiada en relacié a la infeccid tuberculosa, i es
considera un marcador d'immunogenicitat. S’ha descrit que I'IFN-y és necessari per la
defensa de I'hoste contra infeccions micobacterianes (Flynn et al., 1993), encara que és
insuficient per si sol, per generar una resposta protectora contra la TB (Leal et al., 2001;
Flynn. 2004). Aixi, paradoxalment, I'IFN-y pot ser tant un marcador de prediccid de
proteccid, com un marcador de correlacié amb infeccid activa. En aquest darrer cas, uns
nivells elevats constants d’IFN-y poden ser indicatius d’una immunitat ineficient
(Andersen et al., 2007).

Per poder fer un Us discriminant de I'lFN-y com a biomarcador de proteccié o d’infeccio és
necessari estudiar la resposta antigen-especifica mesurada després de I'estimulacié in
vitro de les cél-lules que el produeixen. Aixi doncs, per exemple, I'lFN-y ESAT-6-especific
és un correlat d’infeccié associat a la progressié de la infeccid tuberculosa en persones i
animals (Vordermeier et al., 2002; Lyashchenko et al., 2004; Andersen et al., 2007
Domingo et al., 2009). Per altra banda, I'IFN-y Ag85B-especific pot ser tant un correlat
d’infeccié com un predictor de proteccid, al veure’s incrementat en persones infectades
per M. tuberculosis o vacunades amb la BCG respectivament (Geluk et al., June 2007). Els
mateixos resultats s’han observat pel que fa a I'lFN-y TB10.4-especific en ratolins infectats
per M. tubeculosis i vacunats amb la BCG (Dietrich et al., 2005). Les cel-lules T de memoria
productores d’IFN-y Ag85A-especific s’han identificat, també, com un predictor de
proteccié perd no un correlat d’infeccid en bovins vacunats seguint un protocol prime-
boost amb BCG-AdAg85A (Vordermeier et al., 2009).

Més enlla de la monitoritzacié d’assajos clinics de vacunes, I'IFN-y també és un bon
biomarcador per estudiar la LTBI i la possible reactivacié de la infeccio en persones
infectades latentment. Les respostes d’IFN-y especifiques per antigens relacionats amb la
laténcia, s’han vist incrementades en pacients amb LTBI que eren reactors a la IDTB
(Leyten et al., 2006). Per exemple, s’ha observat que les respostes d’IFN-y Acr-especific no
estan correlacionades amb la vacunacié amb la BCG pero si amb la LTBI (Geluk et al., June
2007).

4.5.2. Altres biomarcadors immunologics

El balang entre les respostes efectores i reguladores després de la infeccié per MTBC és
clau per la contencio o la disseminacié de la infeccio (o el pas de la LTBI a la TB activa). Aixi
doncs, tot i que existeixen moltes evidencies que la proteccié contra la TB s’associa a la
resposta efectora proinflamatoria, un sol marcador per si sol, no sera suficient per predir
i/o monitoritzar I'eficacia d’'una vacuna en un estudi clinic (Vordermeier et al., 2012).

Diversos estudis de vacunacid i posterior desafiament amb M. bovis en vedells, han
permes estudiar I'expressié genica de determinades citocines i quimioquines amb
posterioritat a la vacunacié i el desafiament. D’aquesta manera s’han obtingut
biosignatures que podrien permetre predir I'eficacia de la vacunacid (Vordermeier et al.,
2012). S’ha identificat que les respostes d’IL-17A i I'expressié genica d’IL-22 sén predictors
de proteccid en bovins vacunats (Aranday-Cortes et al., 2012b; Bhuju et al., 2012; Rizzi et
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al., 2012; Vordermeier et al., 2012) i correlats d’infeccié en bovins desafiats amb M. bovis
(Blanco et al., 2011; Aranday-Cortes et al., 2012a). De la mateixa manera, la resposta
immunitaria participada per les subpoblacions de cel-lules Th17 i Th22 també es veu
induida per controlar la infeccié per M. tuberculosis en persones (Scriba et al., 2008).

Recentment també s’ha avaluat per a aquest proposit la quimioquina CXCL10 o IP-10
(Proteina inductora d’IFN-y 10) com a biomarcador de la TB. La IP-10 es detecta a l'interior
del granuloma i actua atraient cel-lules T al focus inflamatori i promovent la resposta de
tipus Thl. Les respostes associades a IP-10 estan relacionades amb la progressié de la
infeccid tuberculosa en humans (Ruhwald et al., 2011) i en bovins (Waters et al., 2012b),
mostrant gran potencial com a marcador de diagnostic de la TB.

Finalment, tot i que no hi ha consens sobre el paper dels anticossos durant la infeccid, si
que s’ha estudiat ampliament la seva aplicacié en el diagnostic de la TB. S’ha demostrat
que la IDTB en bovins vacunats o infectats, indueix a un increment dels titols d’anticossos
front al PPD-B i a altres antigens especifics de MTBC, principalment MPB83 (Lyashchenko
et al., 2004; Palmer et al., 2006). A més a més, en bovins vacunats amb la BCG i desafiats
amb M. bovis, el titol d’anticossos contra MPB83, mesurat immediatament abans del
sacrifici dels animals i dues setmanes després de la realitzaci6 de la IDTB, es
correlacionava positivament amb la patologia i la carrega bacteriana, suggerint que també
poden ser utilitzats com a correlat d’infeccié en estudis de vacunes (Lyashchenko et al.,
2004).

4.6. Models animals per al desenvolupament de vacunes

Les caracteristiques genétiques i fisiologiques de [I'hoste, determinen la seva
susceptibilitat i resposta immunitaria enfront a la infeccid tuberculosa. Els petits
mamifers, fonamentalment el ratoli, el conill i el cobai, han estat els més extensament
emprats en I'estudi de la infeccid, el seu tractament i la seva profilaxi:

a) Ratoli. El model muri ha estat molt utilitzat per a I'estudi de I'eficacia de candidats
vacunals contra la TB. Es un animal economic, de maneig facil i amb un ampli rang de
reactius especifics disponibles. A més a més, els ratolins es poden infectar
eficientment per aerosols (la ruta natural de transmissio de la TB). El model muri pot
reproduir la LTBI controlant inicialment la infecci6 amb una resposta immunitaria de
tipus Thl (Orme. 2005). No obstant, la immunopatologia difereix sensiblement
d’altres models animals i les persones. Els granulomes presenten poca necrosi
intragranulomatosa i una reaccié fibrosa molt discreta que retarda la encapsulacié
dels mateixos (Gil et al., 2006). Les cél-lules T secretores de citocines proinflamatories
estan més uniformement distribuides a través de les lesions granulomatoses i, en
conseqliencia, els macrofags infectats tenen més accés als gradients de citocines que
els activen i no degeneren, produint la necrosi caracteristica del granuloma
tuberculds en altres espécies (Orme. 1998).

b) Cobai. Comparteix amb el model muri la facilitat de reproduir la infeccido per
aerosolitzacid dels micobacteris perd, a diferéncia d’aquest, les lesions
granulomatoses en el cobai s’organitzen de manera similar a la dels grans mamifers.
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Els macrofags i els limfocits ocupen concentricament les regions externes de
I'estructura del granuloma i la regié interna presenta major necrosi i degeneracid
cel-lular (Orme. 1998). Aquesta resposta inflamatoria, similar a la de les persones,
converteix el cobai en un model util per avaluar la reduccié del dany tissular en
terapies antituberculoses i candidats vacunals. Per contra, una de les limitacions
d’aquest model és que les propies caracteristiques de la lesid, fan que els cobais
presentin una gran susceptibilitat a la infeccid i un temps relativament baix de
supervivencia (Orme. 2005).

c) Conill. Els primers estudis sobre la patogénesi de la tuberculosi es van realitzar en
aquest model. Presenta una resposta similar a la del cobai pero la necrosi progressa
més rapidament cap a la liqliefaccié i formacié de lesions cavitaries, comparable a la
de etapes avancades de la infecci6 en humans (Orme. 1998). No obstant, tot i la
preséncia de cavitats, els conills tenen capacitat per controlar la infeccié i inclds
poden evolucionar cap a la curacié (Dannenberg. 2001).

La hipotesi dels volums postula que com més gran és I'hoste (i major volum té el seu
pulmd), menor és la tolerancia a la infeccid i major és la resposta inflamatoria contra el
micobacteri (Cardona. 2006). Un hoste amb capacitat per destruir un major volum de
parénquima, podra aturar més eficientment el creixement bacteria (Figura 17).
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Figura 17. Comparacié de diferents hostes segons el seu pes. El volum d’una lesié cavitaria tuberculosa es
mostra en una tonalitat més fosca (Cardona. 2006).

A la Figura 17 s’il-lustra que el ratoli no pot mantenir la seva supervivéncia, induint una
resposta inflamatoria que el condueixi a la formacié d’una cavitat equivalent al volum del
pulmo. En el cas del cobai, que si que pot induir la formacié de cavitats, aquestes son tan
grans respecte el volum del pulmdé que comprometen la seva supervivencia. Per aquest
motiu, els models de TB en primats no humans i grans mamifers, resulten importants per
valorar la seguretat i I'eficacia de candidats vacunals contra la tuberculosi en humans:

d) Primats no humans. Els macacos s’han utilitzat per estudiar la LTBI i la TB activa, aixi
com l'evolucié de I'una a l'altra. Les espécies més utilitzades sén el Cynomolgus
(Macaca fascicularis) (Lin et al., 2009) i el Rhesus (M. mulatta) (Sharpe et al., 2010b).
La proximitat filogenetica amb I'ésser huma i la capacitat d’extrapolar-ne resultats és
el punt fort d’aquest model. Entre els desavantatges hi trobem el seu cost elevat, per
aquest motiu, s’utilitza en candidats vacunals que ja han superat estudis en altres
models. No obstant, els macacos presenten limitacions similars als petits mamifers
esmentats anteriorment. La principal és que, a diferéncia de mamifers de major mida

49




Introduccid general

f)

(com porcins, remugants o humans), els pulmons no estan dotats d’estructures
interlobulars i intralobulars de teixit connectiu que podrien tenir un paper en la
contencid de la disseminacio de les lesions pulmonars (Gil et al., 2010).

Porcins. Els porcs infectats per MTBC desenvolupen lesions molt similars a les dels
humans (Bolin et al., 1997). Un estudi recent d’infeccié experimental de minipgs amb
M. tuberculosis, demostra que aquests reprodueixen la LTBI humana i la capacitat de
controlar la infecci6 per mitja d'una potent resposta immunologica Thi,
conjuntament amb una potent resposta fibrotica local que permet I’encapsulacio dels
granulomes, limitant la constant induccié de noves lesions (Gil et al., 2010).

Bovins. Els bovins sén hostes naturals de la TB. Per aquest motiu presenten diverses
avantatges, com una elevada capacitat de transmissid horitzontal i la possibilitat
d’estudiar I'eficacia de vacunes sobre el mateix tandem hoste-patogen en que es
ddna a la infeccié natural. La patogenesi i la resposta immunologica és molt similar a
la dels humans (Hewinson et al., 2003) i la malaltia (aparicié de simptomes clinics)
pot trigar anys a manifestar-se tal i com succeeix a les persones. No obstant, tot i que
els animals infectats desenvolupen lesions macroscopiques en la majoria de casos, no
hi ha una cavitacié evident de les lesions tuberculoses com si succeeix en la majoria
de casos de pacients humans amb TB activa (Buddle et al., 2005b). El model bovi
també té en comu amb I'ésser huma el fet que la vacunacié amb la BCG és més eficag
en vedells neonatals que en vaques. Per tots aquests motius el bovi ha s’ha proposat
com un model adequat per a un segon cribratge de candidats vacunals (Buddle et al.,
2005b).

4.6.1. El model capri

Les principals desavantatges de I'Us de bovins en infeccions experimentals, sén el seu

elevat cost de manteniment i les seves grans dimensions que dificulten el maneig i

restringeixen sensiblement les caracteristiques d’instal-lacions adequades per dur a

terme els protocols experimentals. En canvi els caprins, que també sén hostes naturals de
la TB, presenten algunes avantatges respecte els bovins: a) maneig més facil, b)
manteniment més economic, c) no precisen d’instal-lacions estabulades excessivament

grans i d) produeixen lesions cavitaries similars als casos de TB activa en humans (Sanchez

et al.,, 2011). Aquests sén elements favorables, que converteixen el bestiar cabrum en

una especie candidata per a ser potencialment utilitzada com a model per al

desenvolupament de vacunes antituberculoses per persones i/o per animals (Domingo et
al., 2009).
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Objectius

La present tesi doctoral és una aproximacié multidisciplinaria (clinica, immunologica,
patologica i bacteriologica) enfocada a la recerca de noves vacunes antituberculoses i de noves
eines diagnostiques que s’hi adequin, utilitzant el model experimental de TB en la cabra
domestica. La tesi esta orientada a la recerca de solucions integrals des de la perspectiva de
salut publica i de sanitat animal. Per assolir aquest proposit es van establir cinc objectius
especifics:

1. Desenvolupar un model d’infeccié experimental per M. caprae en caprins dirigit a
avaluar I'eficacia de vacunes mitjancant la caracteritzacié quantitativa i qualitativa
dels principals trets immunologics, patologics i bacteriologics (Estudi ).

2. Avaluar l'eficacia de la vacuna BCG i de dues vacunes de refor¢ heteroleg de Ila
BCG en caprins posteriorment desafiats amb M. caprae (Estudi Il i Il]).

3. Avaluar la interferencia diagnostica i la proteccid creuada en caprins vacunats
contra la paratuberculosi abans i després de ser infectats amb M. caprae (Estudi

).

4. Estudiar comparativament |’Us dels reactius de diagnostic actualment disponibles i
de nous reactius DIVA, per diferenciar caprins infectats per tuberculosi de caprins
vacunats contra la tuberculosi o la paratuberculosi (Estudi I-1V).

5. ldentificar marcadors immunologics associats amb la progressié de la infeccid i
I'eficacia de les vacunes en el model capri de TB (Estudis I-IV).
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Experimental model of tuberculosis in the domeéstic goat after
endobronchial infection with Mycobacterium caprae
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Abstract

Caprine tuberculosis has increased in recent years, highlighting the need to address the
problem this infection poses in goats. Moreover, goats may represent a cheaper alternative for
testing of prototype vaccines in large ruminants and humans. With this aim, a Mycobacterium
caprae infection model has been developed in goats. Eleven 6-month old-goats were infected
by the endobronchial route with 1.5 x 10° cfu, and two other goats were kept as non-infected
controls. Animals were monitored for clinical and immunological parameters throughout the
experiment. After 14 weeks, goats were euthanized and detailed post-mortem analysis of
lungs lesions performed by Multi-Detector Computed Tomography (MDCT) and direct
observation. Respiratory lymph nodes were also evaluated and cultured for bacteriological
analysis.

All infected animals were positive to single intradermal comparative cervical tuberculin (SICCT)
test at 12 weeks post-infection (wpi). IFN-y antigen-specific responses were detected from 4
wpi until the end of the experiment. Humoral response to MPB83 was especially strong at 14
wpi (13 days after SICCT-boost). All infected animals presented severe TB lesions in lung and
associated lymph nodes. M. caprae was recovered from pulmonary lymph nodes in all
inoculated goats. MDCT allowed a precise quantitative measure of TB lesions. Lesions in goats
induced by M. caprae appeared to be more severe than those induced in cattle by M. bovis
over a similar period of time. The present work poses a reliable new experimental animal
model for a better understanding of caprine tuberculosis and future development of vaccine
trials in this and other species.

1. Introduction

Tuberculosis (TB) in the domestic goat (Capra hircus), mainly caused by Mycobacterium caprae
(Aranaz et al., 2003), is an endemic disease in the Iberian Peninsula. M. caprae is widespread in
goat herds and is an emerging infectious agent in cattle (Duarte et al., 2008; Rodriguez et al.,
2011). Infected goat herds can constitute a reservoir of TB-inducing mycobacteria in the field,
posing a risk of infection to cattle and wildlife (Erler et al., 2004; Rodriguez et al., 2011).
Furthermore, caprine TB not only may hamper the eradication campaigns of bovine TB in
affected areas, but may be also responsible for cases of TB in humans (Kubica et al., 2003;
Prodinger et al., 2005; Cvetnic et al., 2007; Rodriguez et al., 2009)(Prodinger et al., 2002;
Kubica et al., 2003; Cvetnic et al., 2007; Cvetnic et al., 2007).

In the last decade, interest on vaccines against bovine TB has been renewed, as a tool for
controlling infection in cattle and in wildlife (Buddle et al., 2006) in areas where eradication by
the test and slaughter scheme alone is not considered feasible. Moreover, ruminant and
porcine models of TB may be useful for screening prototype vaccines for humans, due to their
similar lesional pattern and immunological responses to mycobacteria (Buddle et al., 2005b;
Domingo et al., 2009; Gil et al., 2010). Standardization of the goat as a model of TB would
improve our understanding of TB in this species, which in turn could help develop new
strategies to combat this disease in goat flocks. Similarly, it could be used as an animal model
for TB vaccine development in humans.
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Caprine and bovine TB are closely related in regards to the immune response and pathological
characteristics. In natural infections, such as in cattle, TB in goats is primarily a lower
respiratory tract disease, with lesions in the lungs and associated lymph nodes. Occasionally
tuberculous lesions may also be found in the upper respiratory tract lymph nodes and other
organs like spleen, liver or mesenteric lymph nodes (Daniel et al., 2009; Quintas et al., 2010).
Histologically, lesions are similar to those observed in cattle and humans. Typical tuberculous
granulomatous necrotizing lesions are observed, characterized by central caseous necrosis
often with some mineralization, surrounded by macrophages, foamy macrophages, numerous
giant cells, lymphocytes and a fibrotic capsule. Acid-fast bacilli are usually present inside the
caseous necrosis, but in very low number (Cvetnic et al., 2007).

Several TB diagnostic tests currently available for use in cattle, such as the tuberculin skin test
or the interferon-gamma (IFN-y) assay, can be also applied with minor modifications for
diagnosis of TB in goats (Gutiérrez et al., 1998; Liebana et al., 1998). Refinement of specificity
of these tests has been achieved in recent years for their use in humans, based on the
detection in peripheral blood of effector T-cells reacting against antigens secreted by active
growing bacilli, such ESAT-6 and CFP-10, which are not induced by BCG vaccination (Pai et al.,
2004). As it has been observed previously in cattle (Vordermeier et al., 2002), we have recently
shown that an IFN-y-ESAT-6 specific response also occurs in goats naturally infected with M.
caprae, which is positively correlated with the severity of the pathological changes (Domingo
et al., 2009). A peptide cocktail containing ESAT-6 and CFP-10 has been also successfully used
for diagnosis of TB in naturally infected goats (Bezos et al., 2011). In cattle, it has been shown
that the route of challenge can have a significant influence on infection outcome (Pollock et
al., 2006). The endobronchial route of inoculation has been used successfully in several
experimental models of TB infection in cattle (Dean et al., 2005), brushtail possums (Buddle et
al., 1994) or European badgers (Corner et al., 2007) for its capacity to mimic the natural
infection. In adult goats, an infection model of transthoracic inoculation of M. caprae has been
previously described (Bezos et al.,, 2010), demonstrating the potential of this species as a
research model for TB.

Qualitative or semiquantitative scoring systems of gross lesions have been used to assess
efficacy of vaccines, based on lesion distribution and extension. Improvement in this scoring
system into a more precise quantitative system would be of benefit to allow better
comparison between treatment groups and experiments. Recently, magnetic resonance
imaging (MRI) has been used in to measure disease burden in macaques experimentally
infected with M. tuberculosis (Sharpe et al., 2009; Sharpe et al., 2010), with promising results.
The aim of the present work was to reproduce experimentally TB infection in young goats by
inoculation with M. caprae through the endobronchial route, to characterize the immune
response, and to standardize methods for quantifying pathological changes in target tissues,
including the assessment of Multi-Detector Computed Tomography (MDCT) to measure the
magnitude of lesions in pulmonary tuberculosis. To our knowledge, this is the first study aimed
at comprehensively characterising the effect on endobronchial infection of goats with M.
caprae.
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2. Materials and methods
2.1. Experimental animals

Thirteen Murciano-Granadina female 6 months-old goats obtained from an officially TB-free
herd were used. Goats were negative to the single intradermal comparative cervical tuberculin
(SICCT) test and the IFN-y assay (Bovigam™, Prionics, Schlieren, Switzerland) as well as
seronegative for paratuberculosis (Paratub.Serum-S™, Institut Pourquier, Montpellier, France).
The herd was not vaccinated against Paratuberculosis.

Eleven goats were housed in appropriate containment accommodation for a week, prior to
infection with M. caprae. Two additional goats were kept uninfected in an outdoor box
throughout the experiment. All experimental procedures with animals were in agreement with
the European Union Laws for protection of experimental animals and were approved by the
Animal Welfare Committees of the Universitat Autonoma de Barcelona and the Generalitat de
Catalunya.

2.2, Mycobacterium caprae cultures and experimental infection

The M. caprae SB0416 (www.mbovis.org) field strain used as inoculum was originally isolated
from a tuberculous goat from Catalonia. The isolate was subcultured in Middlebrook 7H11
solid media (BD Diagnostics, Spark, USA) and bacteria were resuspended in Brain Heart
Infusion broth with 20% of glycerol at a concentration of 2 x 10° colony forming units (cfu)/ml
(calculated by plating dilutions on Middlebrook 7H11 media). The suspension was stored at -80
oC in 0.5 ml aliquots. The inoculum was prepared to the required final concentration by
diluting the suspension with sterile phosphate buffered saline (PBS).

For infection, goats were pre-anaesthetized with 0.05 mg/kg of acepromacin (Calmo Neosan®)
and 0.2 mg/kg of butorphanol tartrate (Torbugesic®) co-administered by intramuscular
injection; after 30 minutes a catheter was placed into the left cephalic vein and 4-6 mg/kg of
propophol (Propofol Lipuro®) and 0.2 mg/kg of midazolam (Dormicum®) were both
administered intravenously. Goats were then intubated with an endotracheal tube and were
placed in right lateral decubitus. A plastic cannula (3.3 mm outer diameter) was passed
through the endotracheal tube to the level of the carina. For inoculation a thinner cannula (2.1
mm outer diameter) was passed through the thicker one to a bronchus, and then 0.5 ml of M.
caprae inoculum was injected into the inner cannula, followed by flushing with 5 ml of 0.9%-
saline. The inoculum was titrated after the inoculation in duplicate by ten-fold serial dilution in
Middlebrook 7H11 solid media; accordingly, each goat received 1.5 x 10% cfu of M. caprae. The
animals recovered from anaesthesia in sternal decubitus.

2.3. Clinical signs and sampling

Before and during the experimental infection goats were observed for clinical signs. Rectal
temperature was measured weekly and weight every two weeks. Blood samples were
collected every two weeks from the jugular vein in heparinized blood tubes for immunological
studies and isolation of mycobacteria. Also, two nasal swabs were collected from each animal
at the same time points, one was decontaminated and subsequently cultured and the other
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one was submerged in ultrapure water 1 hour at 75 2C for mycobacteria inactivation and
stored at -80 2C until a specific M. tuberculosis complex (MTBC)-PCR assay was performed.

2.4. Antigens and peptides

Bovine (PPD-B) and Avian (PPD-A) tuberculins were obtained from CZ Veterinaria (Porrifio,
Galicia, Spain). ESAT-6/CFP-10 and Rv3615c peptide cocktails synthesized as described earlier
(Vordermeier et al., 2001; Sidders et al., 2008) were received from Dr. H.M. Vordermeier,
Veterinary Laboratories Agency (Weybridge, UK). Recombinant MPB83 was obtained from
Lionex (Braunschweig, Germany). Phytohemagglutinin (PHA) (Sigma-Aldrich, Steinheim,
Germany) was used as a positive control.

2.5. Skin Test

SICCT test was performed in all goats at 12 weeks post-infection (wpi, 2 weeks before sacrifice)
by inoculating 0.1 ml of both PPD-B and PPD-A on the left and the right side of the neck
respectively. The preinoculation skin-fold thickness was recorded before PPD injection, and the
skin-fold thickness was measured again after 72h. The goats were considered positive if the
increase of skin-fold thickness after PPD-B application was higher than 2 mm and higher than
the increase after PPD-A application.

2.6. Whole-blood IFN-y assay

Blood samples were collected at the time points described above, preserved at room
temperature and processed in less than two hours after collection. One ml of whole blood was
stimulated in 96-well cell culture plates with PPD-A, PPD-B and PHA at a final concentration of
10 pg/ml, or with peptide cocktails, each one at a final concentration of 5 pug/ml. PBS was used
as non-stimulated control. Plasma supernatants were collected after 24h of culture at 37°C
and 5% CO, and were stored at -202C, and thawed just before performing the Bovigam IFN-y
enzyme-linked immunosorbent assay (ELISA) according to the manufacturer’s instructions.
ELISA results are reported as OD,so. Specific reaction was expressed as AODsso (ODyso of
antigen-stimulated sample minus OD,so of non-stimulated control). A sample was classified as
positive when the PPD-B AOD,s, was higher than 0.05 and OD,sq of PPD-B was higher than
ODgso of PPD-A, according to the manufacturer’s interpretation.

2.7. Serology

Plasma samples of all animals were analyzed in duplicate for antibodies to mycobacteria using
ELISA, as described previously (Gil et al., 2010) with minor modifications. The 96-well plates
were coated with PPD-B (2 pug/ml) or MPB83 (1 ug/ml) diluted in carbonate/bicarbonate buffer
and incubated overnight at 49C. After blockade of 45 min. at 372C with PBS containing 0.05%
Tween 20 (PBS-T20) with 0.5% casein, plasma samples (at 1/200 dilution in PBS-T20 with 1%
casein) were added in duplicate and incubated 1h at 372C. After washing, a combination of
Protein A and Protein G conjugated with peroxidase (Sigma-Aldrich, Steinheim, Germany) was
added at a final concentration of 50 ng/ml and 100 ng/ml respectively. Plates were then read
in a spectrophotometer and AOD,s, was calculated as sample OD;so minus background ODg s
(unspecific absorbance in wells where antigen had not been added). A sample was classified as

61



Study |

positive when the AOD,s, was higher than the cut-off point, calculated as the mean of
background OD,so + 3SD.

2.8. Post-mortem examination

All goats were euthanized at 14 wpi by intravenous injection sodium pentobarbital and
carefully examined in order to evaluate the extension of tuberculous lesions in lungs and
respiratory lymph nodes (LN).

2.8.1. Lungs

Lung gross lesions were recorded first by palpation and external observation of the different
lobes. LN were removed for bacteriological investigation, taking special care of not incising the
pleural surface. The heart and pericardium were removed, and then, whole lungs were fixed
with 10%-buffered formalin by pouring the fixative into the trachea while holding the lungs in
a vertical position, until the trachea was filled up with fixative. After that, the trachea was tied,
and formalin-flooded whole lungs were immersed into a container with formalin as previously
described (Gil et al., 2010), for two months. After complete fixation, lungs were scanned by
using a high-resolution 64-slice Multi-Detector Computed Tomography (MDCT) scanner
(Brillance CT 64-channel, Philips Medical Systems, Cleveland, Ohio, USA). MDCT data were
analyzed and post-processed on a workstation (Aquarius Station, TaraRecon, Foster City,
California, USA). Tuberculous lesions were defined as the following 4 lesion-types in respect to
their density patterns: calcified lesions, cavitary lesions, solid lesions and complex lesions. The
total pulmonary volume and volume of lesions were measured.

MDCT quantification of lesions was compared with conventional visual inspection with the aid
of image analysis software. For that purpose, lungs were sliced at 4-5 mm width intervals. Each
slice was photographed and gross lesions were subsequently quantified in pictures with the aid
of an image analyzer (ImageJ 1.43u, National Institutes of Health, USA). Approximate volume
of granulomas was calculated for each slice (area of lesion x slice thickness). Total volume of
granulomas of each lobe was calculated adding slice-partial volumes. Data obtained by
applying both the MDCT and the visual direct scoring were compared in order to evaluate the
correspondence between the two methods. Representative sections of gross lesions were also
processed for histopathological examination (haematoxylin-eosin staining and Ziehl-Neelsen
staining for acid-fast bacilli) to confirm the tuberculous nature of the lesions.

2.8.2. Lymph nodes (LN)

The number and diameter of the macroscopic lesions were recorded in cranial mediastinal LN,
tracheobronchial LN, caudal mediastinal LN as well as both right and left retropharyngeal LN.
The approximate volumes of gross lesions were calculated as 4/3 x 1t x r® assuming that most
lesions showed fairly spherical morphology. The same pathologist performed all evaluations in
order to ensure homogeneous application of the scoring criteria. After pathological measures
each LN was processed entirely for bacterial enumeration.

2.9.  Culture of M. caprae

2.9.1. Lymph nodes
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To calculate the bacterial load (cfu/g) of each LN, the weight was recorded before
homogenization. Then, the LN were mechanically sliced using dissection scissors and
automatically homogenized in 10 ml of sterile distilled water in a Masticator (IUL Instruments,
Barcelona, Catalonia, Spain). The homogenate was decontaminated with a final concentration
of 0.35% w/v hexadecylpyridinium chloride (HPC) (Corner and Trajstman, 1988) for 15 min. in
orbital shaking after which it was centrifuged at 2471xg for 30 min. The supernatant was
discarded and the pellet was resuspended in 10 ml of PBS containing 0.05% Tween 80. Viable
bacterial enumeration was determined by plating 0.1 ml of ten-fold serial dilutions of LN
homogenates on Middlebrook 7H11 agar and incubated at 37 2C for 28 days.

2.9.2. Peripheral blood

Whole blood (5 ml) from each goat was inoculated to BacT/ALERT MB flasks (Biomérieux
Espafa, Madrid, Spain) at the time points described above and incubated for 30 days before
being considered negative, as recommended by the manufacturer.

2.9.3. Nasal swabs

Nasal swabs were decontaminated for 30 min. with 0.35% w/v HPC and subsequently cultured
on Coletsos and pyruvate-enriched Loéwenstein-Jensen media (Biomérieux Espafa, Madrid,
Spain); cultures were incubated for 60 days before being considered negative.

2.10. DNA amplification

The DNA from inactivated samples from nasal swabs was extracted using DNA purification kit
(Promega Biotech lIberica, Madrid, Spain). A seminested-PCR was run under standard
conditions. Two consecutive PCR reactions were performed using oligonucleotide primers
described previously (IS-F: 5’-CCTGCGAGCGTAGGCGTCGG-3’, IS-R1: 5-
TCAGCCGCGTCCACGCCGCCA-3’) (Plikaytis et al., 1991) adding another reverse primer for the
second reaction (I1S-R2: 5’-CTCGTCCAGCGCCGCTTCGG-3’) (Eisenach et al., 1990). These primers
are specific for the MTBC-1S6110 insertion sequence.

2.11. Data analysis

Differences in the mean rectal temperature between weekly measures were compared by
employing analysis of variance (ANOVA) with Student-Newman-Keuls multiple comparison test
and are reported with the 95% confidence interval (C.I.). Comparison of bacterial loads (logi,
cfu/g) between pulmonary LN, as well as comparison of 1gG or IFN-y ELISA absorbance values
(AOD4sp) between antigens within the infected group, were analyzed by non-parametric
Friedman test with the post-hoc Mann-Withney-Wilcoxon test. Correlation between MDCT and
direct visual measure of macroscopic lesions was performed by non-parametric Spearman rank
test. Immune responses and logq,-transformed pathological and bacteriological data were
compared by applying linear regression, or by the non-parametric Spearman rank test
depending on whether experimental units passed the Shapiro-Wilk normality test. Analysis of
the data was performed using SPSS statistical package version 17.0.
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3. Results
3.1. Clinical observations

Few clinical signs were observed in goats infected with M. caprae throughout the experiment.
A significant increase in mean rectal temperature was detected at 4 wpi (39.6 2C, 39.5-39.7,
95% C.l.) compared with the rest of time points (mean of 39 2C, 39.0-39.1, 95% C.l.) (p < 0.05).
Coughing was observed in 3 out of 11 (27 %) infected goats at six wpi; the majority of goats
(9/11) showed coughing at the end of experiment (14 wpi). One goat also showed tachypnea.

3.2 Immunological response

The immunological response to infection with M. caprae was characterized using both cell-
mediated and humoral immunological tests. Goats were subjected to the SICCT test at 12 wpi.
The mean increase of skin-fold thickness 72h after PPD-B and PPD-A application were 21.3 mm
(19.4-23.2, 95% C.I.) and 10.9 mm (9-12.7, 95% C.I) respectively. All infected goats were
positive to PPD-B according to the official interpretation criterion described above.

Cell-mediated immunity (CMI) was measured throughout the course of the experiment by the
release of IFN-y from whole blood stimulated with PPD-B, PPD-A, ESAT-6/CFP-10 or Rv3615c
(see Fig. 18). According to the standard interpretation of the Bovigam assay (considering the
PPD-B stimulated well), all infected goats were negative from the day of infection to the 2nd
wpi, but all goats became positive at 4 wpi (individual data not shown) and remained positive
throughout the experiment with the exception of two goats which were negative at 10 wpi
(and turned to be again positive at 12 and 14 wpi). Peak mean value of PPD-B stimulation was
reached at 8 wpi, and from that point onwards, a progressive decrease on the mean PPD-B
absorbance was observed until the end of the experiment (Fig. 18A). Uninfected goats
remained negative through the experiment (individual data not shown). Production of IFN-y in
blood cultures in response to stimulation with PPD-A was also first detectable at 4 wpi and it
was maintained until 14 wpi, however the mean AOD,s, was significantly lower to that
observed in cultures stimulated with PPD-B at 4 wpi (p < 0.005) (Fig. 18A). As expected, no
avian reactors (Bovigam readout) were observed at any time point.

The release of IFN-y to both ESAT-6/CFP-10 and Rv3615c peptide cocktails followed similar
kinetics but was also significantly weaker than to PPD-B at 10 wpi and 14 wpi (p < 0.05) (Fig.
18B). If the standard cut-off point for positivity of the Bovigam assay is used for these antigens
(ODys of stimulated sample — OD,s, of unstimulated control > 0.05), all goats reacted positive
from the 4 wpi onward, with the exception of the same two goats which were negative for
PPD-B at 10 wpi, that resulted also negative at the same time point using both peptide
cocktails. Moreover, one of these goats was also negative at 14 wpi and, in addition, another
goat was negative at 14 wpi using Rv3615c (individual data not shown). Therefore, considering
the three time points analyzed between 6-14 wpi 29/33 samples from infected goats were
positive for the two peptide cocktails (sensitivity of 88 %), whereas 31/33 samples were
positive for PPD-B at the same time points (sensitivity of 94 %). The two uninfected goats
remained negative to all IFN-y tests during the trial (data not shown).
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Figure 18. Kinetics of IFN-y responses in infected goats. The release of IFN-y was measured by ELISA after in vitro
stimulation of whole blood with different antigens. Results are expressed as mean AOD,s, responses with 95 % Cl.
Dashed horizontal line, cut-off point for positivity. (A) PPD-B (closed circles) and PPD-A (open circles). (**) p <
0.005, significant differences determined by non-parametric Mann-Withney-Wilcoxon test. (B) PPD-B (closed
circles), ESAT-6/CFP-10 (open circles) and Rv3615c (open squares). (*) p < 0.05, significant differences determined
by non-parametric Friedman test with post-hoc Mann-Withney-Wilcoxon test.

To analyze the IgG response to infection with M. caprae, plasma samples of all goats were
tested by ELISA every two weeks after infection, in plates coated with PPD-B or the
mycobacterial antigen MPB83. All goats were seronegative to both antigens before M. caprae
infection, and uninfected goats remained seronegative through the experiment. After
infection, goats remained seronegative to PPD-B at all time points before the tuberculin-boost
at 12 wpi, but all seroconverted at 14 wpi (at 13 days after SICCT test, individual data not
shown). By contrast, seropositivity to MBPB83 after infection appeared earlier in some
animals, but it was weak and inconstant, with a total of 7/11 goats positive at 8, 10 or 12 wpi
(Table 8).

Table 8. Detection of antibodies to MPB83 in plasma of goats infected or not with M. caprae.
ELISA results at different time points post-infection (Week 0 represents day of infection) are
expressed according to the cut-off described above as: +, positive or -, negative. Goats were
subjected to SICCT test 13 days before the blood sampling at 14 wpi.

Group Goat Weeks postinfection
0 2 4 6 8 10 12 14

572 - - - - - - - i
605 - - - + + + - +
571 - - - - o + - +
567 - - - - - - i i

Infected gg; : : : T : ; ; :
597 - - - + + + + +
568 - + ; - ; ] + +
562 - - - - - + + +
565 - - - + + + + +
577 - - + + + + + +

Non- 162 - - - - - - - -

infected 187 - - - - - - -
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All infected goats showed strong responses to MBPB83 after SICCT test, indeed pronounced
differences of mean AOD,;, were found between both antigens used, with much higher IgG
responses to MBPB83 than to PPD-B (p < 0.005, Fig. 19).
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Figure 19. Humoral responses to MPB83 and PPD-B at 14 weeks post-infection.OD,s5, absorbance of total 1gG to
MPB83 (circles) and PPD-B (triangles) from individual goats infected or not with M. caprae. Results are expressed as
AOD,s50 (OD450 of antigen-stimulated wells minus OD,so of non-stimulated wells). Filled symbols, infected animals;
open symbols, non-infected control animals; dashed horizontal line, cut-off point for positivity.

3.3. Pathology

The pathological findings were mainly restricted to thoracic cavity. All the infected goats
showed granulomatous caseous-necrotizing lesions in the lungs and in lung-associated lymph
nodes. With few exceptions, the majority of lung lesions were located at right lobes, being the
right diaphragmatic lobe affected in most goats.

Seven out of eleven goats showed well-developed cavitary lesions. MDCT scan technology
allowed a 3-D representation of the lungs, and a cross-sectional visualization and analysis of
lesions (Fig. 20).
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Figure 20. Gross pathology analysis of a goat case. (A) MDTC-3D representation of the whole lung after excluding air
and TAC's table (H, head; F, foot, L, left, R, right). The total volume of lung is calculated in cm? and is shown in red-
dashed box at the bottom. (B) Volume rendering image of the lung showing different tissue densities discriminated
by colour: water in grey, air in black and calcium in white. The volume of affected lung is also showed. (C)
Pathological areas identified by segmentation in axial (see at the top; A, anterior; P, posterior), coronal and sagital
planes (see at the bottom). (D) Formalin fixed, 5 mm-sections of left diaphragmatic lobe which showing a large
cavitary lesion. Cranial to caudal sections are represented as bottom-up and left-right in the picture. Bar =3 cm.

The comparison of the volume of granulomatous-necrotizing lesions in the lungs measured by
MDCT and by image analysis of photographs of lung sections (direct observation) is shown in
Table 9. By MDCT, volume of TB lesions for each goat ranged from 18.8 to 182 cm?, with a
mean of 60 cm>. The MDCT allowed calculation of percentage of lung volume occupied by TB
lesions (Table 9), which ranged from 1.1 to 14.3% (mean value of 5.3%). The extension of
lesions in the lung was also measured by recording number of affected lung lobes in each
infected goat (visual inspection), and these values are also shown in Table 9.
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Table 9. Quantification of gross lesions in lungs in goats infected with M. caprae. Total volume

of lesions and percentage of affected lungs were calculated using 64-slice Multi-Detector

Computed Tomography (MDCT) and were compared to direct visual quantification by slicing,

photography, and image analysis.

64-MDCT Direct visual observation

Goat Volume of Volume ratio Volume of lesions  No. of lobes with
572 26.8 1.8 5.4 1/7
605 97.1 8.3 39.5 2/7
571 35.5 3.8 17.2 2/7
567 100 10.6 108.9 6/7
607 59.3 5 25 4/7
563 22.3 1.9 3.2 1/7
597 24.1 2.5 9.8 3/7
568 66.3 6.5 58.3 6/7
562 182 14.3 104.8 6/7
565 31 11 9.3 4/7
577 18.8 2.4 0.9 2/7

Mean (95% C.l.) 60.3 (30.8-89.8) 5.3 (2.8-7.8) 34.7 (11.4-58.1) 3.4/7 (2.3-4.4/7)

Significant positive correlation was observed between volume values obtained by MDCT and

by direct observation (Spearman rho = 0.955, p < 0.001) (Fig. 21) although volume values were

higher for MDCT data (see Table 9).
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Figure 21. Correlation between volumes of lesions in lungs measured by two quantitative methods. Visible lesions in

lungs calculated by Multi-Detector Computed Tomography (MDCT) and by image analysis of photographs of lung

sections (direct observation) in infected goats (n = 11). Statistical analysis conducted with non-parametric Spearman

rank test.
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Pulmonary LN involvement was also extensive. All infected animals presented gross lesions in
caudal mediastinal LN, whereas 10/11 and 8/11 goats presented lesions in tracheobronchial
and cranial mediastinal LN respectively. Also, two animals showed lesions in retropharyngeal
LN. TB lesions in mesenteric LN were also recorded in other two animals, one of them also
showing TB lesions in spleen. In total, 4/11 goats showed extrapulmonary TB-lesions. The
volumes of gross lesions in LN as well as the number of affected LN in each goat are shown in
Table 10.

Table 10. Pathological findings in pulmonary lymph nodes (LN) of infected goats.

Goat Volume of lesions (cm?)
crm® LN tb° LN cdm®LN Total

572 0 0.3 5.8 6.1
605 3.6 0.003 50.1 53.7
571 0.3 1.7 4.7 6.8
567 0 4.6 15.7 20.2
607 0.05 0 2.5 2.5
563 0 0.001 1.3 1.3
597 0.07 0.9 2.8 3.8
568 0.08 0.6 3.4 4.1
562 0.2 1.2 57.5 58.9
565 1.2 6.8 8 16
577 0.1 0.1 4.2 4.5

Mean (95% Cl) 0.5 (0-1.2) 1.5 (0.2-2.8) 14.2 (2.3-2.6) 16.2 (3.9-28.4)

2crm: cranial mediastinal, "tb: tracheobronchial, ‘cdm: caudal mediastinal.

3.4. Bacteriology

M. caprae was isolated from post-mortem tissue samples from all inoculated animals, but it
was not detected by PCR nor mycobacterial isolation from any of the nasal swabs or blood
samples taken during the experiment. Mycobacteria were recovered from caudal mediastinial
LN in all goats, from tracheobronchial LN of 10/11 goats, and from cranial mediastinial LN of
7/11 goats. In contrast, mycobacteria were isolated from retropharyngeal LN only in two goats.
M. caprae was also isolated in all TB lesions observed in extra-respiratory organs. The bacterial
load of M. caprae per gram of cultured pulmonary LN tissues and the total bacterial load of
each LN are shown in Table 11.

The mean bacterial load (logi, cfu/g) in the cultured pulmonary LN was 3.5 log,, cfu/g (3.3-3.8,
95% C.l.), with a range between animals of 2.8 to 4.1 logy, cfu/g. Some differences were also
found among bacterial load of each pulmonary LN. In caudal mediastinal LN bacterial load was
of 3.3 logy, cfu/g (3-3.6, 95% C.l.), significantly higher than in cranial mediastinal LN (2 logy,
cfu/g, 1-2.9,95% C.1.) (p < 0.05) and in tracheobronchial LN (2.4 log;o cfu/g, 1.9-2.9, 95% C.1.) (p
< 0.01). When the total bacterial count of respiratory LN was considered, this value ranged
from 3.8 to 5.3 log,, cfu, with a mean value of 4.6 (4.3-4.8, 95% C.l.). Also, whole bacterial load
was higher for the caudal mediastinal LN than for other LN (Table 11).

69



Study |

Table 11. Bacterial load in pulmonary lymph nodes (LN) of infected goats.

Bacterial load (Logyocfu)

Goat crm® LN th® LN cdm® LN Total
g° LN® g LN g LN g LN
572 - - 2.4 3.2 3 4.1 3.1 4.2
605 3.2 3.8 2.1 2.7 3.1 4.4 3.5 45
571 2.5 3.2 3 4 3.3 4.2 3.5 4.4
567 - - 2.9 43 4 5.3 4 5.3
607 - - 2.8 4 2.5 3.6 3 4.1
563 - - - - 2.8 3.8 2.8 3.8
597 3.3 3.6 2.4 3.3 3.6 4.6 3.8 4.6
568 3.3 3.9 2.6 3.5 3 4.1 3.5 4.4
562 2.9 3.4 2.5 3.4 3.4 4.8 3.6 4.8
565 3.4 43 3.2 4.2 3.3 45 3.8 4.8
577 3 3.3 2.4 3.2 4.1 5.2 4.1 5.2
Mean 2 2.3 2.4 3.3 3.3 4.4 3.5 4.6

(95% Cl) (1-2.9) (1.2-3.4) (1.9-2.9) (2.6-4) (3-3.6) (4.1-4.7) (3.3-3.8) (4.3-4.8)

2crm: cranial mediastinal, "tb: tracheobronchial, ‘cdm: caudal mediastinal.
pacterial count per gram of tissue, *bacterial count in the whole lymph node.

3.5. Cross-sectional analysis

Association between cellular and humoral immune responses, pathology and bacteriology
were evaluated transversally combining data obtained from all experimental goats (n = 13). In
LN, a positive correlation was found between pathology (volume of lesions as logi, mm?) and
bacterial load (logyo cfu/g) (Pearson r = 0.858, p < 0.001). Positive correlations were also found
between bacterial load in LN and IFN-y specific responses to PPD-B (Pearson r = 0.528, p =
0.032) and to ESAT-6/CFP-10 (Pearson r = 0.579, p = 0.019), but not to Rv3615c (Spearman rho
= 0.296, p = 0.163), at 14 wpi. However, only IFN-y responses to PPD-B at 14 wpi were
correlated significantly with volume of gross lesions in lungs determined by MDCT (Pearson r =
0.540, p = 0.028).

Humoral immune responses to MPB83 at 14 wpi correlated positively with both bacterial load
in LN (Pearson r = 0.775, p = 0.001) and volume of gross lesions in lungs determined by MDCT
(Pearson r = 0.685, p = 0.007), whereas IgG responses to PPD-B did not correlate significantly
with bacterial load (Spearman rho = 0.322, p = 0.141) and were slightly positively correlated
with volume of gross lesions in lungs (Spearman rho = 0.481, p = 0.048).

4, Discussion

Recent interest on development of TB vaccines in domestic ruminants and wildlife, as badgers
and wild boar, has driven research to standardize infection models in domestic animals like
ruminants (Buddle et al., 2005b) and pigs (Gil et al., 2008). Modelling TB in goats may be of
great value to increase our knowledge of infection in this species, and at the same time the
model can be used for research of TB in cattle. With these aims we have established an
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efficient experimental goat model of TB, with slight clinical signs (coughing at the end of the
experiment) and a relatively fast progression of lesions, very similar to natural disease. Gross
TB lesions were reproduced in all the infected goats, which is an advantage over the previous
existing model in adult goats (Bezos et al., 2010). It is well known from experiments in calves
and other models that the route and dose of challenge can be very relevant for the
pathological outcome of infection (see (Pollock et al., 2006) for a review). A high challenge
dose (higher than 10° cfu), by non-natural routes (as intravenous or subcutaneous) may lead to
systemic dissemination of infectionwith lesions that are not representative of natural field
cases (Waddington and Ellwood, 1972). Using a relative low challenge dose of 1.5 x 10° cfu by
the endobronchial route we have been able to reproduce typical granulomatous caseous-
necrotizing lesions in lung and lung-associated LN in 11 out of 11 experimentally infected
goats, resembling those observed in naturally-infected goats (Daniel et al., 2009; Quintas et al.,
2010), and as seen sometimes in natural cases, the majority of our goats had liquefactive
necrosis and cavernous lung lesions, which is a feature of tuberculosis in humans. In a previous
study in goats experimentally infected with M. caprae (Bezos et al., 2010), adult goats were
infected transthoracically with 10%-10® cfu, achieving infection in all 6 infected goats (as
demonstrated by mycobacterial culture), but with absence of macroscopic lesions in lung
parenchyma in two goats, in spite of a much longer duration of the infection (nine months).
This difference could be due to the use of 6-month-old goats in our study compared to adult
animals, and is clearly an advantage over a model with adult goats. Extension of the infection
with production of gross lesions in extrapulmonary sites is often included in scoring systems to
assess vaccine efficacy, and therefore, an inoculation route that conveys the challenge dose to
a circumscribed area, mimicking natural infection, should be preferred to models that disperse
mycobacteria into different systems or mucosal surfaces. In this respect, transthoracic
inoculation drops inoculated mycobacteria directly in the lung parenchyma, but may cause
also pleuritis (according to our own personal observation), and local infection of the thoracic
wall at inoculation point, with mycobacteria draining to regional LN like the axillary nodes, thus
complicating the assessment of extrapulmonary dissemination. In our study four animals had
extension of the infection from thoracic primary focus to extrapulmonary tissues, like medial
retropharyngeal or mesenteric lymph nodes, and to the spleen (one case, indicative of
systemic circulation of mycobacteria). Probably, pulmonary lesions allow the dissemination to
upper respiratory/head and mesenteric lymph nodes, by mycobacterial shedding in
tracheobronchial secretion and its subsequent ingestion. Similarly to results in calves
inoculated with a dose of 10" cfu of M. bovis (McCorry et al., 2005) nasal shedding of M. caprae
was not detected in our study, showing that, if nasal shedding occurs, it should happen at a
very low load, or intermittently. As expected, blood culture was also negative through the
whole experiment in all goats, indicating that bacteremia is not a feature of TB in goats, at
least in the early phase of the infection.

The data obtained here strengthen the hypothesis that young goats seem to be highly
susceptible to infection by M. caprae. Pathological and bacteriological findings point to a fast
progression of lesions, which reached relatively large size in some animals (more than 5% of
lung affected). In natural cases of TB, such large lesions with liquefactive necrosis and caverna
formation are usually associated to a long period of lesion progression in herds not subjected
to eradication (Daniel et al., 2009; Domingo et al., 2009; Quintas et al., 2010). In contrast, in
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trials carried out in other species like badgers (Corner et al., 2007) and calves (Vordermeier et
al., 2009) using the endobronchial route of infection, lesions progressed slowly, resembling
what is observed in naturally cases of TB in these species. Particularly, in the low challenge
dose experiments in calves, big coalescent lesions were not usually found, in contrast our
model appears to be faster in the progression of lesions, which can be considered an
advantage.

Assessment of vaccine efficacy in experimental trials by non-immunological parameters has
used semiquantitative scoring systems based in number of pulmonary lobes affected and size
of lesions in lung and pulmonary LN, as well as bacterial load in LN in cattle (Vordermeier et al.,
2002), in rabbits (Jassal et al., 2011), and in macaques (Lin et al., 2009). A drawback of these
scoring systems is that the intrapulmonary extension of lesions to one or more lobes may be
strongly influenced by the inoculation procedure, and consequently, this may also influence
the extension to lymph nodes (which depends of the drainage of the lobes affected). A clear
evidence of this is in our study the direction of the inoculum to the right lung by inoculation of
the goats in the right decubitus position. To avoid this drawback and increase the usefulness of
the pathological assessment, in our study we have attempted to express severity of lung
lesions in a quantitative way, to allow better comparisons between treatment groups and
different experiments. The use of high-resolution 64-slice Multi-Detector Computed
Tomography (MDCT) can resolve the whole burden of lung lesions to a volume, and the ratio
of affected lung can be calculated. Additionally we made an effort to compare results obtained
with MDCT with a conventional visual inspection of sliced lung, photography and calculation of
area of lesions in each picture by image analysis. If sections of lung are similar in thickness, an
approximate volume of lesions can be obtained by adding volumes of lesions in each slice. This
is a time-consuming task, although it also provides with an approximate total volume of lesion
per lung. We have shown that results of visual inspection had a strong correlation with those
obtained by MDCT, although in general were lower. Interestingly, MDCT seems to have the
capacity to detect small changes in density patterns due to inflammatory reactions around the
granuloma that may be not visible by direct macroscopic observation. This, together with error
introduced by the use for calculation of the same thickness for all lung slices, could explain the
slightly higher but homogenous animal-to-animal volume values obtained by using MDCT in
respect to direct observation measures. Therefore, the MDCT can be a far more precise
method, in comparison to the usually applied pathology scoring systems, to assess the severity
of lesions or their reduction in future vaccine efficacy assays. A similar approach to the
measurement of lung lesions was followed recently by Sharpe et al. in macaques (Sharpe et al.,
2009). These authors measured the total volume of lung lesion in relation to the whole lung
volume after fixation by immersion in formalin by using magnetic resonance imaging (MRI)
stereology. They concluded that the ratio of lung lesion to whole volume was superior to
thoracic radiography or pathology scores for measuring disease burden. Also, in their aerosol
model of infection, the total volume of lesions accurately reflected differences in challenge
dose in different groups.

Methodologically, irrespective of whether MRI or MDCT technologies are used, it is worth
stressing the importance of insufflation of lung with formalin to distend the lung to
approximately the same volume as they would have in the pulmonary cavity. This renders the
ratio of lesion volume to total lung volume comparable between different experiments and
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research groups. The use of this ratio corrects also for slight differences that could exist in size
of the animals and of the lungs, even in age matched animals. We believe that this very precise
guantitative data set offers the possibility of a better assessment of vaccine efficacy in TB
studies. The same conclusion has been drawn by Sharpe et al. (Sharpe et al.,, 2009), who
stressed the benefits of MRI stereology as an accurate and quantifiable assessment, easy to
standardize and comparable between laboratories, suggesting that it will be an essential
component of pathology assessment in vaccine efficacy studies.

Our experimental model may be useful for assessing the performance of diagnosing
techniques in caprine TB. The infection was detected satisfactorily at 12 wpi with SICCT test,
the official ante-mortem diagnostic tests currently used for bovine TB eradication campaigns,
and all infected goats were also positive to the standard IFN-y assay from 4 wpi, confirming the
usefulness of these techniques also for diagnose of caprine TB as described previously by
others (Gutiérrez et al., 1998; Liebana et al., 1998).

Intriguingly, the kinetics of cell-mediated immune responses to infection with M. caprae,
measured as anamnestic IFN-y secretion, was slightly different to described previously in the
calf model. In goats, for all antigens used the levels of specific IFN-y were unappreciable until 4
wpi while experimental infections in cattle with similar mycobacterial dose usually showed a
significant specific IFN-y response at 2 wpi, especially in samples stimulated with PPD-B
(Vordermeier et al., 2002; Buddle et al., 2003; Vordermeier et al., 2009). Nevertheless, the
appearance of detectable levels of IFN-y a week later has been also reported in cattle infected
with a low dose of M. bovis (Dean et al., 2005). Unexpectedly, a decrease of IFN-y responses
seemed to occur in infected goats at 10 wpi, whereas in a long-term cattle infection these
responses were maintained in their intensity for at least 20 weeks (Buddle et al., 2003). This
phenomenon, if confirmed in further long-term studies, could correlate to the fast progression
of infection in our goat model as deduced from the extent of lesions observed, coincident with
a decline of activity of effector IFN-y producing cells.

Peptide cocktails ESAT-6/CFP-10 and Rv3615c are being considered as new DIVA reagents for
use in cattle (Vordermeier et al., 2001; Sidders et al., 2008). The usefulness of ESAT-6/CFP-10
has been successfully demonstrated in the field, showing high sensitivity and specificity in
comparison to tuberculins in cattle that have been naturally infected with M. bovis (Cockle et
al.,, 2006) and more recently in goats infected naturally with M. caprae (Bezos et al., 2011).
Interestingly, the sensitivity obtained in our study for the two peptide cocktails (88 %) would
increase to 91 % if combining the results obtained for the two cocktails, the same theoretic
sensitivity that was reported previously for cattle infected with M. bovis (Sidders et al., 2008).
Moreover, the IFN-y response to ESAT-6/CFP-10 but not to Rv3615c correlates positively with
the bacterial burden in LN, although an even higher correlation has been described previously
for IFN-y responses to ESAT-6 and bacterial burden in M. bovis-infected cattle (Lyashchenko et
al., 2004). These findings are consistent with the concept that bacterial load in infected tissues
is proportional to host IFN-y responses against antigens secreted by active growing
mycobacteria such ESAT-6 and CFP-10 (Pai et al., 2004), but these responses get lower at the
end of the experiment, so the correlation should be considered at each stage of the disease.
The capacity of ESAT-6/CFP-10 to predict the disease status, the increment of sensitivity when
the two peptide cocktails are used and their DIVA capability in animals vaccinated with M.
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bovis bacillus Calmette-Guérin (BCG), could make them a useful tool for vaccine trials to
distinguish vaccinated-protected and infected animals.

Serology is another important tool for assessing infection or exposure to mycobacteria and
could be another useful biomarker to determine disease status; although it is not yet clear
whether antibody responses play a role in controlling TB. In recent years serological tests have
been assessed in trials in cattle and wild mammals, and most of them have concluded that
MPB70, and especially MPB83 are serodominant, being recognised in early stages of infection
(Lyashchenko et al., 2004; Waters et al., 2006; Lyashchenko et al., 2008). The serodominance
of MPB83 described in other species is also consistent with our findings, as most of the goats
(10/11) were seropositive at least at one time point before the boost effect of the SICCT test
(12 wpi). Moreover, two weeks after boosting with PPDs, all animals reacted strongly
increasing dramatically the sensitivity of the ELISA as has been shown in cattle (Vordermeier et
al., 2009). In contrast, the IgG-ELISA with PPD-B as antigen failed to detect any positive animals
before the boost effect of the SICCT test, after which, antibody responses were positive,
although very weak in comparison to MPB83 IgG-ELISA. This result suggests that serology to
MPB83 could be a useful tool to detect infected animals in farms, as well as to monitor the
progression of the infection in experimental trials.

Summarizing, our goat TB infection model may be useful in TB research for the understanding
of pathogenesis of TB in goats and for testing of therapeutic and immunoprophylactic
treatments and of new diagnostic tools. The use of MDCT for quantification of volume of
lesions and their ratio to the whole lung volume may serve for a quantitative evaluation of
pathology in vaccination trials. Research in human TB can also benefits from large animal
models different from non-human primates, due to the similarities with the human disease,
and its lower cost (Vordermeier et al., 2009; Young. 2009).

Also, reports of caprine TB have increased in recent years, and studies are needed to validate
whether control measures used in cattle can be applied to goat herds. Vaccination based on
BCG has been developed for use in wild species that act as reservoirs of M. bovis and could
represent a control tool for caprine TB and to limit its transmission to cattle and humans.
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Goats primed with Mycobacterium bovis BCG and boosted with a
recombinant adenovirus expressing Ag85A show enhanced protection
against tuberculosis
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Abstract

This is the first efficacy study using the experimental goat model, a natural host of tuberculosis
(TB), to evaluate the efficacy of heterologous Mycobacterium bovis bacillus Calmette-Guérin
(BCG) prime followed by boosting with a replication-deficient adenovirus expressing the
antigen Ag85A (AdAg85A). Three experimental groups of 11 goat kids each were used: BCG
vaccinated, BCG vaccinated and AdAg85A boosted, and non-vaccinated. Twenty-two goat kids
were vaccinated with ~5 x 10°> CFU of BCG (week 0), and 11 of them were boosted at week 8
with 10° PFU of AdAg85A. At week 14, all goats were challenged by the endobronchial route
with ~1.5 x 10° CFU of Mycobacterium caprae. The animals were euthanized at week 28.
Cellular and humoral immunity induced by vaccination and M. caprae infection was measured
throughout the study.

After challenge BCG-AdAg85A-vaccinated animals exhibited reduced pathology compared to
BCG-vaccinated animals in lungs and in pulmonary lymph nodes. There were significant
reductions in bacterial load in both groups of vaccinated goats, but the reduction was more
pronounced in prime-boosted animals. Antigen-specific gamma interferon (IFN-y) and humoral
responses were identified as prognostic biomarkers of vaccination outcome depending on
their correlation with pathological and bacteriological results. As far as we know, this is the
first report using multi-detector computed tomography (MDCT) to measure vaccine efficacy
against pulmonary TB in an animal model. The use in vaccine trials of animals that are natural
hosts of TB may improve research into human TB vaccines.

1. Introduction

Tuberculosis (TB) in goats can be caused by Mycobacterium caprae or Mycobacterium bovis,
which are both members of the Mycobacterium tuberculosis complex (MTBC) (Aranaz et al.,
2003), and are endemic throughout the Iberian Peninsula (Duarte et al., 2008; Rodriguez et al.,
2011). Apart from being a reservoir of TB for animals, infected goats present a zoonotic risk for
human infections (Kubica et al., 2003; Prodinger et al., 2005; Cvetnic et al., 2007; Rodriguez et
al., 2009).

Eradication of TB infection from domestic animals seems to be unachievable in areas where
wildlife is endemically infected with M. bovis (Duarte et al., 2008; Rodriguez et al., 2011, and
vaccination against M. bovis infection in domestic and wild animals has become a field of
intensive research (Corner et al., 2008; Lesellier et al., 2009; Vordermeier et al., 2009. M. bovis
Bacillus Calmette-Guerin (BCG) is the basis of most new vaccine strategies assayed in animals,
and there is a large body of knowledge regarding its use against M. tuberculosis in humans. In
this regard, BCG shows protection against severe and disseminated forms of childhood TB, but
protection against pulmonary TB in adults is limited (Brewer. 2000). BCG has been shown to
confer a degree of protection in cattle challenged with Mycobacterium bovis (Buddle et al.,
1995; Vordermeier et al., 2002; Hope et al., 2005). Attempts to increase this protection by
boosting with BCG in BCG-primed calves have failed (Buddle et al., 2003). Therefore, in recent
years, new vaccination protocols regimes to improve upon BCG vaccination have been
developed. Heterologous prime-boost strategies have been established as promising
approaches combining BCG priming with virus-vectored subunit vaccines boosting. These
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strategies have been applied to humans (McShane and Hill, 2005; Xing and Charters, 2007) and
cattle (Vordermeier et al., 2006; Vordermeier et al., 2009). In this regard, a molecular construct
based on a recombinant replication-deficient human type 5 adenovirus expressing the MTBC
protein Ag85A (AdAg85A) was developed and assessed as a booster vaccine in BCG-primed
mice (Wang et al., 2004) and cattle (Vordermeier et al., 2009). In both cases, this approach
provided greater protection than BCG alone.

Neither BCG vaccination against TB nor heterologous prime-boost vaccination regimes have
yet been assessed as a prophylactic treatment against TB in goats. In a study carried out in
goats experimentally infected with M. caprae, we observed that a short time after infection
(14 weeks), the majority of goats had developed typical caseous-necrotizing granulomas, often
with liquefactive necrosis and cavitary lung lesions (Pérez de Val et al., 2011), features similar
to active TB in humans (Domingo et al., 2009). In this study we assessed quantitative methods
for measuring pathological changes after M. caprae infection.

Attempts to improve the semi-quantitative scoring systems used until now, employing image
technologies and quantitative reading of macroscopic lesions, have been carried out recently.
Magnetic Resonance Imaging (MRI) has been used in macaques experimentally infected with
M. tuberculosis for scoring of pathological changes in a precise and quantitative way (Sharpe et
al., 2009; Sharpe et al., 2010) and volumetric Computed Tomography (CT) has been applied for
scanning the thorax of humans in TB vaccine clinical trials (Sander et al., 2009). We have also
shown that Multi-Detector Computed Tomography (MDCT) represents a rigorous quantitative
method to measure the magnitude of lung TB lesions in goats experimentally infected with M.
caprae (Pérez de Val et al., 2011).

The aim of the present work was to compare the relative protection of goats vaccinated with
BCG alone or in combination with AdAg85A against M. caprae. MDCT was used for assessing
magnitude of pulmonary pathological changes, and commonly used immunological tests were
performed to determine immunological responses to vaccination and challenge.

2. Materials and Methods
2.1. Experimental animals

A total of 33 three-month-old murciano-granadina female goats obtained from an official TB-
free flock were used in the study. All of them were reconfirmed negative for TB being negative
to the single intradermal comparative cervical tuberculin (SICCT) test and the IFN-y assay
(BovigamTM, Prionics, Schlieren, Switzerland). Also, the goats were seronegative for
Paratuberculosis (Paratub.Serum-STM, Institut Pourquier, Montpellier, France).

All experimental procedures were approved by the Animal Welfare Committee of the
Universitat Autonoma de Barcelona and the Generalitat de Catalunya, and were in agreement
with the European Union Laws for protection of experimental animals.

2.2.  Vaccination and challenge procedures

Goats were divided randomly in three experimental groups of eleven animals each. The first
group (BCG group) was vaccinated with BCG at week 0; a second group (BCG-Ad group) was
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vaccinated at the same time with BCG, and boosted at week 8 with a recombinant adenovirus
expressing Ag85A (AdAg85A); a third group of unvaccinated goats was kept as a control group.
The BCG Pasteur strain (ATCC, Ref. 35734™) was subcultured in Middlebrook 7H9 media (BD
Diagnostics, Sparks MD, USA). For immunization, BCG growth was diluted to 5 x 10° CFU by
suspension in 0.5 ml of phosphate buffered saline (PBS), and injected subcutaneously in the
right axilla. The AdAg85A inoculum was prepared at 10° PFU in 0.5ml of PBS, without adjuvant,
as previously described (Wang et al.,, 2004), and injected intramuscularly into the left
brachiocephalic muscle. Rectal temperatures were recorded before and at 6, 24, 48 and 72h
after boosting with AdAg85A.

At week 14, goats were anaesthetized with 4-6 mg/kg of propophol (Propofol Lipuro®) and 0.2
mg/kg of midazolam (Dormicum®) administrated intravenously and then challenged with a M.
caprae field strain from Catalonia (SB0416, www.mbovis.org) by endobronchial inoculation of
1.5 x 10° CFU suspended in 0.5 ml of PBS further confirmed by plating dilutions on
Middlebrook 7H11 medium (BD Diagnostics, Sparks MD, USA) as described previously (Pérez
de Val et al., 2011).

2.3. Antigens and peptides

Tuberculins of M. bovis (PPD-B) and M. avium (PPD-A) were obtained from CZ Veterinaria
(Porrifio, Galicia, Spain). Immunodominant MTBC peptide cocktail ESAT-6/CFP-10 (E/C) and
Rv3615c (ESAT-6 system 1 substrate protein C) were received from Animal Health and
Veterinary Laboratories Agency (Weybridge, UK) and were synthesized as described previously
(Vordermeier et al., 2001; Sidders et al., 2008). Recombinant MTBC-specific antigens ESAT-6,
Ag85A and MPB83 were obtained from Lionex (Braunschweig, Germany). Phytohemagglutinin
(PHA) obtained from Sigma-Aldrich (Steinheim, Germany) was used as a positive control of
blood stimulation assays.

2.4. Skin Test

SICCT test was performed in all goats at week 26 (2 weeks before sacrifice) by inoculating
0.1ml of both PPD-B and PPD-A on the left and the right side of the neck respectively. The pre-
inoculation skin-fold thickness was recorded before PPD injection and the skin-fold thickness
was measured again after 72h. The goats were considered positive if the increase of skin-fold
thickness after PPD-B application was greater than 2 mm and greater than the increase in the
site of PPD-A application.

2.5.  Whole-blood IFN-y assay

The progression of the infection was followed with the IFN-y assay by collecting whole blood
samples from the jugular vein in heparinized blood tubes. Whole blood was stimulated in 96-
well cell culture plates with the following final concentrations of stimuli: 10 pg/ml of PPD-B
and PHA, and 5 pg/ml of Ag85A, ESAT-6, E/C and Rv3615c. PBS was added to cultures used as
non-stimulated controls. Plasma supernatants were collected after 24h of culture at 37°C and
5% CO, and were stored at -20°C; samples were thawed just before performing the Bovigam™
IFN-y enzyme-linked immunosorbent assay (ELISA) according to the manufacturer’s
instructions. ELISA results were obtained as Optical Density determined at 450 nm (ODgso).
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Specific reaction was expressed as AOD,so (OD4s0 of antigen-stimulated sample minus ODgsq of
non-stimulated control). A sample was classified as positive reactor to any antigen when
specific AODyso was higher than 0.05. The assay was performed every two weeks throughout
the experiment using PPD-B, ESAT-6 and Ag85A as stimuli. Peptide cocktails were also included
at weeks 14, 16, 20, 24 and 28.

2.6. Serology

The presence of antibodies to mycobacterial antigens was analyzed in plasma samples using
IgG indirect ELISA as described previously (Pérez de Val et al., 2011). Flat bottom 96-well plates
(Nunc Multisorp™, Thermo Fisher Scientific, Roskilde, Denmark) were coated with MPB83 (1
ug/ml) and Ag85A (2 pg/ml) separately. The antigens were diluted in carbonate/bicarbonate
buffer and incubated overnight at 4°C. Plates were washed five times with PBS containing
0.05% Tween 20 (PBS-T20) and then incubated 45 min. at 37°C with PBS-T20 with 0.5% casein
(blocking solution). After washing, goat sera were added in duplicate (at 1/200 dilution in PBS-
T20 with 1% casein and incubated 1h at 37°C. Plates were washed again and a mixture of
Protein A (50 ng/ml) and Protein G (100 ng/ml), conjugated with peroxidase (Sigma-Aldrich,
Steinheim, Germany) was added to each well. Plates were then read in a spectrophotometer
and AODyso was calculated as sample ODys5o minus background ODyso (unspecific absorbance in
wells where antigen had not been added). A sample was classified as positive when the AOD,s
was higher than the cut-off point, calculated as the mean of background ODyso + 3SD. Samples
were analyzed at weeks 0, 14 and 28 for the MPB83-ELISA and at weeks 0, 4, 8 and then at rest
of time points (every two weeks) for the Ag85A-ELISA.

2.7. Postmortem examination

All goats were euthanized at week 28 (14 weeks post-infection) by intravenous sodium
pentobarbital overdose and carefully examined in order evaluate the extension of tuberculous
lesions in lungs and respiratory lymph nodes (LN). TB lesions in non-respiratory organs were
also recorded.

2.7.1. Lungs

Lung gross lesions were first evaluated by palpation and visual examination of each lobe. Then
whole lungs were fixed with 10%-buffered formalin by pouring the fixative into the trachea
while sustaining it in a vertical position. After that, the trachea was tied, and whole lungs were
immersed into a container with formalin. After complete fixation, lungs were scanned with a
high resolution 64-slice Multi-Detector Computed Tomography (MDCT) scan (Brillance CT 64-
channel, Philips Medical Systems, Cleveland, Ohio, USA), and sequential slices were analyzed
on a workstation (Aquarius Station, TeraRecon, Foster City, California, USA) as described
previously (Pérez de Val et al.,, 2011), allowing calculation of the total volume of
granulomatous lesions and the whole lung volume.

2.7.2. Lymph nodes (LN)

The diameter of gross lesions in pulmonary (caudal and cranial mediastinal, right and left
tracheobronchial) and right and left retropharyngeal LN was also recorded by direct
observation after slicing. Degree of pathology in LN was determined by adding together the
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approximated volume of granulomas in respiratory LN of each animal. The volume was
calculated as 4/3 x 1 x r® considering a sphere-like morphology of the lesions found. The
measurement of gross lesions was performed by the same pathologist in order to ensure the
same criterion for all samples.

2.8. Bacterial count

After pathological evaluation, the whole pulmonary and retropharyngeal LN were
homogenized in 10 ml of sterile distilled water in a Masticator (IUL Instruments, Barcelona,
Catalonia, Spain). The homogenate was decontaminated with a final concentration of 0.35%
w/v hexadecylpyridinium chloride (HPC) (Corner and Trajstman, 1988) for 15 min. in
continuous shaking, after which it was centrifuged at 2471 x g for 30 min. The supernatant was
discarded and the pellet was resuspended in 10 ml of PBS containing 0.05% Tween 80. The
viable bacterial enumeration was determined by plating 0.1 ml of serial dilutions of LN
homogenates on Middlebrook 7H11 agar plates. The inoculated plates were incubated at 37°C
for 28 days. After that, the total count of CFU of each LN was calculated.

2.9. Data analysis

Differences in antigen-specific IFN-y responses, as well as Ag85A-specific IgG responses among
treatment groups were compared by using non-parametric Kruskal-Wallis test with the post-
hoc Mann-Withney test, whereas analysis of variance (one-way ANOVA) with Student-
Newman-Keuls (SNK) multiple comparison test was applied to compare SICCT results and
MPB83-specific IgG responses among treatment groups. Rectal temperatures changes after
AdAg85A vaccination were also compared by one-way ANOVA with the post-hoc SNK test. All
postmortem data (pathological parameters and logi,-transformed bacterial counts) were
compared by Kruskal-Wallis test with the post-hoc Mann-Withney test. Correlations between
immune responses and postmortem parameters were assessed by employing non-parametric
Spearman rank test. Data analysis was performed using SPSS for Windows statistical package
version 17.0 (IBM Inc, Chicago, IL, USA).

3. Results
3.1. Effect of different vaccination regimens on cell-mediated antigen-specific responses

The release of IFN-y after ex vivo stimulation of whole blood with PPD-B, Ag85A, and ESAT-6
was measured by ELISA every two weeks throughout the course of the experiment whereas
responses to ESAT-6/CFP-10 (E/C) or Rv3615c peptide cocktails were measured at weeks 14,
16, 20, 24 and 28 (Fig. 22, data for Ag85A are not shown). Ag85A-specific IFN-y responses were
not detectable in any of the groups and at any time point during the study. BCG vaccination
induced an increase in mean IFN-y responses to PPD-B in vaccinated groups with a peak at
week 4 followed by a progressive decrease until week 12 but still significantly higher in
comparison to unvaccinated control group responses (p < 0.001).

After M. caprae challenge (at week 14), all goats showed a considerable increase in the levels
of IFN-y to PPD-B from week 18. The two vaccinated groups responded with similar intensity,
but considerably lower than the unvaccinated control group at weeks 18 to 22 and 26 (Fig.
22A). Responses to ESAT-6 after challenge with M. caprae were slightly lower in AdAg85A-
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boosted goats (BCG-Ad group) than in goats vaccinated with BCG alone (BCG group), although
this difference was statistically significant only at week 26 (p < 0.05). As occurred with PPD-B,
responses to ESAT-6 in unvaccinated goats were also stronger than in the vaccinated groups
(Fig. 22B), being significantly higher than in BCG-Ad group at weeks 18 to 28 and in the BCG
group at weeks 18 to 26 (p < 0.05). The peptide cocktails E/C and Rv3615c induced an ESAT-6-
like pattern of IFN-y responses (Fig. 22C and Fig. 22D respectively) with higher responses in
control than in vaccinated groups (p < 0.05 at weeks 20 and 28 for E/C, and at weeks 20, 24
and 28 for R3615c).
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Figure 22. Antigen-specific IFN-y responses in goats after vaccination and M. caprae challenge. @, BCG group. H,
BCG-AdAg85A prime-boosted group. A, Unvaccinated control group. Whole blood stimulated in vitro with (A) PPD-
B, (B) ESAT-6, (C) E/C and (D) Rv3615c. Results are expressed as mean of AOD450 + 95% Cl.

The results of the IFN-y assay at weeks 14, 16, 20, 24 and 28 in terms of positive/negative
using PPD-B, ESAT-6, E/C and Rv3615c as diagnostic reagents are shown in Table 12. The
highest and the lowest number of positive animals were found when using PPD-B and ESAT-6
respectively. However, if results of E/C and Rv3615c are combined, the number of animals
scoring positive in the IFN-y assay was similar to results with PPD-B from week 20 to 28.
Moreover, 11 out of 22 BCG-vaccinated goats were positive prior to M. caprae challenge (week
14) when using PPD-B, whereas all of them were negative when using ESAT-6.

At week 26 all goats were positive at the SICCT test (individual data not shown). The mean
increase of skin-fold thickness 72h after the application of PPD-B and PPD-A respectively
presented minor differences among groups: 19.3 mm (17.6-21, 95% Cl) and 9.7 mm (8-11.3,
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95% Cl) in BCG group, 17.3 mm (15.7-19, 95% Cl) and 8.7 mm (6.9-10.4, 95% Cl) in BCG-Ad
group, and 21.3 mm (19.4-23.2, 95% Cl) and 10.9 mm (9-12.7, 95% Cl) in control group. PPD-B-
induced increase of skin-fold thickness in BCG-Ad group was significantly lower compared to
that obtained in control group (p < 0.05).

Table 12. Number of goats of each treatment group positive to the IFN-y assay (Bovigam®)
using different antigens.

, Week
Group Antigen .
14 16 20 24 28
PPD-B 6 9 8 9 11
ESAT-6 0 0 4 2 2
BCG (n=11) b
E/C 0 0 7 8 5
Rv3615c 0 0 5 4 5
E/C + Rv3615c 0 0 9 9 9
PPD-B 5 3 9 11 11
ESAT-6 0 0 1 2 1
BCG-Ad (n=11)
E/C 0 0 8 10 6
Rv3615c 0 0 2 5 3
E/C + Rv3615c 0 0 10 11 8
PPD-B 0 0 11 11 11
ESAT-6 0 0 7 4 7
Control (n=11) E/C 0 0 10 9 10
Rv3615c 0 0 11 9 9
E/C + Rv3615c 0 0 11 9 10

® Prior to challenge with M. caprae.
® £/C: ESAT-6/CFP-10.

3.2 Humoral responses to MPB83 and Ag85A

All goats were seronegative in the MPB83 indirect ELISA prior to vaccination (week 0) whereas
two goats of the BCG group seroconverted at week 14 (just before challenge). At week 28 (2
weeks after SICCT test), all goats were seropositive (data not shown). At this time point, the
mean AOD,s, found in vaccinated groups was significantly lower than in the control group (p <
0.05, individual data not shown), with mean AOD,s, of 1.614 (0.895-2.334, 95% Cl) in BCG
group, 1.502 (0.932-2.071, 95% Cl) in BCG-Ad group, and 2.644 (2.105-3.183, 95% Cl) in control
group. Thus, the overall levels of MPB83-specific antibody responses showed a similar
temporal pattern as seen with M. caprae antigen-specific T cell responses (Fig. 22).

The 1gG responses to Ag85A were determined at weeks 0, 4, 8 and then every 2 weeks (Fig.
23). Goats in the control group and BCG group were seronegative at all time points during the
experiment. Goats in the BCG-Ad group were also negative prior to AdAg85A inoculation. Two
weeks after that, the mean values of AOD,sy reached a peak, followed by a progressive
decrease until week 28, in which the boost effect of the SICCT test (applied at week 26)
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dramatically raised again the mean value of AOD,s,. These values of AODysq were significantly
higher than values in the other groups (p < 0.001).
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Figure 23. Temporal kinetics of goat IgG responses to Ag85A protein. @, BCG group. M, BCG-AdAg85A prime-
boosted group. A, Unvaccinated control group. Results are expressed as mean of AODys5o+ 95% Cl.

3.3. Clinical, pathological and bacteriological findings

A mild but not statistically significant increase of mean rectal temperature was detected at 6h
after BCG inoculation (+0.31°C [0.13-0.49, 95% Cl]) followed by normalization at 24h and
subsequent time points (data not shown). After AdAg85A inoculation, significant change in
mean rectal temperature was observed at 24h in comparison to the mean basal temperature
(+1.47°C [1.11-1.84, 95% Cl], p < 0.001), which returned to normal at 48h. Inoculation with M.
caprae produced only minimal clinical signs. Occasional coughing was observed from the week
20 (6 weeks after challenge) until the end of the experiment in 8 out of 11 goats of the BCG
group, 7 out of 11 goats of BCG-Ad group, and 9 out of 11 unvaccinated goats. The main
weight gain from challenge (week 14) to the end of the experiment (week 28) was 6.5 kg (5.4-
7.7, 95% Cl) in BCG group, 6.5 kg (6.0-7.0, 95% Cl) in BCG-Ad group and 6.4 kg (5.2-7.5, 95% Cl)
in control group. Therefore, there was no difference in weight gain during the challenge period
among the three groups.

At necropsy, lungs and respiratory lymph nodes were processed separately. Pathological
findings were restricted to thoracic cavity in vaccinated animals whereas the disease was more
disseminated in 4 out of 11 control goats, which presented TB extrathoracic lesions in
retropharyngeal LN, mesenteric LN or spleen.

The mean volume of TB lesions in formalin-fixed lungs was compared among groups by MDCT.
All goats showed granulomatous necrotizing lesions in lung parenchyma and in lymph nodes,
and although none of the lungs was completely free of TB lesions, AdAg85A-boosted goats
showed much less gross lung lesions than goats belonging to BCG-group and unvaccinated
group (see group-representative MDCT lung images at Fig. 24). As shown in Table 13, the
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volume of TB lung lesions in BCG-Ad group was very much lower than in BCG-group (p < 0.005)
and in control group (p < 0.001). Also, percentage of lung involvement (volume of TB-lesions

related to the volume of the whole lung) was much lower in BCG-Ad group than in BCG group
(p < 0.005) and control group (p < 0.001).

Figure 24. Multi-detector computed tomography analysis of gross lung lesions. Representative lungs from goats in
treatment groups: BCG (A to C), BCG-AdAg85A prime-boost (D to F), and Control (G to I). (A, D and G) Three-
dimensional reconstruction of the whole lung. (B, E, and H) Volume-rendering images of the whole lung with the
different tissue densities discriminated by colour: water in grey, air in black and TB lesions reds. Total volumes of
the lungs are shown in red-dashed boxes. (C, F, and I) Volume-rendering images of the affected lung showing only
lesions. Total volumes of the affected lungs are shown in red-dashed boxes. Lung orientation is indicated as: H,
head; F, foot, L, left, R, right.

Individual data and median values of the volume of TB-lesions are plotted in Fig. 25A. The
number of affected lung lobes (of a total of 7 in goats) has been used frequently to assess the
spread of the infection within the lung. The extent of scoring for lung lobe involvement was
similar for both vaccinated groups, and lower than in the control unvaccinated group, where
TB lesions were more widespread (Table 13). Gross lesions in pulmonary and retropharyngeal
LN were also analysed by measuring the volume of TB lesions by direct visual assessment. In
the BCG-Ad group there was a strong reduction of mean volume of TB lesions in comparison to
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the unvaccinated control group (p < 0.001), and the volume of lesions was also smaller in the
BCG group compared with the control group (p < 0.005); whereas, difference between both
vaccinated groups was not statistically significant (Fig. 25B).

Table 13. Pathological and bacteriological findings at postmortem in vaccinated and control
goats®.

Lungs LN
Group Volumeof VolumeofVL/  Number of Volume of VL Bacterial load
VL (cm?) lung volume (%) lobes with vL® (cm?) (log CFU)
BCG  80(44-157) 8.1(4-13.5) 2/7 (1-3/7) 0.2 (0-4.1)* 3.7 (2.6-4.3)*
BCG-Ad 4 (0-22)** 0.5(0.1-1.8)** 1.9/7(1.4-2.5/7) 0.1 (0-0.2)** 3.2(2.3-
Control 36(27-94) 3.8(2.4-8.1) 3.4/7 (2.3-4.4/7) 6.1(2.3-30.1) 4.5 (4.3-4.9)

® The volume of visible lesions (VL) in lungs was calculated using Multi-Detector Computed Tomography and those
for lymph nodes (LN) by direct visual observation. Values are medians. Interquartile ranges in parentheses.
Significant differences between groups are shown as follows: *, p < 0.005; **, p < 0.001 (Kruskal-Wallis test with
the post-hoc Mann-Withney test).

Values are means.

In order to investigate the effect of the different vaccination protocols, the mycobacterial
burden was also assessed in respiratory LN. Median values of total burden of mycobacteria
(expressed as log CFU/pulmonary LN) of each group are shown in Table 13. The amount of
mycobacteria recovered in respiratory LN was significantly lower in both BCG and BCG-Ad
groups in comparison to the control group (p < 0.005 and p < 0.001 respectively, Fig. 25C).
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Figure 25. Postmortem results of individual goats for the three treatment groups. Volume of visible lesions (VL) in
lungs (A) and LN (B) expressed as cm® and mm’ respectively. (C) Total bacterial count in the pulmonary LN
expressed as logjp-transformed CFU. @, BCG group. M, BCG-AdAg85A prime-boosted group. A, Unvaccinated
control group. Horizontal lines indicate median values. Significance determined by Kruskal-Wallis test with the post-
hoc Mann-Withney test: *, p < 0.005; **, p < 0.001.

3.4. Immunological responses as predictors of vaccine efficacy and disease status

Immunological parameters were correlated with pathological and bacteriological parameters
in order to assess their predictive value as biomarkers of vaccine efficacy or disease status of
individual goats.
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Antigen-specific IFN-y responses were compared with pathological and bacteriological
parameters (volume of VL and log;o CFU in LN respectively) at weeks 20, 24 and 28 (Table 14).
Significant positive correlations between IFN-y to all antigens (PPD-B, ESAT-6, E/C and
Rv3615c) and the two postmortem parameters were only found at week 20, whereas
inconstant and less significant correlations were found in subsequent time points.

Table 14. Correlation of antigen-specific IFN-y released in whole blood measured by ELISA
(AOD4s0) with postmortem parameters as measured by volume of visible lesions (VL) and logy,-
transformed bacterial counts®.

Week 20 Week 24 Week 28
Antigen Volume of VL log CFU Volume of VL log CFU Volume of VL log CFU
PPD-B 0.461** 0.533** 0.211 0.310* 0.148 0.133
ESAT-6 0.388* 0.363* 0.181 0.212 0.380* 0.361*
E/C° 0.451** 0.554%** 0.303* 0.368* 0.077 0.014
Rv3615c  0.446** 0.561*** 0.202 0.319* 0.401* 0.487**

® Tabulated are results of Spearman rank test. Significance is shown as follows: *, p < 0.05; **, p < 0.01; ***, p <
0.001.

® E/C: ESAT-6/CFP-10.

Humoral responses were also compared with post-mortem parameters. A significant inverse
correlation was found between Ag85A-induced IgG responses at weeks 10 to 28, and the total
volume of VL found postmortem (p < 0.005, data not shown), whereas the negative
correlations found between the bacterial counts in LN and Ag85A-specific IgG responses were
only statistically significant at weeks 10, 12, 16, 18, 20, 24 and 26 (p < 0.05, data not shown).
On the contrary, at week 28 (just prior to sacrifice) we found a significant positive correlation
between MPB83-induced IgG responses and both total volume of VL (Spearman p = 0.312, p <
0.05) and bacterial counts (Spearman p = 0.389, p < 0.05).

4. Discussion

Research in vaccines against human TB also benefit from large animal models based on natural
TB hosts where histopathological features are similar to those in human disease (Young. 2009).
We have reported recently the development of a TB infection model in goats and found the
induction of TB lesions in all the infected animals after inoculating M. caprae by the
endobronchial route (Pérez de Val et al., 2011). In the present work we have used this model
for testing a human and cattle vaccine candidate against TB, based on BCG priming and
subsequent boost with an adenoviral vector expressing the immunogenic antigen Ag85A
(AdAg85A), followed by challenge with M. caprae. To our knowledge, this is the first attempt
to assess safety and efficacy of a prophylactic vaccination strategy against TB in goats.

The rationale for this strategy is based on the previous studies in cattle showing only partial
efficacy of BCG or Adenoviral vectored vaccines alone, but improved results when a combined
prime-boost strategy was used. In cattle, homologous prime-boost vaccination strategies failed
to confer protective immunity to M. bovis, either by using BCG-BCG or AdAg85A-AdAg85A
(Buddle et al., 2003; Vordermeier et al., 2006). In contrast, heterologous BCG-AdAg85A prime-
boost procedures showed strong improvement in protection, when compared to vaccination
with BCG alone (Wang et al., 2004; Santosuosso et al., 2006; Vordermeier et al., 2009).
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In our goat model, BCG vaccination followed by AdAg85A boosted protection to a challenge
with M. caprae, leading to a reduction of lung and lymph node lesions, and reduction of
mycobacterial burden in respiratory lymph nodes in the vaccinated group in comparison to
control non-vaccinated goats.

The strong reduction of pathological and bacteriological parameters observed in BCG-Ad group
is in agreement with the results obtained previously in mice (Santosuosso et al., 2006) and,
particularly, with those reported in a recent study in calves challenged with M. bovis
(Vordermeier et al., 2006; Vordermeier et al., 2009). In the latter study, with design analogous
to the present study, 4 out of 10 BCG-vaccinated and AdAg85A-boosted calves did not show
visible pulmonary lesions at the necropsy. Main difference between the two studies is that we
did not find any goat free of VL. This could be due to the use of a highly sensitive, quantitative
evaluation method of pulmonary lesions (MDCT) which allowed us to find TB lesions in all
goats, in some cases even smaller than 1 mm?, lesions that would be difficult to observe by
direct macroscopic evaluation. However, another possible explanation for this difference in
pathological expression of TB between both experiments could be that different species of
host and mycobacteria were used and a faster progression of TB infection in goats compared
to cattle, as it has been postulated recently (Pérez de Val et al., 2011).

Unexpectedly, the mean volume of lung lesions of the BCG group, measured by MDCT, was
slightly higher than the control group (without statistically significant differences). This results
contrast with that obtained in calves and badgers vaccination studies, where a significant
reduction of pulmonary pathology score was reported in BCG (Pasteur strain) vaccinated and
M. bovis challenged animals (Buddle et al., 2005a; Wedlock et al., 2007; Corner et al., 2008;
Lesellier et al., 2009). Nevertheless, the different scoring system used in our study precludes us
from making firm conclusions about a different response to BCG vaccination in goats and other
species. In cattle experiments, size and distribution of gross lesions were integrated in a
semiquantitative pathology scoring, whereas we have quantified lung lesion volumes, and
have evaluated extension to the different lung lobes and extrapulmonary involvement
separately.

Considering the intrapulmonary distribution of lesions, measured as number of affected lobes,
we observed better containment of internal dissemination of infection within the lung in the
two vaccinated groups compared to unvaccinated goats. Also, both gross lesions and bacterial
burden in pulmonary drainage lymph nodes were significantly higher in the control group,
corroborating the higher disease severity in untreated goats. In addition, extrathoracic TB
lesions were only found in unvaccinated goats (4 out of 11), showing that vaccination mitigates
hematogenous dissemination of mycobacteria. This finding is consistent with the widely
reported capacity of BCG to prevent extrapulmonary TB in children (Rodrigues et al., 1993;
Colditz et al., 1995).

With regard to the relationship between CMI and vaccination outcome, we found strong
positive correlations between post-mortem parameters and IFN-y produced in peripheral
blood effector T-cells in response to MTBC antigens at week 20 (6 weeks postinfection).
However, very weak or no correlations were found at subsequent time points. It is well-known
that IFN-y is a necessary Thl cytokine for host defense against mycobacterial infection (Flynn
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et al., 1993), although its production alone is insufficient for a protective response to TB
(Flynn. 2004). Thus, paradoxically, IFN-y response is also a biomarker of the protective
immunity failure (reviewed in Andersen et al., 2007). In fact, a constant high secretion of IFN-y
by ESAT-6-specific T cells is associated with uncontrolled mycobacterial replication and it is
considered a predictor of active TB in humans (Andersen et al., 2007) and cattle (Vordermeier
et al., 2002).

By contrast, we observed a decrease of both single ESAT-6 and E/C cocktail specific IFN-y
responses at 14 weeks postinfection in all treatment groups. This IFN-y kinetic is not in
accordance with those observed in calf experiments with similar infective dose of M. bovis
(Vordermeier et al., 2002; Vordermeier et al., 2009). Notwithstanding, in our study the IFN-y
decrease does not seem to be related to the control of infection, but it might be an immune
response failure or even an early anergic process. Therefore, the use of antigen-specific IFN-y
as a prognostic biomarker of control/severity of the infection must be employed with caution.
It may be useful to determine vaccine success in the early stages of infection (< 8-10 weeks)
but it is inconclusive with regard to infection status of an animal at subsequent weeks.

Ag85A-specific IFN-y production was not detected during the experiment. However, we found
indirect correlations of Ag85A-specific humoral responses with postmortem parameters prior
to challenge and after SICCT booster effect. The kinetic of antibody responses to Ag85A
confirmed the successful recognition of this antigen by the goat immune system and its
usefulness as a biomarker of Ag85A expression.

We have confirmed the usefulness of DIVA-candidate peptides as novel diagnostic reagents for
use in goats. None of the vaccinated goats produced detectable IFN-y to the DIVA antigens
prior to challenge, whereas half of the vaccinated goats were positive in the bovine tuberculin-
based IFN-y assay, an assay taht is being applied in some bovine TB eradication programmes
(de la Rua-Domenech et al., 2006). The usefulness of whole-blood IFN-y release assays (IGRAs)
using ESAT-6 and CFP-10 to distinguish infected from vaccinated individuals has been reported
previously for humans and cattle (Pai et al., 2004; Cockle et al., 2006). In goats infected with
M. caprae we found that tuberculin-based IFN-y assay and DIVA-based IFN-y assays, where
results for E/C and Rv3615c IFN-y assays were taken together, had similar sensitivities. In this
sense, the capacity of these antigen-specific assays to increase the detection of infected
animals when they are used together was as previously reported for cattle (Sidders et al.,
2008) and goats (Pérez de Val et al., 2011).

Vaccination is the best strategy to control TB in humans and may be a valid approach in
domestic and wild animal species when eradication is not feasible. Employing for the first time
a goat model of TB using M. caprae infection, the goat being a natural host of this organism,
we have demonstrated enhanced protection after boosting BCG-primed goats with an
adenoviral vector expressing the antigen Ag85A. Furthermore, we have identified specific IgG
response to be an immunomarker of protection and disease severity useful for monitoring
vaccine efficacy. We believe that our current study serves as an important step to investigating
immune mechanisms of protection in the goat model of TB.
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A multi-antigenic adenoviral-vectored vaccine improves BCG
protection of goats against pulmonary tuberculosis infection and
prevents disease progression
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Abstract

The “One world, one health” initiative emphasizes the need of new strategies to control
human and animal tuberculosis (TB) based on their shared interface. A good example would be
the development of novel universal vaccines against Mycobacterium tuberculosis complex
(MTBC) infection. This study uses the goat model, a natural TB host, to assess the protective
efficacy of a new vaccine candidate in combination with Bacillus Calmette-Guerin (BCG)
vaccine.

Thirty three goat kids were divided in three groups of 11 each: 1) vaccinated with BCG (week
0), 2) vaccinated with BCG and boosted 8 weeks later with a recombinant adenovirus
expressing the MTBC antigens Ag85A, TB10.4, TB9.8 and Acr2 (AdTBF), and 3) unvaccinated
controls. Afterwards, an endobronchial challenge involving a low dose of M. caprae was
performed (week 15). After necropsy (week 28), the pulmonary gross pathology was quantified
by using high resolution Computed Tomography. Small granulomatous pulmonary lesions (<
0.5 cm diameter) were also evaluated through a comprehensive qualitative histopathological
analysis. M. caprae CFU were counted from pulmonary lymph nodes.

The AdTBF improved the effects of BCG reducing gross lesions volume and bacterial load, as
well as increasing weight gain. Protection and infection biomarkers were also evaluated.
Interferon-y producing memory T-cells were assessed as predictors of vaccine efficacy. Specific
cellular and humoral responses were measured throughout the 13-week post-challenge
period, and they were correlated with the severity of lesions.

Unvaccinated goats reproduced the main pathological features of the active tuberculous
disease in humans, while vaccinated goats showed very small lesions, resembling those
observed in human latent TB infection (LTBI). This study strongly evidences that the multi-
antigenic adenoviral-vectored vaccines against TB deserve further attention in clinical trials.

1. Introduction

Tuberculosis (TB), mainly caused by Mycobacterium tuberculosis, is the first cause of infectious
disease mortality and morbidity worldwide (Lienhardt et al., 2012). Moreover, it is estimated
that one-third of the world’s population has latent tuberculosis infection (LTBI), making it one
of the most prevalent human infections (World Health Organization. 2009). On the other hand,
M. caprae and M. bovis, also members of M. tuberculosis complex (MTBC), are the main
causative agents of caprine TB, an emerging disease in a number of European countries,
causing an increase of economic losses to the livestock sector (Daniel et al., 2009; Rodriguez
et al., 2011; Shuralev et al., 2012).

Goats infected with M. caprae may be a source of infection for cattle, acting as domestic
reservoirs of bovine TB (Napp et al., 2013). M. caprae has been also isolated from a wide range
of wildlife species (Erler et al., 2004; Rodriguez et al., 2011; Domogalla et al., 2013), and has
also been isolated from TB cases in humans (Kubica et al., 2003; Prodinger et al., 2005;
Rodriguez et al., 2009). In endemic areas, vaccination is seen as the best long-term prospect
for controlling TB in livestock (Krebs and The Independent Scientific Review Group, 1997).
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Reducing the prevalence of the disease prior to start an eradication program based on test and
sacrifice would reduce economic costs for the producers and the public sector.

Bacillus Calmette-Guerin (BCG), the only currently available vaccine, displays variable efficacy
against human and animal TB (Buddle et al., 1995; Fine. 1995). In recent years new subunit
vaccines have been developed for use after a previous immunization with BCG or other live
vaccines (Skeiky 2006). The viral delivery system of these subunit vaccines has been widely
used (McShane and Hill, 2005; Xing and Charters, 2007). Particularly, the use of adenoviruses
as vectors for TB vaccines has the advantage of their natural tropism for the respiratory
epithelium, as well as the strong immunity induced (Wang et al., 2004; Santosuosso et al.,
2006). Boosting BCG with a recombinant replication-deficient adenovirus expressing the
antigen Ag85A showed enhanced protection against TB in small laboratory animals
(Santosuosso et al., 2006; Xing et al., 2009), cattle (Vordermeier et al., 2006; Vordermeier et
al., 2009), and goats (Pérez de Val et al., 2012).

Apart from Ag85A, additional immunoprotective antigens are candidates to be included in
multi-antigenic formulations. Among them, the MTBC antigens TB10.4, TB9.8 and Acr2
(http://tuberculist.epfl.ch) have been recently selected for this purpose on the basis of the
induction of an early-CMlI in calves after M. bovis infection or after BCG vaccination (Wilkinson
et al., 2005; Mustafa et al., 2006; Dean et al., 2008).

The aim of this study was to assess the efficacy of a novel recombinant adenoviral booster
vaccine expressing four MTBC-antigens (Ag85A, TB10.4, TB9.8 and Acr2) to improve BCG
protection against TB in goats challenged with M. caprae, their natural TB causing agent
(Aranaz et al., 1999). Exhaustive postmortem analysis based on Computed Tomography (CT)
and a comprehensive histopathological evaluation were used for assessing vaccine efficacy.

2. Materials and Methods
2.1.  Study design
2.1.1. Animals and experimental schedule

Thirty-three female goat kids (3 month old Murciano-Granadina) obtained from an official TB-
free herd of Murcia Region (South West of Spain) were selected on the basis of negative
results to single intradermal comparative cervical tuberculin (SICCT) test and the Bovigam IFN-
y assay (Prionics, Schlieren, Switzerland). Subsequently, animals were randomly divided in
three treatment groups of eleven goats each: Group 1, vaccinated with BCG; Group 2,
vaccinated with BCG and boosted with a recombinant adenovirus expressing a fusion protein
which contained four MTBC antigens (BCG-AdTBF); and Group 3, unvaccinated controls.

Animals were followed-up daily for clinical signs and weighted every two weeks during the
experiment. All animal experimental procedures were undertaken in accordance with the
European Union Laws for protection of experimental animals, and were approved by the
Animal Welfare Committee of the Universitat Autonoma de Barcelona and the Generalitat de
Catalunya (Permit Number: 6332)
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2.1.2. Vaccines

For the BCG inoculum preparation, Mycobacterium bovis BCG Danish 1331 strain (ATCC, Ref.
35733™) was sub-cultured in Middlebrook 7H9 media (BD Diagnostics, Sparks MD, USA)
supplemented with 0.5% (v/v) Tween 80, 40nM sodium pyruvate (Sigma-Aldrich, Steinheim,
Germany) and 10% (v/v) albumin dextrose catalase enrichment (BD Diagnostics). It was
incubated for 28 days at 37°C. An aliquot of growth culture was titrated by platting 10-fold
dilutions in phosphate buffered saline containing 0.05% Tween 80 (PBS-T80) on 7H11 media
(BD Diagnostics) for 28 days at 37°C. The remaining aliquots were stored at -80°C prior to use.
After bacterial count, growth culture was diluted to 10° CFU/ml by suspension in phosphate
buffered saline (PBS). A dose of 0.5 ml of this suspension was inoculated subcutaneously in
animals of groups 1 and 2 at week 0 of the experiment.

The adenoviral booster construct (AdTBF) was developed by the Animal Health Veterinary
Laboratories Agency (AHVLA, Weybridge, UK) and consisted in a replicant-deficient human
adenovirus of serotype 5 which expresses a fusion protein containing four MTBC antigens:
Ag85A  (Rv3804c), TB10.4 (Rv0288), TB9.8 (Rv0287) and Acr2 (Rv0215c)
(http://tuberculist.epfl.ch). One mL of AdTBF diluted in PBS at a concentration of 109 PFU/ml
was injected intramuscularly in animals of group 2 at week 8 of the experiment.

2.1.3. M. caprae challenge

A field isolate of M. caprae SB0416 (www.Mbovis.org) was sub-cultured in Middlebrook 7H9
supplemented media for 28 days at 37°C. After that, an aliquot of growth was platted on 7H11
media and cultured again for 28 days at 37°C. Then the bacterial count was performed.

One week prior to challenge, goats were housed in Bio-Safety Level 3 boxes for
acclimatization. For challenge (week 15), all animals were anesthetized with 4-6 mg/kg of
propophol (Propofol Lipuro®) and 0.2 mg/kg of midazolam (Dormicum®) administrated
intravenously. Subsequently the animals were challenged by the endobronchial route with a
suspension of approximately 1.5 x 10° CFU of M. caprae as previously described (Pérez de Val
et al, 2011).

2.2, Postmortem studies

All goats were euthanized at week 28 by intravenous sodium pentobarbital overdose and
necropsied. Pulmonary lymph nodes (LN) were aseptically removed making sure the pleural
lung surface was not sectioned, and were used to measure bacterial load. Number, extension,
and distribution of tuberculous lesions in the lungs were recorded visually and by Computed
Tomography (CT). Microscopic features of small lung granulomatous lesions were assessed by
histopathological examination.

2.2.1. Lungs

Lungs were fixed in toto by perfusion with 10%-buffered formalin through the trachea while
being sustained in a vertical position. After complete lung distension by the fixative, the
trachea was tied, and whole lungs were immersed into a container with 10%-buffered
formalin. Six month after, lungs were scanned with a high resolution 64-slice Multi-Detector CT
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scan (Brillance CT 64-channel, Philips Medical Systems, Cleveland, Ohio, USA), and sequential
slices were analyzed on a work station (Aquarius Station, TaraRecon, Foster City, California,
USA) as described previously (Pérez de Val et al.,, 2011), allowing calculation of the total
volume of granulomatous lesions and the whole lung volume.

Once scanned by CT, lungs were sliced in approximately 1 cm sections to visually examine the
lesions. Animals were classified in three groups depending on the maximum diameter of the
granulomas found in their lungs. Three granuloma diameter size intervals were defined: < 0.5
cm, Small Granulomas (SG); 0.5-2 cm, Medium Granulomas (MG); and 2 cm, Large Granulomas
(LG). The number of affected lung lobes was also recorded.

Five SG (when present) from each animal were selected for histopathological study to
determine possible qualitative morphological differences between groups. Granulomas were
sectioned through its maximum diameter and embedded in paraffin. Then, sections of 4 um
were stained with hematoxylin and eosin (HE). Slides were microscopically examined blindly
and separately by two pathologists. The following parameters were scored: 1) Stage of
granuloma development according to the four stages previously defined by Wangoo et al.:
Stage | (Initial), Stage Il (Solid), Stage Il (Minimal necrosis) and Stage IV (Necrosis and
mineralization) (Wangoo et al., 2005); 2) Number of satellite granulomas (SatG) surrounding
the central lesion (as shown in Fig. 26); 3) Presence of multinucleated giant cells (MNGC) as
previously described (Garcia-Jimenez et al., 2013): 0, 1 to 10 and > 10 MNGC; 4) Central
necrosis extension (absence of necrosis, necrosis comprising < 50%, and 2 50% of granuloma
surface); and 5) Mineralization degree: absence, low and high.

Figure 26. Evaluation of satellite granuloma (SatG) formation. Example of TB small lesion consisting of a central
granuloma (C) surrounded by 7 smaller SatG (S1-7) characterized by variably sized clusters of inflammatory cells
contiguous to the central granuloma, sometimes with presence of MNGC and central necrosis (e.g. S5). The number
of SatG, upon histopathological assessment of small granulomas, was used as a parameter to evaluate the tendency
of lesions to disseminate.
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2.2.2. Pulmonary LN

Gross lesions in pulmonary LN (caudal and cranial mediastinal, right and left tracheobronchial)
were measured as previously described (Pérez de Val et al.,, 2011). The volume of visible
lesions of each animal was calculated as 4/3 x it x r® (where r is the lesion radius) taking into
account the sphere-like morphology of the lesions found. Recording of all granuloma
diameters was performed by the same pathologist in order to ensure the same criterion was
followed for all samples.

After gross pathological evaluation, whole pulmonary LN were homogenized and
decontaminated as previously described (Pérez de Val et al., 2011). The viable bacterial count
was determined by plating 0.1 ml of serial dilutions of LN homogenates on 7H11 agar plates
(BD Diagnostics). The inoculated media were incubated at 37°C for 28 days. After that, the
total CFU count of each LN was calculated.

2.3. Assessment of immune responses
2.3.1. Antigens and peptides

Bovine tuberculin (PPD-B) and Avian tuberculin (PPD-A) were obtained from CZ Veterinaria
(Porrifio, Spain), mycobacterial proteins Ag85A, Acr2 and MPB83 were obtained from Lionex
(Braunschweig, Germany), and ESAT-6/CFP-10 (E/C) peptide cocktail, Rv3615c, TB9.8 and
TB10.4 were supplied by the AHVLA.

2.3.2. IFN-y release assays (IGRASs)
2.3.2.1. Whole blood assay

Blood samples were collected from the jugular vein in heparinized blood tubes. One ml of
whole blood was stimulated in 96-well cell culture plates with PPD-B at 10 pg/ml, and Ag85A,
E/C and Rv3615c at 5 pg/ml. Blood samples stimulated with phytohemagglutinin (Sigma-
Aldrich) at 10 pug/ml and PBS were used as positive and negative controls respectively. Plasma
supernatants were collected after 24h of culture at 37°C and 5% CO, and were stored at -20°C
until tested by Bovigam IFN-y enzyme-linked immunosorbent assay (ELISA), which was
performed according to the manufacturer’s instructions. ELISA results were obtained as
Optical Density determined at 450 nm (ODys). Specific reaction was expressed as AODgsg
(ODg4so of antigen-stimulated sample minus OD4so of non-stimulated control). The assay was
performed every two weeks throughout the experiment using PPD-B and Ag85A as stimuli.
Peptide cocktail E/C and Rv3615c were also included at weeks 15, 20, 26 and 28.

2.3.2.2. Cultured ELISPOT assay

At week 15 (prior to challenge), Peripheral Blood Mononuclear Cells (PBMC) were isolated
from blood of a subset of 10 randomly selected vaccinated goats (5 of BCG group and 5 of
BCG-AdTBF group). Blood samples were diluted 1:1 in PBS, separation of blood cell populations
was performed with a gradient centrifugation using Histopaque-1077 (Sigma-Aldrich). PBMC
were then stimulated in 24-well plates (2 x 10° cells/well) with 10 pg/ml of PPD-B in cell
culture medium: RPMI 1640 medium (Sigma-Aldrich) supplemented with 10 % fetal calf serum
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(Sigma-Aldrich), non-essential acids (Sigma-Aldrich), 5 x 10> M 2-mercaptoethanol, 100 U/ml
penicillin and 100 ug/ml streptomycin sulphate. Cell culture plates were incubated at 37°C 5%
CO.. Cultured ELISPOT assay was based on a previously described method (Vordermeier et al.,
2009). Recombinant human IL-2 (Sigma-Aldrich) was added to cell cultures at a final
concentration of 10 U/ml at days 5 and 8. Half of supernatant was replaced with fresh cell
culture medium at days 10 and 12. On day 13, 5 x 10* cultured cells/well were added in
ELISPOT plates (MultiScreen HTS, Merck Millipore, Darmstadt, Germany) previously coated
overnight at 4°C with bovine monoclonal IFN-y antibody (Acris Antibodies GmbH, San Diego,
USA) and then blocked with 10% fetal calf serum in RPMI medium. Cells were stimulated with
10 pg/ml of PPD-B, 5 pg/ml of Ag85A, TB10.4 and TB9.8, and incubated 24h at 37°C 5% CO,.
Cultures were performed in the presence of autologous antigen presenting cells (obtained
from PBMC isolated at week 15, as described in Vordermeier and Whelan, 2012). After that,
biotin labelled bovine monoclonal IFN-y antibody (Acris Antibodies GmbH) and phosphatase-
conjugated streptavidin (Life Technologies S.A., Madrid, Spain) were added for developing
spots. Spot-Forming Cells (SFC) were revealed and counted as previously described
(Vordermeier et al., 2009), and the number of SFC/ml was calculated.

2.3.3. Serological tests

Humoral responses to vaccination and M. caprae infection were studied by carrying out I1gG
indirect ELISAs to the MTBC protein MPB83 and the four antigens expressed by the adenoviral
vaccine (Ag85A, Acr2, TB9.8 and TB10.4). Ninety-six-well plates were coated for each of the
five antigens separately (Nunc Maxisorp; Thermo Fisher Scientific, Roskilde, Denmark) at a final
concentration of 0.5 pg/ml each, diluted in carbonate/bicarbonate buffer. The plates were
incubated overnight at 4°C. For the MPB83-specific ELISA, plasma samples from all goats were
analysed at weeks 0, 4, 8, 15 and then every two weeks, whereas for the four AdTBF-antigens
ELISAs plasma samples were analyzed at weeks 0, 8, 9, 10 and then every two weeks. The I1gG
ELISAs were performed as described previously (Pérez de Val et al., 2012). PPD-B and PPD-A
intradermal inoculations were performed at week 26 following the standard procedures for
SICCT test in order to generate a boost-effect on humoral responses at week 28.

2.4. Statistical analyses

One-way ANOVA with Student-Newman-Keuls multiple comparison test was used for
comparisons among groups in terms of differences in weight increase, volume of lesions,
number of affected lobes, number of SatG and bacterial load (log10-transformed data). Whole
blood IFN-y responses and serological tests were compared by non-parametric Kruskal-Wallis
test with post hoc Mann-Whitney or Wilcoxon test, whereas IFN-y SFC differences between
vaccinated groups were compared by Student’s unpaired two-sample T-test. Differences in
observed frequencies of qualitative histopathological features among groups were assessed by
chi-squared test. Correlations between postmortem parameters, as well as between IFN-y
cultured ELISPOT results and postmortem parameters were assessed by using Pearson’s
correlation, whereas the rest of immunological responses were compared with postmortem
parameters by employing non-parametric Spearman rank test. Data analysis was performed
using SPSS statistical package version 19.0 (IBM Inc. Chicago, IL, USA).
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3. Results
3.1. Clinical signs and body weight

Coughing was observed in 7/11 BCG, 2/11 BCG-AdTBF and 6/11 unvaccinated control goats
throughout the experiment. The mean body weight increase during this period was
significantly lower in unvaccinated control animals (249 g/week, 95% Cl: 230-269) in
comparison to BCG-AdTBF group (403 g/week, 95% Cl: 383-423, p < 0.001) and BCG group (351
g/week, 95% Cl: 331-370, p < 0.05). The weight increase during the post-challenge period of
the different groups is shown in Fig. 27.
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Figure 27. Body weight after M. caprae infection. The goats were challenged with 1500 CFU M. caprae at week 15
and animals were weighted weekly up to the end of the experiment (week 28). Each line represents the cumulative
weight increases (in kg + 95% Cl) in the three treatment groups from the challenge to the end point.

3.2 Gross pathology and bacteriology

All animals presented macroscopic TB lesions at necropsy, but showing a wide range of
intensity between groups. Lesions were mainly restricted to the respiratory system, although 4
unvaccinated goats also showed extra-pulmonary TB lesions in liver (n=3), pericardium (n=2)
and spleen (n=1).

The sum of gross lesions volume of lung and LN and the bacterial load in respiratory LN, are
shown in Fig. 28 (A-B). Vaccinated groups showed a significant reduction of gross lesions
(mean volume of gross lesions) and bacterial load (mean Log;; CFU/LN) in comparison to the
unvaccinated group (p < 0.001). Significant differences were also found in the volume of gross
lesions between the two vaccinated groups. The BCG-AdTBF group showed lower volume of
gross lesions in lungs (mean Log;o cm®: 0.9, 95% Cl: 0.7-1.2; p < 0.05) and LN (mean Logi, mm®:
2.3,95% Cl: 2.1-2.5; p < 0.05) compared with BCG group (mean Logy cm?®: 1.3, 95% Cl: 1.1-1.4;
and mean Log;o mm?: 2.9, 95% Cl: 2.6-3.2; respectively). A direct correlation between bacterial
load and total volume of gross lesions was only found in unvaccinated animals (r = 0.684, p <
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0.05, Fig. 28C). In vaccinated animals, however, the gross lesions volume reduction was more
pronounced than was the bacterial load reduction.
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Figure 28. Quantification of pulmonary pathology and bacterial burden. (A and B) Individual volume of gross lesions
(GL) in lungs (measured by CT) and thoracic LN (measured by direct visual examination) are expressed in cm®, and
the bacterial counts in thoracic LN are expressed as Log;o-transformed CFU. Horizontal lines indicate mean values.
*p < 0.05, ***p < 0.001, one-way ANOVA/Student-Newman-Keuls multiple comparison test. (C) Correlation
between the volume of VL and bacterial counts. Results are divided according to treatment groups (BCG, circles;
BCG-AdTBF, diamonds; and Control, triangles). *p < 0.05, Pearson’s correlation (r).

The extension of gross lesions in the lung was also assessed to classify animals depending on
the maximum sized granuloma found in their lungs. Ten animals (4 BCG and 6 BCG-AdTBF)
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3.3. Histopathological analysis

Five SG were collected from each animal and processed for histopathology, with the exception
of 1 goat of the BCG-AdTBF group, in which only 4 granulomas were found. Thus, a total of 164
granulomas were analyzed (55 from BCG group, 54 from BCG-AdTBF group and 55 from
Control group). Table 15 shows a qualitative granuloma evaluation of each group. Vaccinated
goats had a higher proportion of SG with higher grade of necrosis (83%, p < 0.05), as well as
more mineralization (38%, albeit not statistically significant) in comparison to unvaccinated
controls (64% and 20% respectively). BCG and BCG-AdTBF groups showed a significant higher
frequency of SG in advanced developmental stages (IV and Il respectively, p < 0.05). Examples
of representative SG of vaccinated groups are shown in Fig. 30 (A-D). By contrast, unvaccinated
animals presented a higher proportion of SG at early stages (24% at stages | and Il), showing
poorly delimitated microscopic lesions with a higher number of SatG (51% with > 4 SatG, p <
0.01, Fig. 30E-F). The mean number of SatG in each animal correlated positively with both the
volume of gross lesions and the number of affected lung lobes (r = 0.418, p < 0.05; r = 0.546, p
< 0.01; respectively).

Table 15. Histopathological analysis of pulmonary small granulomas (< 0.5 cm diameter).

No. of granulomas (%) of each group

a b a
Granuloma feature BCG BCG-AdTBF Control
) Low or none 10 (18) 9(17) 20 (36)
Necrosis
High 45 (82)* 45 (83)* 35 (64)
) o Low or none 34 (62) 34 (63) 44 (80)
Mineralization
High 21 (38) 20(37) 11 (20)
| 1(2) 0(0) 1(2)
Il 6(11) 6(11) 12 (22)
Developmental stage
I 25 (45) 38 (70)* 26 (47)
v 23 (42)* 10 (19) 16 (29)
<10 or none 23 (42) 10 (19) 16 (29)
No. of multinucleated giant cells
> 10 32 (58) 44 (81)* 39 (71)
None 15 (27) 9(17) 7 (13)
No. of satellite granulomas 1-3 28 (51) 28 (52) 20 (36)
>4 12 (22) 17 (31) 28 (51)**

a
Five granulomas /animal (N = 55).
b
One animal only presented 4 granulomas (N= 54).

* p<0.05, ** p<0.01 (Chi-squared test).

Vaccinated animals showed a higher proportion of SG at later stages with partial or complete
encapsulation (i.e. stages lll and IV, Fig. 30A-D). These lesions showed highly organized
structure containing a very low proportion of lymphocytes and macrophages surrounding the
central necrotic area. On the contrary, microscopic lesions observed in many unvaccinated
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animals showed SG at early-stages, with a poorly organized mixed inflammatory infiltrate
composed of lymphocytes, macrophages and neutrophils and lower necrosis extension (see
Fig. 30E-F).

Figure 5. Staging of small granulomas (SG) by histopathological analysis. Representative developmental stages of
the SG found in formalin-fixed lungs. (A-B) Stage IV. SG from 2 BCG-vaccinated goats. Encapsulation is complete.
Extensive central necrosis with high degree of mineralization. (C-D) Stage Ill. SG from 2 BCG-AdTBF-vaccinated
goats. Uncomplete encapsulation. Macrophages and lymphocytes surrounding the central necrosis and
mineralization. Note the formation in C of 2 satellite granulomas (SatG, S; and S,). S, is surrounded by a thin mantle
of fibroblasts (arrowheads) which is connected to the intralobular septa (arrow). (E) Stage Il. SG from an
unvaccinated goat, presenting an irregular outline, central necrosis without mineralization and SatG formation. (F)
Stage |. SG from an unvaccinated goat. Unstructured lesion presenting a diffuse mixture of inflammatory cells,
without a distinguishable necrotic core.
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Unvaccinated goats frequently showed SG which opened to the bronchiolar lumen, emptying
its content into the airways leading to the formation of small cavities (Fig. 31A). Additionally,
all unvaccinated goats presented conspicuous macroscopic cavitary lesions (Fig. 31B).

Figure 31. Progression of caseous necrosis to cavitary lesions. (A) The caseous necrosis in the centre of the
granuloma progresses to liquefaction and, if not effectively encapsulated, the necrotic reaction destroys the
epithelium of an adjacent bronchiole, emptying the content of the liquefied lesion into the airways. (B). Large
cavitation of pulmonary parenchyma, originates from progressive liquefaction of confluent granulomatous lesions,
observed macroscopically in all unvaccinated goats.
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3.4. Cell-mediated immune responses

The whole blood IFN-y responses to E/C and Rv3615c-specific showed significant differences
among groups at week 20, when the peak response was reached in unvaccinated animals (Fig.
32). At this time point, the mean E/C-specific IFN-y responses in the control group were
significantly higher than in the BCG (p < 0.01) and BCG-AdTBF (p < 0.05) groups. Also, the
Rv3615c-specific IFN-y responses in the control group were significantly higher than in both
vaccinated groups (p < 0.05). At the rest of time points, responses were not significantly
different among groups.
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Figure 32. Antigen-specific IFN-y responses after M. caprae challenge. Determination by ELISA of the IFN-y released
after peripheral blood stimulation with: (A), bovine PPD (PPD-B); (B), ESAT-6/CFP-10 peptide cocktail (E/C); and (C),
Rv3615c protein. (D) Results at week 20 (5 weeks postinfection). (E) Results at the end point (week 28, 13 weeks
postinfection). The results are expressed as mean AODyso + 95% Cl for the 3 treatment groups (BCG, BCG-AdTBF and
Control). *p < 0.05, **p < 0.01, Kruskal-Wallis/Mann-Withney post hoc test.

Ag85A-specific IFN-y responses were undetectable throughout the experiment except at two
weeks after AdTBF inoculation (week 10), when they were significantly higher in BCG-AdTBF
group (mean AOD: 0.085, 95% Cl: 0.021-0.149) compared with BCG (mean AOD: 0.025, 95% ClI:
0-0.05, p < 0.05) and control (mean AOD: 0.007, 95% Cl: 0.04-0.01, p < 0.01) groups.

The results of the cultured ELISPOT carried out prior to challenge did not show significant
differences of antigen-specific IFN-y SFC between both vaccinated groups (data not shown).
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3.5. Antibody responses

Mean IgG responses to AdTBF-encoded antigens in BCG-AdTBF prime-boosted goats are shown
in Fig. 33. Two peaks were observed, one at two weeks after AdTBF-immunization and the
second two weeks after PPD-B and PPD-A intradermal inoculations (weeks 10 and 28
respectively, Fig. 33A). At these time points significant differences were found among the
different antigen-specific antibody responses (Fig. 33B). In addition Acr2-specific antibody
responses increased progressively after challenge (Fig. 33C). Humoral responses to AdTBF-
encoded antigens were undetectable in the other two groups throughout the experiment.
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Figure 33. Vaccine and challenge-induced antibody responses. (A) Kinetics of the IgG specific responses in the 11
goats primed with 5 x 10° CFU BCG (week 0), boosted with 10° PFU AdTBF (week 8) and challenged wit 1500 CFU M.
caprae (week 15), to the four AdTBF antigens (Acr2, Ag85A, TB10.4 and TB9.8). SICCT: single intradermal
comparative cervical tuberculin test (week 26). (B) Comparison of 1gG responses at 2 weeks after AdTBF
immunization (week 10) and SICCT test (week 28). (C) Acr2-specific 1gG responses postchallenge. *p < 0.05, ***p <
0.001, Kruskal-Wallis/Wilcoxon post hoc test.
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The antibody responses to M. caprae were measured as MPB83-specific 1gG. At week 20, a
peak of 1gG levels was found in the control group (mean AOD 1.2, 95% Cl: 0.2-2.1), whereas IgG
levels in vaccinated animals were practically undetectable in the two vaccinated groups (both
with mean AOD: 0.01, 95% Cl: 0-0.03), and thus were significantly lower compared with the
control group (p < 0.001). All animals presented higher I1gG levels at week 28 (after intradermal
tuberculin boost effect) and statistically significant differences were not found among the
three groups (Control group mean AOD: 2.9, 95% Cl: 2.1-3.7; BCG group mean AOD: 2.4, 95%
Cl: 1.6-3.2; BCG-AdTBF group mean AOD: 2, 95% Cl: 1.1-2.8).

3.6. Assessment of biomarkers

Once the critical time points where the immunological responses were significantly different
among groups were determined, individual responses with postmortem parameters were
compared. Immunological biomarkers were identified as predictors of vaccine efficacy or
correlates of infection (assessed prior and after challenge respectively) as previously defined
(Vordermeier et al., 2012).

Results of the IFN-y cultured ELISPOT performed prior to challenge (week 15) were evaluated
to identify predictors of vaccine efficacy. Fig. 34 shows the correlations between IFN-y antigen-
specific SFC and the total volume of gross lesions in 10 vaccinated goats (5 from BCG group
and 5 from BCG-AdTBF group). Only Ag85A-specific SFC showed significant inverse correlation
with gross lesions (r = -0.557, p < 0.05). Even though without statistical significance, slightly
inverse and direct correlations of SFC specific to TB9.8 and PPD-B with the volume of gross
lesions were also obtained (r = -0.276 and r = 0.445, respectively). No evident correlation was
found between cultured ELISPOT results and bacterial counts (data not shown).
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Whole blood IFN-y responses to E/C and Rv365c, as well as antibody responses to MPB83 were
identified as correlates of disease progression. At week 20 of the experiment (when significant
differences among groups were more pronounced), IFN-y responses to both E/C and Rv3615c,
as well as 1gG responses to MPB83, correlated positively with the total volume of gross lesions
(Spearman’s p: 0.388, p < 0.05; 0.519, p < 0.01; 0.524, p < 0.01; respectively) and with the
bacterial load (Spearman’s p: 0.559, p < 0.001; 0.4, p < 0.05; 0.481, p < 0.01; respectively).

Specific IgG responses to AdTBF antigens did not show significant correlation with postmortem
parameters neither after AATBF vaccination (week 10) nor prior to the end point of the study
(week 28).

4, Discussion

Recently, our research group, in collaboration with other partners involved in human and
animal TB vaccine development, proposed domestic goats as a new experimental TB model to
be used in trials with the advantage of its simple husbandry and relatively low economical
costs (Pérez de Val et al., 2011). This model has been used herein to assess the efficacy of
AdTBF, a new vaccine booster candidate against TB containing four MTBC antigens, in
combination with BCG, following a heterologous prime-boost procedure (BCG priming and
AdTBF boosting 8 weeks after). In BCG-AdTBF vaccinated animals, a protection improvement
was shown compared to the protection observed in animals vaccinated only with BCG, namely
a reduction of the bacterial load and the severity of the pathology. A previous study using BCG
and an Ag85A-monovalent-booster vaccine with the same vaccination strategy yielded similar
results in terms of protection (Pérez de Val et al., 2012).

In the present study, unvaccinated and experimentally infected goats progressed to active
disease, while vaccinated goats (particularly BCG-AdTBF treated animals), showed mainly
small, well-delimitated lesions, with microscopic features similar to granulomas found in
human LTBI. Goat and human lungs share essential morphologic characteristics, particularly in
their intralobulillar septation by connective tissue (see Fig. 30C). These structures may
facilitate granuloma encapsulation and contention of mycobacterial spreading (Gil et al.,
2010). On the contrary, the small laboratory animal models often used in TB vaccine trials,
such as mice, guinea pigs, rabbits and even macaques, do not show this lung
compartmentalization (Plopper and Harkema, 2005).

Furthermore, goats have the advantage of reproducing the main features of human active TB
more accurately than other large animals. Even though cattle infected with M. bovis show
similar lung granulomatous reaction and immune response to TB as humans do (Hewinson et
al., 2003), the macroscopic lesions do not usually show evident cavitations as those observed
in human patients with active TB (Buddle et al., 2005b). By contrast, lung cavitary lesions are
frequently found in naturally infected goats (Domingo et al., 2009) and are also induced upon
experimental infection (Pérez de Val et al., 2011).

With the aim of establishing a relationship between the protective effect of vaccination and
the lesion pattern, we adopted, for the goat lung lesions, the four stage classification of LN
granulomas developed by Wangoo et al. for M. bovis experimentally infected calves (Wangoo
et al., 2005). Then we focused our histopathological study in the morphological features of
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small granulomas (SG, lesions with < 0.5 cm diameter). Our aim was to determine if qualitative
differences existed in a comparable lesion which could be found in the three groups of
animals. After a comprehensive microscopic analysis, differences in structural features of SG
were found between vaccinated and unvaccinated goats. Unvaccinated goats showed higher
proportion of SG at initial developmental stages, while most SG from vaccinated animals
showed characteristics of older, more evolved lesions, namely high degree of necrosis,
mineralitzation and partial or total encapsulation by connective tissue.

Poorly organized SG (found mainly in unvaccinated goats), without evident arrangement in
layers of lymphocytes and macrophages, suggest a lower capacity for cellular activation and
mycobacteria elimination (Kaufmann. 2001). It could be speculated that these SG would easily
progress to bigger granulomatous lesions. Indeed, all unvaccinated goats presented a variable
number of LG, many of them liquefacted (shown at Fig. 29).

At the microscopic level, we have introduced an additional parameter to evaluate lesion
containment, namely the formation of small satellite granulomas (SatG) surrounding a central
lesion. Histological examination suggests that SatG surrounding the main lesion will likely
progress to new SG, ultimately generating confluent multifocal larger lesions. The positive
correlation between the extent of the pathology (volume of gross lesions and number of
affected lung lobes) and the mean number of SatG (per animal) also supports this speculation.

SG in stages lll and IV resemble lesions found in human LTBI (Canetti. 1955). Rapid granuloma
encapsulation, avoiding its liquefaction, cavitation and bacillary drainage towards airways, has
been hypothesized as a key step for containing TB infection, and as an explanation for the
induction of a human-like LTBI in a minipig model of TB (Gil et al., 2010).

Also, the absence of big granulomatous lesions in BCG-AdTBF vaccinated animals (60% only
showed a few SG) is in agreement with a lower Th1l pro-inflammatory response. Moreover, in
some vaccinated individuals the gross lesion volume was proportionally more reduced than
was the bacterial load found in the draining LN. This is consistent with the lower specific IFN-y
response against growth-related antigens (i.e. ESAT-6, CFP-10 and Rv3615c) in vaccinated
animals, suggesting that the bacterial load found might be mainly composed of a non-
replicating bacilli subpopulation (Guirado et al., 2008), similarly to what occurs in human LTBI.
These observations suggest that vaccine-dependent pathogenesis of granuloma formation and
development might exist in the goat TB model. This could contribute to the knowledge of LTBI
inducing mechanisms and its progression to active TB in humans.

Induction of a specific protective immune response seems crucial to determine the
pathological outcome. In this sense, the cultured IFN-y ELISPOT is an innovative method for
measuring memory T-cell immunity, which has been successfully used as predictor of vaccine
efficacy against infections caused by intracellular pathogens such as malaria (Keating et al.,
2005) or TB (Vordermeier et al., 2009). Accordingly, we found a negative correlation between
Ag85A-specifc SFC and the total volume of gross lesions (lungs and LN). These results endorse
the measurement of specific IFN-y-producing memory cells as a predictor of TB vaccine
efficacy. Unfortunately, recombinant Acr2 protein was not ready to use as PBMC-stimuli when
the cultured ELISPOT was performed and Acr2-specific SFC data are missing.
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Notwithstanding, the goats produced high levels of Acr2-specific antibodies after AdTBF-
vaccination, indicating that the antigen was effectively expressed. These animals also showed a
continuous increase of Acr2-specific antibody levels after challenge. Similarly, a progressive
increase of Acr2-specific IFN-y responses has been observed after challenging calves with M.
bovis (Dean et al., 2008). The Acr2 is a heat shock protein belonging to the a-crystalin (Acr)
family, involved in the survival of M. tuberculosis under stress conditions in a non-replicating
state (Stewart et al., 2005; Pang and Howard, 2007). It has certain aminoacidic homology with
the latency-associated protein Acrl (16kDa), and is also an early immunodominant target for
T-cells to MTBC infection (Wilkinson et al., 2005). Thus, the Acr2-induced CMI deserves further
investigation of its potential use as immunological biomarker.

Concerning the immune correlates of infection assessed in the present study, the positive
correlation of the specific IFN-y levels to E/C and Rv3615c, as well as the specific antibody
levels to the surface protein MPB83, with the severity of the pathology, are in agreement with
other studies performed in calf and goats experimentally challenged with M. bovis and M.
caprae respectively (Vordermeier et al., 2002; Lyashchenko et al., 2004; Pérez de Val et al.,,
2011; Pérez de Val et al., 2012).

Recently, the modified Vaccinia Ankara virus expressing antigen 85A (MVAS85A), the first
vaccine candidate after BCG, failed to confer statistically significant protection against TB
disease or infection in 2794 south African infants (Tameris et al.,, 2013). Despite this
discouraging result, several other viral-delivered vaccines in clinical trials have shown
improved protection in a number of animal models (Dietrich et al., 2006; Vordermeier et al.,
2009; Xing et al., 2009; Lin et al., 2012). Indeed, the results presented herein show enhanced
protection of BCG-primed and AdTBF-boosted goats after the M. caprae challenge.

However, our findings are far away from the goal of obtaining a vaccine that prevents
mycobacterial infection. In the last decade, the mucosal immunity in the respiratory airways
has been receiving major attention in inducing protection against certain mucosal infectious
diseases (Kyd et al., 2001). The availability of mucosal antibodies at the alveolar space might
prevent that bacilli reach the lung and establish the initial infection (Ottenhoff and Kaufmann,
2012). A future generation of vaccines could be focused on inducing pre-existing antibodies at
the site of infection to eradicate the mycobacteria before they can hide inside the target cells
(Kaufmann. 2010). In this regard, mucosal vaccination studies have already showed
encouraging results in terms of protection against M. tuberculosis in small animal models
(Santosuosso et al., 2006; Xing et al., 2009). Future trials using the experimental goat TB model
could be directed towards: a) the use of M. tuberculosis challenge instead of M. caprae and b)
the use mucosal administration routes of TB vaccine.

Following the “One health” approach, promoted by the WHO and OIE, the present study
addresses the public and animal health challenge of TB control and eradication. Using goats as
a large animal model of TB, we have shown an improvement of protection, when BCG
vaccinated goats are boosted with AdTBF. These results support further evaluation of
adenoviral-based multi-antigenic TB vaccines in clinical trials.
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STUDY IV

Effects of vaccination against paratuberculosis on tuberculosis in
goats: diagnostic interferences and cross-protection
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Abstract

Most countries carrying out campaigns of bovine tuberculosis (TB) eradication impose a ban on
the use of mycobacterial vaccines in cattle. However, vaccination against paratuberculosis
(PTB) in goats is often allowed even when its effect on TB diagnosis has not been fully
evaluated. To address this issue, goat kids previously vaccinated against PTB were
experimentally infected with TB.

Evaluation of interferon-y (IFN-y) secretion induced by avian and bovine tuberculins (PPD)
showed a predominant avian PPD-biased response in the vaccinated group from week 4
post-vaccination onward. Although 60% of the animals were bovine reactors at week 14, avian
PPD-biased responses returned at week 16. After challenge with M. caprae, the IFN-y
responses radically changed to show predominant bovine PPD-biased responses from week 18
onward. In addition, cross-reactions with bovine PPD that had been observed in the vaccinated
group at week 14 were reduced when using the M. tuberculosis complex-specific antigens
ESAT-6/CFP-10 and Rv3615c as new DIVA (differentiation of infected and vaccinated animals)
reagents, which further maintained sensitivity post-challenge. Ninety percent of the animals
reacted positively to the tuberculin cervical comparative intradermal test performed at 12
weeks post-infection. In addition, post-mortem analysis showed reductions in tuberculous
lesions and bacterial burden in some vaccinated animals, particularly expressed in terms of the
degree of extrapulmonary dissemination of TB infection.

Our results suggest a degree of interference of PTB vaccination with current TB diagnostics
that can be fully mitigated when using new DIVA reagents. A partial protective effect
associated with vaccination was also observed in some vaccinated animals.

1. Introduction

Caprine tuberculosis (TB), caused either by Mycobacterium bovis or M. caprae, and
paratuberculosis (PTB), caused by M. avium subsp. paratuberculosis (Map), are endemic
diseases in goat herds of the Iberian Peninsula (de Juan et al., 2006; Duarte et al., 2008;
Rodriguez et al.,, 2011). Both infections may have an impact in terms of economic loss.
Moreover, M. caprae and Map can be transmitted between domestic hosts and wildlife
species (de Juan et al., 2006; Stevenson et al., 2009). In addition, M. caprae is a zoonotic agent
(Kubica et al., 2003; Prodinger et al., 2005; Cvetnic et al., 2007) and Map has been associated
with Crohn’s disease (Grant. 2005; Juste et al., 2009a).

Control of PTB in small ruminants can be facilitated by vaccination because the bacterial
burden is greatly reduced, containing the spread of the disease and preventing clinical
expression (Uzonna et al., 2003). Furthermore, vaccination against PTB with Map-killed
formulations has been demonstrated to be an economically efficient strategy to achieve
control of the disease in small ruminants (Juste and Casal, 1993; Reddacliff et al., 2006; Singh
et al., 2007) and cattle (Juste et al., 2009b).

On the other hand, it has been shown that exposure to M. avium can interfere with the
diagnosis of M. tuberculosis complex organisms such as M. bovis or M. caprae (Amadori et al.,
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2002; Howard et al., 2002; Hope et al., 2005). Similarly, there are some reports showing that
natural infection with Map compromises TB diagnosis in cattle [(Muskens et al., 2002; Alvarez
et al., 2009)(Alvarez et al., 2008) and goats (Alvarez et al., 2008). Therefore, PTB could also
affect the specificity of diagnostic tests used in TB control programs. The Spanish eradication
program of bovine TB expressly forbids the use of Map-based vaccines in cattle because of this
potential interference with TB diagnostics. In contrast, vaccination against PTB in goats is
permitted with the exception of a minority of herds that are subjected to TB control in some
regions. To date, the potential effect of Map-based vaccines on the diagnosis of TB has only
been investigated post hoc under field conditions (Bezos et al., 2012; Chartier et al., 2012).

It has been reported that TB diagnostic tests currently used in cattle, such as the skin test or
the interferon-gamma (IFN-y) assay, can be used for diagnosis of TB in goats (Gutiérrez et al.,
1998; Liebana et al., 1998; Pérez de Val et al., 2011). Moreover, in recent years, new IFN-y
assays based on antigens secreted by active growing bacilli, such as the peptide cocktail ESAT-
6/CFP-10 (E/C) or Rv3615c (Vordermeier et al.,, 2001; Sidders et al., 2008), have been
developed as alternatives to bovine and avian tuberculins. These antigens are not present in
either M. bovis BCG or Map and can be viewed as novel DIVA (differentiation of infected and
vaccinated animals) regents able to distinguish TB-infected from TB-or PTB-vaccinated animals.

The aim of the present work was to assess how vaccination against Map affects standard and
novel diagnostic tests in goats. Thus, we evaluated the interference of a commercial Map-
killed vaccine on TB diagnosis in goats vaccinated and subsequently challenged with M. caprae.

The objectives of the present work were:

a) To investigate the possible interference of vaccination before and after M. caprae
infection on TB diagnostic tests (single and comparative skin tests and IFN-y assay).

b) To assess the usefulness of DIVA-peptide candidates E/C and Rv3615c.

c) To evaluate immunological and post-mortem indicators of the effects of PTB
vaccination on M. caprae infection.

2. Materials and methods
2.1. Experimental animals

The experiment was carried out in 20 Murciano-Granadina female goats between 2 and 3
months of age from a herd free of TB and PTB in the Region of Murcia (southwest Spain).
Before the experiment, goats were submitted to standard tests for diagnosis of TB: the single
intradermal comparative cervical tuberculin (SICCT) test and IFN-y assay (Bovigam™; Prionics
AG, Schlieren, Switzerland). Experimental animals were confirmed to be negative for both
tests. In addition, all goats had negative results for PTB (Paratub.Serum-S; Institut Pourquier,
Montpellier, France).

2.2, Vaccination and infection

A group of 10 goats was subcutaneously inoculated with a single dose of 1 ml (2.5 mg/ml) of
Silirum® (CZ Veterinaria, Porrifio, Pontevedra, Spain), a commercial heat-inactivated and oil-
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adjuvanted Map vaccine. Another group of 10 goats was maintained as unvaccinated controls.
After 14 weeks, all animals were housed and acclimatized in two experimental boxes (level 3
biocontainment) for 1 week prior to experimental infection.

The field strain of M. caprae SB0416 (www.Mbovis.org) was used as the inoculum and was
prepared as previously described (Pérez de Val et al.,, 2011). Goats were anesthetized by
intravenous administration of 4 to 6 mg/kg of propofol (Propofol Lipuro®) and 0.2 mg/kg of
midazolam (Dormicum®), and subsequently inoculated with approximately 1.5 x 10* cfu of M.
caprae suspended in 0.5 ml of phosphate-buffered saline (PBS) by the endobronchial route
(Pérez de Val et al., 2011).

All experimental procedures were approved by the Animal Welfare Committee of the
Universitat Autonoma de Barcelona in agreement with the European Union Laws for
protection of experimental animals.

2.3.  Sampling and clinical observations

Animals were observed twice daily at feeding time. Prior to vaccination and infection and
every 2 weeks throughout the experiment, animals were weighed and their rectal temperature
was taken and blood samples were collected from the jugular vein into heparinized blood
tubes for immunological studies.

2.4. Diagnostic tests
2.4.1. Skin tests

Skin tests were carried out in all goats at 26 wpv and 12 wpi. Four goats were also tested at 14
wpv (the remaining goats were not tested to minimize the potential effect of the intradermal
tuberculin inoculation on the IFN-y assay). Tests were performed by inoculating 0.1 ml (2500
IU) of bovine (PPD-B) and avian (PPD-A) tuberculins (Porrifio, Pontevedra, Spain) on the left
and the right side of the neck, respectively. The skin-fold thickness was recorded just before
inoculation and after 72 h. Results were interpreted either by considering only the increase in
thickness for PPD-B (as in a single intradermal tuberculin [SIT] test) or for both PPD-B and PPD-
A (SICCT test). The results were read with the strict interpretation used in bovine TB
eradication programs. Goats were considered positive to SIT test if the increase in skin-fold
thickness at the PPD-B site was 22 mm. For the SICCT test interpretation, goats were
considered positive if the increase in skin-fold thickness at the PPD-B site was 22 mm and
higher than the increase at the PPD-A site.

2.4.2. IFN-y assay

Whole-blood cultures were performed every 2 weeks in 96-well cell culture plates. Heparinized
blood (1 ml per well) was incubated for 24 h at 37°C and 5% CO2 with either PPD-B or PPD-A at
a final concentration of 10 pg/ml. Phytohemagglutinin (PHA, Sigma-Aldrich, Steinheim,
Germany) was used as positive control at 10 ug/ml; PBS was used as a negative control. In
addition, at 0, 2, 6, 10, and 14 wpi, the peptide cocktail ESAT-6/CFP-10 (E/C) and Rv3615c
(Animal Health and Veterinary Laboratories Agency, Weybridge, UK) were used at a final
concentration of 5 pg/ml. Plasma supernatants were collected after centrifugation and
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transferred to a 96-well plate. The IFN-y enzyme-linked immunosorbent assay (ELISA) was
performed according to the manufacturer’s instructions (Bovigam™). Optical density was
measured at 450 nm (ODyso) using a microplate reader (PowerWave XS; BioTek, Winooski, VT).
Results were expressed as AODyso (ODyso of antigen-stimulated sample minus OD450 of non-
stimulated sample). A result was positive when AOD,s, > 0.05, whereas in the case of the
standard test (using PPD-A and PPD-B as stimuli), a result was positive when AODysq of PPD-B >
0.05 and ODys; of PPD-B > OD,s; of PPD-A.

2.4.3. Map IgG ELISA

Plasma samples were analyzed in duplicate for antibodies to Map with Paratub.Serum-S™
ELISA before vaccination (week 0), before infection (week 14), and before the end of the
experiment (week 28). The assay was performed according to the manufacturer’s instructions.
The ELISA reaction was also measured at ODyso. The results were expressed as S/P (%),
calculated as (mean of sample OD.sy -mean of negative control OD450)/(mean of positive
control ODyso - mean of negative control OD,s0) X 100. According to the criterion described by
the manufacturer, a sample with an S/P of <45% was considered to be negative, of <55% and
>45% to be doubtful, and of 255% to be positive.

2.5. Post-mortem examination

All goats were euthanized at 14 wpi (28 wpv) with an overdose of sodium pentobarbital
administered intravenously. They were immediately necropsied to assess the presence and
volume of tuberculous lesions in the lungs and pulmonary LN.

2.5.1. Lungs

Ten percent-buffered formalin was poured into the trachea, which then was tied, and the
lungs were subsequently immersed in a container with formalin. After fixation, the lungs were
sliced at 4-to 5-mm intervals, and each slice was photographed. Gross lesions were analyzed
using image analyzer software (Imagel 1.43u; National Institutes of Health, USA). The volume
of gross lesions in each slice was calculated by multiplying the affected area and slice
thickness. The total volume of gross lesions was calculated by adding the partial volumes of
gross lesions obtained for each slice.

2.5.2. Lymph nodes

The number of gross lesions and their diameter were recorded for each LN at the time of
necropsy. Data were recorded by the same pathologist to ensure measurement consistency.
LN pathology scoring was calculated by the approximated total volume of granulomas per
sample, calculated using the sphere formula (4/3 x 1 x r’). After pathological evaluation, the
whole LN was processed for bacterial culture to calculate the bacterial load.

2.6. Bacterial count

Cranial and caudal mediastinal, tracheobronchial, and retropharyngeal LN were individually
weighed and homogenized with 10 ml of sterile distilled water using a tissue homogenizer
(Masticator; IUL Instruments, Barcelona, Catalonia, Spain). Homogenates were
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decontaminated with a final concentration of 0.35% w/v hexadecylpyridinium chloride (Corner
and Trajstman, 1988) for 15 min with orbital shaking. Decontaminated homogenates were
centrifuged at 2471 x g for 30 min, and pellets were resuspended in 10 ml of PBS containing
0.05% Tween 80. Aliquots of 0.1 ml of a 10-fold serial dilution of each homogenate were
plated on Middlebrook 7H11 agar (BD Diagnostics, Sparks, MD). Plates were incubated at 37°C
for 28 days, and colonies were then counted and the bacterial load (cfu/g) for each sample was
calculated.

2.7. Statistical analysis

Student’s unpaired two-sample t-test was used for comparisons between the groups in terms
of differences in thickness increases in the SICCT test, S/P values of Map 1gG ELISA, number of
affected lung lobes, logarithm-transformed data of volumes of gross lesions (logi, mm?), and
bacterial loads in the LN (logyo cfu/g). Correlations between pathology and bacterial burden
were assessed using linear regression analysis, whereas the non-parametric Spearman rank
test was used to analyze correlations between IFN-y responses (AOD4so) and post-mortem
data. After cross-sectional analysis, IFN-y responses and post-mortem parameters in the
resulting groups were compared by applying the non-parametric Kruskal-Wallis test with
Dunn’s post hoc multiple comparison test. The normality of the data and the homogeneity of
variances between treatment groups were assessed using the Shapiro-Wilk and Levene tests,
respectively. Statistical analysis of the data was performed using SPSS Statistical Package
version 17.0 (IBM Inc., Chicago, IL).

3. Results
3.1. Assessment of diagnostic tests

The effect of Map vaccination and subsequent infection with M. caprae on TB diagnostic
assays based on cell-mediated immunity was assessed during this study. Four vaccinated goats
were subjected to the SICCT test at week 14, and all were negative for TB and correctly
classified as avian reactors. However, the four goats were classified as positive for TB if only
the bovine tuberculin (PPD-B) result (as SIT test) was considered (data not shown), which
indicated that the specificity of the SIT test was severely compromised by PTB vaccination.

The skin test was repeated in all goats at week 26 (12 weeks post-infection [wpi] with M.
caprae). In the vaccinated group, 9 of 10 goats were bovine reactors (positive for TB) using the
SICCT test (1 goat was an avian reactor), but all goats were classified as TB reactors by applying
the SIT test interpretation. All unvaccinated goats were positive for TB with both tests (Table
16).

Differences between groups in the mean specific thickness increase for each tuberculin were
statistically significant only for APPD-A (avian tuberculin), with a mean increase of 14.4 mm
(11.9-17, 95% ClI) in the vaccinated group versus a mean increase of 10.8 mm (8.8-12.9, 95%
Cl) in the control group (p < 0.05, Table 16). Differences were also found in the mean value of
APPD-B minus APPD-A. This value was significantly lower in the vaccinated group (5.2 mm, 2.9—
7.5, 95% Cl) than in the unvaccinated group (10.3 mm, 8.8-11.9, 95% Cl, p < 0.005, Table 16).
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Table 16. Increases in skin-fold thickness and corresponding results of tuberculin skin tests

Group Goat AAV? ABov® ABov-AAv  SICCTT® SITT®
1 14.2 22.6 8.4 + +
2 15.2 26.0 10.8 + +
3 17.6 20.9 3.3 + +
- 4 10.6 19.5 8.9 + +
2 5 16.2 18.1 1.9 + +
= 6 14.5 16.5 2.0 + +
9 7 6.2 14.2 8.0 + +
= 8 14.6 17.4 2.8 + +
9 13.2 19.4 6.2 + +
10 22.0 21.7 -0.3 -e +
Mean (95% Cl)  14.4(11.9-17)* 19.6(17.5-21.7) 5.2 (2.9-7.5)**
11 11.3 19.7 8.4 + +
12 15.0 24.1 9.1 + +
13 3.3 14.5 11.2 + +
5 14 9.8 18.3 8.5 + +
= 15 11.3 21.2 9.9 + +
B 16 8.7 24.6 16.0 + +
S 17 11.4 19.1 7.7 + +
5 18 10.1 22.5 12.4 + +
19 14.6 25.8 11.2 + +
20 12.7 21.6 8.9 + +

Mean (95% Cl)  10.8(8.8-12.9) 21.1(19-23.2) 10.3 (8.8-11.9)

Test results are scored as (-) negative or (+) positive. ® AAv, increase in skin-fold thickness (mm) 72 h after PPD-A
application; b ABov, increase in skin-fold thickness (mm) 72 h after PPD-B application;  SICCTT, Single intradermal
comparative cervical tuberculin test; d SITT, Single intradermal tuberculin test; ® Avian reactor; *p < 0.05; **p <
0.005 (unpaired two-sample Student’s t-test).

The tuberculin-based IFN-y test was performed every 2 weeks throughout the experiment. The
kinetics of IFN-y responses of the vaccinated group showed a PPD-A-biased response, which
switched to a PPD-B-biased mean response 4 weeks after M. caprae infection (at week 18 of
the experiment, Fig. 35).

1.5 - PPD-B
i PFD:A
z 5
— | £ g
a 5 o
[ ]
a 1.5 7 & = n
ﬂ w [ 3 ™
3 Ak "
™ ]
> 1 } - |
[ 'y
] - - A &
Fi n—N
0.5 a] £ 1
;s . i & ik
o0 m—l
[i] 2 4 [ E 10 12 14 16 18 20 2F M M 2B
Week

Figure 35. Kinetics of IFN-y released after stimulation of whole blood with tuberculins in the vaccinated group. Avian
tuberculin (PPD-A, A), bovine tuberculin (PPD-B, H). Results are expressed as mean AOD450 (mean of OD450 of
antigen-stimulated values with unstimulated values subtracted) + 95% confidence interval.
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In the unvaccinated control group, a PPD-B-biased response was obtained 4 weeks after M.
caprae infection, whereas no response was observed before this time point in any of the goats
(data not shown).

When the results were analyzed individually (Table 17), Map-vaccinated goats began showing
responses to PPD-A (“avian reactors”) at week 2 after vaccination (2 of 10 goats), and all of
them subsequently became avian reactors between weeks 4 and 10. However, 1 of 10 goats
became a “bovine reactor” (positive to PPD-B) at week 12 of the experiment (12 weeks post-
vaccination [wpv]), and this figure rose to 6 of 10 at week 14, in the blood samples taken just
before infection with M. caprae. Interestingly, in the next blood sampling at 2 wpi (week 16),
again 8 of 10 goats showed a stronger reaction to PPD-A than to PPD-B, and the 2 other
vaccinated goats were negative to both tuberculins. By contrast, at week 18 (4 weeks after M.
caprae challenge), 9 of 10 (90%) of the vaccinated goats were bovine reactors. At week 20, all
goats were positive to PPD-B (bovine reactors), and these results were maintained during the
rest of the trial with the exception of one goat that tested bovine-negative at week 24 and
another that was an avian reactor at week 28 (see Table 17). In the unvaccinated group, all
goats were bovine reactors at week 18 and remained so until the end of the experiment, with
the exception of two goats that were negative at week 24 but returned to positivity at weeks
26 and 28 (data not shown).

Table 17. Results of the standard IFN-y assay (Bovigam®).

Week

Goat 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
1 N Av Av Av Av Av Av  Av
2 N Av Av Av Av Av Av Av  Av
3 N N Av Av Av Av Av Av
4 N N  Av Av Av Av Av
5 N N  Av Av Av Av N
6 N N Av Av Av Av Av
7 N N  Av Av Av Av Av B2 N
8 N N  Av Av Av Av Av Av  Av
9 N Av Av Av Av Av Av
10 N N Av Av Av Av Av

Test results are classified as: Av, positive response to PPD-A; Bov, positive response to PPD-B; or N, neg(Pérez de Val
et al,, 2011)ative.

Next, we assessed the interference of Map vaccination with the IFN-y assay by employing the
defined antigen reagents E/C and Rv3615c. Responses were assessed at the same five time
points described in the Materials and methods section. At weeks 14 (0 wpi) and 16, all goats
were defined as TB-negative (AOD,5o < 0.05) according to the test results. At weeks 20, 24, and
28, 90%, 100%, and 70% of vaccinated goats were positive with the E/C cocktail and 100%,
90%, and 80% were positive with Rv3615c, respectively (Table 18). However, these proportions
increased to 100%, 100%, and 90% at weeks 20, 24, and 28, respectively, when the E/C and
Rv3615c results were considered together. Very similar results were obtained in the
unvaccinated group, in which 100%, 80%, and 90% of goats were positive to E/C at weeks 20,
24, and 28, respectively; 100%, 80%, and 80% of goats were positive to Rv3615c; and 100%,
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80%, and 90% of goats were positive again when combining the results for both antigens at the
same time points (data not shown).

Table 18. Results of the IFN-y assay using two DIVA reagents: ESAT-6/CFP10 (E/C) and Rv3615c

Week
14 16 20 24 28

Goat E/C Rv3615c E/C Rv3615¢c E/C Rv3615c E/C Rv3615¢c E/C Rv3615c
1 - - - - + + + - + -
2 - - - - + + +
3 - - - - + + + + + +
4 - - - - + + + + + +
5 - - - - + + + + + +
6 - - - - - + + + - +
7 - - - - + + + + - +
8 - - - - + + + + - -
9 - - - - + + + + +
10 - - - - + + + +

Test results are classified as (-) negative or (+) positive.

Seropositivity to Map was assessed using the Paratub.Serum-S ELISA kit (Institut Pourquier,
Montpellier, France) applying the cut-off defined above. All goats (n = 20) were negative at
week 0. Unvaccinated goats also remained negative during the experiment (data not shown).
In contrast, 1 of 10 (10%) and 5 of 10 (50%) vaccinated goats were positive or doubtful at
weeks 14 (0 wpi) and 28 (14 wpi), respectively, with different degrees of intensity (Table 19).
The mean intensity of antibody response (%S/P) increased moderately, but was statistically
significant (p < 0.05), from 20% (4%—36%, 95% Cl) at week 14 to 55% (19%—91%, 95% Cl) at
week 28 (2 weeks after SICCT test).

Table 19. Seroreactivity to Map (Paratub.Serum-S™ ELISA).

Week
0 14 28°

Goat Result S/P  Result S/P Result S/P
1 - 0% - 30% + 130%
2 - 0% - 0% - 0%
3 - 1% - 8% d 51%
4 - 0% - 3% + 113%
5 - 0% - 36% + 56%
6 - 0% - 16% - 19%
7 - 0% - 6% - 4%
8 - 0% + 86% + 157%
9 - 0% - 4% - 9%
10 - 0% - 11% - 11%

Test results are classified as (-) negative, (+) positive, or (d) doubtful.
® Two weeks after SICCT test.
®s/p, Seroreactivity rates.
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3.2. Pathology and bacteriology

At necropsy on week 28 (14 wpi), visible pathology typical of TB was observed in the lungs and
pulmonary lymph nodes (LN) of all animals irrespective of their vaccination status. Of the
seven lung lobes evaluated, the vaccinated group presented an average of three lobes with
gross lesions (2—4, 95% Cl), slightly lower than the mean of four lobes (3-5, 95% Cl) found in
the unvaccinated group, but this difference was not statistically significant (p = 0.324).

The mean logl10-transformed volume of gross lesions in lungs was similar in the unvaccinated

(1.3 logy cm?; 1-1.7, 95% CI) and vaccinated (1.1 logl0 cm® 0.5-1.6, 95% Cl) groups (p =
0.470), but values were spread over a wider range in the vaccinated group. By contrast,
statistically significant differences between vaccinated and control goats were found after
assessing the gross pathology in LN: The unvaccinated animals presented with a mean
log10-transformed volume of visibly affected tissue of 3.9 logi, mm?® (3.6-4.3, 95% Cl)
compared with 3.3 log;o mm?® (2.7-3.8, 95% Cl) obtained in the vaccinated group (p < 0.05).
The individual pathological parameters are represented in Fig. 36A and B.
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Figure 36. Post-mortem analysis as measured by gross pathology and bacterial burden. Results are plotted for
individual goats. (A) Total volume of visible lesions (VL) in lungs as log;o cm?®. (B) Total volume of VL in respiratory
lymph nodes (LN) as log;, mm?>. (C) Bacterial load as log; cfu/g. (®) vaccinated goats, (m) unvaccinated goats.
Horizontal lines indicate median values. Significance determined by unpaired t-test: *p < 0.05.

In addition, none of the vaccinated goats showed extrapulmonary gross lesions, whereas
dissemination was observed in 4 of 10 unvaccinated goats that presented with gross lesions
beyond the thoracic area (2 goats with lesions in retropharyngeal LN, 2 goats with lesions in
mesenteric LN, and 1 goat with lesions in the spleen). These lesions were histopathologically
confirmed to be tuberculous.

In three animals, focal lesions were also found in the LN draining the Map vaccine inoculation
point (axillary, prescapular, or subcutaneous LN). These lesions were attributed to the vaccine
inoculation because of their localization and histological characteristics: lesions predominantly
necrotizing rather than granulomatous, without Langerhans cells, but surrounded by dispersed
polymorphonuclear cells and abundant fibrosis.

Finally, the mycobacterial load in LN was calculated as log,o cfu/g. The bacterial burden in the
pulmonary and retropharyngeal LN of all animals (n = 20) ranged from 2 to 4 logyo cfu/g (Fig.
36C). The total bacterial load in the unvaccinated group was 3.5 logyo cfu/g (3.2-3.7, 95% Cl),
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slightly higher than that in the vaccinated group (3.1 logy, cfu/g, 2.7-3.6, 95% Cl). However,
this difference was not statistically significant (p = 0.203).

3.3. Cross-sectional analysis

To evaluate the vaccine effect in terms of heterologous protection, post-mortem parameters
were also assessed in combination. A mild positive correlation between bacteriological and
pathological findings was found by correlating individual logarithmic values of bacterial load
and total volume of visible lesions (r = 0.386, p < 0.05). However, a higher dispersion of
individual values was observed in the vaccinated group compared with the unvaccinated group
(Fig. 37A), and a stronger positive correlation was found when only vaccinated goats were
assessed (r = 0.523, p < 0.05), whereas results obtained from unvaccinated goats did not show
significant correlations (r =-0.274, p > 0.05).
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Figure 37. Protective efficacy measured by post-mortem results, and cross-sectional comparison of IFN-y results
with vaccination outcome. (A) Correlation between pathological and bacteriological parameters of all goats (n = 20).
Dashed line (y = -x + 4.16) indicates the threshold defined to divide vaccine responders (VR) and vaccine non-
responders (VNR). Symbols represent vaccine cross-protection outcome: (M) unvaccinated controls (UC), (O) VR
goats, (@) VNR goats. (B) Specific IFN-y responses at week 28 of the experiment as determined by ELISA after
stimulation of whole blood with PPD-B, ESAT-6/CFP-10, or Rv3615c. Results are represented in relation to vaccine
cross-protective outcome and are expressed as mean AOD,s5, £ 95% confidence interval. Significances determined
by non-parametric Kruskal-Wallis test: *p < 0.05.

To further analyze the reductions in post-mortem parameters associated with vaccination, a
cross-sectional study was performed on the basis of the criteria described in a previous TB
vaccine efficacy trial (Vordermeier et al., 2009). The vaccinated animals were divided into two
subgroups according to the severity of the pathology and the bacterial burden. This division
was established by combining the data of the total volume of gross lesions and the bacterial
load in LN. The mean between the volume of lesions (log;, cm?®) and the bacterial load (logio
cfu) was thereby calculated for each animal, and the cut-off point to classify the animals into
categories of distinct vaccination outcomes was defined as the minimum value obtained
among the unvaccinated control animals (Fig. 37A). Subsequently, a “vaccine responders” (VR)
subgroup of five goats and another “vaccine non-responders” (VNR) subgroup of five goats
were defined (Fig. 37A, open and closed circles).

Once the subgroup division was applied as described in the previous paragraph, the assumed
pathological and bacteriological differences between the new subgroups were checked. The
total volume of visible lesions and the bacterial load were significantly lower in VR compared
with VNR and unvaccinated control (UC) animals (p < 0.05).
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The release of IFN-y specific to E/C, Rv3615c, and PPD-B at week 28 (performed just before
sacrifice of the animals) was also compared between the VR, VNR, and UC groups (Figure 37B).
A significantly lower IFN-y to E/C response was found in VR animals than in VNR and UC
animals (p < 0.05). The relationship between E/C-specific IFN-y response and disease severity
was confirmed by finding a positive correlation of IFN-y-specific secretion to E/C at week 28
with the total volume of gross lesions (Spearman rank = 0.546, p < 0.01) and the bacterial load
(but at the statistical limit of significance [Spearman rank = 0.379, p = 0.050], data not shown).

4. Discussion

The present experimental trial in goats was designed with the aim to determine the effects of
Map vaccination on current TB diagnostic tests and assess the effects of PTB vaccination on TB
infection.

All experimental goats became infected irrespective of vaccination status. However, a
reduction in pulmonary pathology was observed in some vaccinated individuals compared with
the unvaccinated group. Another remarkable finding was that all vaccinated goats showed only
TB lesions at the site of infection (i.e., lungs and associated LN) in contrast to the increased
dissemination frequency in non-vaccinated animals. This finding is analogous to the results of
subcutaneous vaccination against PTB with the Map-killed vaccine in cattle subsequently
challenged with Map. The vaccine in those studies induced systemic immunity, preventing
bacteremia and, consequently, dissemination of mycobacteria from the primary infection site.
However, they did not prevent the establishment of the initial infection (Uzonna et al.,
2003)(Bezos et al., 2010). Similar results were obtained in another experimental infection with
M. caprae in which three of six (50%) infected goats showed gross TB lesions in mesenteric LN
(Bezos et al., 2010)(Daniel et al., 2009; Domingo et al., 2009; Quintas et al., 2010). This
outcome is also consistent with findings observed in field cases of TB in goats (Daniel et al.,
2009; Domingo et al., 2009; Quintas et al., 2010).

In this sense, the present results indicate a certain degree of containment of dissemination of
the infection from the primary complex, even when a significant reduction in the bacterial load
in pulmonary drainage LN has not been observed. Nevertheless, this containment may not be
sufficient to effectively prevent excretion of mycobacteria and horizontal transmission within a
herd.

The role of the immunological status of vaccinated animals, especially the T-cell response, can
be critical in terms of control or spread of the infection from the primary respiratory focus.
Similarly, Hope et al. found few lesions at necropsy and smaller bacterial loads in LN in calves
inoculated with M. avium and subsequently challenged with M. bovis (Hope et al., 2005). The
authors suggested that T-cell responses resulting from M. avium infection enhanced a
protective secondary response after challenge with M. bovis.

After conducting cross-sectional analysis, we found positive correlations of the IFN-y response
to E/C with pathology severity, and more weakly with bacterial load. A similar result was
obtained with the single ESAT-6-specific IFN-y response compared with pathology scores in
goats (Domingo et al., 2009) and calves (Vordermeier et al., 2002). Furthermore, a positive
correlation between the E/C-specific IFN-y response and bacterial load was also previously
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described in goats (Pérez de Val et al., 2011) and cattle (Lyashchenko et al., 2004). Moreover,
after analyzing post-mortem data, clear differences in the pathological and bacteriological
results were found within the vaccinated group. The IFN-y responses of vaccinated goats with
low and high post-mortem scores (VR and VNR, respectively) were compared. The significantly
lower E/C-specific IFN-y responses obtained in VR animals demonstrated the capacity of this
immunological biomarker to predict the severity of the disease and, by default, to predict the
vaccine outcome.

In terms of assessment of TB diagnostic tests, we have adapted the diagnostic tests routinely
used in cattle in bovine TB eradication programs. We have also introduced new DIVA reagents
to perform the IFN-y assay. Sensitivities obtained in all tests were higher than those obtained
in previous studies in naturally infected goats (Gutiérrez et al., 1998; Alvarez et al., 2008).
Notwithstanding this, the enhanced sensitivity described in these works when combining skin
tests and IFN-y tests was also confirmed in the present experimental trial.

The sensitivities of skin tests performed in vaccinated animals (100% and 90% for SIT and SICCT
tests, respectively), were higher than those obtained in another study carried out with goat
herds naturally co-infected with TB and PTB (71% and 42.7%, respectively) (Alvarez et al.,
2008). In this work, the authors reported many animals with false-negative SICCT test results
that showed higher skin-fold thickness to PPD-A than to PPD-B. It is important to note that the
sensitivity of SICCT test in the present study was achieved using strict interpretation of the
test. With the standard interpretation (ABov-AAv = 3 mm), the sensitivity would be reduced to
60%.

By contrast, in our trial, only a slightly higher sensitivity was found when applying the SIT test
in comparison with the SICCT test. However, the results showed serious compromise of the
specificity of the SIT test in vaccinated animals prior to challenge (4 of 4 false-positive
reactors), which completely disappeared when using the SICCT test. These results are in
accordance with those found in another study performed in a PTB-vaccinated dairy goat herd
free of TB (Chartier et al., 2012). Similarly, compromise of the specificity of the SIT test in PTB-
vaccinated deer has also been reported (Mackintosh et al., 2005; Stringer et al., 2011).

Compared with the SIT test, the standard IFN-y assay seemed to be more robust in terms of
specificity. False-positive results were concentrated at the interval between weeks 12 and 14,
and then disappeared at week 16 when there was not yet a response to M. caprae infection.
After 12 wpv, the IFN-y responses to PPD-A decreased faster than did those to PPD-B (see Fig.
35). As a consequence, 60% of the animals were false-positive “bovine reactors” at week 14.
More long-term trials must be performed to study the kinetics of the IFN-y response to Map
vaccination.

Encouragingly, the sensitivity obtained for the standard IFN-y test after M. caprae challenge
was very high considering that elevated whole-blood IFN-y responses to PPD-A were previously
observed in Map-vaccinated cattle (Platt et al., 2010). In this sense, from weeks 18 to 28 (4-14
wpi), we only detected a masking due to PPD-A in two vaccinated animals. However, the high
IFN-y responses observed in our study (measured shortly after experimental infection) may
decrease with the progression of natural TB infection under field conditions.
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In the last decade, much effort has been focused on the development of novel antigens for
bovine TB diagnosis that are more sensitive and specific than the avian and bovine tuberculins.
This research has already resulted in the identification of several antigens, such as ESAT-6, CFP-
10, and Rv3615c, that reduce cross-reactive immune responses to different mycobacterial
infections or vaccinations in cattle (Vordermeier et al., 2001; Cockle et al., 2006; Sidders et al.,
2008) and goats (Bezos et al., 2011; Pérez de Val et al., 2012). In the present study, we showed
the capacity of both E/C and Rv3615c to distinguish PTB-vaccinated and TB-infected goats.
Furthermore, no differences in sensitivity were observed between the experimental groups.
Importantly, when combining the positive results of E/C and Rv3615c IFN-y assays, the
sensitivity was identical to that obtained by the tuberculin-based IFN-y assay, which is
currently being employed as an ancillary test to the skin test in some eradication campaigns. A
similar pattern was previously described in cattle experimentally infected with M. bovis, in
which the sensitivity increased from 77.9% to 91% when considering the results of Rv3615c
and E/C IFN-y assay together (Sidders et al., 2008).

By contrast, serological responses to the Map vaccine were moderate; only one and four
vaccinated goats were seropositive to PTB at weeks 14 and 28, respectively. These data are not
in agreement with the 50% positivity previously obtained in PTB-infected goats (Gumber et al.,
2006). Interestingly, a boost effect on the Map ELISA due to SICCT test might be found at week
28 (2 weeks after tuberculin testing) when comparing the results with the test performed at
week 14. The boost effect on the IgG response due to the skin test was previously described in
M. bovis-infected cattle (Lyashchenko et al., 2004)(Pérez de Val et al., 2011) and M. caprae-
infected goats (Pérez de Val et al., 2011).

Vaccination against Map represents an important advance in controlling PTB and improving
the economic balance of affected farms. Therefore, the pros and cons of its application must
be exhaustively evaluated. An attractive speculation is that the partial protection to TB
infection observed in some PTB-vaccinated animals could indirectly facilitate the control of TB,
although long-term field studies are required to confirm this perspective. Moreover, we have
demonstrated that to some degree, PTB vaccination interfered (after M. caprae infection) with
the sensitivity of tuberculin-based TB diagnostic tests. However, beyond the first 2 weeks post-
infection, only 5% false-negative results were obtained in the IFN-y assay. In addition, these
animals reacted positively in more than 80% of the remaining post-challenge tests. Thus,
considering the collective basis on which TB tests are usually applied, it is unlikely that an
infected herd could be undiagnosed upon extrapolation to a larger population. On the other
hand, our results confirm that the interference with the specificity can be fully overcome by
using defined DIVA reagents. Thus, developing and subsequently introducing these reagents
into routine diagnostics could represent an improvement in both strategies: control of PTB by
vaccination and control of TB by rapid detection of infected animals.
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Discusion general

Dentro de las enfermedades infecciosas, la TB es la principal causa de mortalidad y morbilidad
en personas a nivel mundial (Lienhardt et al., 2012). Asimismo, la TB animal ocasiona graves
pérdidas en la produccién ganadera (Bennett and Cooke, 2006; Boland et al., 2010). Ademas,
las micobacterias del MTBC tienen la capacidad de infectar a un amplio rango de hospedadores
incluyendo al ser humano. Precisamente por la capacidad de transmisién de un animal
infectado al ser humano, la TB animal se clasifica como zoonosis y por ello tiene también
implicaciones en la salud publica (Grange and Yates, 1994; Cosivi et al., 1995; Thoen et al.,
2006; Rodriguez et al., 2009; Torres-Gonzalez et al., 2013). Por lo tanto, la TB ofrece una
interfaz comun entre animales y personas que encaja en el concepto de “una sola salud”
promovido por la OMS vy la OIE.

El objetivo principal de la presente tesis era, siguiendo este enfoque integral, contribuir al
conocimiento y a la mejora del conocimiento en 2 campos fundamentales de la investigacion
en TB: la vacunacién y el diagnéstico. Los estudios fueron dirigidos a evaluar nuevas vacunas y
reactivos de diagndstico diferencial asociados, utilizando para ello el modelo caprino de TB. La
deteccién precoz y la prevencion son elementos cruciales para evitar la diseminacion en un
rebafio o entre rebafios y, en el caso de las personas, para prevenir tanto la infeccién como la
progresion de infeccidon a enfermedad. En este sentido, nuestros resultados pueden tener una
aplicacién directa en los programas de control y erradicacién en animales domésticos, y en el
desarrollo de nuevas vacunas antituberculosas.

a) Programas de control y erradicacion en animales domésticos

Los resultados del primer estudio pueden ser de ayuda para mejorar las pruebas de
diagndstico que se utilizan actualmente en los programas de erradicacion y calificacion
sanitaria frente a la TB, incrementando su especificidad sin disminuir su sensibilidad. La
eventual vacunacién de animales domésticos puede contribuir al control de la TB pero
introduce un mayor grado de complejidad en el diagndstico. El segundo y tercer estudio
evaluaron tanto la eficacia de vacunas contra la TB, como la utilidad de nuevos reactivos de
diagndstico asociados a la vacunacion. Finalmente, en el cuarto estudio se aportan datos sobre
el efecto que pueden tener los programas de vacunacién contra paratuberculosis (PTB) en el
diagndstico de TB.

Los resultados obtenidos en el segundo y tercer estudio sugieren que la vacunacion es una
opcion eficaz para el control de la TB en el ganado caprino, ofreciendo una alternativa a la
estrategia de prueba y sacrificio. Su uso en una primera fase para limitar la transmision de
MTBC vy lograr reduccion de la prevalencia, puede ser fundamental para la posterior
erradicacion, tal y como se ha descrito para controlar la TB en el bovino y sus reservorios
silvestres (Waters et al., 2012a).

La vacuna BCG en solitario y, en mayor medida, el régimen de vacunacién prime-boost
heterdlogo con BCG seguido de vacunas basadas en adenovirus recombinantes, confirieron
proteccién en las cabras frente al desafio con M. caprae, en términos de reduccion de la
patologia y de la carga bacteriana, asi como evitando la diseminacidon extrapulmonar de la
infeccion. La eficacia de BCG ya habia sido previamente descrita en otras especies animales
susceptibles a la infeccidon natural por MTBC como el ganado vacuno, el oposum, el ciervo de
cola blanca, el jabali o el tején (Buddle et al., 1995; Wedlock et al., 2005; Palmer et al., 2007,
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Ballesteros et al., 2009; Chambers et al., 2011), mientras que recientemente se ha demostrado
que el régimen prime-boost heterélogo con BCG y AdAg85A incrementa la proteccion de BCG
en terneros desafiados experimentalmente con M. bovis (Vordermeier et al., 2009), en
consistencia con los resultados obtenidos en el segundo y tercer estudio de la presente tesis,
donde también se observa una mejora de la proteccién cuando se emplea este régimen de
vacunacion.

Los estudios realizados también han aportado informaciéon sobre el diagndstico de la TB en la
especie caprina, que complementa la obtenida anteriormente en estudios de campo. Todas las
cabras no vacunadas resultaron positivas a la IDTB comparada (realizada a las 11 o 12 semanas
post-infeccién, segln el estudio) y a la prueba del IFN-y (a partir de las 3 o 4 semanas post-
infeccidn, segln el estudio). Aunque estas pruebas han sido optimizadas para ser usadas en el
ganado bovino, su aplicacién en caprinos naturalmente infectados ya habia sido descrita,
presentando valores de sensibilidad y especificidad similares a los del ganado bovino
(Gutiérrez et al., 1998; Liebana et al., 1998; Bezos et al., 2012). Adicionalmente, en el primer
estudio de la presente tesis se pudo demostrar que la respuesta humoral frente al antigeno
estructural MPB83 puede ser detectable pocas semanas después de la infecciéon experimental
como sucede en bovinos infectados con M. bovis (Waters et al., 2006). Ademas, tras la
realizacion de la IDTB se incrementd la sensibilidad de deteccidén de anticuerpos frente a
MBP83 y PPD-B (por la técnica ELISA), tal y como ya se habia demostrado anteriormente en
bovinos (Lyashchenko et al., 2004).

En nuestros cuatro estudios se realizd la prueba del IFN-y basada en tuberculinas (con PPD-B y
PPD-A) y con dos reactivos consistentes en antigenos seleccionados para diferenciar individuos
infectados y vacunados (estrategia DIVA): a) el céctel peptidico ESAT-6/CFP-10, formado por
los 2 antigenos mas utilizados para este propdsito en bovinos (Vordermeier et al., 2001; Cockle
et al.,, 2006) y personas (Brock et al., 2004; Pai et al., 2008); y b) el antigeno Rv3615c,
recientemente utilizado para el mismo propdsito en bovinos (Sidders et al., 2008). Asi pues,
mientras que algunos de los animales vacunados reaccionaron positivamente a la prueba
basada en tuberculinas después de la vacunacion con BCG, todos resultaron negativos cuando
se utilizaron estos reactivos, confirmando asi su utilidad en una estrategia DIVA. Ademas,
agregando los resultados positivos a ESAT-6/CFP-10 y Rv3615c se obtuvieron unos valores de
sensibilidad parecidos a los de la prueba basada en tuberculinas (Figura 38A-D). Estudios de
campo en granjas de caprino infectadas naturalmente con M. caprae ya habian referido
valores de sensibilidad equivalentes en la prueba del IFN-y utilizando PPD-B y ESAT-6/CFP-10
(Bezos et al., 2011).

La infeccidn o sensibilizacion por otras micobacterias distintas a MTBC es también un factor
que puede afectar a las pruebas de diagndstico inmunoldgico de la TB (IDTB y prueba del IFN-y)
en rumiantes domésticos. Particularmente, la coinfeccién de MTBC y Mycobacterium avium
subsp. paratuberculosis (MAP) produce interferencia en estas pruebas en el ganado bovino
(Alvarez et al., 2009) y en caprino (Alvarez et al., 2008; Bezos et al., 2010).
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Figura 38. Representaciéon esquemdtica de los resultados de la prueba del IFN-y en los estudios de vacunacion
contra TB. Las figuras A y B hacen referencia la prueba basada en tuberculinas y las figuras C y D utilizando los
reactivos DIVA. Algunas cabras vacunadas y no infectadas dan resultado positivo a la prueba basada en tuberculinas
(A) mientras que todas ellas son negativas cuando se utilizan los reactivos DIVA (C). Todas las cabras infectadas son
positivas a la prueba basada en tuberculinas (B) y también cuando se suman los resultados de la prueba con los 2
reactivos DIVA (D). TBVAC, animales vacunados (con BCG o BCG-booster); TB-, animales no infectados; TB+ animales
infectados. PPD-B, tuberculina bovina utilizada en la prueba basada en tuberculinas; ESAT-6/CFP-10 y Rv3615c,
reactivos DIVA.

La vacunacion frente a PTB puede afectar a la especificidad del diagndstico de TB (Chartier et
al.,, 2012). La vacunacidon contra PTB estd contribuyendo a controlar la enfermedad en
pequefios rumiantes y a evitar la pérdida de productividad derivada (Reddacliff et al., 2006;
Singh et al., 2007), pero la TB en el ganado caprino (Crawshaw et al., 2008; Daniel et al., 2009;
Domingo et al., 2009), como también en el ovino (Munoz Mendoza et al., 2012; van der Burgt
et al.,, 2013) es un enfermedad infecciosa emergente en muchos de los paises que aplican
campanfas de vacunacion contra PTB. Por lo tanto la posible interferencia de la vacuna en el
actual diagnéstico de TB resulta crucial para evaluar los efectos de combinar ambas
estrategias.

En nuestro cuarto estudio observamos que la IDTB simple es ligeramente mas sensible que la
IDTB comparada para detectar la infeccidon por M. caprae en caprinos previamente vacunados
contra PTB, pero la IDTB comparada es mucho mas especifica que la simple en caprinos
vacunados y no infectados, en consistencia con lo que ya se habia descrito en estudios de
campo (Chartier et al., 2012). La prueba del IFN-y también fue ligeramente menos especifica y
sensible que la IDTB simple en algunos puntos del estudio (Figura 39A-B). Aunque en baja
proporcidn, la presencia de posibles falsos positivos a la prueba del IFN-y (DO PPD-B > DO PPD-
A) también se ha observado en bovinos infectados naturalmente por PTB (Vazquez et al.,
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2013) o en caprinos en granjas donde se practica la vacunacion contra PTB (Bezos et al., 2012),
poniendo de relieve los problemas de especificidad que conlleva el uso de las tuberculinas en
el diagnéstico de ambas enfermedades debido a la generacidn de reacciones cruzadas.

Por otro lado, nuestros resultados confirman que la sensibilidad se mantiene y las
interferencias que afectan a la especificidad de la prueba del IFN-y se eliminan completamente
cuando se utilizan los reactivos DIVA ESAT-6/CFP-10 y Rv3615c (Figura 39C-D). Estos reactivos
también ha sido desarrollados para el diagndstico de la TB en bovinos mediante IDTB (Whelan
et al.,, 2010), aunque su aplicacion en caprinos y la evaluacién de la interferencia de la
vacunacion contra PTB aun es objeto pendiente de estudio.

(A) (B)
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Figura 39. Representacidon esquemdtica de los resultados de la prueba del IFN-y en los estudios de vacunacion
contra MAP. Las figuras A y B hacen referencia la prueba basada en tuberculinas y las figuras C y D utilizando los
reactivos DIVA. (A), Algunas cabras vacunadas y no infectadas dan resultado positivo a la prueba basada en
tuberculinas (PPD-B > PPD-A). (B), Como resultado del efecto de la vacunacion contra MAP algunas cabras
contindan siendo negativas a la prueba basada en tuberculinas después del desafio con M. caprae (PPD-A > PPD-B).
Las cabras vacunadas contra MAP son negativas antes del desafio cuando se utilizan los reactivos DIVA (C) vy la
mayoria de ellas son positivas después del desafio cuando se suman los resultados de la prueba con los 2 reactivos
DIVA (D). MAPVAC, animales vacunados (con Silirum®); TB-, animales no infectados; TB+ animales infectados. PPD-B
y PPD-A, tuberculinas bovina y aviar utilizadas en la prueba basada en tuberculinas; ESAT-6/CFP-10 y Rv3615c,
reactivos DIVA.

El desarrollo y progresiva incorporacion de estos reactivos en el diagndstico de rutina de la TB
puede representar un impulso para las estrategias de control tanto de la TB como de la PTB a
través de la vacunacién, sin perjudicar la deteccidon y rdpida eliminacion de los animales
infectados.
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b) Desarrollo de nuevas vacunas antituberculosas

La TB supone un reto tanto para la sanidad animal como para la salud publica que requiere
colaboracién médica y veterinaria en la busqueda de soluciones integrales, entre las cuales se
encuentra el hito de lograr una vacuna universal que pueda: a) prevenir la enfermedad y evitar
la transmisidn de la infeccidn, b) ser utilizada en personas y/o animales en regiones endémicas
con elevada prevalencia, o c) ser dirigida especificamente a poblaciones diana de mayor riesgo
en las regiones con baja incidencia.

La BCG, la Unica vacuna actualmente disponible contra la TB, cumple con el requisito de ser
una vacuna universal, pero ha presentado limitaciones importantes en eficacia e
inmunogenicidad, tanto en humanos (Fine et al., 1995), como en animales (Thom et al., 2012).
Los estudios de vacunacion de esta tesis seguian la aproximacion de la vacuna universal y para
ello se utilizdé un tandem patégeno-hospedador natural que sirviera para evaluar
comparativamente la seguridad y eficacia de la BCG y de nuevos candidatos vacunales en la
cabra doméstica, en tanto que hospedador final de la TB, asi como modelo animal para
ensayos cinicos de vacunas para humanos.

El modelo de infeccién experimental desarrollado y evaluado en la presente tesis presenté
diversos elementos que refuerzan su idoneidad para ensayos clinicos de nuevos candidatos a
vacunas antituberculosas. Se definié el modelo exhaustivamente en cuanto a la caracterizacién
clinica, patoldgica y bacterioldgica para poder evaluar la proteccién, asi como la respuesta
inmune post-vacunacion y post-desafio para monitorizar la progresion de la infeccion e
identificar biomarcadores de prediccién de la eficacia vacunal o correlacionados con la
infeccion tal y como se habia descrito anteriormente para el modelo bovino de TB
(Vordermeier et al., 2002; Vordermeier et al., 2009).

En el primer estudio se logré establecer un modelo de infeccion experimental eficiente,
inoculando una dosis baja de bacilos tuberculosos directamente en el pulmdén via
endobronquial, de manera que todos los cabritos reprodujeron lesiones tuberculosas similares
a las descritas en casos naturales de cabras infectadas con M. caprae (Domingo et al., 2009;
Sanchez et al., 2011), mostrando una rapida progresion de la infeccion después del desafio
experimental. La inducciéon de una fuerte respuesta inmune tras la infeccidn, basada en la
produccién de IFN-y frente a antigenos de MTBC, similar a las respuestas inducidas en
pacientes con TB, la rapidez en el desarrollo de la patologia caracteristica de TB, asi como la
similitud entre las lesiones inducidas por la infeccién experimental en caprinos y las generadas
por la TB activa en humanos, son aspectos a favor del uso del modelo caprino para el estudio
de la TB en humanos.

En este mismo estudio se realizd una validacién del analisis cuantitativo de lesiones
tuberculosas mediante la tomografia computarizada (CT), comparandola con el método
tradicionalmente utilizado, basado en la medida directa de las lesiones por inspeccién visual.
Este método, complementado por otras aproximaciones cualitativas (como la valoracion de la
distribucidn de lesiones), puede suponer una mejora sustancial a la valoracion de la proteccion
frente a la infeccion por MTBC mediante métodos semicuantitativos de puntuacidn basados en
la inspeccidn directa de lesiones (Vordermeier et al., 2002; Lyashchenko et al., 2004; Domingo
et al., 2009; Lin et al., 2009).
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Recientemente se ha extendido el uso de nuevas metodologias cuantitativas mas objetivas de
valoracién de lesiones macroscépicas en estudios de eficacia de vacunas contra la TB, como la
morfometria radiografica (Maue et al., 2004) o la imagen por resonancia magnética (Sharpe et
al., 2010). En los estudios de eficacia de vacunas antituberculosas de la presente tesis se utilizd
por primera vez la CT para valorar cuantitativamente la reduccion de la patologia pulmonar en
el punto final del estudio de los grupos vacunados respecto al grupo control. Este método
demostré tener un alto grado de acuerdo con el método de inspeccidn visual directa, pero con
mayor sensibilidad para medir los volimenes reales de las lesiones. Adicionalmente, se pudo
establecer una relacién individual entre el volumen de pulmén afectado y el volumen de
pulmén total.

Ademas, en el tercer estudio se incluyd un analisis histopatolédgico cualitativo para evaluar las
principales caracteristicas microscépicas de las lesiones granulomatosas de pequefio tamano.
Anteriormente se habian utilizado criterios histopatoldégicos en bovinos infectados con M.
bovis para clasificar las lesiones granulomatosas segun su estadio de evoluciéon (Wangoo et al.,
2005). Posteriormente esta clasificacion se ha aplicado en estudios de vacunas frente a M.
bovis en terneros. Aplicado al total de lesiones encontradas, los animales no vacunados
presentaban un mayor nimero de granulomas y una mayor proporcion de ellos en fase
avanzada de desarrollo en comparacion con los animales vacunados (Dean et al., 2012). En
cambio, en nuestro estudio se evaluaron solamente los granulomas mds pequefias (< 0,5 cm
de diametro), debido a que gran parte de los animales vacunados solamente presentaba este
tipo de lesiones. Contrariamente a lo esperado, siguiendo el mismo criterio de clasificacién
que Dean y col., en los animales vacunados se hallaron lesiones pequefias en estadios de
desarrollo mas avanzados que en los vacunados. Este hallazgo nos permitié especular sobre la
diferente progresion de la infeccidén entre los animales vacunados e infectados. De modo que
mientras que todas las cabras no vacunadas acaban presentando lesiones caseosas-
necrotizantes extensas y la formacidn de cavernas, la mayoria de las cabras vacunadas (y mas
en particular las vacunadas con las estrategia prime-boost) logran contener la diseminacién de
la infeccidon generando lesiones similares a las observadas en casos de infeccion tuberculosa
latente (LTBI) en personas.

En relacion a la eficacia de las nuevas vacunas antituberculosas, en nuestros estudios se
evaluaron dos candidatos basados en Adenovirus humano serotipo 5 (Ad5) deficiente en la
replicacién: monovalente (AdAg85A) y tetravalente (AdTBF). En ambos casos se pudo
demostrar que el refuerzo de BCG con los antigenos expresados por el AdHuU5 incrementa la
proteccién conferida por BCG en solitario, medida por la reduccién de la extension y la
diseminacién de las lesiones tuberculosas, asi como por la reduccion de la carga bacteriana en
los linfonodos respiratorios. La mejora de la proteccién de BCG tras el refuerzo con AdAg85A
(actualmente en fase | de ensayos clinicos en la especie humana) ha sido demostrada
previamente en pequefios animales de laboratorio (Santosuosso et al., 2006; Xing et al., 2009)
y en bovinos (Vordermeier et al., 2009).

La estrategia de refuerzo de BCG con antigenos expresados en vectores virales es una de las
mas extendidas entre las vacunas antituberculosas que se encuentran actualmente en fase de
estudios clinicos (ver Tabla 7 en el capitulo de Introduccidon general). El primero de estos
candidatos en entrar en fase de ensayos clinicos fue la vacuna MVA85A (McShane et al., 2005).
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Desafortunadamente, pese a superar exitosamente la primeras fases de eficacia en distintos
modelos animales (Williams et al., 2005; Verreck et al., 2009), y de seguridad e
inmunogenicidad en personas adultas (Hawkridge et al., 2008; Sander et al., 2009), no pudo
demostrarse que confiriera un aumento estadisticamente significativo de la proteccién en
comparacién con BCG en nifios (Tameris et al.,, 2013). No obstante, otros candidatos de
refuerzo de la eficacia de BCG basados en virus recombinantes siguen en fases de ensayos
clinicos con resultados prometedores que podrian mejorar la eficacia del MVAS85A. Estos
candidatos siguen fundamentalmente 2 aproximaciones:

i) Vacunas multiantigénicas

En la actualidad hay diversos candidatos vacunales que siguen la estrategia de reforzar la
eficacia de BCG con vacunas subunidad que incluyen diferentes antigenos de MTBC.
Algunos de estos candidatos vehiculan antigenos mediante vectores virales que los
expresarian. Es el caso de las vacuna Aeras-402 que estd basada en un Adenovirus humano
serotipo 35 que expresa una proteina de fusidn que incluye antigenos inducidos en la fase
aguda de la infeccidn: Ag85A, Ag85B y TB10.4 (Radosevic et al., August 2007). De un modo
parecido, la vacuna H1 consiste en una proteina de fusién que combina 2 antigenos de
fase aguda: Ag85B y ESAT-6, que se administra directamente junto con un adyuvante
sintético (Olsen et al., 2001; Dietrich et al., 2005; Langermans et al.,, 2005). Mas
recientemente se ha desarrollado la vacuna H56 que, ademds de los anteriormente
mencionados, también expresa el antigeno Rv2660c (Aagaard et al., 2011), asociado al
estrés nutricional (inducido por la micobacteria durante la fase de latencia). En este ultimo
caso, se ha desarrollado una vacuna trivalente concebida como vacuna “multifase” y se ha
podido demostrar en macacos que refuerza la eficacia de BCG controlando la infeccidn en
fases tardias y conteniendo la LTBI (Lin et al., 2012).

En el tercer estudio de la presente tesis se ha evaluado una nueva vacuna multiantigénica
(AdTBF) que expresa 4 antigenos de induccién temprana (ver Tabla 4 en el capitulo de
Introduccidn), pero que se secretan en dos estados bioldgicos distintos de las
micobacterias: estado replicativo (Ag85A, TB10.4 y TB9.8) y estado de estrés (Acr2). Los
resultados de inmunogenicidad, proteccidon y ganancia del peso corporal de los animales
vacunados con el régimen BCG-AdTBF son prometedores en comparacion con la BCG en
solitario. A pesar de ello aun queda pendiente el estudio conjunto de las vacunas
monovalente y polivalente que demuestre las posibles ventajas de esta ultima estrategia.

ii) Vacunas de mucosas

Diversas revisiones sobre el desarrollo de nuevas vacunacion contra la TB sefialan que la
futura generacion de vacunas deberd centrarse en generar inmunidad en el sitio de
entrada de las Micobacterias (espacio interalveolar) para evitar la infeccidn inicial de las
células diana (Kaufmann. 2010; Ottenhoff and Kaufmann, 2012). Para generar inmunidad
de mucosas la via de inoculacién de la vacuna resulta critica. Estudios recientes en
animales pequefios de laboratorio con la administracidn por via mucosal de la vacuna
AdAg85A han demostrado la induccion de inmunidad de mucosas (Santosuosso et al.,
2005; Xing and Lichty, 2006), asi como una mayor proteccién comparado con la via de
administracién parenteral (Santosuosso et al., 2006; Xing et al., 2009).
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En los estudios presentados en esta tesis se ha utilizado solamente la via de inoculacion
intramuscular de los adenovirus recombinantes. En futuros estudios con el modelo caprino
de TB, que den continuidad al trabajo iniciado en la presente tesis, mereceria ser tenida en
cuenta la via mucosal (intranasal, intratraqueal, conjuntival, oral, etc.) de administracién
de estas vacunas.

En el cuarto estudio se pretendia evaluar de forma especifica los efectos de la vacunacion
frente a MAP, actualmente autorizada en pequefios rumiantes en muchos paises, sobre el
diagndstico de la TB y también en la respuesta de los animales vacunados frente a la propia
infeccion tuberculosa. Los resultados mostraron una proteccién parcial en algunos animales,
dando pie a especular sobre si la vacunacidn contra MAP puede indirectamente inducir cierta
inmunidad cruzada que facilite el control de la infeccion por MTBC. De acuerdo con nuestras
observaciones, un efecto de proteccion cruzada de intensidad similar se habia observado
previamente en terneros inoculados con una cepa viva de M. avium y posteriormente
desafiados con M. bovis (Hope et al., 2005b). No obstante, los resultados obtenidos en la
presente tesis no son conclusivos en términos de eficacia preventiva de la vacuna, debido a
que los animales vacunados contra MAP no mostraron una reducciéon estadisticamente
significativa de los principales parametros relacionados con la proteccién (como el volumen de
las lesiones en pulmén o la carga bacteriana en linfonodos respiratorios). Se requieren
estudios adicionales, que incluyan un nimero mayor de animales, para confirmar que la
vacuna contra MAP realmente produce un efecto protector en la transmisién horizontal de la
TB en condiciones de campo.

Para la monitorizacién de nuevos candidatos a vacuna antituberculosa en estudios clinicos es
necesario identificar biomarcadores que indiquen los efectos que causa el tratamiento o la
infeccion en los individuos sujetos a estudio durante el transcurso de la fase experimental.

En los 4 estudios presentados en esta tesis se han evaluado algunos marcadores
inmunoldgicos que se pueden clasificar en las siguientes categorias:

i) Correlatos de progreso de la infeccion.

Los niveles de expresién de determinados antigenos de MTBC durante el progreso de la
infeccion tuberculosa se corresponden con los niveles de la respuesta inmunoldgica frente
a estos antigenos tras la infeccion (Shi et al., 2004). La CMI frente a antigenos de secrecion
como ESAT-6, CFP-10 y Rv3615c estd relacionada con la cantidad de bacilos tuberculosos
en estado multiplicacidn (Pai et al., 2004; Andersen et al., 2007; Millington et al., 2011). En
los diferentes estudios que forman parte de esta tesis se han observado correlaciones
directas del IFN-y liberado tras la estimulacién de sangre periférica con ESAT-6/CFP-10
(E/C) y Rv3615c con la extension de las lesiones tuberculosas al final de los experimentos,
si bien en los estudios 1y 4 esta correlacion fue estadisticamente significativa solo con E/C,
mientras que en los estudios 2 y 3 se pudo observar que la correlacidon era mas significativa
en la ventana comprendida entre las 5 y 6 semanas post-infeccion (cuando se detecta un
pico en la respuesta de IFN-y). La correlacidn entre el IFN-y ESAT-6-especifico y la
extensién de las lesiones se habia descrito anteriormente en infecciones experimentales
con M. bovis en bovinos (Vordermeier et al., 2002; Lyashchenko et al., 2004), mientras que
en granjas de caprino con infeccidn natural por M. caprae no siempre se han descrito

136



Discusion general

resultados concordantes (Domingo et al., 2009; Bezos et al., 2011). Consecuentemente, si
bien estos pardmetros pueden ser muy Utiles en estudios experimentales, en condiciones
de campo deben ser valorados con precaucion.

Por otro lado, en el punto final de la fase experimental de los estudios 1, 2 y 3 se detectd
una correlacion positiva de los niveles de anticuerpos frente el antigeno estructural MPB83
con la extension de la patologia y la carga bacteriana. Estos resultados son consistentes
con los hallados previamente en bovinos infectados experimentalmente con M. bovis
(Lyashchenko et al., 2004). En ambos casos los anticuerpos se midieron 2 semanas después
de la realizaciéon de la IDTB, que actua generando un efecto booster en la respuesta
humoral (Lyashchenko et al., 2004; Waters et al., 2006).

ii) Predictores de proteccion.

La identificacién de biomarcadores del hospedador (animal experimental) capaces de
predecir la eficacia de una vacuna después de la vacunacién pero antes del desafio
experimental proporciona una nueva ventana de decision en futuros estudios para el
cribado inicial de vacunas (sin necesidad de desafio experimental) y la consecuente
aceleracién del desarrollo de nuevas vacunas. En el estudio nimero 3 de la presente tesis
se demostré que el numero de células de memoria central productoras de IFN-y Ag85A-
especifico son proporcionales al grado de proteccién. La relacién inversa entre este
parametro y la extension de las lesiones o la carga bacteriana habia sido descrito también
en bovinos desafiados con M. bovis (Vordermeier et al., 2009).

iii) Marcadores de inmunogenicidad vacunal.

Mas allad de su relacidn con la eficacia de vacunas, en la presente tesis se han evaluado
pardmetros inmunoldgicos para detectar la induccién de una respuesta inmune especifica
tras las vacunaciones. Es el caso de los anticuerpos frente a Ag85A 2 semanas después de
la vacunaciéon con AdAg85A y AdTBF (estudios 2 y 3 respectivamente) o frente a Acr2 tras
la vacunacién con AdTBF (estudio 3). La reactividad predominante frente a PPD-A en la
IDTB comparada o en la prueba basada en tuberculinas del IFN-y también sirvié para
confirmar la induccién de inmunidad de base celular de la vacuna Silirum® en cabras en el
cuarto estudio. Por su parte, la respuesta de IFN-y frente a PPD-B también fue detectada
en la mayoria de animales tras las vacunaciones con BCG (estudios 2 y 3) aunque esta
respuesta no permite distinguir entre vacunacion e infeccién por TB.

En conjunto, los dos estudios especificos de eficacia de vacunas antituberculosas en el modelo
caprino que se presentan en esta tesis, los estudios recientemente realizados en bovinos
(Hope et al.,, 2005a; Vordermeier et al.,, 2009; Dean et al.,, 2012; Thom et al., 2012) y los
realizados en algunas especies de fauna silvestre (Nol et al., 2008; Ballesteros et al., 2009;
Tompkins et al., 2009; Corner et al., 2010; Chambers et al., 2011; Garrido et al., 2011),
suponen uno de los primeros ejemplos de la estrategia de “Una sola salud”, con aplicaciones
relevantes tanto para el campo veterinario como para la salud publica (Palmer et al., 2012;
Waters et al., 2012a).
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Toda la informacion obtenida con los trabajos incluidos en esta tesis puede contribuir a la
mejora de la fase de ensayos clinicos de nuevas vacunas antituberculosas con nuevos y
mejores reactivos de diagndstico con el fin de obtener mejores instrumentos para combatir la
TB en zonas endémicas, asi como prevenir nuevos brotes o reemergencias con el objetivo
ultimo de erradicar la TB en personas y animales.
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Conclusions

El model experimental de TB en cabres per mitja de la inoculacié de M. caprae per la
via endobronquial, reprodueix de forma eficient la resposta immunologica i les
caracteristiques patologiques que s’observen en la infeccié natural en cabres. Les
similituds entre aquest model de TB i la infeccid activa en persones, el converteixen en
un model adequat per a ser utilitzat en assajos clinics de nous tractaments i vacunes.

La CT és un métode més precis que I'examen visual directe, per quantificar I'extensié
de les lesions tuberculoses al pulmé en cabres desafiades amb M. caprae, permetent
avaluar més eficientment el grau de proteccio en els estudis d’eficacia vacunal.

La vacuna BCG protegeix a les cabres enfront al desafiament amb M. caprae, en
termes de reduccié de les lesions i de la carrega bacteriana. El reforg de la BCG amb
una dosi posterior de les vacunes AdAg85A o AdTBF, millora la proteccié conferida per
la BCG en solitari. Amb aquests resultats la vacunacié contra la TB es pot plantejar com
una alternativa eficient a I'estrateégia de prova-sacrifici per tal de controlar la
transmissié de la TB i reduir la prevalenca en els ramats de cabrum infectats.

Les cabres vacunades amb BCG i BCG-AdTBF controlen més eficientment la infeccié
inicial, evitant I'extensio de les lesions i delimitant de forma ordenada el granulomes.
El diferent estat de desenvolupament de les lesions granulomatoses amb diametre
inferior a 5 mm entre les cabres vacunades i no vacunades, confirma una patogenesi
vacuna-depenent.

L'analisi histopatologic dels granulomes permet identificar diferéncies qualitatives en
I'extensié de la necrosi, la mineralitzacid, el grau d’encapsulament i la formacidé de
granulomes sateél-lits entre els grups vacunats (amb BCG i BCG-AdTBF) i no vacunat,
suggerint una patogénia diferent deguda a I’efecte de la vacunacié.

La vacunacid contra la paratuberculosi amb Silirum® contribueix a reduir Ia
multiplicacié bacil-lar i la disseminacid extrapulmonar de la infecci6 en cabres
desafiades amb M. caprae, conferint un cert grau de proteccié creuada.

La vacunacio de cabres amb Silirum® interfereix el diagnostic de la TB per mitja de la
IDTB simple, la IDTB comparada i la prova de I'[FN-y amb PPD-B i PPD-A.

L’Us del coctel peptidic E/C i I'antigen Rv3615c en la prova de I'IFN-y permet diferenciar
cabres vacunades amb BCG, BCG-AdAg85A, BCG-AdTBF o Silirum® de cabres infectades
amb M. caprae, sense perdre sensibilitat en comparacié amb la prova de I'lFN-y amb
PPD-B i PPD-A.

Els nivells d’IFN-y enfront a E/C o Rv3615c i els nivells d’anticossos 1gG enfront a
MPB83 2 setmanes després de la IDTB, son correlats de la progressié de la infeccid
tuberculosa en cabres desafiades amb M. caprae, mentre que el nombre de cél-lules T
de memoria productores d’IFN-y Ag85A-especific sdn predictores de I'eficacia vacunal
en cabres vacunades amb BCG i 8 setmanes després amb AdTBF.
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Antigen Presenting Cells
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Culture filtrate protein 10

Colony forming units

Confidence interval

Cell-mediated immunity
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Dendritic cell

Differentiation of infected from vaccinated animals
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ESAT-6/CFP-10

Enzyme Linked Immunosorbent Assay
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Immunoglobulina

Interferon-Gamma Release Assay
Interleuquina

Interferd

Interferon gamma-induced protein 10
Large granuloma

Lymph node

Latent TB infection

Mycobacterium avium subespecies paratuberculosis
Multi-Detector CT
Multi-drug-resistant

Medium granuloma

Major histocompatibility complex
Multi-nucleated giant cells

Magnetic resonance imaging
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MTBC
MVA
NF-kB
oD
OIE
OoMS
PAMP
PBS
PBMC
PHA
PNG
PPD-A
PPD-B
PRR
PTB
QFT
RD
SatG
SD
SFC
SG
SicCcT
SIT
SNK
TB
TCR
Th
TLR
TNF
UFC
VL
wc1l
XDR

Mycobacterium tuberculosis complex
Modified vaccinia (virus) Ankara
Nuclear factor kappa-light-chain-enhancer of activated B cells
Optical Density

Organitzacié Internacional d'Epizooties
Organitzacié Mundial de la Salut
Pathogen-associated molecular pattern
Phosphate buffered saline

Peripheral blood mononuclear cell
Phytohaemagglutinin
Polymorphonuclear granulocytes
Avian purified protein derivative
Bovine purified protein derivative
Pattern recognition receptor
Paratuberculosi

QuantiFERON

Regions of differences

Satellite granulomas

Standard deviation

Spot forming cells

Small granuloma

Single intradermal comparative cervical tuberculin
Single intradermal tuberculin
Student-Newman-Keuls

Tuberculosis

T-cell receptor

T helper

Toll-like receptors

Tumor necrosis factor

Unitats formadores de colonia

Visible lesions

Workshop cluster 1

Extensively drug-resistant
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