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Summary

Intracellular pathogens such as Anaplasma spp. and Mycobacterium spp. pose 
a risk to human and animal health worldwide. The main function of the host 
immune response is to eliminate invading pathogens. However, intracellular 
bacteria have developed mechanisms to turn defense cells into a suitable 
environment for bacterial propagation, thus deregulating both host cell function 
and the immune response. The study of the host immune components response 
to intracellular bacteria will help to characterize their function and potential 
application in the development of pathogen control strategies. 

Chapter I: General introduction 

Chapter I is a review paper, [López V, Alberdi P, de la Fuente J. Intracellular 
bacteria Anaplasma and Mycobacterium species employ common strategies but 
different mechanisms for host infection, submitted], that constitutes an 
introduction to this thesis by reviewing the importance of the modulation of host 
cells biological processes by the pathogen in promoting infection. Intracellular 
bacteria require efficient mechanisms at the molecular level to survive and persist 
within unsuitable environments. This review focuses on host-pathogen 
interactions, with emphasis on the host immune response to intracellular 
bacteria.  

Chapter II: Response to infection 

Chapter II.a describes the coinfection of tick-borne pathogens and M. bovis in 
a naturally infected sheep flock [López V, Alberdi P, Fernandez de Mera IG, 
Barasona JA, Vicente J, Garrido JM, Torina A, Caracappa S, Lelli RC, Gortazar C, de 
la Fuente. 2016. Evidence of co-infection with Mycobacterium bovis and tick-
borne pathogens in a naturally infected sheep flock. Ticks Tick Borne Dis. 7: 384-
389]. A high prevalence of infection by A. ovis and Rickettsia spp. of the Spotted 
Fever Group (SFG) was detected. In five out of twelve animals randomly selected 
for anatomopathological studies, lesions consistent with Mycobacterium 
tuberculosis complex (MTBC) infection were observed. Spoligotyping confirmed 
infection with M. bovis spoligotype SB0339. The differential expression of immune 
system genes supported previous studies in ruminants and suggested that 
infection with tick-borne pathogens and M. bovis may result in unique gene 
expression patterns in sheep. 

Vladimir López - PhD Thesis

1



Chapter II.b: This chapter depicts a proteomics approach to study the 
vertebrate host protein levels in the tick host in response to infection with 
Anaplasma phagocytophilum [Villar M, López V, Ayllón N, Cabezas-Cruz A, López 
JA, Vázquez J, Alberdi P, de la Fuente J. 2016. The intracellular bacterium 
Anaplasma phagocytophilum selectively manipulates the levels of vertebrate host 
proteins in the tick vector Ixodes scapularis. Parasit. Vectors. 9: 467]. Tick midguts 
and salivary glands play a major role during tick feeding and development, and for 
pathogen acquisition, multiplication and transmission. Proteins from vertebrate 
hosts were found in tick midguts after feeding and have been described in the 
salivary glands of fed and unfed ticks, thus suggesting a role for these proteins 
during tick feeding and development. Pathogen infection could affect tick 
metabolic processes to modify host protein digestion and persistence in the tick 
with possible implications for tick physiology and pathogen life cycle. Results of 
this study showed a clear difference in the host protein content between tick 
midguts and salivary glands in response to infection. This suggests that A. 
phagocytophilum selectively manipulate the levels of vertebrate host proteins in 
ticks in a tissue-specific manner to facilitate pathogen infection, multiplication and 
transmission while preserving tick feeding and development.  

Chapter II.c: This chapter relates a proteomics approach to study the immune 
response after M. bovis infection in Eurasian wild boar [López V, Villar M, Queirós 
J, Vicente J, Mateos-Hernández L, Díez-Delgado I, Contreras M, Alves PC, Alberdi 
P, Gortázar C, de la Fuente J. 2016. Comparative proteomics identifies host 
immune system proteins affected by infection with Mycobacterium bovis. PLoS 
Negl. Trop. Dis. 10: e0004541]. Eurasian wild boars are natural reservoirs of 
infection for the Mycobacterium tuberculosis complex (MTBC) and a useful model 
to study mycobacterial infection. Mycobacterial infection affects the expression 
of innate and adaptive immune response genes in mandibular lymph nodes and 
oropharyngeal tonsils, and biomarkers have been proposed as correlates with 
resistance to natural infection. In this study, host immune system proteins that 
play an important role in host response to mycobacteria were identified. Calcium 
binding protein A9, Heme peroxidase, Lactrotransferrin, Cacthelicidin and 
Peptidoglycan-recognition protein were under-represented in adult tuberculosis 
(TB) positive animals when compared to uninfected controls, but protein levels 
were higher as infection progressed in TB positive animals with lesions affecting 
multiple organs. The findings suggested that M. bovis manipulates the host 
immune response through the reduction of the production of immune system 
proteins. However, as infection progresses, wild boar immune response recovers, 
to limit pathogen multiplication and promote host animal survival, facilitating 
pathogen transmission.  
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Chapter III: Response to vaccination 

Chapter III.a reports a vaccination trial in farmed red deer, a significant 
economic activity in several countries [López V, Gonzalez-Barrio D, Lima-Barbero 
JF, Ortiz JA, Dominguez L, Juste R, Garrido JM, Sevilla IA, Alberdi P, de la Fuente J, 
Gortazar C. 2016. Oral administration of heat-inactivated Mycobacterium bovis 
reduces the response of farmed red deer to avian and bovine tuberculin. Vet. 
Immunol. Immunopathol. 172, 21-25]. Mycobacterial infections with members of 
the MTBC and those caused by members of the M. avium complex are a major 
constraint of the deer farming industry because of the direct losses and 
movement restrictions to infected herds. In this study, the effect of orally 
delivered heat-inactivated M. bovis in farmed red deer was characterized. The 
mean skin test response of immunized deer to both avian purified protein 
derivative (aPPD) and bovine PPD (bPPD) was consistently lower in immunized 
than in control hinds. One year after immunization, the immunized group showed 
a significant reduction in the skin test response to aPPD and in the ELISA antibody 
levels against both aPPD and bPPD. No significant change was observed in the skin 
test response to phytohaemagglutinin, or in the ELISA antibody levels against the 
M. bovis specific antigen MPB70. The mRNA levels for C3, IFN-γ and IL-1β and 
serum protein levels for IFN-γ and IL-1β did not vary between immunized and 
control deer. However, serum C3 protein levels were significantly higher in 
immunized than in control deer six months after immunization. These findings 
confirmed that oral heat-inactivated M. bovis did not sensitize farmed red deer 
and therefore did not cause false-positive responses in the tuberculin test. In 
addition, the study provided evidence that antigens from orally administrated 
inactivated M. bovis elicited an immune response in ruminants.  

Chapter III.b describes a vaccination trial in adult zebrafish, a useful model to 
study the pathophysiology of mycobacterial infection which could help to develop 
novel interventions for TB control and prevention [López V, Contreras M, Vicente 
J, Gortázar C, de la Fuente J. Heat-inactivated Mycobacterium bovis protects 
zebrafish against mycobacteriosis, submitted] Previous reports have confirmed 
that parenteral and oral immunization with the heat-inactivated M. bovis 
protected wild boar against TB. In this study, it was observed that immunization 
of zebrafish with a mycobacterial antigen from heat-inactivated M. bovis reduced 
fish mortality, mycobacterial infection levels, the number of mycobacteria per 
granuloma, and the number of granulomas in surviving fish against M. marinum 
challenge. Moreover, heat-inactivated M. bovis triggered the innate immune 
response through upregulation of C3. The negative correlation between the 
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mycobacterial and C3 levels suggests a role for the C3 in the protective mechanism 
elicited by M. bovis against mycobacterial infection in zebrafish. 
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Resumen 

Los patógenos intracelulares como Anaplasma spp. y Mycobacterium spp. son 
potencialmente riesgosos para la salud humana y animal. La función principal de 
la respuesta inmune del hospedador es la de eliminar el patógeno invasor. Sin 
embargo, las bacterias intracelulares han desarrollado mecanismos que alteran la 
función celular y la respuesta inmune para convertir las células de defensa en un 
ambiente idóneo para la propagación bacteriana. El estudio de los componentes 
de la respuesta inmune del hospedador frente a bacterias intracelulares nos 
ayudará a caracterizar sus funciones y desarrollar estrategias de control contra los 
patógenos. 

Capítulo I: Introducción general 

El capítulo I es un artículo de revisión [López V, Alberdi P, de la Fuente J. 
Intracellular bacteria Anaplasma and Mycobacterium species employ common 
strategies but different mechanisms for host infection, enviado], que es la 
introducción de esta tesis y en la cual se hace una revisión bibliográfica sobre la 
modulación de los procesos biológicos de la célula del hospedador por el 
patógeno en favor de la infección. Las bacterias intracelulares necesitan 
mecanismos eficientes a nivel molecular para sobrevivir y persistir dentro de un 
ambiente inadecuado. Esta revisión se enfoca en la interacción patógeno- 
hospedador, haciendo énfasis en la respuesta inmune del hospedador contra 
bacterias intracelulares.  

Capítulo II: Respuesta a la infección 

En el capítulo II.a se describe la coinfección natural de patógenos transmitidos 
por garrapatas y M. bovis en un rebaño de ovejas [López V, Alberdi P, Fernandez 
de Mera IG, Barasona JA, Vicente J, Garrido JM, Torina A, Caracappa S, Lelli RC, 
Gortazar C, de la Fuente. 2016. Evidence of co-infection with Mycobacterium bovis 
and tick-borne pathogens in a naturally infected sheep flock. Ticks Tick Borne 
Dis.7: 384-389]. Se encontraron altas prevalencias de A. ovis y Rickettsia spp. del 
grupo de las fiebres manchadas. En cinco de los doce animales seleccionados al 
azar para el estudio anatomopatológico, se observaron lesiones consistentes con 
el complejo M. tuberculosis (MTBC). Por espoligotipado, se confirmó la infección 
por el espoligotipo SB0339 de M. bovis. La expresión diferencial de los genes del 
sistema inmune respalda los hallazgos previos, además sugiere que la coinfección 
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con patógenos transmitidos por garrapatas y M. bovis en ovejas puede resultar en 
un único patrón de expresión génica. 

Capítulo II.b: Se estudian los niveles de proteínas del hospedador en garrapatas 
en respuesta a la infección con Anaplasma phagocytophilum [Villar M, López V, 
Ayllón N, Cabezas-Cruz A, López JA, Vázquez J, Alberdi P, de la Fuente J. 2016. The 
intracellular bacterium Anaplasma phagocytophilum selectively manipulates the 
levels of vertebrate host proteins in the tick vector Ixodes scapularis. Parasit. 
Vectors. 9: 467]. Los intestinos y glándulas salivales de las garrapatas tienen un 
papel importante durante: su alimentación y desarrollo; captación del patógeno, 
además de su multiplicación y transmisión. En intestinos de garrapatas 
alimentadas se hallaron proteínas del hospedador antes descritas en glándulas 
salivales de garrapatas tanto alimentadas como no alimentadas, sugiriendo un 
papel de estas proteínas durante la alimentación y desarrollo de la garrapata. La 
infección por el patógeno podría alterar los procesos metabólicos de la garrapata, 
modificando la digestión de las proteínas del hospedador para mantenerse en el 
vector, con posibles implicaciones en la fisiología de la garrapata y el ciclo de vida 
del patógeno. Los resultados de este estudio muestran una clara diferencia en el 
contenido de las proteínas del hospedador entre intestinos y glándulas salivales 
de garrapatas en respuesta a la infección. Esto sugiere que A. phagocytophilum 
maneja selectivamente los niveles de proteínas del hospedador en la garrapata, 
además de forma específica en los tejidos para facilitar la infección, multiplicación 
y transmisión del patógeno mientras la garrapata sobrevive, se alimenta y 
desarrolla. 

Capítulo II.c: Se presenta un estudio de proteómica sobre la respuesta inmune 
del jabalí euroasiático frente a la infección por M. bovis [López V, Villar M, Queirós 
J, Vicente J, Mateos-Hernández L, Díez-Delgado I, Contreras M, Alves PC, Alberdi 
P, Gortázar C, de la Fuente J. 2016. Comparative proteomics identifies host 
immune system proteins affected by infection with Mycobacterium bovis. PLoS 
Negl. Trop. Dis. 10: e0004541]. El jabalí euroasiático es reservorio natural del 
MTBC y es un modelo útil para el estudio de infecciones por micobacterias. La 
infección por micobacterias afecta la expresión de genes de la respuesta inmune 
innata y adaptativa en linfonodos y tonsilas, y se han propuesto biomarcadores 
correlacionados con la resistencia a la infección. En este trabajo se identificaron 
proteínas del sistema inmune, las cuales tienen una función importante en la 
respuesta del hospedador frente a la micobacteria. La proteína de enlace al calcio 
A9, peroxidasa hemo, lactotransferrina, catelicidina y la proteína de 
reconocimiento de glicanos, se encontraron subrepresentadas en jabalíes adultos 
positivos a tuberculosis (TB) comparados con los controles no infectados, sin 
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embargo, con el progreso de la enfermedad los niveles de estas proteínas 
aumentaron en animales con lesiones en múltiples órganos. Nuestros hallazgos 
sugieren que M. bovis manipula la respuesta inmune del hospedador reduciendo 
la producción de proteínas del sistema inmune. Sin embargo, a medida que 
avanza la infección, el sistema inmune del jabalí se recupera y limita la 
multiplicación del patógeno, favoreciendo la supervivencia del animal y esto a su 
vez facilita la transmisión del patógeno. 

Capítulo III: Respuesta a la vacunación 

En el capítulo III.a se presenta un ensayo de vacunación en ciervo rojo de 
granja, una actividad de gran importancia económica en varios países [López V, 
Gonzalez-Barrio D, Lima-Barbero JF, Ortiz JA, Dominguez L, Juste R, Garrido JM, 
Sevilla IA, Alberdi P, de la Fuente J, Gortazar C. 2016. Oral administration of heat-
inactivated Mycobacterium bovis reduces the response of farmed red deer to 
avian and bovine tuberculin. Vet. Immunol. Immunopathol. 172, 21-25]. 
Infecciones micobacterianas pertenecientes al MTBC y al complejo M. avium son 
un freno para la industria del ciervo rojo de granja, debido a las pérdidas directas 
y restricciones al movimiento de animales provenientes de rebaños infectados. En 
este estudio se caracterizó el efecto de la administración oral de M. bovis 
inactivada por calor en ciervo rojo de granja. Los promedios de la prueba cutánea 
de derivado proteico purificado aviar (aPPD) y bovino (bPPD) fueron inferiores en 
el grupo inmunizado que en el grupo control. Un año después de la inmunización 
en las ciervas inmunizadas se encontró una reducción significativa en la prueba 
cutánea de aPPD y en los niveles de anticuerpo en ELISA contra aPPD y bPPD. No 
se observaron diferencias significativas en la prueba cutánea para 
fitohemaglutinina, ni en los niveles de anticuerpo en ELISA contra el antígeno 
específico MPB70. Los niveles de ARNm de C3, IFN-γ e IL-1β, y los niveles en suero 
de IFN-γ e IL-1β no variaron entre los grupos inmunizado y control. Sin embargo, 
seis meses después del tratamiento los niveles de C3 en suero fueron 
significativamente más elevados en el grupo inmunizado que en el grupo control. 
Estos hallazgos confirman que la M. bovis inactivada por calor no sensibiliza al 
ciervo rojo de granja y además no da falsos positivos en la prueba cutánea de la 
tuberculina. En resumen, este estudio provee evidencia que los antígenos de la 
M. bovis inactivada por calor administrada oralmente desencadenan una 
respuesta inmune en rumiantes. 

Capítulo III.b: Se describe un ensayo de vacunación en peces cebra adultos, un 
modelo útil para el estudio de la fisiopatología frente a infecciones 
micobacterianas que podría ayudar al desarrollo de nuevas estrategias para el 
control y prevención de la TB [López V, Contreras M, Vicente J, Gortázar C, de la 
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Fuente J. Heat-inactivated Mycobacterium bovis protects zebrafish against 
mycobacteriosis, enviado]. Estudios anteriores han confirmado que la 
inmunización parenteral y oral con M. bovis inactivada por calor protege al jabalí 
contra la TB. En este estudio se observó que la inmunización con M. bovis 
inactivada por calor disminuye la mortalidad y niveles de infección en peces 
retados con M. marinum. Además, el número de micobacterias por granuloma y 
el número de granulomas en peces sobrevivientes fue menor en el grupo 
inmunizado que en el grupo control. Por otra parte, la M. bovis inactivada por 
calor desencadena una respuesta inmune a través de la sobre regulación de C3. 
La correlación negativa entre los niveles de micobacterias y C3, sugiere que esta 
proteína tiene un papel en los mecanismos de protección inducidos por M. bovis 
inactivada por calor contra infecciones por micobacterias en pez cebra.  
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Chapter I. 

Introduction 

López V, Alberdi P, de la Fuente J. 2017. Intracellular bacteria Anaplasma and Mycobacterium 
species employ common strategies but different mechanisms for host infection. Submitted. 
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but different mechanisms for host infection  

Vladimir López1, Pilar Alberdi1*, José de la Fuente1,2* 

1SaBio. Instituto de Investigación en Recursos Cinegéticos IREC (CSIC-UCLM-JCCM), 13005 
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Intracellular bacteria such as Anaplasma spp. and Mycobacterium spp. pose a risk to human 
and animal populations worldwide. The main function of immune response cells is to eliminate 
invading pathogens. However, pathogens can deregulate host cell function and turn defense 
cells into suitable hosts. Intracellular bacterial have a smaller genome, compared to the host 
cell, thus requiring efficient mechanisms for survival and persistence within the host by inducing 
sustained changes in cell function and immune response. Bacterial epigenetic regulation of host 
cell gene transcription appears to be a general mechanism that enhances pathogen survival 
while altering host cell function and facilitating infection. A. phagocytophilum leads to modified 
host cell gene transcription and phenotype by epigenetically altering host chromatin. 
Mycobacterial infection of human cells also results in host gene silencing using a mechanism 
that involves HDAC complex formation and histone deacetylation. Membrane proteins are 
essential for cell invasion in both pathogens, and can regulate and protect the pathogen against 
the host response. Understanding the mechanisms employed by these bacteria to infect the 
host could contribute to develop effective interventions for the control of tuberculosis and 
anaplasmosis. This review focuses on the common strategies employed by two zoonotic 
pathogens, Anaplasma and Mycobacterium spp., highlighting also the different mechanisms 
used to infect host cells. 

Keywords: Anaplasma, Mycobacteria, immunology, infection, tuberculosis 

1. Introduction

Ticks and tick-borne diseases represent a 
growing problem for human and animal 
health worldwide whereas tuberculosis 
continues to be a global burden in both 
human and animal populations [1,2]. 
Pathogenic organisms have evolved host 
mimicking properties and manipulate host 
responses for their own survival and 
propagation. To successfully establish and 
maintain a bacterial infection, the pathogens 
subvert the host cells defense response to 
survive, proliferate, and persist within the 
infected cell. To evade host defense systems, 
bacterial pathogens produce a variety of 
virulence factors that stimulate bacterial 

adherence and invasion and subvert host cell 
signaling cascades that regulate intracellular 
microbial survival and trafficking. Some of 
these mechanisms are mediated by factors 
released by the bacteria, whereas others rely 
on hijacking host components to prevent the 
production of an effective immune response 
thus promoting their survival within the host 
cell [2,3]. Intracellular bacteria from 
Anaplasma and Mycobacterium genera 
produce similar genes expression patterns in 
infected ruminants [4]. Pathogen and host-
specific differences could contribute to 
disease diagnosis and treatment of 
tuberculosis and anaplasmosis in ruminants. 
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In this review, we provide an overview of 
some of the mechanisms employed by 
Anaplasma and Mycobacterium to infect the 
host cell and the impact on their 
pathogenesis. 

2. Anaplasma phagocytophilum, an
intracellular bacterium with unusual tropism 

The emergence of tick-borne pathogens has 
been promoted by the exploitation of 
environmental resources and the increase in 
human outdoor activities, allowing the 
contact with tick vectors normally present in 
the field [5]. Anaplasma phagocytophilum is 
an obligate intracellular rickettsial pathogen 
transmitted mainly by Ixodes spp. ticks 
causing human granulocytic anaplasmosis 
(HGA), equine, and canine granulocytic 
anaplasmosis, and tick-borne fever (TBF) in 
ruminants [6]. In the vertebrate host, A. 
phagocytophilum infects neutrophils where 
the pathogen multiplies within a 
parasitophorous vacuole or morula in the 
cytoplasm of tick and vertebrate host cells 
[7,8]. These gram-negative bacteria are 
grouped within the family Anaplasmataceae 
[3]. Complications and fatality are rare but 
more common in the elderly, the 
immunocompromised, or if proper diagnosis 
and/or antibiotic therapy are delayed. 
Fatalities are usually not directly attributed 
to the infection itself, pathological findings 
suggest defects in host defence and the 
presence of secondary infections [9]. 
However, the severity of illness and fatality 
rates could also be due to underlying 
immunosuppression. 

Anaplasma is a highly antigenically variant 
bacterial pathogen that displays a diversity 
of mechanisms to create the structural and 
antigenic variation necessary to escape the 
immune response and allows long-term 
persistence in the host thus being able to act 
as a reservoir for transmission. A. 
phagocytophilum strategies to infect 
vertebrate host cells include, amongst 
others, remodelling of the cytoskeleton, 
inhibition of cell apoptosis, manipulation of 
the immune response and modification of 

cell epigenetics and metabolism [10]. Hosts 
respond to infection by activating alternative 
pathways to regulate cell apoptosis, 
immunity, metabolism and stress response 
mediated by heat-shock proteins (Hsps) [1]. 
Unlike other bacteria, A. phagocytophilum is 
aflagellated and does not have a type III 
secretion system (T3SS) [11,12]. 

Pathogens subvert cellular immune response 
to favour infection and multiplication. Host 
cell transcriptome and proteome studies 
have demonstrated an effect of A. 
phagocytophilum infection on the inhibition 
of cell innate immunity [13–15]. They employ 
a variety of mechanisms to create the 
structural and antigenic variation needed to 
subvert the host immune system and long-
term persistence [3]. A. phagocytophilum 
also employs a type IV secretion system 
(T4SS) to deliver proteins or DNA into 
eukaryotic cells [16]. It also inhibits host cell 
apoptosis to allow the bacteria sufficient 
time to develop morulae [17]. 

Adaptation to a life in eukaryotic cells and 
transmission between hosts has been 
assisted by the deletion of many genes that 
are present in the genomes of free-living 
bacteria, including genes required for the 
biosynthesis of lipopolysaccharide and 
peptidoglycan that are involved in the 
activation of host leukocytes [18]. 

P44 (also known as MSP2) is a highly variable 
immunodominant surface protein that 
facilitates adherence to granulocytes [19]. 
The genome of Anaplasma consists of more 
than 100 msp2(p44) paralogs [20]. 
Antibodies specific to P44 inhibit A. 
phagocytophilum infection in mice and HL-
60 cells, which suggests that antigenic 
variation of P44 proteins may help A. 
phagocytophilum to escape host immune 
surveillance [3]. Some Anaplasma strains are 
naturally persistent in lambs and can be used 
to analyze the mechanisms of persistence in 
the vertebrate host. Variation of the outer 
membrane protein MSP2(P44) is believed to 
play a key role in persistence of the organism 
[21]. 

Vladimir López - PhD Thesis

11



A. phagocytophilum can avoid killing by 
innate immunity but it also induces some 
innate immune responses, such as the 
production of IFN- γ, that contribute to tissue 
injury and disease [22]. Signal transducer and 
activator of transcription 1 (Stat1) is 
important in host innate and adaptive 
immune responses to intracellular 
pathogens, including intracellular bacteria 
[23]. It mediates most of the biological 
functions of both type I interferon (IFNα/β) 
and type II IFN (IFNγ). A. phagocytophilum 
infection-induced IFNγ signalling leads to 
phosphorylation of Stat1 in mice and is 
critical for the generation of protection [24]. 
Experimental infections with mice have 
demonstrated that the absence of Stat1 
converts the subclinical infection to a severe 
one [22] suggesting that Stat1 plays an 
important role in controlling the response to 
bacterial infections. Stat1 also participates in 
the IFN-γ signaling of mycobacterial 
immunity. IFN-γ signaling provides positive 
feedback to both macrophages and CD4+ T-
cells, which amplifies the Th1 response [25]. 
Suppressor of cytokine signaling (SOCS) 
expression has been implicated in 
intracellular survival of A. phagocytophilum 
in neutrophils where expression of IFN-γ 
receptor alpha-chain CD119 is diminished 
leading to reduced Stat1 dimerization and 
signaling [26]. 

In neutrophils, the genes most 
downregulated in response to A. 
phagocytophilum infection include those 
coding for proteins involved in bacterial 
killing such as myeloperoxidase, transferrin, 
bactericidal/permeability-increasing protein 
and cell protection (mucin 12).  Immune-
system-related genes encoding interferons, 
cytokines, chemokines, and their receptors 
are upregulated in response to infection [13–
15]. This suggests that pathogens have 
developed mechanisms to subvert the innate 
immune protective mechanisms in 
vertebrate hosts. However, some species can 
activate innate immune protective 
mechanisms to control infection and appear 
to play a minor role as reservoir hosts for the 

pathogen [27]. For instance, pigs naturally 
and experimentally infected with A. 
phagocytophilum control bacterial infection 
through activation of innate immune 
responses, phagocytosis, and autophagy [28] 
resulting in low infection levels or infection 
clearance. 

A. phagocytophilum, a pathogen lacking the 
T3SS and flagellin, activates the NLRC4 
inflammasome (a component of the innate 
immune system) and secretion of IL-1β [29]. 
IL-18 release mediated by the NLRC4 
inflammasome regulates IFN-γ production by 
CD4+ T cells upon A. phagocytophilum 
infection [30]. The receptor-interacting 
serine/threonine-protein kinase 2 (RIPK2) 
appears to be a major regulator of the 
immune response against A. 
phagocytophilum. Ripk2-/- immune cells 
exhibit a defect in activation for the nuclear 
factor (NF)-κB and the NLRC4 inflammasome 
pathways [29]. Furthermore, experimental 
mice lacking COX2 (cyclooxygenase 2) are 
more susceptible to A. phagocytophilum, 
they don´t secrete IL-18 and exhibit 
splenomegaly and damage to the splenic 
architecture [29]. 

A. phagocytophilum transiently infects bone-
marrow derived macrophages (BMDMs) [31]  
and clinical features in animal models and 
infected patients suggest classical 
macrophage activation [32]. Deep 
sequencing analysis of experimentally 
infected macrophages indicated that the 
transcription of genes that encode for 
phospholipase A2 (pla2g12a, pla2g5 and 
pla2g2e), COX2 and PGE synthase (ptges) 
was increased upon A. phagocytophilum 
infection [29]. 

A. phagocytophilum use heat shock proteins 
(Hsps) for infection of vertebrate host cells 
[33,34]. Host cells can also activate Hsps in 
response to infection [35–37]. The 
mammalian immune response against 
pathogen Hsps to control infection may 
trigger a detrimental autoimmune response 
to host Hsps [35,36,38]. However, recent 
evidence suggests that hosts may benefit 
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from induction of Hsps in response to 
pathogen infection [1]. A mutant strain of 
Mycobacterium tuberculosis, that 
constitutively over produced Hsp70 proteins, 
was fully virulent in the initial stage of 
infection, but its survival was reduced in the 
chronic phase. This suggests that induction 
of microbial genes encoding Hsps might 
provide a novel strategy to boost the 
immune response of individuals with latent 
infections [39]. 

How A. phagocytophilum interacts with the 
mammalian immune system is still unclear. 
Both T and B cells have been shown to play 
important roles in the control and clearance 
of A. phagocytophilum [40,41]. CD4+ T cells 
and T-helper 1 (Th1) play a key role in the 
immune response to the infection of A. 
phagocytophilum [30,42]. IFNγ, IL-12, and IL-
18 also play important roles in the early 
clearance of A. phagocytophilum [30,43]. 
Well-known anti-bacterial innate immune 
detection system such as TLR2, TLR4, and 
their adaptor MyD88 appear to play no role 
in the immune response to A. 
phagocytophilum infection [41]. Some 
studies suggest that signalling through the 
Nod Like Receptor (NLR) family member IPAF 
(NLRC4), its adaptor ASC, and Caspase-1 is 
critical for the control of A. phagocytophilum 
infection during the early phase of infection 
[30]. 

Rip2 has been previously shown to play an 
essential role in the immunity against various 
intracellular pathogens including 
Mycobacterium tuberculosis [44]. Rip2 also 
plays an important role in the control of A. 
phagocytophilum infection [44]. A. 
phagocytophilum infection upregulates Rip2, 
the adaptor molecule of the cytoplasmic 
pattern recognition receptor Nod1 and 2 in 
immune cells [45]. Following peptidoglycan 
detection, Nod1/Nod2 recruit and associate 
with the adaptor protein Rip2, triggering 
proinflammatory signaling pathways via NF-
κB and the mitogen-activated protein (MAP) 
kinases p38, JNK, and ERK [46]. IL-8, a major 
inflammatory chemokine, is heavily induced 

during A. phagocytophilum infection in 
humans [47]. Trafficking of neutrophils to 
the sites of infection is induced by this 
chemokine and Rip2, which appears to play 
an important role in neutrophil recruitment 
in vivo [48]. IFN-γ, another inflammatory 
cytokine, plays a major role in the immune 
pathology and early clearance of A. 
phagocytophilum infection [43]. It is also 
known that an adaptive CD4+ T cell mediated 
response is critical for the complete 
clearance of A. phagocytophilum infection 
[42]. Previous reports have shown the 
importance of natural killer (NK) cells, NKT 
cells [49] and CD4+T cells [42] in the IFNγ 
production and host defence to A. 
phagocytophilum infection (Figure 1). 

Using oligonucleotide array technology [50], 
it was observed that genes involved in the 
immune response were modulated in 
neutrophils infected with A. 
phagocytophilum. Among the genes that 
were most upregulated in the early 
transcriptional response to infection in 
neutrophils were cytokines, chemokines, 
and their receptors (e.g., CCL3, CCL3L3, IL-8, 
IL-1β, and CXCR4). 

The major adipocyte lipid droplet-associated 
phosphoprotein perilipin (PLIN) is 
upregulated in HL60 infected cells. Both 
protein and mRNA levels were higher in 
infected cells and the over expression of PLIN 
was parallel with bacterial infection levels 
[51]. Furthermore, PLIN knockdown resulted 
in a reduction of A. phagocytophilum 
infection in HL60 cells, suggesting the 
bacteria modulate host lipid metabolism to 
infect and multiply in the host cell [51]. 

In THP-1 cells, A, phagocytophilum infection 
displays an upregulation of histone 
deacetylates 1 and 2 (HDAC1 and HDAC2), 
while protein levels exhibit a similar kinetic 
pattern for both HDACs. Moreover, 
pharmacological inhibition of HDAC and 
HDAC1 silencing reduced the level of 
bacterial infection in THP-1 cells [52]. 
Mycobacterial infection of THP-1 cells 
specifically inhibits HLA-DR gene expression 
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by a pathway involving HDAC complex 
formation at the HLA-DR promoter, resulting 
in histone deacetylation and gene silencing 
[53]. 

Proteins secreted by bacteria are involved in 
many important tasks and they account for 
many of the virulence factors of pathogens. 
Outer membrane protein A (OmpA), also 
known as peptidoglycan-associated 
lipoprotein, is conserved among most Gram- 
negative bacteria and interacts with 
peptidoglycan to maintain outer membrane 
integrity [54]. The expression of OmpA 
increases in the early stages of infection. 
OmpA is presented on the pathogen’s 
surface and is upregulated during invasion of 
HL-60 cells. Sera from HGA patients and 
experimentally infected mice recognize 
recombinant OmpA. Pretreatment of A. 
phagocytophilum organisms with OmpA 
antiserum reduces their ability to infect HL-
60 cells [54]. 

A. phagocytophilum uses surface proteins 
invasins OmpA, Asp14, and AipA to bind and 
infect mammalian hosts [55,56]. OmpA 
interacts with α1,3-fucose, which is critical 
for the bacteria to bind host cell surfaces and 
invade them. OmpA, Asp14, and AipA play 
essential roles in the A. phagocytophilum 
lifecycle [54,55,57]. Directing the immune 
response to their binding domains could 
enhance protective efficacy. It has been 
observed that an antibody cocktail specific 
for the OmpA, Asp14, and AipA binding 
domains blocked A. phagocytophilum 
infection of host cells [56]. This finding could 
help the development of an anti-multi-
invasin vaccine to protect against human and 
veterinary granulocytic anaplasmosis or 
even against other obligate intracellular 
pathogens such as Mycobacterium spp. since 
they also use multiple invasins to enter host 
cells [58]. 

MSP1a and MSP1b from Anaplasma 
marginale have been shown to be adhesins 
for host cells [59]. Studies on the 
immunogenicity of recombinant BCG 

expressing the MSP1a antigen suggested 
that the immune responses were influenced 
by the level of antigen expression [60]. These 
results indicated that recombinant M. bovis 
BCG expressing MSP1a could be used to test 
for protective antibody production for the 
control of anaplasmosis. 

The A. phagocytophilum genome encodes a 
type four secretion system (T4SS) that may 
facilitate intracellular survival by 
translocation of virulence factors that appear 
to be important for the manipulation of the 
host cell. Ankirin A (AnkA) is a translocated 
virulence factor that is tyrosine-
phosphorylated by host cell kinases upon 
translocation into the host cell early during 
infection [16,61]. 

Anaplasma translocation substrate 1 (Ats-1) 
protein belongs to T4SS of Anaplasma, which 
is secreted and localizes into the 
mitochondria of human neutrophils and 
HL60 cells. Ats-1 translocates to the host cell 
mitochondria matrix via the translocase of 
the outer mitochondrial membrane (TOM) 
complex. Transfection assays with RF/6A and 
yeast cells demonstrated that Ats-1 inhibits 
etoposide and Bax-induced apoptosis 
respectively [62] thus facilitating pathogen 
survival. 

In mammalian cells, A. phagocytophilum 
activates extracellular signal-regulated 
kinase (Erk)1/2, a key protein of the MAP 
kinase pathway [50,63]. AptA (Anaplasma 
phagocytophilum toxin A, formerly named 
APH_0233) stimulates Erk1/2 
phosphorylation in HL60 and HEK293 cells 
[64]. Furthermore, AptA interacts with 
vimentin, and gene silencing and inhibitory 
enzymatic assays in HL60 cells and 
neutrophils respectively, demonstrated that 
vimentin is necessary for Erk1/2 activation 
and Anaplasma infection [64]. 

Anaplasma inclusions have a double-lipid 
bilayer membrane, and induce 
autophagosome formation in the host cell. 
Also, beclin 1 and light chain 3 (LC3) proteins 
that plays a central role in autophagy are 
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colocalized bacterial replicative inclusions. 
Furthermore, assays of inhibition and 
induction of this catabolic mechanism in 
HL60 infected cells demonstrated that 
autophagy benefits infection, rather than 
elimination [65]. [66] described that 
induction of autophagy in host cells is 
mediated trough beclin 1 (Becn1) that binds 
Ats-1 to supply nutrients for pathogen 
growth. Additionally, gene silencing of Becn1 
inhibits infection in mammalian cells [66]. 

3. The Mycobacterium tuberculosis complex,
a global burden for human and animal health 

Macrophages play a central role in the first 
line of defence against pathogenic 
microorganisms, however, they are also the 
key target cells for mycobacteria. The 
bacteria can live and replicate inside the 
macrophages, thus evading the innate 
immune response against infection of the 
host through immunosuppression and 
immune evasion [53]. Co-evolution of M. 
tuberculosis with its hosts has enabled the 
pathogen to develop host immune evasion 
strategies that interfere with both innate and 
adaptive immunity. These include the 
manipulation of their phagosome within 
host macrophages, the avoidance of pattern 
recognition receptors, the modulation of 
host cytokine production, and the 
manipulation of antigen presentation to 
prevent or alter the quality of T-cell 
responses [67]. Other mechanisms include 
interference with phagosomal acidification 
and trafficking, blocking autophagy and 
apoptosis-mediated killing, perturbing 
calcium signaling, and inhibiting the 
inflammasome activation in order to 
modulate the host immune responses. 
Manipulation of these host pathways is 
achieved by bacterial components such as 
cell wall lipids, serine threonine kinases, 
phosphatases and proteases, and using 
specialized secretion systems. 

The outcome of infection with 
Mycobacterium tuberculosis depends on the 
ability of the immune response to clear or 

contain the infection. When this fails, the 
bacterium replicates, disseminates within
the host, and elicits a pathologic 
inflammatory response. Individuals infected 
with M. tuberculosis develop mainly CD4 T 
cell responses to protein components of M. 
tuberculosis, an immune response that can 
persist for years. Infections with 
mycobacteria are characterized by their 
chronic course and, even with an adequate 
immune response, they can persist inside 
macrophages. Progression to active disease 
is possible even decades after exposure [68] 
and is typically triggered by immune 
compromise. Although the bacteria are 
concealed within the infected macrophage, B 
cells and antibodies also play a role on the 
immune response to intracellular bacteria 
and are likely to be important in the control 
of M. tuberculosis [69]. In addition, B cells are 
a major cellular component of the 
granuloma (an important mechanism of host 
defense against tuberculosis) where they can 
process and present antigen to T cells, 
secrete antibodies, and modulate 
inflammation through the production of IL-
10 [70]. In vitro human B cells have been 
shown to ingest mycobacteria, produce IgM, 
and upregulate the expression of the 
costimulatory molecules CD80 and CD86 and 
the chemokine CXCL10 [71]. The human CD4 
T cell response exhibits Th1- response 
characteristics [72]. 

Mycobacteria have a distinct secretion 
system, named type VII (T7SS or ESX), which 
is associated with virulence and 
pathogenesis, including growth in 
macrophages [73] and antigen presentation. 
This system is encoded by a locus that is 
deleted in attenuated strains of M. bovis 
(bacille Calmette–Guérin (BCG) strains), 
which are used to vaccinate against 
tuberculosis [74]. 

IL-8 is a chemokine with a significant role in 
regulating leukocyte influx in TB. In vivo 
studies have shown that pre-treatment with 
anti-IL-8 alone inhibits mycobacterial 
granuloma formation  [75]. IL-8 is involved in 
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attracting neutrophils and T cells and in 
monocyte recruitment [76]. Targeting IL-8 
secretion during inflammation could be the 
subject for new therapeutic approaches [77]. 

Mycobacterial components can activate 
MAP kinase signalling cascades but this 
activation varies depending on the species of 
Mycobacterium. For instance, it appears to 
be diminished in macrophages infected with 
pathogenic strains of M. avium [78]. 

IFN-γ is a Th1 cytokine that plays a vital role 
in the protective immune response against 
M. tuberculosis infection [2]. In cattle, IFN-γ 
is produced predominately by activated CD4 
T cells following presentation of M. bovis 
antigens on the surface of antigen presenting 
cells (APCs) [79]. IL-10 is released following 
phagocytosis of pathogenic mycobacteria 
[80]  and has been shown to inhibit the pro-
inflammatory cytokine response through 
down regulation of IL-12 and IFN-γ [81,82]. 
Increased IL-10 levels appear to correlate 
with progression of infection in a bovine 
tuberculosis model [83] (Figure 1). 

Nod proteins and their adaptor molecule 
Rip2 are key components of a family of 
cytosolic innate immune pattern recognition 
receptors [84]. Nod2 triggers cytokine 
production by dendritic cells in response to 
live M. tuberculosis, but is not essential to 
control infection [85]. 

M. tuberculosis can use the TLR2 pathway to 
modify the host environment [86]. The 
adaptor molecule myeloid differentiation 
factor-88 (MyD88) appears to play a 
significant role in the pathogenesis of 
Mycobacterium. Mice lacking MyD88 are 
highly susceptible to M. tuberculosis 
infection, with a mean time to death of 
approximately 42 days. 

Glycolipids are one of the most common cell 
surface components of macrophages and 
dendritic cells. They interact with 
intracellular bacteria, estimulating the host 
immune response [87]. LprG (Rv1411c), a cell 
membrane lipoprotein essential for M. 
tuberculosis virulence, binds to the acyl 

groups of lipoglycan [88]. In murine 
macrophage cells (RAW 264.7), LprG is 
essential for macrophage entry and 
inhibition of phagosome - lysosome fusion. 
Also, it has been described that LprG has a 
significant role in the production of 
lipoglycan Lipoarabinomannan (LAM), one of 
the major cell surface components of M. 
tuberculosis [87,89]. LprI is another 
lipoprotein used by M. tuberculosis to bind 
and inhibit the lytic activity of lysosomes 
[90]. 

Mycolic acids are major components of the 
outer membrane of M. tuberculosis. HadC 
(Rv0637) contributes to mycolic acids 
biosynthesis and its mutation or silencing is 
directly related to the loss of M. tuberculosis 
virulence [91]. 

M. tuberculosis encodes the serine protease 
Rv2224c (Hip1) that is present on the cellular 
membrane [92]. In primary macrophages, 
silencing of Hip1 notably decreased 
mycobacterial growth compared to the wild 
type bacteria. Moreover, levels of cytokines 
(TNF-α, IL-1β, IL-6) were increased in 
macrophages infected with wild-type M. 
tuberculosis compared to the mutant Hip1 
M. tuberculosis [93]. The stress-induced 
protein GroEL2 is a substrate for Hip1 [92]. 
Hip1 appears to limits dendritic cells cytokine 
secretion and through under modulation of 
CD40 and CD86, it could affect dendritic cell 
maturation, and decrease antigen 
presentation to CD4 T cells [94]. 

Transcriptional assays have shown that M. 
tuberculosis infection of human monocytes 
activate the MAPK pathway to promote over 
expression of IL-23, that is involved in the 
modulation of Th1/Th17 cells [95]. In 
addition, it has been reported that the 
bacteria may suppress the differentiation of 
monocytes into dendritic cells through the 
release of IL-10 [96]. 

Intracellular bacteria can manipulate host 
gene expression through epigenetic 
modifications to help infection and survival 
inside the host cell. Ghorpade et al. (2013) 
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described that M. bovis bacillus Calmette- 
Guérin (BCG) modify epigenetically nitric 
oxide and KLF4 to restrain the class II 
transactivator (CIITA) and MHC-II expression 
thereby eluding immune surveillance. 
Evidence supports that M. tuberculosis 
infection in THP1 cells induces 
overexpression of HDAC1, which is 
implicated in the downregulation of IL-12B 
that plays a key role in the Th1 response [98]. 

Lsr2 is a M. tuberculosis protein with histone-
like features, including the ability to regulate 
a variety of transcriptional responses in 
mycobacteria. Lsr2 protects mycobacteria 
against reactive oxygen intermediates (ROI) 
in vitro and during macrophage infection 
shielding bacterial DNA by binding to it [99] 
suggesting it could be a good candidate as a 
drug target. 

4. Conclusions

Intracellular bacteria such as Anaplasma and 
Mycobacterium use similar mechanisms to 
infect vertebrate host cells. These strategies 
include manipulation of the immune 
response, subversion of phagocyte cells and 
the use of proteins for infection and 
manipulation of host gene expression. 
Nevertheless, different pathogens have 
evolved specific strategies when infecting 
their hosts. Abundantly expressed proteins 
are often the primary targets of research, 
however less prominently expressed 
antigens may have equally good or even 
superior vaccine potential. Research into the 
antigen catalogue available for immune 
recognition of infected cells could provide 
new directions for antigen discovery and 
vaccine development. 
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Figure 1. A. phagocytophilum and M. tuberculosis employ common strategies but different 
mechanisms to infect host cells: Nod proteins activate NF-κB through the serine–threonine 
kinase Rip2. NF-κB is translocated to the nucleus and stimulates cytokine expression. Secretion 
of IL-8 stimulates neutrophil and T cell migration. Stat1 participates in the IFN-γ signaling of 
intracellular bacteria (A). Neutrophil infected with A. phagocytophilum: IFN-γ contributes to 
tissue injury and disease. AnkA is secreted by the bacteria and translocates to the nucleus of 
infected cells regulating host cell transcription facilitating intracellular bacterial survival and 
growth. (B). Macrophage infected with M. tuberculosis: IFN-γ activates macrophage 
phagocytosis killing intracellular bacteria. TNF-α attracts macrophages and lymphocytes at the 
site of infection and promotes granuloma formation thus resulting in limited antigen 
presentation. 
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Hypothesis 

Host genes and proteins that are differentially regulated during the infection 

and immunization with intracellular bacteria of the genera Anaplasma and 

Mycobacterium can be involved in the regulation of the immune response system. 

General objective 

To characterize the function and possible application of the molecules 

differentially regulated in the host during infection and immunization with 

Anaplasma and Mycobacterium species. 

Specific objectives 

• To characterize the regulation of the molecules involved in the

host immune response to the natural and experimental infection with 

Anaplasma spp. and Mycobacterium tuberculosis complex spp. 

• To evaluate the immune response in vertebrate hosts vaccinated

with a heat inactivated Mycobacterium bovis vaccine. 

• To assess the mechanisms of protection elicited by the heat

inactivated Mycobacterium bovis vaccine against species of the 

Mycobacterium tuberculosis complex. 
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a b s t r a c t

Ticks are responsible for the transmission of pathogens of veterinary importance, including those affecting

sheep. The current study was designed to investigate co-infections with tick-borne and other pathogens

in a naturally infected sheep flock with poor health condition using serology and PCR. Infection with

Anaplasma ovis was detected by serology and PCR in 56% of the animals. The presence of Rickettsia spp.

of the Spotted Fever Group (SFG) was detected by PCR and sequence analysis in 31% of the animals. All

the animals were negative for Anaplasma phagocytophilum either by serology or PCR. Twelve sheep were

randomly selected for anatomopathological studies. Five of these animals presented lesions consistent

with Mycobacterium tuberculosis complex (MTBC) infection and spoligotyping confirmed infection with

Mycobacterium bovis spoligotype SB0339. Co-infection with tick-borne pathogens and MTBC could con-

tribute to the poor health condition observed in these animals but other uncontrolled factors may also

be responsible. The differential expression of immune response genes supported previous findings in

ruminants and suggested that infection with tick-borne pathogens and M. bovis may results in unique

gene expression patterns in sheep. The results underline the need for further research into the possible

role of sheep in the epidemiology of animal tuberculosis.

© 2015 Elsevier GmbH. All rights reserved.

Introduction

Ticks are obligate blood-sucking arthropods that parasitize

vertebrates and are distributed throughout the world. Ticks can

transmit a broad range of infectious agents (viruses, bacteria, para-

sites) of veterinary importance and, after mosquitoes, are the

most important vectors of diseases for humans (Parola and Raoult,

2001). In sheep, ticks transmit pathogens causing diseases such

as tick-borne fever (Anaplasma phagocytophilum), anaplasmosis

(Anaplasma ovis), theileriosis (Theileria spp.), babesiosis (Babesia

spp.) and acute hemorrhagic gastroenteritis (Nairobi sheep dis-
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ease virus) (Schnittger et al., 2004; de la Fuente et al., 2007; Torina

et al., 2008; Gong et al., 2015). However, tick-borne pathogen

co-infections and possible interactions with non vector-borne

pathogens have not been well described in ruminants (Galindo

et al., 2010).

The current study was designed to characterize co-infection

with tick-borne pathogens in a sheep flock from Castilla-La Man-

cha (Spain). The possible interaction with non tick-borne pathogens

of the Mycobacterium tuberculosis complex (MTBC) was also con-

sidered, as Mycobacterium bovis is endemic in the area (Vicente

et al., 2013). The infection with M. bovis is infrequently diagnosed

in sheep although clinical cases have been described previously

(Houlihan et al., 2008; Muñoz-Mendoza et al., 2012). In specific

regions, sheep are regarded as part of the MTBC maintenance host

community (Muñoz-Mendoza et al., 2015). The results of the study

showed co-infection with tick-borne pathogens and M. bovis and

provided new information for designing effective control strategies

for MTBC and tick-borne pathogens in sheep.

http://dx.doi.org/10.1016/j.ttbdis.2015.12.013

1877-959X/© 2015 Elsevier GmbH. All rights reserved.
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Table 1
Oligonucleotide primers and PCR conditions used for the detection of tick-borne pathogens.

Pathogen Gene Primer sequences (5′–3′) Annealing conditions Amplicon size (bp)

A. phagocytophilum Major surface

protein 4 (msp4)

MSP4-L: CCTTGGCTGCAGCACCACCTG 55 ◦C, 60 s 344

MSP4-R: TGCTGTGGGTCGTGACGCG

A. ovis Major surface

protein 4 (msp4)

MSP4-5: GGGAGCTCCTATGAATTACAGAGAATTGTTTAC 60 ◦C, 30 s 849

MSP4-3: CCGGATCCTTAGCTGAACAGGAATCTTGC

Rickettsia spp. 16S rRNA fD1: AGAGTTTGATCCTGGCTCAG 54 ◦C, 30 s 416

Rc16S-452n: AACGTCATTATCTTCCTTGC

Rickettsia spp Bar29 ATP synthase

alpha subunit (atpA)

atpA-F: ACATATCGAGATGAAGGCTCC 48 ◦C, 30 s 731

atpA-R: CCGAAATACCGACATTAACG

Rickettsia spp. Outer membrane

protein B (ompB)

ompB-F: GGGTGCTGCTACACAGCAGAA 53 ◦C, 30 s 618

ompB-R: CCGTCACCGATATTAATTGCC

Rickettsia spp. recA recA-B: TGCTTTTATTGATGCCGAGC 52 ◦C, 30 s 428

recA-R: CTTTAATGGAGCCGATTCTTC

Materials and methods

Ethics statement

Sampling was conducted complying with the current Spanish

legislation, and designed and developed by scientists (B and C ani-

mal experimentation categories) in accordance with EC Directive

86/609/EEC and RD 1201/2005 for animal handling and experimen-

tation.

Animals and sampling

From February to April 2014, we started an investigation into

pathogen infection of a flock of sheep (Manchego breed) from a

local farm in the province of Ciudad Real, Spain. For the control

of external and internal parasites, Ivermectin was regularly inoc-

ulated subcutaneously in spring and summer and the flock also

received a cypermethrin dip-bath treatment twice during the sum-

mer. Fifty animals (Table S1) were randomly selected and blood

was collected by the farmer’s veterinary service into sterile tubes

with EDTA and without anticoagulant and kept at 4 ◦C until arrival

at the laboratory. Serum and Buffy coat were separated after cen-

trifugation and stored at −20 ◦C and −80 ◦C, respectively until used

for serological or DNA/RNA studies. Then, another 12 randomly

selected adult female sheep from the same flock were submitted

to the laboratory for necropsy. Serum and Buffy coat samples were

also collected for DNA/RNA studies. Peripheral blood from these

animals was used to prepare blood smears that were air-dried and

stained by Diff-Quik (QCA, Tarragona, Spain) following manufac-

turers recommendations.

Analysis of serum antibodies

Antibodies for Anaplasma spp. were detected using a compet-

itive enzyme-linked immunoassay (cELISA, VMRD, Pullman, WA,

USA). Samples having <30% inhibition were considered negative

(Torioni De Echaide et al., 1998).

Immunofluorescence antibody assay for A. phagocytophilum,

based on A. phagocytophilum HGE-1 isolate antigens derived from

HL-60 cells, was performed using Fuller Laboratories kits (Fullerton,

CA, USA) according to the manufacturer’s instructions but adapted

to sheep using FITC-conjugated anti-sheep antibodies (Sigma, St.

Louis, MO, USA). An antibody titre of 1:80 or greater was considered

positive for A. phagocytophilum antigen.

PCR detection of pathogens

Total DNA was extracted from blood samples using a REALPURE

Spin Kit (Durviz, Madrid, Spain) according to manufacturer’s

instructions. For the detection of Anaplasma and Rickettsia spp.,

2 �l of DNA was used with 20 pmol of each primer (Table 1), in

a 50 �l reaction PCR Master Mix (Promega, Madison, WI, USA)

using a GeneAmp PCR System 2700 thermocycler (Applied Biosys-

tems, Carlsbad, CA, USA). PCR products were electrophoresed on

1% agarose gels to check the size of the amplified fragments by

comparison to DNA molecular weight marker GeneRuler 1 kb DNA

ladder (Thermo Scientific, Waltham, MA, USA).

Sequence analysis of selected amplicons

For additional characterization, A. ovis msp4, and Rickettsia

spp. 16S rDNA, atpA, ompB and recA amplicons were purified

with a MinElute Gel Extraction Kit (Qiagen, Valencia, CA, USA),

cloned into TOPO TA (Invitrogen, Grand Island, NY, USA) and

transformed in TOP10 chemically competent Escherichia coli cells.

For each gene, three individual clones were selected and puri-

fied using the GeneJET Plasmid Miniprep Kit (Life Technologies,

Grand Island, NY, USA) and sent for sequencing to the Cen-

tro Nacional de Investigaciones Oncológicas (CNIO, Spain). The

sequences were searched for homology against sequences in

the NCBI database using the BLAST search program (Altschul

et al., 1990). Sequences were aligned using ClustalW software

(Larkin et al., 2007) for multiple sequence alignment. Sequences

were submitted to the GenBank database under accession num-

bers KR401150, KR401151, KT733035–KT733040 (Rickettsia spp.

sequences), KR608305 (Anaplasma sequence).

Gene expression analysis by real-time RT-PCR

To analyze gene expression profiles in response to pathogen

infection in peripheral blood mononuclear cells (PMBC), total RNA

was extracted using a QIAamp RNA Blood Mini Kit (Qiagen Inc.

Valencia, CA, USA) according to manufacturer’s instructions using

blood collected from uninfected (n = 3, adult female sheep from

the same flock and the same breed, negative to A. ovis, Rickettsia

spp. and M. bovis) and sheep selected for necropsy studies (n = 12).

Quantitative RT-PCR was performed on the RNA samples with

immune response gene specific primers and real-time RT-PCR con-

ditions (Table 2) using a Quantitect SYBR Green RT-PCR Kit and

a Rotor Gene Q thermocycler (Qiagen, Inc. Valencia, CA, USA) fol-

lowing manufacturer’s recommendations. A dissociation curve was

run at the end of the reaction to ensure that only one amplicon

was formed and that the amplicon denatured consistently in the

same temperature range for every sample (Ririe et al., 1997). The

mRNA values were normalized against Ovis aries aldolase B (ALDOB)

using the genNormddCT method (Livak and Schmittgen, 2001). The

mean of the duplicate values was used and data from infected
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Table 2
Oligonucleotide primers and real-time RT-PCR conditions used for the analysis of immune response genes.

GenBank accession number Gene Primer sequences (5′–3′) PCR annealing conditions

XM 004021791.1 Metallopeptidase

domain 9 (ADAM9)

Ovi-ADAM9-F: TGTCATGGACATGGGGTATG 56 ◦C, 30 s

Ovi-ADAM9-R: TAGCTTCTCCGTAGCTGGTT

NM 001009724.1 Complement component

receptor 2 (CR2)

Ovi-CR2-F: AAGGCTTTCTTAGGCTGTCA 54 ◦C, 30 s

Ovi-CR2-R: TGTGTGCAAAGAAGGAGTGC

XM 004018328 Forkhead box P1

(FOXP1)

Ovi-FOXP1-F: TACAGCAGCAACACCTCCTG 58 ◦C, 30 s

Ovi-FOXP1-R: CTTGGAAGGTGCAGAGGAAG

NM 001009465.2 Interleukin 1 beta

(IL-1B)

Ovi-IL1-F: AGTGTCGGTCATCGTGGCC 56 ◦C, 30 s

Ovi-IL1-R: GAAGTGGTGTTCTGCATGAG

NM 001009809.1 Aldolase B (ALDOB) Ovi-ALDOB-F: CCCATCTTGCTATCCAGGAA 56 ◦C, 30 s

Ovi-ALDOB-R: TACAGCAGCCAGGACCTTCT

and uninfected animals were compared using the Student’s t-test

(P = 0.05).

Gross pathology, mycobacterial culture and spoligotyping

Retropharyngeal, mandibular, tracheobronchial, mediastinal,

hepatic, ileocecal and mesenteric lymph nodes, as well as lungs,

spleen, liver and kidneys were subjected to detailed inspection

and stored at −20 ◦C. Macroscopic lesions suggestive of tuber-

culosis were carefully recorded and lymph nodes were cultured

and spoligotyped for MTBC confirmation following the procedures

described by Garrido et al. (2011). Briefly, mesenteric and head

lymph nodes were thoroughly homogenized in sterile distilled

water (2 g in 10 ml or equivalent). Five ml of this suspension were

decontaminated and processed following manufacturer’s instruc-

tions to inoculate Mycobacteria Growth Indicator Tubes (MGIT)

supplemented with BBL MGIT PANTA and BACTEC MGIT growth

supplements (Becton Dickinson). MGIT were incubated for 42 days

in a BACTEC MGIT 960 System. The presence of mycobacteria

in positive cultures was confirmed by a tetraplex real-time PCR

described by Sevilla et al. (2015). This tetraplex PCR combines the

detection of the genus Mycobacterium, the M. avium subspecies,

the M. tuberculosis complex and an internal amplification control.

Isolates identified as M. tuberculosis complex were further charac-

terized by direct variable repeat (DVR)-spoligotyping (Kamerbeek

et al., 1997). Biotin-labelled amplified products were revealed by

hybridization onto spoligotyping membranes and isolates classi-

fied according to the international spoligotype codes.

Statistical analysis

We performed a Chi-square test to study the statistical relation-

ship between pathogens (SPSS 19.0 software) (n = 12). The mRNA

levels (normalized Ct values) were compared between groups by

Student’s t-test (P < 0.05).

Results

Detection of tick-borne pathogens in sheep by PCR and serology

A. ovis was the pathogen most frequently detected in the sheep

flock. Antibodies were found against Anaplasma in 56% (28/50)

of the animals, which were corroborated as infected with A. ovis

by msp4 PCR (55% positive animals, 34/62) and sequence analy-

sis (Table S1). Less than one-year-old lambs showed the lowest

prevalence of infection with A. ovis (2/10, Table S1). All animals

were negative for A. phagocytophilum by serology and PCR (0/50,

0/62, respectively, Table S1). The infection with Rickettsia spp.

was characterized using four genetic markers (Table 3). Sequences

were obtained from two independent amplicons from two differ-

ent animals for each gene (i.e. 8 different animals in total). PCR and

sequence analysis showed the presence of Rickettsia spp. of the SFG

in 19/62 (31%) of the animals but without definition at the species

level (Table 3 and Table S1) since it was not possible to amplify

a suitable number of markers in each sample. Co-infections were

found in 8/62 (13%) of the animals that were positive for A. ovis and

Rickettsia spp. (Table S1).

Table 3
Identification of rickettsial sequences detected by PCR in sheep blood samples.

Gene marker Accession number Top three matches with GenBank sequences (% identity, E-value, accession number)

1 2 3

16s rRNA KT733035 R. monacensis, strain IrR/Munich

(99%, 0.0, LN794217)

Uncultured Rickettsia sp. clone

454SWBS31 16S rRNA gene (99%,

0.0, KC511194)

Uncultured bacterium clone

XJDN-000 16S rRNA gene (99%, 0.0,

KJ453898)

KT733036 R. monacensis, strain IrR/Munich

(99%, 0.0, LN794217)

Uncultured Rickettsia sp. clone

454SWBS31 16S rRNA gene (99%,

0.0, KC511194)

Uncultured bacterium clone

TA4a05h10 14098 16S rRNA gene

(99%, 0.0, JQ381115)

atpA KR401150 R. massiliae MTU5 (99%, 0.0,

CP000683)

R. massiliae atpA gene (99%, 0.0,

AY124740)

Rickettsia sp. Bar29 atpA gene (99%,

0.0, AY124739)

KR401151 R. massiliae MTU5 (99%, 0.0,

CP000683)

R. massiliae atpA gene (99%, 0.0,

AY124740)

Rickettsia sp. Bar29 atpA gene (99%,

0.0, AY124739)

ompB KT733037 R. massiliae isolate 40 ompB gene

(99%, 0.0, KC428035)

R. massiliae MTU5 (99%, 0.0,

CP000683)

R. massiliae ompB gene (99%, 0.0,

AF123714)

KT733038 R. aeschlimannii ompB gene (99%,

0.0, AF123705)

R. aeschlimannii strain RH15 ompB

gene (99%, 0.0, HM050278)

R. aeschlimannii ompB gene (99%,

0.0, GQ180863)

recA KT733039 R. massiliae MTU5 (99%, 0.0,

CP000683)

R. massiliae RecA protein gene (99%,

0.0, AY124749)

R. massiliae str. AZT80 (99%, 0.0,

CP003319)

KT733040 R. massiliae MTU5 (99%, 0.0,

CP000683)

R. massiliae RecA protein gene (99%,

0.0, AY124749)

R. massiliae str. AZT80 (99%, 0.0,

CP003319)
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Table 4
Summary of PCR results for the detection of A. ovis, Rickettsia spp. and M. bovis in 12

sheep randomly selected for anatomopathological studies.

Animal ID A. ovis Rickettsia spp. M. bovis

Ov 51 − − −
Ov 52 − + +

Ov 53 + − +

Ov 54 + − +

Ov 55 − + −
Ov 56 + + −
Ov 57 + + −
Ov 58 − − −
Ov 59 − + +

Ov 60 + + −
Ov 61 − − −
Ov 62 + − +

Prevalence 50% 50% 42%

Identification of MTBC in sheep

In April 2014, another 12 adult female sheep of the same breed

were randomly selected from the same flock for pathological exam-

ination. During necropsy, five of these sheep presented lesions

consistent with MTBC infection (Table S2). M. bovis (spoligotype

SB0339) was confirmed in these animals (Table 4).

Co-infections with M. bovis and A. ovis (3/12, 25%) or Rickettsia

spp. (2/12, 17%) were detected with no animals positive for all

three pathogens (Table 4). No statistical association was evidenced

between pathogen presence for any pair comparison. Microscopic

examination of Diff-qick-stained blood smears did not allow the

identification of A. ovis or any other blood parasites in any of the

animals.

Pathological observations

Relevant gross changes seen at necropsy were similar for most

sheep and were mild and restricted to the lymphoid system with

gross MTBC-compatible lesions detected in six animals (Table S2).

Lymph nodes were mildly to moderately enlarged, with mainte-

nance of distinct corticomedullary architecture. Calcified lesions

consistent with parasitic and chronic infections such as tuberculo-

sis were frequently observed in the liver and lungs. No parasites

were observed in any of the animals during necropsy. MTBC

infected sheep also presented lesions in the respiratory system

(Table S2), the retropharyngeal lymph node in particular appeared

to be the site of choice when looking for evidence of MTBC in sheep.

Most animals presented lesions affecting other anatomical areas

such as the liver and kidneys.

Comparison of immune response genes expression

The expression analysis of immune response genes in sheep

showed that many genes were over-expressed in response to infec-

tion. Genes involved in the control of adaptive immunity (ADAM9,

FOXP1) were up-regulated in animals positive for tick-borne

pathogens and M. bovis infection when compared to uninfected

controls (Fig. 1). IL1B was significantly down-regulated in M. bovis

positive animals without co-infection with A. ovis. In contrast, CR2

was significantly up-regulated in response to infection with most

pathogens.

Discussion

The current study was designed to investigate co-infections with

tick-borne pathogens and other pathogens in a sheep flock with

poor health condition (general weakness, anorexia and anemia).

Ticks were not collected on any of the animals during the study

period (February to April 2014). Although tick species of the genera

Rhipicephalus, Dermacentor and Hyalomma, which are recognized

vectors for A. ovis and Rickettsia species, are commonly found in the

study area (de la Fuente et al., 2004; Naranjo et al., 2006; Fernández

de Mera et al., 2013), the treatment with Ivermectin that was regu-

larly applied subcutaneously to sheep in spring and summer could

explain the absence of ticks during the study period. Additionally,

the sheep flock also received a dip-bath treatment twice during

the summer with cypermethrin, a broad-spectrum acaricide and

insecticide.

All animals were negative for A. phagocytophilum by serology

and PCR (Table S1) in accordance with the fact that vector species

for this pathogen are not common in this area of Spain (Estrada-

Peña et al., 2004; Ruiz-Fons et al., 2006).

A. ovis is a tick-borne intra-erythrocytic rickettsial pathogen of

sheep, goats and wild ruminants causing acute anemia in sheep and

goats (de la Fuente et al., 2007). High prevalence of Anaplasma spp.

and co-infections with tick-borne pathogens are often detected in

small ruminants of the Mediterranean area (Torina and Caracappa,

2012; Ait Lbacha et al., 2015). A. ovis was the pathogen most

frequently identified by PCR and serology in the sheep flock in

agreement with results from previous studies in Spain and other

regions (de la Fuente et al., 2008; Hurtado et al., 2015). As expected,

less than one-year-old lambs showed the lowest prevalence of

infection with A. ovis suggesting low/no exposure to the vector tick.

Microscopic examination of Diff-qick-stained blood smears did not

allow the identification of A. ovis in any of the animals suggesting

that sheep were either presymptomatic or carriers. Persistent infec-

tions in immunocompetent hosts have been reported for A. ovis and

other member of the genogroup such as A. marginale (Palmer et al.,

1998) thus facilitating an efficient natural transmission via the vec-

tor tick. The infection with A. ovis is frequently subclinical but can

also cause disease particularly in stressed or debilitated animals

(Friedhoff, 1997; Torina et al., 2010) and may predispose them to

other infections and parasite infestations as with other Anaplasma

spp. (Kocan et al., 2004).

Although Rickettsia spp. are not commonly found in sheep, pre-

vious reports have documented infection with SFG Rickettsia in

goats and sheep (Kovácová et al., 1996; Mutai et al., 2013). Tick vec-

tors for the SFG rickettsiae are also present in the study area (de la

Fuente et al., 2004; Naranjo et al., 2006; Fernández de Mera et al.,

2013). Furthermore, in that study a high seroprevalence against

SFG rickettsiae was observed in red deer and wild boar thus sug-

gesting they could serve as hosts for these pathogens. Our findings

provide further evidence for the circulation of SFG rickettsiae in

central Spain and identifies sheep as another potential host. How-

ever, it was not possible to amplify a suitable number of markers in

each sample to identify the species, possibly due to low infection

levels in the animals.

Sheep are believed to be susceptible to M. bovis infection

although ovine MTBC is considered uncommon. However, a high

prevalence of infection was observed in this study suggesting high

environmental contamination (Cordes et al., 1981). The spoligotype

SB0339 found in these sheep is the third most frequent in Spain

(8%) after SB0121 (28%) and SB034 (11%) (Gortazar and Boadella,

2014). Sheep from this flock cohabited with a small number of goats

and pigs and were farmed for meat production, extensively man-

aged, grazed and watered mainly during daylight hours in areas

where wild boar is a common species. However, the farm was

neither close to wildlife areas nor to cattle farms. Hence, close con-

tact between sheep and potentially infected cattle or wildlife was

unlikely to occur. Necropsy results in this study were consistent

with systemic inflammation and immune stimulation character-

ized predominantly by hyperplasia of lymphoid tissues, which is

commonly reported in M. tuberculosis infections in other species
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Fig. 1. Differential expression of immune response genes in sheep infected with different tick-borne pathogens and/or M. bovis. The mRNA levels were characterized by

real-time RT-PCR in sheep uninfected (N = 3) and naturally infected (N = 12) with A. ovis, M. bovis, or Rickettsia spp. The mean of triplicate values was used and data from

infected and uninfected animals were compared by Student’s t-test (* P < 0.05). Abbreviations: AO, A. ovis; MB, M. bovis; R, Rickettsia.

(Muñoz-Mendoza et al., 2012, 2015). Pathological and microbio-

logical evidence presented in this study suggests that sheep should

not be neglected as potential sources of M. bovis.

The immune response genes targeted in this study were selected

based on previous results in which their expression was affected

in ruminants infected with Anaplasma and Mycobacterium spp.

(Galindo et al., 2010). IL1B, which is involved in the control of innate

immunity, was significantly down-regulated in M. bovis positive

animals without co-infection with A. ovis. In contrast, CR2, another

gene involved in the control of innate immunity, was significantly

up-regulated in response to infection with most pathogens, sug-

gesting differential expression of host immune response genes with

sheep- and pathogen-specific signatures.

Conclusions

In summary, the results obtained in this study supported a high

prevalence of infection with A. ovis, SFG Rickettsia spp. and M. bovis

in sheep. Furthermore, co-infections were observed in some of

these animals and they could contribute to the poor health con-

dition observed in the sheep. Other pathogens not characterized

in this study and uncontrolled factors such as internal parasites

or malnutrition may also be responsible for poor health observed

in these animals. The results also confirmed that sheep in central

Spain are infected with M. bovis, suggesting a role as alterna-

tive hosts for this species. The differential expression of immune

response genes supported previous findings in ruminants and sug-

gested that infection with tick-borne pathogens and M. bovis may

result in unique gene expression patterns in sheep. These results

provided new information for designing effective control strategies

for M. bovis and tick-borne pathogens in sheep.
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Animal 
ID 

Observations Serology PCR 

ELISA 
A. ovis 

IFI A. ph.* A. ovis A. ph.* Rickettsia 
spp. (SFG) 

Ov 1 Female sheep - - - - - 
Ov 2 Female sheep + - + - + a 
Ov 3 Female sheep + - + - - 
Ov 4 Female sheep - - - - - 
Ov 5 Female sheep - - + - - 
Ov 6 Female sheep - - - - + b 
Ov 7 Female sheep + - + - - 
Ov 8 Female sheep + - + - - 
Ov 9 Female sheep + - + - - 
Ov 10 Female sheep + - + - + a 
Ov 11 Female sheep + - + - - 
Ov 12 Female sheep - - + - - 
Ov 13 Female sheep - - - - - 
Ov 14 Female sheep + - + - - 
Ov 15 Female sheep + - + - - 
Ov 16 Female sheep + - + - - 
Ov 17 Female sheep + - + - - 
Ov 18 Female sheep + - + - - 
Ov 19 Female sheep + - + - - 
Ov 20 Female sheep - - - - + a 
Ov 21 Female sheep + - + - - 
Ov 22 Female sheep + - - - - 
Ov 23 Female sheep + - + - - 
Ov 24 Female sheep + - + - + b 
Ov 25 Female sheep + - + - + c 
Ov 26 Female sheep + - + - - 
Ov 27 Female sheep + - + - - 
Ov 28 Female sheep + - + - + c 
Ov 29 Female sheep - - - - - 
Ov 30 Female lamb + - + - - 
Ov 31 Female lamb - - - - + c 
Ov 32 Female lamb + - + - - 
Ov 33 Female lamb - - - - - 
Ov 34 Female lamb - - - - - 
Ov 35 Female lamb - - - - + a 
Ov 36 Female lamb - - - - - 
Ov 37 Female lamb - - - - - 
Ov 38 Male lamb - - - - - 
Ov 39 Male lamb - - - - + a 
Ov 40 Male sheep - - - - + a, d 
Ov 41 Male sheep - - - - - 
Ov 42 Male sheep + - - - + c 
Ov 43 Male sheep - - - - + d, e  
Ov 44 Female sheep - - - - - 

Table S1. Summary of serological and PCR results 
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* A. phagocytophilum 
ND, Not done 

a Positive ompB PCR (confirmed by sequencing in other samples) 
b Sequenced ompB marker 
c Positive recA PCR (confirmed by sequencing in other samples) 
d Positive 16S PCR (confirmed by sequencing in other samples) 
e Sequenced recA marker 
f Sequenced 16S marker (with positive PCR for another marker) 
g Positive atpA PCR (confirmed by sequencing in other samples) 
h Sequenced atpA marker 

Ov 45 Female sheep - - - - - 
Ov 46 Female sheep - - - - - 
Ov 47 Female sheep + - + - - 
Ov 48 Female sheep + - + - - 
Ov 49 Female sheep + - + - - 
Ov 50 Female sheep + - + - - 
Ov 51 Female sheep ND ND - - - 
Ov 52 Female sheep ND ND - - + f, g 
Ov 53 Female sheep ND ND + - - 
Ov 54 Female sheep ND ND + - - 
Ov 55 Female sheep ND ND - - + e 
Ov 56 Female sheep ND ND + - + f 
Ov 57 Female sheep ND ND + - + h 
Ov 58 Female sheep ND ND - - - 
Ov 59 Female sheep ND ND - - + h 
Ov 60 Female sheep ND ND + - + d, g 
Ov 61 Female sheep ND ND - - - 
Ov 62 Female sheep ND ND + - - 

28/50 
(56%) 

0/50 
(0%) 

34/62 
(55%) 

0/62 
(0%) 

19/62 
(31%) 
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Table S2. Distribution of necropsy findings and mycobacteria culture results 

Sample 
ID 

Mandibular 
LN 

Parotid 
LN Lateral retropharyngeal LN 

Medium retropharyngeal 
LN Tonsils 

Tracheobronchial 
LN 

Mediastinal 
LN Left lung 

Ov 51 Enlarged CL 

Ov 52 Enlarged; PL Enlarged Pneumonia 

Ov 53 Enlarged; PL Enlarged CL 

Ov 54 Enlarged; PL 

Ov 55  CL 

Ov 56  CL 

Ov 57 Enlarged Enlarged Enlarged 

Ov 58 CL 

Ov 59 Enlarged CL 

Ov 60 Enlarged CL 

Ov 61 Enlarged 

Ov 62 Enlarged Enlarged; CSL Enlarged CL 
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Sample 
ID Right lung Hepatic LN Mesenteric LN Ileocecal LN Liver Spleen Left kidney Right kidney Skin Mycobacteria culture 

Ov 51  CL Enlarged; CSL Enlarged 
CL 

 CL  CL 
- 

Ov 52 Pneumonia  CL 
CL + 

Ov 53 
CL CL + 

Ov 54 
CL 

 CL 
CL + 

Ov 55 
CL CL - 

Ov 56 
CL 

Enlarged 
- 

Ov 57 
CL 

Enlarged Enlarged Enlarged 
CL - 

Ov 58 
CL CL - 

Ov 59 
CL 

Enlarged 
CL 

 CL CL 
+ 

Ov 60 
CL CL - 

Ov 61 Enlarged 

Ov 62  CL CL 
+ 

Abbreviations: LN, Lymph Node; CL, Calcified Lesions; CSL, Caseous Lesions; PL, Purulent Lesions. 

Vladimir López - PhD Thesis

40



II.b The intracellular bacterium Anaplasma
phagocytophilum selectively manipulates the 
levels of vertebrate host proteins in the tick 
vector Ixodes scapularis 
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The intracellular bacterium Anaplasma
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Abstract

Background: The intracellular bacteria Anaplasma phagocytophilum are emerging zoonotic pathogens affecting
human and animal health, and a good model for the study of tick-host-pathogen interactions. This tick-borne
pathogen is transmitted by Ixodes scapularis in the United States where it causes human granulocytic anaplasmosis.
Tick midguts and salivary glands play a major role during tick feeding and development, and in pathogen acquisition,
multiplication and transmission. Vertebrate host proteins are found in tick midguts after feeding and have been
described in the salivary glands of fed and unfed ticks, suggesting a role for these proteins during tick feeding and
development. Furthermore, recent results suggested the hypothesis that pathogen infection affects tick metabolic
processes to modify host protein digestion and persistence in the tick with possible implications for tick physiology
and pathogen life-cycle.

Methods: To address this hypothesis, herein we used I. scapularis female ticks fed on uninfected and A.
phagocytophilum-infected sheep to characterize host protein content in midguts and salivary glands by proteomic
analysis of tick tissues.

Results: The results evidenced a clear difference in the host protein content between tick midguts and salivary glands
in response to infection suggesting that A. phagocytophilum selectively manipulates the levels of vertebrate host
proteins in ticks in a tissue-specific manner to facilitate pathogen infection, multiplication and transmission while
preserving tick feeding and development. The mechanisms by which A. phagocytophilum manipulates the levels
of vertebrate host proteins are not known, but the results obtained here suggested that it might include the
modification of proteolytic pathways.
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(Continued from previous page)

Conclusions: The results of this study provided evidence to support that A. phagocytophilum affect tick proteolytic
pathways to selectively manipulate the levels of vertebrate host proteins in a tissue-specific manner to increase tick
vector capacity. Investigating the biological relevance of host proteins in tick biology and pathogen infection and the
mechanisms used by A. phagocytophilum to manipulate host protein content is essential to advance our knowledge of
tick-host-pathogen molecular interactions. These results have implications for the identification of new targets for the
development of vaccines for the control of tick-borne diseases.

Keywords: Anaplasma, Tick, Ixodes, Proteomics, Hemoglobin, Immunology

Abbreviations: HGA, human granulocytic anaplasmosis; MS, mass spectrometry; RNAseq, RNA sequencing;
FASP, filter aided sample preparation; TFA, trifluoroacetic acid; TEAB, TriethyLammonium bicarbonate; LC, liquid
chromatography; FDR, false discovery rate; GO, gene ontology; IFA, immunofluorescence assay; BSA, bovine serum
albumin; BP, biological process; HSP, heat shock protein; Ig, immunoglobulin; HRG1, Heme-responsive gene 1
protein; HELP, Heme-binding lipoprotein; VG1, Vitellogenin 1; VG2, Vitellogenin 2; ROS, reactive oxygen species;
AMP, anti-microbial peptides

Background
Infectious diseases transmitted by arthropod vectors such
as ticks constitute a growing burden for human and ani-
mal health worldwide [1–4]. Anaplasma phagocytophilum
(Rickettsiales: Anaplasmataceae) are tick-borne intracellu-
lar bacteria that infect vertebrate host granulocytes caus-
ing human, canine and equine granulocytic anaplasmosis
and tick-borne fever of ruminants [5–8]. Human granulo-
cytic anaplasmosis (HGA) is the second most common
tick-borne disease in the United States, and tick-borne
fever is an established and economically important disease
of sheep in Europe [6, 9]. This emerging zoonotic patho-
gen is transmitted by Ixodes ticks of which the major vec-
tor species are I. scapularis in the United States and I.
ricinus in Europe [2]. In ticks, A. phagocytophilum infects
and multiply in different tissues including midguts [10]
and salivary glands [11].
Anaplasma phagocytophilum is a good model for the

study of tick-host-pathogen interactions because recent
results have shown that infection affects gene expression
and protein levels in vertebrate hosts and ticks [8, 12].
Recently, we proposed that the evolution of I. scapu-
laris-host-A. phagocytophilum molecular interactions in-
volving genetic traits of all parts resulted in conflict and
cooperation between them, with mutual beneficial ef-
fects for ticks, hosts and pathogens [13]. Furthermore,
A. phagocytophilum evolved common strategies for in-
fection of vertebrate host and tick cells that include but
are not limited to remodeling of the cytoskeleton, inhib-
ition of cell apoptosis, manipulation of the immune re-
sponse and control of host cell epigenetics [14].
Tick midguts are the tissue where blood digestion oc-

curs while salivary glands produce and secrete proteins
and other molecules that modulate host defenses to en-
hance blood feeding [15–21]. Additionally, tick midguts
and salivary glands play a major role during pathogen
acquisition, multiplication and transmission [22, 23].

The functional role of these tissues during tick feeding
and pathogen infection is reflected at the transcriptome
and proteome levels, with tissue-specific differences be-
tween midguts and salivary glands [12, 20, 21].
Vertebrate host proteins are found in tick midguts

after feeding and have been described in the salivary
glands and saliva of fed ticks [24–30]. Additionally, ver-
tebrate host proteins and particularly alpha and beta-
globin chains of hemoglobin have been identified in
unfed I. scapularis and Amblyomma americanum
nymphs [31] and Rhipicephalus sanguineus adult ticks
[32]. Wickramasekara et al. [31] suggested that because
blood meal digestion in ticks occurs gradually within
midgut cells after endocytosis [19], the combination of
slow assimilation and uptake of some host proteins into
tick hemolymph might explain the persistence of host
blood proteins for months after feeding and molting. In
fact, Francischetti et al. [33] did not identify vertebrate
host proteins in salivary glands from fed soft ticks
Ornithodoros coriaceus, probably associated with the fact
that hard ticks feed for several days while soft ticks feed
for less than 1 hour, therefore decreasing the probability
for host proteins to persist. Nevertheless, Diaz-Martin et
al. [26] did find host proteins in the saliva of the soft
ticks Ornithodoros moubata.
These results suggest a mechanism by which host pro-

teins remain in the tick after blood digestion. For ex-
ample, host proteins persisting in the tick after molting
may serve as a reserve for nutrients until the next infest-
ation and feeding cycle are completed. However, prelim-
inary results in questing R. sanguineus infected with
Rickettsia conorii suggested that pathogen infection
modify tick digestion processes, thus provoking an in-
crease in the concentration of some host proteins such
as hemoglobin ingested with blood meal in infected ticks
when compared to uninfected controls [32]. These re-
sults led to the hypothesis that pathogen infection affect
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tick metabolic processes to modify host protein digestion
and persistence in the tick, with possible implications
for tick physiology and pathogen life-cycle.
To address this hypothesis, in this study we used I.

scapularis female ticks fed on uninfected and A. phago-
cytophilum-infected sheep to characterize host proteins
present in midguts and salivary glands by mass spec-
trometry (MS) analysis of the proteome. The results evi-
denced a clear difference in the sheep host protein
content between tick midguts and salivary glands in re-
sponse to infection and provided evidence to support
that A. phagocytophilum selectively manipulates the
levels of vertebrate host proteins in the tick vector I.
scapularis.

Methods
Ethics statement
Animals were housed and experiments conducted with
the approval and supervision of the Oklahoma State
University Institutional Animal Care and Use Committee
(Animal Care and Use Protocol, ACUP No. VM1026).

Ticks and sample preparation
Ticks and sample preparation were previously described
[12]. Briefly, I. scapularis ticks were obtained from the
laboratory colony maintained at the Oklahoma State
University Tick Rearing Facility [34]. Adult female I.
scapularis were infected with A. phagocytophilum by
feeding on a sheep inoculated intravenously with ap-
proximately 1 × 107 A. phagocytophilum (NY18 isolate)-
infected HL-60 cells (90–100 % infected cells). In this
model, over 85 % of the ticks become infected with A.
phagocytophilum in nymphs, midguts and salivary
glands. One hundred adult female ticks were removed
from the sheep 7 days after infestation, held in the hu-
midity chamber for 4 days and dissected for DNA, RNA
and protein extraction from midguts and salivary glands
using the AllPrep DNA/RNA/Protein Mini Kit (Qiagen,
Valencia, CA, USA). Midguts and salivary glands were
washed in PBS after collection to remove hemolymph-
related cells. Uninfected ticks were prepared in a similar
way but feeding on an uninfected sheep. Two independ-
ent samples were collected and processed for proteomics
analysis for each tick tissue. Ten individual female ticks
were dissected and samples collected and processed as
described above to characterize A. phagocytophilum in-
fection and the mRNA or protein levels of selected
genes/proteins after RNA sequencing (RNAseq) or pro-
teomics analyses.

Proteomics data collection and analysis
Proteins were digested using the filter aided sample
preparation (FASP) protocol [35]. The FASP method al-
lows processing total SDS lysates of essentially any class

of protein from biological samples of any origin, thus
solving the long-standing problem of efficient and un-
biased solubilization of all cellular proteins irrespective
of their subcellular localization and molecular weight.
Samples were dissolved in 50 mM Tris-HCl pH8.5, 4 %
SDS and 50 mM DTT, boiled for 10 min and centrifuged.
Protein concentration in the supernatant was measured
by the Direct Detect system (Millipore, Billerica, MA,
USA). About 150 μg of protein were diluted in 8 M urea
in 0.1 M Tris-HCl (pH 8.5) (UA), and loaded onto 30 kDa
centrifugal filter devices (FASP Protein Digestion Kit,
Expedeon, TN, USA). With this method, the sample is sol-
ubilized in 4 % SDS, then retained and concentrated into
microliter volumes in an ultrafiltration device. The filter
unit then acts as a ‘proteomic reactor’ for detergent re-
moval, buffer exchange, chemical modification and pro-
tein digestion. Notably, during peptide elution, the filter
retains high-molecular-weight substances that would
otherwise interfere with subsequent peptide separation
[35]. The denaturation buffer was replaced by washing
three times with UA. Proteins were later alkylated using
50 mM iodoacetamide in UA for 20 min in the dark, and
the excess of alkylation reagents were eliminated by wash-
ing three times with UA and three additional times with
50 mM ammonium bicarbonate. Proteins were digested
overnight at 37 °C with modified trypsin (Promega, Madi-
son, WI, USA) in 50 mM ammonium bicarbonate at 40:1
protein:trypsin (w/w) ratio. The resulting peptides were
eluted by centrifugation with 50 mM ammonium bicar-
bonate (twice) and 0.5 M sodium chloride. Trifluoroacetic
acid (TFA) was added to a final concentration of 1 % and
the peptides were finally desalted onto C18 Oasis-HLB
cartridges and dried-down for further analysis. For stable
isobaric labeling, the resulting tryptic peptides were dis-
solved in Triethylammonium bicarbonate (TEAB) buffer
and labeled using the 4-plex iTRAQ Reagents Multiplex
Kit (Applied Biosystems, Foster City, CA, USA) according
to manufacturer’s protocol. Briefly, each peptide solution
was independently labeled at room temperature for 1 h
with one iTRAQ reagent vial (mass tag 114, 115, 116 or
117) previously reconstituted with 70 μl of ethanol. Reac-
tion was stopped after incubation at room temperature for
15 min with diluted TFA, and peptides were combined.
Samples were evaporated in a Speed Vac, desalted onto
C18 Oasis-HLB cartridges and dried-down for further
analysis. Labeled peptides were loaded into the liquid
chromatography (LC)-MS/MS system for on-line desalt-
ing onto C18 cartridges and analyzing by LC-MS/MS
using a C-18 reversed phase nano-column (75 μm I.D. ×
50 cm, 2 μm particle size, Acclaim PepMap 100 C18;
Thermo Fisher Scientific, Waltham, MA, USA) in a con-
tinuous acetonitrile gradient consisting of 0–30 % B in
145 min, 30–43 % B in 5 min and 43–90 % B in 1 min (A
= 0.5 % formic acid; B = 90 % acetonitrile, 0.5 % formic
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acid). A flow rate of c.200 nl/min was used to elute pep-
tides from the reverse phase nano-column to an emitter
nanospray needle for real time ionization and peptide
fragmentation on a QExactive mass spectrometer
(Thermo Fisher Scientific). For increasing proteome
coverage, iTRAQ-labeled samples were run at least twice.
For peptide identification, all spectra were analyzed with
Proteome Discoverer (version 1.4.0.29, Thermo Fisher Sci-
entific) using a Uniprot databases containing all sequences
from Ruminantia and Ixodida (April 14, 2014). For data-
base searching, parameters were selected as follows: tryp-
sin digestion with 2 maximum missed cleavage sites,
precursor and fragment mass tolerances of 2 Da and
0.02 Da, carbamidomethyl cysteine as fixed modification
and methionine oxidation as dynamic modifications. For
iTRAQ labeled peptides, N-terminal and Lys iTRAQ
modification was added as a fixed modification. Peptide
identification was validated using the probability ratio
method [36] and false discovery rate (FDR) was calculated
using inverted databases and the refined method [37] with
an additional filtering for precursor mass tolerance of
12 ppm. Only peptides with a confidence of at least 99 %
were used to quantify the relative abundance of each pep-
tide determined as described previously [38]. Protein
quantification from reporter ion intensities and statistical
analysis of quantitative data were performed as described
previously using QuiXoT [39, 40]. The intensity of the re-
porter peaks was used to calculate the fitting weight of
each spectrum in the statistical model as described previ-
ously [39]. Outliers at the scan and peptide levels and sig-
nificant protein-abundance changes were detected from
the Z-values (the standardized variable used by the model
that expresses the quantitative values in units of standard
deviation) by using a FDR threshold of 1 % as described
previously [39]. Results are the mean of two replicates.
The gene ontology (GO) analysis was performed using
Uniprot (http://www.uniprot.org) annotations.

Characterization of the digestion of sheep host
hemoglobins in tick midguts and salivary glands
Sheep hemoglobin alpha 1/2 (P68240) and beta (P02075)
peptides detected by MS analysis with 1 % FDR in mid-
guts and salivary glands from uninfected and A. phago-
cytophilum-infected ticks were used for analysis. For this
analysis, a new database search of MS spectra was per-
formed with the same parameters described above but
selecting “no enzyme” instead of “trypsin” digestion to
identify the non-tryptic peptides present in the samples.
The preferred cleavage sites for hemoglobinolytic en-
zymes Trypsin, Leucine aminopeptidase, Legumain, Ca-
thepsin B, Cathepsin C, Serine carboxypeptidase were
determined by searching against the MEROPS Peptidase
Database (https://merops.sanger.ac.uk, release 10.0) (see
in Additional file 1: Dataset S1).

Characterization of the I. scapularis proteolytic and heme
transport pathways mRNA and protein levels in response
to A. phagocytophilum infection
The quantitative transcriptomics and proteomics data
for midguts and salivary glands from uninfected and A.
phagocytophilum-infected I. scapularis were obtained
from previously published results and deposited at the
Dryad Digital Repository database with the dataset iden-
tifier http://dx.doi.org//10.5061/dryad.50kt0 [12]. The
analysis of the tick proteolytic pathway included the
genes/proteins annotated as protease, proteinase, peptid-
ase, and its inhibitors [41].

Determination of hemoglobin protein levels by ELISA
Proteins were extracted from midguts and salivary
glands dissected from individual uninfected and A. pha-
gocytophilum-infected I. scapularis female ticks using
the AllPrep DNA/RNA/Protein Mini Kit (Qiagen, Inc.
Valencia, CA, USA) according to manufacturer instruc-
tions. Extracted proteins were resuspended in PBS with
0.5 % Triton X-100 and protein concentration was deter-
mined with the Pierce BCA Protein Assay Kit (Thermo
Scientific, San Jose, CA, USA) using bovine serum albu-
min (BSA) as standard. Hemoglobin protein levels were
determined by ELISA (Cloud-Clone Corp., Houston, TX,
USA) following manufacturer instructions. Optical density
values were converted to μg/ml hemoglobin using the
assay standard curve and regression analysis. Hemoglobin
values were compared between groups by one-tailed
Student’s t-test for samples with unequal variance (P <
0.05; n = 2 biological replicates).

Determination of tick mRNA levels by real-time RT-PCR
The expression of selected genes was characterized using
total RNA extracted from individual I. scapularis female
midguts and salivary glands obtained from uninfected
and A. phagocytophilum-infected samples as previously
described [12]. All ticks were confirmed as infected or
uninfected by real-time PCR analysis of A. phagocytophi-
lum msp4 DNA. Real-time RT-PCR was performed on
RNA samples with gene-specific oligonucleotide primers
(see Additional file 2: Table S1) using the iScript One-
Step RT-PCR Kit with SYBR Green and the iQ5 thermal
cycler (Bio-Rad, Hercules, CA, USA) following the man-
ufacturer’s recommendations. A dissociation curve was
run at the end of the reaction to ensure that only one
amplicon was formed and that the amplicons denatured
consistently in the same temperature range for every
sample. The mRNA levels were normalized against tick
cyclophilin and ribosomal protein S4 as described pre-
viously using the genNorm method (ddCT method as
implemented by Bio-Rad iQ5 Standard Edition, Version
2.0) [12]. Normalized Ct values were compared be-
tween infected and uninfected tick samples by Student’s
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t-test with unequal variance (P < 0.05; n = 3–17 bio-
logical replicates).

Immunofluorescence assay (IFA)
Female ticks fed on A. phagocytophilum-infected and
uninfected sheep and fixed with 4 % paraformaldehyde
in 0.2 M sodium cacodylate buffer were embedded in
paraffin and used to prepare sections on glass slides as
previously described [12]. The paraffin was removed
from the sections through two washes in xylene and the
sections were hydrated by successive 5 min washes with
a graded series of 100 %, 96 and 65 % ethanol and finally
with distilled water. Next, the slides were treated with
Proteinase K (Dako, Barcelona, Spain) for 7 min, washed
with 0.1 % PBS-Tween 20 (Sigma-Aldrich, St. Louis, MI,
USA) and blocked with 2 % bovine serum albumin
(BSA; Sigma-Aldrich) in PBS-Tween 20 during 1 h at
room temperature. The slides were then incubated over-
night at 4 °C with rabbit anti-Cathepsin L (mature re-
gion No. pab0213-0; Covalab, Villeurbanne, France)
antibodies diluted 1:1000 in 2 % BSA/PBS-Tween 20.
This antibody was previously shown to recognize tick
Cathepsin L by Western blot [42]. After 3 washes with
PBS-Tween 20, the slides were incubated for 1 h with
goat-anti-rabbit IgG conjugated with FITC (Sigma-Al-
drich) diluted 1:160 in 2 % BSA/PBS-Tween 20. Finally,
after two washes with PBS the slides were mounted on
ProLong Diamond Antifade Mountant with DAPI re-
agent (Thermo Scientific™, Madrid, Spain). The sections
were examined using a Leica SP2 laser scanning confocal
microscope (Leica, Wetzlar, Germany) and IgGs from
rabbit preimmune serum were used as controls.

Proteomics data
Data are available via Peptide Atlas (http://www.pepti-
deatlas.org) with identifier PASS00854.

Results
The vertebrate host protein content differs between tick
midguts and salivary glands in response to A.
phagocytophilum infection
Infection with A. phagocytophilum affects gene expression
and protein production in ticks in a tissue-specific man-
ner, but the effect on host protein content in different tick
tissues has not been characterized. To address this ques-
tion, sheep host proteins present in midguts and salivary
glands were characterized in uninfected and A. phagocyto-
philum-infected I. scapularis female ticks. A total of 1,753
sheep host proteins were identified in fed adult female
ticks, of which 473 were identified with more than one
peptide per protein in at least one of the samples (see
Additional file 2: Table S1). Of these, 1,151 (364 identified
with more than one peptide per protein) and 1,282 (414
identified with more than one peptide per protein)

proteins were identified in tick midguts and salivary
glands, respectively (see Additional file 3: Dataset S2). Of
the host proteins identified with more than one peptide
per protein, 388 proteins were found in both midguts and
salivary glands (see Additional file 3: Dataset S2).
Sheep host proteins showing statistically significant pro-

tein abundance changes on the basis of Zq, or standard-
ized log2-ratio of A. phagocytophilum-infected versus non-
infected samples (Zq > 2, Zq < −2), were selected among
proteins identified with more than one peptide in at least
one of the samples [12, 39]. A total of 48 (6 underrepre-
sented and 42 overrepresented) and 50 (36 underrepre-
sented and 14 overrepresented) differentially represented
sheep host proteins were found in tick midguts and saliv-
ary glands, respectively (see Additional file 3: Dataset S2).
Of them, only 8 proteins were found in both midguts and
salivary glands.
The GO analysis of differentially represented sheep

host proteins showed that most biological processes
(BPs) were found in both tick midguts and salivary
glands (Fig. 1a, b). However, immune response, other
and oxygen transport BPs contained 68 % of the differ-
entially represented sheep host proteins in tick midguts
while in salivary glands the most represented BPs were
other, unknown, oxygen transport and translation, con-
taining 64 % of the differentially represented sheep host
proteins (Fig. 1a, b). These results evidenced a clear dif-
ference in the host protein content between tick midguts
and salivary glands in response to A. phagocytophilum
infection. Additionally, although the total number of dif-
ferentially represented sheep host proteins was similar
between tick tissues, 88 % of the differentially repre-
sented host proteins in midguts were overrepresented
while in salivary glands only 28 % of the differentially
represented proteins were overrepresented in infected
ticks when compared to uninfected controls (Fig. 1c, d).
Furthermore, while sheep host stress response and tran-
scription/DNA replication proteins were overrepresented
in midguts and salivary glands, proteins in the lipid me-
tabolism, oxygen transport and immune response BPs
were overrepresented in midguts and underrepresented in
salivary glands in response to A. phagocytophilum infec-
tion (Fig. 1c, d).

Sheep host heat shock and chromatin-related proteins
are overrepresented in response to A. phagocytophilum
infection in tick midguts and salivary glands
To characterize the putative physiological role of the
host proteins differentially represented in tick midguts
and salivary glands in response to A. phagocytophilum
infection, we first focused on sheep host stress response
and transcription/DNA replication proteins that were
overrepresented in both tick tissues (Fig. 1c, d). The re-
sults showed that two sheep heat shock proteins (HSPs),
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HSP60 and HSP70, were overrepresented in infected tick
midguts and salivary glands, respectively when com-
pared to uninfected controls (Table 1). In the transcrip-
tion/DNA replication BP, three host proteins involved in
chromatin structure and function were overrepresented
in response to A. phagocytophilum infection in tick mid-
guts and salivary glands (Table 1).

Sheep host proteins involved in lipid metabolism and
immune response are overrepresented in tick midguts
but underrepresented in salivary glands in response to A.
phagocytophilum infection
To characterize further the putative physiological role of
the host proteins differentially represented in response
to A. phagocytophilum infection, we then focused on
sheep host proteins in the lipid metabolism and immune
response BPs that were overrepresented in midguts and
underrepresented in salivary glands in response to A.

phagocytophilum infection (Fig. 1c, d). The host lipid
metabolism proteins overrepresented in A. phagocyto-
philum-infected tick midguts when compared to unin-
fected controls included proteins involved in lipid
absorption, transport and excretion (Table 1). In tick sal-
ivary glands, sheep host proteins involved in lipid syn-
thesis were underrepresented in infected ticks when
compared to uninfected controls (Table 1).
In tick midguts, sheep host immune response proteins

that were overrepresented in response to A. phagocytophi-
lum infection included proteins involved in innate
immunity (including several S100 proteins), adaptive
immunity, anti-bacterial immunity, regulation of the im-
mune response, and antigen processing and presentation
(Table 1). In tick salivary glands, sheep host immuno-
globulin (Ig)-like proteins and proteins involved in innate
and anti-bacterial immunity were underrepresented in re-
sponse to A. phagocytophilum infection (Table 1).

Fig. 1 Tissue-specific effect of A. phagocytophilum infection on sheep host proteins represented in ticks. The results demonstrated a clear difference
in the sheep host protein content between tick midguts and salivary glands in response to A. phagocytophilum infection. a Biological processes of
differentially represented sheep host proteins in infected female tick midguts. b Biological processes of differentially represented sheep host proteins
in infected female tick salivary glands. c Number of underrepresented and overrepresented sheep host proteins in different biological processes in
infected female tick midguts when compared to uninfected controls. d Number of underrepresented and overrepresented sheep host proteins in
different biological processes in infected female tick salivary glands when compared to uninfected controls
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To confirm the origin of selected differentially repre-
sented proteins (Table 1), all of the peptides used to
identify the proteins sharing tryptic peptides with I. sca-
pularis proteins were revised to show the sequence of
the peptides that are exclusive for host-derived proteins
(Table 2).

Anaplasma phagocytophilum infection impacts on
vertebrate host hemoglobin content in tick midguts and
salivary glands
The identification of differentially represented sheep
host proteins in A. phagocytophilum-infected I. scapu-
laris midguts and salivary glands suggested the question

Table 1 Sheep host stress response, transcription/DNA replication, lipid metabolism, and immune response proteins differentially
represented in tick midguts and salivary glands in response to A. phagocytophilum infection

ID Description Log2 (infected/uninfected) fold change Function

Midguts Salivary glands

Stress response proteins

P31081 HSP60 +2.9 ns Response to cold

P0CB32 HSP70 ns +1.4 Heat shock response

Transcription/DNA replication

P62803 Histone H4 +3.1 ns Chromatin structure

P68432 Histone H3.1 +3.1 ns Chromatin structure

F1MN93 TOP1 uncharacterized protein ns +2.7 Chromatin binding

Lipid metabolism

W5QHX9 Phospholipase B +2.3 -1.3 Lipid absorption

Q9GL30 Phospholipase B +1.9 ns Lipid absorption

P15497 Apolipoprotein A-I +1.9 ns Cholesterol transport

Q32PF2 ATP-citrate synthase ns -1.5 Lipid synthesis

Q9TTS3 Acetyl-CoA carboxylase 1 ns -1.6 Lipid synthesis

Immune response

W5NQK9 S100A8 +3.8 ns Innate immunity

W5NQJ0 S100A12 +3.2 ns Innate immunity

W5NQH6 S100A9 +3.1 ns Innate immunity

P28783 S100A9 +2.6 ns Innate immunity

D8X187 Serpin peptidase inhibitor clade B
ovalbumin member 1

+2.1 ns Innate immunity

P62808 Histone H2B type 1 +3.4 ns Adaptive immunity

W5PGJ7 PYD and CARD Domain-Containing
uncharacterized protein

+2.9 ns Adaptive immunity

P49928 Cathelin-related peptide SC5 +3.1 ns Anti-bacterial immunity

P82018 Cathelicidin-2 +2.7 ns Anti-bacterial immunity

P50415 Cathelicidin-3 +2.3 ns Anti-bacterial immunity

P79360 Myeloid antimicrobial peptide +2.6 ns Anti-bacterial immunity

W5P7S6 Alpha-1-acid glycoprotein +2.6 nf Regulation of the immune
response

W5PLV3 RAB5B uncharacterized protein +2.4 nf Antigen processing and
presentation

W5PSQ7 Ig-like uncharacterized protein ns -1.3 Adaptive immunity

G5E513 Ig-like uncharacterized protein ns -1.8 Adaptive immunity

G5E5T5 Ig-like uncharacterized protein ns -2.7 Adaptive immunity

F1MQF6 Apoptosis-associated speck-like
protein-containing a CARD

nf -1.5 Innate immunity

W5PGJ7 LOC101105208 uncharacterized protein ns -1.6 Anti-bacterial immunity

Abbreviations: ID protein (Uniprot; http://www.uniprot.org) accession numbers; +, overrepresented proteins in infected vs uninfected ticks; -, underrepresented
proteins in infected vs uninfected ticks; nf, not found; ns, not significant
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about the origin of these proteins. The analysis of cell
compartment GO showed that over 50 % of the proteins
were extracellular or associated with blood cells (Fig. 2a;
see Additional file 3: Dataset S2). Nevertheless, other
proteins were localized in the cell cytoplasm (Fig. 2a; see
Additional file 3: Dataset S2), probably associated with
host blood cells ingested by ticks during feeding. Most
of the host proteins in the hemoglobin complex and
blood microparticle classification were sheep hemoglo-
bins in the oxygen transport BP represented in both tick
midguts and salivary glands (Fig. 2b). These hemoglo-
bins were overrepresented in midguts and underrepre-
sented in salivary glands of A. phagocytophilum-infected
ticks when compared to uninfected controls (Fig. 2c), a
result that was corroborated by an independent analysis
using a specific ELISA test (Fig. 2d).

Anaplasma phagocytophilum manipulates host protein
content through modification of tick proteolytic pathways
To aid in the probable mechanism responsible for the
differential representation of host proteins in midguts

and salivary glands of A. phagocytophilum-infected ticks
when compared to uninfected controls, the tissue-
specific effect of infection was characterized on tick
hemoglobinolytic enzymes and other proteases. The
transcriptomics and proteomics data used in this study
was previously validated by real-time RT-PCR and West-
ern blot or immunofluorescence for selected genes and
proteins, respectively [12, 43]. Nevertheless, 5 selected
genes coding for hemoglobin digesting enzymes differen-
tially regulated in response to A. phagocytophilum infec-
tion were used for analysis by real-time RT-PCR in
individual tick midguts and salivary glands (see Add-
itional file 2: Figure S1). As previously discussed [12],
the differences observed between the results of both
analyses that were evident in tick midguts considering
the absence of transcriptomics data for some genes in
salivary glands, could be attributed to intrinsic variation
in gene expression and the fact that approximately 85 %
of the ticks used for RNAseq were infected [44], while
for real-time RT-PCR all ticks were confirmed unin-
fected or infected with A. phagocytophilum before ana-
lysis. At the protein level, an antibody recognizing tick
Cathepsin L was used to corroborate proteomics results
by IFA. Similar to proteomics analysis (Table 3), the re-
sults showed protein underrepresentation in the salivary
glands of A. phagocytophilum-infected ticks when com-
pared to uninfected controls (Fig. 3). Furthermore, al-
though proteomics data were not available, Cathepsin L
was overrepresented in tick midguts in response to in-
fection (Fig. 3). Therefore, considering these results,
the analysis of the differential expression/representation
of tick hemoglobinolytic enzymes in response to A.
phagocytophilum infection was presented by pondering
mRNA (transcriptomics RNAseq and real-time RT-
PCR) and protein (proteomics) data (see Additional file
2: Figure S2).
The results suggested that in midguts from A. phago-

cytophilum-infected ticks when compared to uninfected
controls, the hemoglobin primary cleavage was inhibited
after Legumain underrepresentation while hemoglobin
secondary and tertiary cleavages were probably not af-
fected (Fig. 4 and Table 3). The hemoglobinolytic en-
zymes were also found in tick salivary glands, suggesting
a role in hemoglobin digestion in this tissue (Table 3). In
the salivary glands of infected ticks when compared to un-
infected controls, the results suggested that hemoglobin
primary and secondary cleavages were inhibited because
Cathepsins L and B were underrepresented in response to
infection while the hemoglobin tertiary cleavage was prob-
ably not affected (Fig. 4 and Table 3). The analysis of
sheep hemoglobin alpha 1/2 (P68240) and beta (P02075)
peptides identified by MS in tick midguts and salivary
glands showed the presence of potential cleavage sites for
trypsin (used in protein digestion for MS analysis),

Table 2 Identification of host-derived proteins with identical
tryptic peptides to I. scapularis tick homologues

ID Description Unique host-derived peptides

P31081 HSP60 ALMLQGVDLLADAVAVTMGPK

VGGTSDVEVNEK

VGGTSDVEVNEKKDR

P0CB32 HSP70 FDLTGIPPAPR

RKELEQVCNPIITK

P68432 Histone H3.1 RVTIMPKDIQLAR

SAPATGGVK

SAPATGGVKKPHRYRPGTVALR

F1MN93 TOP1 uncharacterized protein AGNEKEEGETADTVGCCSLR

HLQDLMEGLTAK

P62808 Histone H2B type 1 AMGIMNSFVNDIFER

EIQTAVRLLLPGELAK

EIQTAVR

ESYSVYVYK

SRKESYSVYVYK

STITSREIQTAVRLLLPGELAK

STITSREIQTAVR

VLKQVHPDTGISSK

W5PLV3 RAB5B uncharacterized protein TAMNVNDLFLAIAK

P62803 Histone H4 None

Q9TTS3 Acetyl-CoA carboxylase 1 None

To confirm the origin for selected differentially represented proteins (Table 1),
all of the peptides used to identify the proteins sharing tryptic peptides with I.
scapularis proteins were revised. The peptides unique for host-derived proteins
are shown. For protein P62803, we could not define the origin due to 100 %
homology between sheep and tick proteins. For protein Q9TTS3, all peptides
used for identification were identical in both host and tick-derived proteins
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Legumain, Cathepsin B, Cathepsin C, Leucine amino-
peptidase and Serine carboxipeptidase, therefore pro-
viding additional support for the activity of these
enzymes in both tick tissues (Fig. 5a; see Additional
file 1: Dataset S1).
In the midguts of ticks infected with A. phagocytophi-

lum, Heme-responsive gene 1 protein (HRG1) was un-
derrepresented, while heme transport proteins Heme-
binding lipoprotein (HELP) and Vitellogenin 2 (VG2)
but not Vitellogenin 1 (VG1) were overrepresented and
underrepresented, respectively, in response to infection
(Fig. 4 and Table 3). Furthermore, sheep host blood co-
agulation factors Annexin A3 (Q3SWX7; overrepre-
sented in infected tick midguts and involved in blood
anti-coagulation as a Phospholipase 2 inhibitor), and Fi-
brinogen gamma-B, and uncharacterized protein APOH

(P12799 and W5Q268; underrepresented in infected tick
salivary glands and involved in blood coagulation) were
differentially represented in infected ticks when com-
pared to uninfected controls (see Additional file 3: Data-
set S2), resulting in the inhibition of blood coagulation
in both tick tissues.
In addition to hemoglobinolytic enzymes, other tick

proteases were upregulated/overrepresented while prote-
ase inhibitors were down-regulated or did not change in
midguts and salivary glands of A. phagocytophilum-in-
fected ticks when compared to uninfected controls
(Fig. 5b, c). However, as shown for the hemoglobinolytic
enzymes (Fig. 3), the tick proteases differentially regu-
lated in response to infection were predominantly differ-
ent between midguts and salivary glands (see Additional
file 2: Table S2).

Fig. 2 Sheep host hemoglobin levels vary in a tissue-specific manner in response to A. phagocytophilum infection in ticks. a Cell compartment
classification of differentially represented sheep host proteins in infected female tick midguts and salivary glands. b Venn diagram of the sheep
host hemoglobin differentially represented in infected vs uninfected tick tissues. c Differential host hemoglobin protein representation in response
to A. phagocytophilum infection in tick midguts and salivary glands. d Hemoglobin levels in tick midguts and salivary glands from A. phagocytophilum-
infected and uninfected ticks determined by ELISA in individual tick protein extracts, represented as the mean + standard deviation (SD) and compared
between samples from infected and uninfected ticks by Student’s t-test with unequal variance (P < 0.05; 2 biological replicates)
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Table 3 Differential expression/representation of enzymes involved in tick hemoglobinolytic and heme transport pathways in
response to A. phagocytophilum infection

ID Description Log2 (infected/uninfected) fold change (mRNA/protein) Role in hemoglobin digestion

Midguts Salivary glands

Tick hemoglobinolytic pathway

EF428204 Cathepsin D nf/ns ns/nf Primary cleavage

A4GTA5

HQ615697 Cathepsin D2 nf/ns ns/nf Primary cleavage

E7E820

ISCW000202 Legumain -0.6/ns ns/ns Primary cleavage

B7P6S9

ISCW015983 Legumain -1.3/nf nf/nf Primary cleavage

B7P2C6

ISCW000076 Cathepsin L -7.3/nf nf/nf Primary and secondary cleavage

B7P3N8

JX502821 Cathepsin L nf/nf nf/-2.9 Primary and secondary cleavage

J9QSA1

ISCW000080 Cathepsin B +0.5/ns nf/-2.1 Secondary and tertiary cleavage

B7P3P1

EU551624 Cathepsin B nf/ns nf/-2.0 Secondary and tertiary cleavage

B7SP39

ISCW013346 Cathepsin B -1.6/ns ns/-2.5 Secondary and tertiary cleavage

B7QCU7

ISCW000078 Cathepsin B +0.2/ns -4.3/-1.8 Secondary and tertiary cleavage

B7P3P0

ISCW003494 Cathepsin C +0.3/ns -2.6/+2.2 Tertiary cleavage

B7PEB4

ISCW001779 Leucine aminopeptidase +2.2/ns ns/nf Tertiary cleavage

B7P2N4

ISCW023735 Leucine aminopeptidase +2.0/ns +1.1/ns Tertiary cleavage

B7QLQ7

ISCW001780 Leucine aminopeptidase +1.4/ns +0.5/ns Tertiary cleavage

B7P2N5

ISCW013904 Serine carboxipeptidase +1.0/ns ns/ns Tertiary cleavage

B7QLB7

ISCW024536 Serine carboxipeptidase -0.5/ns ns/nf Tertiary cleavage

B7Q049

ISCW024751 Serine carboxipeptidase -0.7/ns ns/ns Tertiary cleavage

B7QD81

ISCW024883 Serine carboxipeptidase -4.5/nf -2.4/nf Tertiary cleavage

B7QK83

ISCW007492 Serine carboxipeptidase -1.7/ns ns/ns Tertiary cleavage

B7PTE5

ISCW003059 Serine carboxipeptidase -1.2/nf ns/nf Tertiary cleavage

B7PC00
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Discussion
The characterization of sheep host proteins in the mid-
guts and salivary glands of uninfected and A. phagocyto-
philum-infected I. scapularis female ticks showed tissue-
specific differences in response to infection. Vertebrate
host proteins in the transcription, lipid metabolism, im-
mune response and oxygen transport (hemoglobins)
were previously found to be highly abundant in the sal-
iva of engorged I. scapularis ticks [24, 30]. The authors
suggested that ticks have evolved mechanisms to select-
ively secrete host proteins in the saliva to aid in the feed-
ing process [30]. Furthermore, anti-microbial peptides
(AMP) such as S100 proteins [45] highly abundant in
the saliva of engorged I. scapularis were proposed to
function in clearing microbes from the feeding site to
preserve ticks [30]. In A. phagocytophilum-infected ticks,
host proteins from some of these pathways such as
stress response and transcription were overrepresented
in tick midguts and salivary glands, supporting the exist-
ence of a mechanism to facilitate tick feeding that was
enhanced in response to infection. However, other host
proteins overrepresented in A. phagocytophilum-infected
tick midguts probably reflected the host response to in-
fection. For example, proteins in the immune response
BP are upregulated at the transcriptional level in sheep
infected with A. phagocytophilum [46]. Nevertheless, im-
mune response proteins were underrepresented in in-
fected tick salivary glands when compared to uninfected
controls, suggesting that A. phagocytophilum selectively
manipulates the levels of host proteins to facilitate
pathogen infection, multiplication and transmission.
The infection with A. phagocytophilum modulates lipid

metabolism in vertebrate host cells and bacteria incorp-
orate host cholesterol for survival [47–49]. In tick cells,

A. phagocytophilum infection inhibits lipid metabolism
through down-representation of tick proteins [50]. The
overrepresentation of sheep host proteins involved in
lipid absorption, transport and secretion in midguts and
the underrepresentation of lipid synthesis proteins in
salivary glands of infected ticks when compared to unin-
fected controls may constitute an additional mechanism
by which A. phagocytophilum selectively manipulates
lipid metabolism to enhance infection and multiplication
in tick tissues.
Although ticks contain genes that encode heme syn-

thesis enzymes, recent results demonstrate that they do
not synthesize heme but obtain heme from the verte-
brate host hemoglobin in the midgut and from tick
heme transporters HELP/VG1/VG2 in other tissues
[50–52]. Recently, Hajdusek et al. [50] proposed that the
heme produced after host hemoglobin digestion is trans-
ported outside the endosomal digestive vesicle by HRG1
and subsequently detoxified in the hemosome or trans-
ported by HELP, VG1 and VG2 to other tick tissues such
as salivary glands. However, as shown here and in previ-
ous reports [30], the presence of active tick hemoglobi-
nolytic enzymes in the salivary glands and secreted in
the saliva of engorged I. scapularis suggests the possibil-
ity that host hemoglobin may be also digested under dif-
ferent conditions to provide heme in the salivary glands.
Although heme may not contribute to the cellular iron
pool in ticks [52], the results reported here suggested
that A. phagocytophilum affects hemoglobin primary
cleavage in tick midguts and salivary glands, probably to
reduce the production of hemoglobin-derived AMP to
facilitate pathogen multiplication [50]. Furthermore, al-
though A. phagocytophilum infection did not affect most
of the enzymes involved in hemoglobin secondary and

Table 3 Differential expression/representation of enzymes involved in tick hemoglobinolytic and heme transport pathways in
response to A. phagocytophilum infection (Continued)

Tick heme transport pathway

ISCW001847 Heme-responsive gene 1 (HRG1) -0.8/nf ns/nf Heme transporter

B7P8M4

ISCW021709 Heme-binding lipoprotein (HELP) +3.3/ns -0.2/ns Heme transporter

B7Q406

ISCW013727 Vitellogenin 1 (VG1) ns/ns ns/nf Heme transporter

B7QJ67

ISCW021228 Vitellogenin 2 (VG2) -1.1/nf ns/nf Heme transporter

B7Q7E5

Transcriptomics RNAseq and proteomics data from A. phagocytophilum-infected and uninfected tick samples were obtained from Ayllón et al. [12]. Except for
Cathepsins D and D2, which were included to show that these proteins were identified in the proteomics analysis but were not significantly different between
infected and uninfected samples, only genes/proteins with statistically significant differences in at least one of the analyses (transcriptomics or proteomics) and
samples (midguts or salivary glands) were included. Abbreviations: ID, gene (GenBank; http://www.ncbi.nlm.nih.gov) and protein (Uniprot; http://www.uniprot.org)
accession numbers
+, upregulated/overrepresented genes/proteins in infected vs uninfected ticks; -, downregulated/underrepresented genes/proteins in infected vs uninfected ticks;
nf, not found; ns, not significant
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tertiary cleavage in tick midguts, the underrepresenta-
tion of HGR1 suggested a mechanism to reduce heme
release into the cytoplasm of midgut cells (Fig. 4). This
mechanism is probably manipulated by A. phagocyto-
philum to facilitate infection through reduction of the
antimicrobial oxidative burden caused by reactive oxy-
gen species (ROS) generated after heme release [19, 53,
54]. Furthermore, the inhibition of blood coagulation

may be a mechanism driven by tick and/or A. phagocy-
tophilum to facilitate tick feeding and pathogen multi-
plication. As recently proposed [13], these mechanisms
may have evolved to guarantee A. phagocytophilum in-
fection, multiplication and transmission while preserv-
ing tick life cycle.
Once shown that A. phagocytophilum selectively ma-

nipulates the levels of vertebrate host proteins in ticks in

Fig. 3 Characterization of Cathepsin L protein levels by IFA. Representative images of IFA of midguts and salivary glands of uninfected and A.
phagocytophilum-infected adult female I. scapularis. Tick tissues were stained with rabbit anti-Cathepsin L (mature region No. pab0213-0; Covalab,
Villeurbanne, France) antibodies (green, FITC) or DAPI (blue), and images were superimposed after staining (right panels). Preimmune control
serum-treated samples showed similar results for uninfected and infected ticks. Uninfected and infected samples stained with anti-Cathepsin L
antibodies showed higher protein levels in infected midguts while Cathepsin L was underrepresented in infected salivary glands when compared
to uninfected controls (arrowheads). Scale-bars: 10 μm

Vladimir López - PhD Thesis

53



a tissue-specific manner, the next question was why
these proteins were selected among all host proteins
ingested by ticks during blood feeding? Some of these
host proteins such as hemoglobins, S100 and Ig-like pro-
teins that were overrepresented in tick midguts and un-
derrepresented in salivary glands have a crucial role
during tick feeding and pathogen infection. In feeding
ticks, host hemoglobins are the source of heme and
AMP, which together with other immune system pro-
teins such as S100 and Ig-like proteins may be essential
for tick feeding and antimicrobial response to control
microbe levels in tick tissues [19, 30, 45, 50, 53, 54].
Additionally, most of these proteins are highly conserved
among major domestic and natural vertebrate hosts for
A. phagocytophilum and I. scapularis (see Additional file
2: Table S3). Therefore, these results suggested that the
mechanisms responsible for the selective manipulation
of vertebrate host proteins by A. phagocytophilum infec-
tion in tick tissues are evolutionary conserved.
The physiological significance of these findings was

addressed by responding to the questions recently

proposed by Sojka et al. [19] for a better understanding
of how ticks handle the blood meal. Among these
questions they proposed to address if the same tick
enzyme machinery process hemoglobin and other ver-
tebrate host proteins and the role of blood digestion
and chemical reduction-oxidation reaction balance on
pathogen infection and transmission in the tick mid-
gut. The results of our study showed that tick hemo-
globinolytic enzymes are present and active in both
midguts and salivary glands of fed ticks and therefore
may be involved in the digestion of hemoglobin and
other host proteins. Although the effect of hemoglobin
digestion and ROS production on pathogen infection
and transmission was not directly addressed in our
study, the results suggested that A. phagocytophilum
selectively manipulate these and other processes to
facilitate pathogen infection, multiplication and
transmission.
The results reported here suggested that the mech-

anism used by A. phagocytophilum to selectively ma-
nipulate the levels of vertebrate host proteins in a

Fig. 4 The levels of enzymes involved in the tick hemoglobinolytic pathway vary in a tissue-specific manner in response to A. phagocytophilum
infection. Differential expression/representation of tick hemoglobinolytic enzymes in response to A. phagocytophilum infection was obtained from
Ayllón et al. [12] and represented by pondering mRNA (transcriptomics RNAseq and real-time RT-PCR) and protein (proteomics) data. In tick
midguts, the hemoglobinolytic pathway operating in the endosomal digestive vesicle was revised by Sojka et al. [19]. In tick salivary glands, these
enzymes are also produced and may function under different conditions. Abbreviations: AMP, hemoglobin-derived antimicrobial peptides (Hemocidins
and other); HRG1, Heme-responsive gene 1; HELP, Heme-binding lipoprotein; VG1, Vitellogenin 1; VG2, Vitellogenin 2
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tissue-specific manner is through modification of tick
proteolytic pathways. How A. phagocytophilum mod-
ify tick proteolytic pathways is not known, but may
include the regulation of gene expression through
epigenetic mechanisms recently shown to be affected
by pathogen infection in I. scapularis [43]. These epi-
genetic mechanisms are probably controlled by se-
creted bacterial effectors [55–58]. However, future
experiments should address the physiological signifi-
cance of tick proteolytic pathways during A. phagocy-
tophilum infection and multiplication in midguts and
salivary glands.

Conclusions
In summary, the results of this study corroborated that
vertebrate host proteins are present in the midguts and
salivary glands of fed female I. scapularis. To our know-
ledge, the results presented here showed for the first
time that A. phagocytophilum selectively manipulates the
levels of vertebrate host proteins in the tick vector to fa-
cilitate pathogen infection, multiplication and transmis-
sion while preserving tick feeding and development
(Fig. 6). The mechanisms by which A. phagocytophilum
manipulates the levels of vertebrate host proteins are
not known, but may include modification of proteolytic

Fig. 5 The digestion of sheep host hemoglobin varies between tick midguts and salivary glands in a tissue-specific manner in response to A.
phagocytophilum infection. a Sheep hemoglobin alpha 1/2 (P68240) and beta (P02075) peptides detected by MS analysis with 1 % FDR in midguts
and salivary glands from uninfected and A. phagocytophilum-infected ticks. Peptides detected in uninfected and infected (blue), infected (red), or
uninfected (green) tick midguts and in uninfected and infected (underlined), infected (bold), or uninfected (italics) tick salivary glands are shown.
Hemoglobin protein coverage by detected peptides is highlighted in green. The preferred cleavage sites for Trypsin and hemoglobinolytic
enzymes are shown over P1 amino acid for Trypsin (t), Leucine aminopeptidase (l), Legumain (g), Cathepsin B (b), Cathepsin C (c), and Serine
carboxypeptidase (s) (see Additional file 3: Dataset S2). b The number of protease genes/proteins different from hemoglobinolytic enzymes and
differentially expressed/represented in response to A. phagocytophilum infection in tick midguts and salivary glands were extracted from
transcriptomics and proteomics data [12]. c The number of protease inhibitor genes/proteins differentially expressed/represented in response to
A. phagocytophilum infection in tick midguts and salivary glands were extracted from transcriptomics and proteomics data [12]
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pathways by affecting tick epigenetics and other bio-
logical processes.
Despite the growing burden that A. phagocytophilum

and other tick-borne pathogens represent for human
and animal health worldwide, effective control measures
have not been developed [59]. Investigating the bio-
logical relevance of host proteins in tick biology and
pathogen infection and the mechanisms used by A. pha-
gocytophilum to manipulate host protein content is es-
sential to advance our knowledge of tick-host-pathogen
molecular interactions. These results have implications
for the identification of new targets for the development
of vaccines for the control of tick-borne diseases.
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Supplemental material

Figure S1. Analysis of RNAseq results by real-time RT-PCR. Five selected genes 
coding for hemoglobin digesting enzymes Legumain (ISCW015983), Cathepsin L 
(ISCW000076), Cathepsin B (ISCW000080), Cathepsin C (ISCW003494) and Leucine 
aminopeptidase (ISCW001779) differentially regulated in response to A. 
phagocytophilum infection were used for analysis by real-time RT-PCR in individual tick 
midguts and salivary glands. (A) The mRNA levels were normalized against tick 16S 
rRNA and cyclophilin, represented as Ave+SD and compared between infected and 
uninfected ticks by Student's t-test with unequal variance (*P≤0.05; N=3-17 biological 
replicates). (B) Normalized mRNA levels are represented as infected/uninfected Log2-
fold ratio and compared between infected and uninfected ticks by Student's t-test with 
unequal variance (*P≤0.05). (C) Differential expression of selected tick genes was 
compared between RNAseq and real-time RT-PCR results in midguts and salivary 
glands. 
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Figure S2. Pondering mRNA and protein data. Transcriptomics RNAseq data (Ayllón 
et al. 2015), real-time RT-PCR results obtained in this study and proteomics data (Ayllón 
et al. 2015) were considered when pondering the effect of A. phagocytophilum infection 
in the gene expression/protein representation of tick hemoglobinolytic enzymes in 
midguts and salivary glands. The results are shown as percent of genes/proteins for each 
enzyme that were up, down or without differences between infected and uninfected ticks. 
The final ponderation was made considering that 50% or more of the enzymes were up or 
down in response to infection. Otherwise, enzymes were considered that did not change 
or their levels could not be defined in response to infection.  
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Table S1. Genes and oligonucleotide primers selected for expression analysis by real-time RT-
PCR. 

I.scapularis genes Genbank 
accession No. 

Forward and Reverse primers for 
RTPCR 
(5´- 3´) 

PCR 
annealing 
conditions 

Cathepsin B ISCW000080 GGCAGGAAGGAACTTCGACA 
CTGGTCGCGGATAAGGTGAA 

60°C/30s 

Cathepsin C ISCW003494 CGAAAGACGTTCGATGCGAC 
CACCTCGAAGCCCTGATTGT 

60°C/30s

Cathepsin L ISCW000076 CAGCGAAGGAAAGGTCCAGGT 
TTACCCGTAACCGCAGGAATGG 

63°C/30s

Legumain ISCW015983 CCCCGGAGAACTTCCTGAAC 
CTTGCCGAACCTGTTTTCCG 

60°C/30s

Leucine aminopeptidase ISCW001779 ATGCAGACTTCGTCCTCACG 
CTCATCGCGGTCTTCCAGTT 

60°C/30s

Cyclophilin ISCW000776 GCTTCGGTTACAAGGGCAGCAGCATTT 
TCGGGTGTGCTTCAGGATGAAGTT 

60°C/30s

Ribosomal protein S4 DQ066214 GGTGAAGAAGATTGTCAAGCAGAG 
TGAAGCCAGCAGGGTAGTTTG 

60°C/30s
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Table S2. Differential expression of highly differentially regulated tick protease genes in 
response to A. phagocytophilum infection. 

ID Description Log2 (infected/uninfected) 
fold change (mRNA) 

Peptidases in tick midguts 
ISCW004264 Carboxypeptidase* +3.2 
ISCW020713 Aminopeptidase +2.8 
ISCW003960 Dipeptidylpeptidase +2.6 
ISCW022741 Polylcarboxypeptidase* -7.4 
ISCW022742 Polylcarboxypeptidase -6.0 
ISCW022743 Polylcarboxypeptidase -4.0 
Peptidases in tick salivary glands 
ISCW022411 Glutamate carboxypeptidase +3.9 
ISCW007964 Carboxypeptidase +2.9 
ISCW001311 Carboxypeptidase +1.6 
ISCW022741 Polylcarboxypeptidase* -6.3 
ISCW004264 Carboxypeptidase* -2.7 
ISCW020703 Signal peptidase complex subunit SPC25 -2.1 
Proteases in tick midguts 
ISCW003013 Sentrin/sumo-specific protease +4.8 
ISCW011212 Ubiquitin-specific protease +3.0 
ISCW001119 Serine protease +2.8 
ISCW001619 Serine protease -3.8 
ISCW014841 Secreted serine protease -3.8 
ISCW012429 Serine protease -3.5 
Proteases in tick salivary glands 
ISCW013599 Salivary metalloprotease +3.5 
ISCW007161 Metalloendopeptidase +2.8 
ISCW019965 Ubiquitin-specific protease +2.2 
ISCW003039 Caspase, spoptotic cysteine proease -4.8 
ISCW006994 Metalloprotease -2.0 
ISCW016405 Metalloendopeptidase -1.4 
Proteinases in tick midguts 
ISCW001423 Zinc metalloproteinase +4.0 
ISCW007768 Serine proteinase +2.8 
ISCW014005 Serine proteinase +2.3 
ISCW006136 Matrix metalloproteinase -2.9 
ISCW015172 Serine proteinase -2.5 
ISCW012738 Midgut serine proteinase 1 -2.0 
Proteinases in tick salivary glands 
ISCW007716 Ubiquitin-specific proteinase +3.4 

Proteases included in the analysis correspond to the genes annotated in the I. scapularis 
genome as “peptidase”, “protease” or “proteinase” that are different from the 
hemoglobinolytic enzymes. The three genes up-regulated and down-regulated with the 
highest fold change in response to A. phagocytophilum infection in tick midguts and 
salivary glands were selected on each protease category. Transcriptomics RNAseq data 
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from A. phagocytophilum-infected and uninfected tick samples were obtained from 
Ayllón et al. (2015). Only genes with statistically significant differences were included. 
Abbreviations: ID, gene (GenBank; http://www.ncbi.nlm.nih.gov) accession numbers; +, 
up-regulated genes in infected vs. uninfected ticks; -, down-regulated genes in infected 
vs. uninfected ticks; *Genes that appeared in both tick midguts and salivary glands.
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Table S3. Percent homology for selected differentially represented host proteins. 

Midguts Salivary glandsHosts1 
HMG2 SA8 SA12 SERP H2B AP-1 TOPO1 IgHC 

Ovis aries3 - - - - - - - - 
Homo sapiens 86.62 71.59 65.22 62.82 100 99.68 96.73 59.52 
Equus caballus 88.03 84.27 77.17 70.51 100 99.58 97.07 64.19 
Bos taurus 90.85 92.13 83.70 85.90 100 99.68 98.17 85.30 
Canis lupus 
familiaris 

80.99 80.90 67.39 70.36 100 99.79 97.00 58.78 

Cervidae 82.98 NF4 NF NF NF 91.67 NF 40.85 
Peromyscus 83.80 65.17 42.39 60.67 100 99.79 97.11 44.51 
Microtus 82.39 61.80 42.39 60.41 100 99.47 95.95 NF 
Tamias 82.39 NF NF 32.61 NF NF NF NF 
Procyon 82.27 NF NF NF NF NF NF NF 
Passeriformes 70.42 35.96 46.74 45.64 96.03 98.53 92.15 33.66 

The most over-represented and under-represented sheep host proteins in A. 
phagocytophilum-infected I. scapularis midguts (fold change > 9, log2-fold >3.2 or <-3.2) 
and salivary glands (fold change > 6.5, log2-fold >2.7 or <-2.7) when compared to 
uninfected controls were selected for analysis.  
1Hosts were selected based on their role as natural hosts for A. phagocytophilum and I. 
scapularis or for suffering granulocytic anaplasmosis after infection with A. 
phagocytophilum transmitted by I. scapularis. Hosts are represented at the order 
(Passeriformes/bird) family (Cervidae/deer), genus (Peromyscus/deer mice, Microtus/voles, 
Tamias/chipmunk and Procyon/raccoon) and species (Ovis aries/sheep, Homo sapiens/man, 
Equus caballus/horse, Bos taurus/caw and Canis lupus familiaris/dog) levels.  
2Protein names were abbreviated as HMG (Hemoglobin subunit alpha; P21379), SA8 (S100 
calcium-binding protein A8; W5NQK9), SA12 (S100 calcium–, zinc– and copper–binding 
protein A12; W5NQJ0), SERP (Serpin-like protein; W5P9M9), H2B (Histone H2B; 
P62808), AP-1 (Clathrin-associated adaptor protein complex 1 (AP-1) subunit beta-1; 
Q08DS7), TOPO1 (Topoisomerase I; F1MN93) and IgHC (Ig heavy chain; G5E5T5).  
3Percent of protein identity was calculated using Clustal2.1 and taking Ovis aries homologs 
as reference.  
4NF: No homolog was found using BLAST at http://www.ncbi.nlm.nih.gov. 

Methods for the determination of protein homology for selected sequences. Major 
domestic and wild vertebrate hosts for I. scapularis that have been reported to be infected 
with A. phagocytophilum were obtained from previous publications (Keesing et al. 2012; 
Stuen et al. 2013; Dugat et al. 2015; Kocan et al. 2015; de la Fuente et al. 2015; Estrada-
Peña et al. 2015). Four major domestic hosts were identified: Ovis aries (Oar), Equus 
caballus (Eca), Canis lupus familiaris (Clf) and Bos taurus (Bta) (Kocan et al. 2015). Wild 
hosts were identified belonging to the order Passeriformes (Keesing et al. 2012), the family 
Cervidae and the genera Peromyscus, Microtus, Tamias and Procyon (Stuen et al. 2013; 
Dugat et al. 2015). Homo sapiens (Hsa) was also included in the analysis as an accidental 
host for I. scapularis that can be infected by A. phagocytophilum causing HGA (Kocan et al. 
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2015). The most over-represented and under-represented sheep host proteins in A. 
phagocytophilum-infected I. scapularis midguts (fold change > 9, log2-fold >3.2 or <-3.2) 
and salivary glands (fold change > 6.5, log2-fold >2.7 or <-2.7 (see Dataset S1 in the 
supplemental material) when compared to uninfected controls were selected for analysis. 
Protein sequences from hemoglobin subunit alpha (HMG), S100 calcium-binding protein 
A8 (SA8), S100 calcium–, zinc– and copper–binding protein A12 (SA12), Serpin (SERP), 
histone H2B (H2B), clathrin-associated adaptor protein complex 1 (AP-1) subunit beta-1 
(AP-1), topoisomerase I (TOPO1) and immunoglobulin heavy chain (IgHC) of O. aries 
were obtained from GenBank (http://www.ncbi.nlm.nih.gov). Homolog search of the above 
proteins was performed against the GenBank databases: Equus caballus (taxid: 9796), Canis 
lupus familiaris (taxid: 9615), Bos taurus (taxid: 9913), Passeriformes (taxid: 9126), 
Cervidae (taxid: 9850), Peromyscus (taxid: 10040), Microtus (taxid: 10053), Tamias (taxid: 
13712) and Procyon (taxid: 9653) using Protein-Protein Basic Local Alignment Search Tool 
(BLASTP) from BLAST (Altschul et al. 1990; Madden et al. 1996) and O. aries sequences 
as “queries”. The sequences with the lowest E–value were selected for further analysis. 
Accession numbers of protein sequences identified using the above procedure were HMG 
(Oar, CAA49750; Eca, CAA30097; Clf, NP_001257814; Bta, CAB56829; Cervidae, 
P01972; Peromyscus, ABN71080; Microtus, XP_005349096; Tamias, AGU68546; 
Procyon, P18977; Passeriformes, ALG03085 and Hsa, ABF56145), SA8 (Oar, 
XP_004002572; Eca, XP_001493639; Clf, NP_001139616; Bta, NP_001107197; 
Peromyscus, XP_006976290; Microtus, XP_005367318; Passeriformes, XP_008926848 and 
Hsa, NP_001306126), SA12 (Oar, XP_004002571; Eca, XP_001494448; Clf, 
XP_003434953; Bta, ACJ06402; Peromyscus,  XP_006992615; Microtus, XP_005360276; 
Passeriformes, XP_014129499 and Hsa, NP_005612), SERP (Oar, XP_004020624; Eca, 
XP_014583359; Clf, XP_541074; Bta, NP_001193642; Peromyscus, XP_006993755; 
Microtus, XP_005368788; Tamias, BAD06478; Passeriformes, XP_005481730 and Hsa, 
AAQ04218), H2B (Oar, XP_004019078; Eca, XP_001497452; Clf, XP_545389; Bta, 
NP_001032546; Peromyscus,  XP_006988912; Microtus, XP_005354996; Passeriformes, 
XP_002192965 and  Hsa, NP_003509), AP-1 (Oar, XP_004012503; Eca, XP_001503974; 
Clf, XP_853723; Bta, NP_001068593; Cervidae, AAD41905; Peromyscus, XP_006995370; 
Microtus, XP_005349419; Passeriformes, XP_005495081 and Hsa, BAF82217), TOPOI 
(Oar, XP_011974341; Eca, XP_005604687; Clf, XP_534420; Bta, NP_001193416; 
Peromyscus, XP_006971113; Microtus, XP_005363050; Passeriformes, XP_005490040 and 
Has, NP_003277) and IgHC (Oar, S25705; Eca, AAU09792; Clf, P01874;  Bta, AAN60017; 
Cervidae, ABO16483; Peromyscus, AAR21580; Passeriformes, XP_014117986 and Has, 
AAS01770). Percent identity matrices were generated for each group of homologs using 
Clustal 2.1 implemented in Clustal Omega (Sievers et al. 2011). Only pairwise comparisons 
including O. aries sequences were considered (Table 1). 

References 
Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local alignment search 
tool. J Mol Biol 215:403-410. 
de la Fuente J, Estrada-Peña A, Cabezas-Cruz A, Brey R. 2015. Flying ticks: anciently 
evolved associations that constitute a risk of infectious disease spread. Parasit Vectors 
8:538. 

Vladimir López - PhD Thesis

65



Dugat T, Lagrée AC, Maillard R, Boulouis HJ, Haddad N. 2015. Opening the black box of 
Anaplasma phagocytophilum diversity: current situation and future perspectives. Front Cell 
Infect Microbiol 5:61. 
Estrada-Peña A, de la Fuente J, Ostfeld RS, Cabezas-Cruz A. 2015. Interactions between 
tick and transmitted pathogens evolved to minimise competition through nested and 
coherent networks. Sci Rep 5:10361. 
Keesing F, Hersh MH, Tibbetts M, McHenry DJ, Duerr S, Brunner J, Killilea M, LoGiudice 
K, Schmidt KA, Ostfeld RS. 2012. Reservoir competence of vertebrate hosts for Anaplasma 
phagocytophilum. Emerg Infect Dis 18:2013-2016.  
Kocan KM, de la Fuente J, Cabezas-Cruz A. 2015. The genus Anaplasma: new challenges 
after reclassification. Rev Sci Tech 34:577-786. 
Madden TL, Tatusov RL, Zhang J. 1996. Applications of network BLAST server. Methods 
Enzymol 266:131-141. 
Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, Lopez R, McWilliam H, 
Remmert M, Söding J, Thompson JD, Higgins DG. 2011. Fast, scalable generation of high-
quality protein multiple sequence alignments using Clustal Omega. Mol Syst Biol 7:539.  
Stuen S, Granquist EG, Silaghi C. 2013. Anaplasma phagocytophilum--a widespread multi-
host pathogen with highly adaptive strategies. Front Cell Infect Microbiol 3:31. 

Vladimir López - PhD Thesis

66



II.c Comparative proteomics identifies host
immune system proteins affected by infection 
with Mycobacterium bovis 

Vladimir López - PhD Thesis

67



RESEARCH ARTICLE

Comparative Proteomics Identifies Host
Immune System Proteins Affected by
Infection withMycobacterium bovis
Vladimir López1, Margarita Villar1, João Queirós1,2,3, Joaquín Vicente1, Lourdes Mateos-
Hernández1, Iratxe Díez-Delgado1,4, Marinela Contreras1, Paulo C. Alves2,3,5,
Pilar Alberdi1, Christian Gortázar1, José de la Fuente1,6*

1 SaBio. Instituto de Investigación en Recursos Cinegéticos IREC CSIC-UCLM-JCCM, Ciudad Real, Spain,
2 CIBIO/InBIO, Centro de Investigação em Biodiversidade e Recursos Genéticos, Universidade do Porto,
Campus Agrário de Vairão, Vairão, Portugal, 3 Departamento de Biologia, Faculdade de Ciências da
Universidade do Porto (FCUP), Porto, Portugal, 4 Departamento de Sanidad Animal, Facultad de
Veterinaria, Universidad Complutense de Madrid, Madrid, Spain, 5 Wildlife Biology Program, University of
Montana, Missoula, Montana, United States of America, 6 Department of Veterinary Pathobiology, Center for
Veterinary Health Sciences, Oklahoma State University, Stillwater, Oklahoma, United States of America

* jose_delafuente@yahoo.com

Abstract
Mycobacteria of theMycobacterium tuberculosis complex (MTBC) greatly impact human and

animal health worldwide. Themycobacterial life cycle is complex, and the mechanisms result-

ing in pathogen infection and survival in host cells are not fully understood. Eurasian wild boar

(Sus scrofa) are natural reservoir hosts for MTBC and a model for mycobacterial infection and

tuberculosis (TB). In the wild boar TBmodel, mycobacterial infection affects the expression of

innate and adaptive immune response genes in mandibular lymph nodes and oropharyngeal

tonsils, and biomarkers have been proposed as correlates with resistance to natural infection.

However, the mechanisms used bymycobacteria to manipulate host immune response are

not fully characterized. Our hypothesis is that the immune system proteins under-represented

in infected animals, when compared to uninfected controls, are used bymycobacteria to guar-

antee pathogen infection and transmission. To address this hypothesis, a comparative prote-

omics approach was used to compare host response between uninfected (TB-) andM. bovis-
infected young (TB+) and adult animals with different infection status [TB lesions localized in

the head (TB+) or affecting multiple organs (TB++)]. The results identified host immune sys-

tem proteins that play an important role in host response to mycobacteria. Calcium binding

protein A9, Heme peroxidase, Lactotransferrin, Cathelicidin and Peptidoglycan-recognition

protein were under-represented in TB+ animals when compared to uninfected TB- controls,

but protein levels were higher as infection progressed in TB++ animals when compared to

TB- and/or TB+ adult wild boar. MHCI was the only protein over-represented in TB+ adult wild

boar when compared to uninfected TB- controls. The results reported here suggest thatM.

bovismanipulates host immune response by reducing the production of immune system pro-

teins. However, as infection progresses, wild boar immune response recovers to limit patho-

gen multiplication and promote survival, facilitating pathogen transmission.
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Author Summary

Mycobacteria of theMycobacterium tuberculosis complex (MTBC) are zoonotic pathogens
representing a serious health problem for humans and animals worldwide. The life cycle
of mycobacteria is complex, and the mechanisms resulting in pathogen infection and sur-
vival in host cells are not fully understood. Eurasian wild boar are natural reservoir hosts
for MTBC and a model for mycobacterial infections and tuberculosis. The results of this
study broaden our understanding of the molecular epidemiology of zoonotic tuberculosis
and fill important gaps in knowledge of this topic. The results suggested that mycobacteria
manipulate host immune response by reducing the production of immune system pro-
teins. However, as infection progresses, wild boar immune response recovers to limit path-
ogen multiplication and promote survival, facilitating pathogen transmission. As
previously reported in other obligate intracellular bacteria, host-mycobacteria interactions
probably reflect a co-evolutionary process in which pathogens evolved mechanisms to
subvert host response to establish infection, but hosts also evolved mechanisms to limit
pathogen infection and promote survival. Subsequently, mycobacteria benefit from host
survival by increasing the probability for transmission to continue their life cycle. These
results provide relevant information to develop tools to evaluate risks for tuberculosis
caused by MTBC and for disease control in humans and animals.

Introduction
Tuberculosis (TB) caused by mycobacteria of theMycobacterium tuberculosis complex
(MTBC) is one of the world's most common causes of death from infectious diseases [1]. Ani-
mal TB is caused by infection withMycobacterium bovis and closely related members of the
MTBC. Cattle are the main health concern regarding animal TB in industrialized countries,
but other mammalian species are also infected with mycobacteria of the MTBC [2,3]. Addi-
tionally, human TB cases due toM. bovis infection are reported every year [4,5]. Eurasian wild
boar (Sus scrofa) are natural reservoir hosts for MTBC in some regions and therefore vaccina-
tion strategies are being developed for TB control in this species [6–9]. Additionally, wild boar
are a model for mycobacterial infection and TB reproducing some of the clinical characteristics
observed in human cases such as lung pathology and latent infection [9,10].

The life cycle of mycobacteria is complex and not fully characterized [11]. It is generally
accepted that after inhalation into the lung or entry to the oropharyngeal cavity, the principal
entry routes, mycobacteria of the MTBC are phagocytized by macrophages. As with other
intracellular bacteria, mycobacteria survive inside macrophages by escaping host immune
response, which results in the formation of a granuloma that effectively contains infected cells.
A change in the host-bacterial equilibrium of granulomas is thought to result in the release of
infected cells outside containment and onward transmission of mycobacteria to susceptible
hosts [11]. In wild boar, mycobacterial infection occurs mostly through oral-nasal routes and
mandibular lymph nodes are the most frequently affected tissue by the formation of granulo-
matous lesions, and the main organ responsible for infection dissemination within the organ-
ism [12]. However, generalized infection affects lungs, therefore increasing the risk for
pathogen transmission through the oral-nasal route [13]. In the wild boar TB model, mycobac-
terial infections affect the expression of innate and adaptive immune response genes in man-
dibular lymph nodes and oropharyngeal tonsils, and Complement component 3 (C3) and
Methylmalonyl-CoA mutase (MUT) have been proposed as correlates with resistance to
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natural mycobacterial infection [10, 14–16]. However, the mechanisms used by mycobacteria
to manipulate host immune response are still not fully understood.

Our hypothesis is that the immune system proteins under-represented in infected animals
when compared to uninfected controls are used by mycobacteria to guarantee pathogen infec-
tion and transmission. To address this hypothesis, in this research a comparative proteomics
approach was used to characterize host response to naturalM. bovis infection using the wild
boar TB model. The results identified host immune system proteins that are manipulated by
mycobacteria for pathogen infection and transmission.

Methods

Ethics statement
All animal sampling was post-mortem. Wildlife samples were obtained from hunter-harvested
individuals that were shot during the legal hunting season independently and prior to our
research. According to EU and National legislation (2010/63/UE Directive and Spanish Royal
Decree 53/2013) and to the University of Castilla–La Mancha guidelines no permission or con-
sent is required for conducting the research reported here.

Study site and sampling
Based on tooth eruption patterns [17], young (Age 6–24 months; N = 14) and adult (Age>24
months; N = 15) Eurasian wild boar were selected and included in the study. The animals were
collected between hunting seasons 2009–2012 fromMontes de Toledo, Spain in a region with
66±5% TB prevalence in wild boar [18]. The hunters provided the whole carcass less than 20
min after the animal died and the necropsy were performed on site [18]. Animals were sub-
jected to detailed necropsy as described previously [14]. Samples of dissected mandibular
lymph nodes were obtained by sagittal cross-section at half the length, and tissue fragments of
approximately 2 cm3 were rapidly prepared and stored in liquid nitrogen for DNA, RNA and
protein extraction. The remaining portion of the sample was used for culture and spoligotyping
of mycobacteria (see below). After necropsy, young animals were classified as TB- (N = 5) or
TB+ (N = 9) based on the absence/presence of TB-compatible lesions and negative/positive for
mycobacterial culture. Adult animals were classified as TB- (N = 4), TB+ (N = 5) or TB++
(N = 6). The TB- animals were negative for mycobacteria culture and did not have TB-compat-
ible lesions. The TB+ and TB++ animals were positive for mycobacteria culture and showed
TB-compatible lesions localized in head organs (mandibular lymph nodes and/or oropharyn-
geal tonsils) referring to localized (potentially early) or controlledM. bovis infection or affect-
ing multiple organs in the head and thorax that reflect disseminated TB, respectively (Table 1).
Adult TB++ wild boar with disseminated disease showed extensive macroscopic lesions with
poor fibrotic containment of the granulomas and ulceration into the lumina of airways. All ani-
mals positive for mycobacteria culture had infection withM. bovis. Mandibular lymph nodes
were used in the study because these organs are involved in mycobacterial infection and TB
[10, 14–16].

Protein extraction and proteomics analysis
Proteins from mandibular lymph nodes were extracted using the AllPrep DNA/RNA/Protein
Mini Kit (Qiagen, Inc. Valencia, CA, USA) according to manufacturer instructions. Precipi-
tated proteins from individual samples of each group (TB- and TB+ young animals and TB-,
TB+ and TB++ adult animals) were resuspended in 20mM Tris-HCl pH 7.5 with 4% SDS and
protein concentration was determined using the BCA Protein Assay (Thermo Scientific, San
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Jose, CA, USA) using bovine serum albumin (BSA) as standard. Protein extracts (150 μg per
sample) were on-gel concentrated by SDS-PAGE as previously described [20]. The unseparated
protein bands were visualized by staining with GelCode Blue Stain Reagent (Thermo Scien-
tific), excised, cut into 2 × 2 mm cubes and digested overnight at 37°C with 60 ng/μl sequencing
grade trypsin (Promega, Madison, WI, USA) at 5:1 protein: trypsin (w/w) ratio in 50 mM
ammonium bicarbonate, pH 8.8 containing 10% (v/v) acetonitrile [21]. The resulting tryptic
peptides from each band were extracted by 30 min-incubation in 12 mM ammonium bicarbon-
ate, pH 8.8. Trifluoroacetic acid was added to a final concentration of 1% and the peptides were
finally desalted onto OMIX Pipette tips C18 (Agilent Technologies, Santa Clara, CA, USA),
dried-down and stored at −20°C until mass spectrometry analysis.

The desalted protein digests was resuspended in 0.1% formic acid and analyzed by
RP-LC-MS/MS using an Easy-nLC II system coupled to an ion trap LTQ mass spectrometer
(Thermo Scientific). The peptides were concentrated (on-line) by reverse phase chromatogra-
phy using a 0.1×20 mm C18 RP precolumn (Thermo Scientific), and then separated using a
0.075×100 mm C18 RP column (Thermo Scientific) operating at 0.3 ml/min. Peptides were
eluted using a 180-min gradient from 5 to 40% solvent B (Solvent A: 0,1% formic acid in water,
solvent B: 0,1% formic acid in acetonitrile). ESI ionization was done using a Fused-silica Pico-
Tip Emitter ID 10 mm (New Objective, Woburn, MA, USA) interface. Peptides were detected
in survey scans from 400 to 1600 amu (1 mscan), followed by fifteen data dependent MS/MS
scans (Top 15), using an isolation width of 2 mass-to-charge ratio units, normalized collision
energy of 35%, and dynamic exclusion applied during 30 sec periods.

The MS/MS raw files were searched against the Uniprot-Sus scrofa database (34,207 entries
in November 2015) (http://www.uniprot.org) using the SEQUEST algorithm (Proteome Dis-
coverer 1.4, Thermo Scientific). The following constraints were used for the searches: tryptic
cleavage after Arg and Lys, up to two missed cleavage sites, and tolerances of 1 Da for precursor
ions and 0.8 Da for MS/MS fragment ions and the searches were performed allowing optional
Met oxidation and Cys carbamidomethylation. A false discovery rate (FDR)< 0.01 was consid-
ered as condition for successful peptide assignments and at least two peptide-spectrum
matches (PSMs) per protein were the necessary condition for protein identification (S1 Table).

Table 1. Characterization of TB lesions in Young TB+, Adult TB+ and Adult TB++ wild boar included in the study.

Experimental group Lesion localization (N) Lesion score (Average ± SD)

Young TB+ (N = 9) Mandibular lymph node (9) 7.2 ± 5.9

Tonsil (2)

Bronchial (5)

Mediastinum (5)

Lung (2)

Spleen (1)

Mesentery (1)

Adult TB+ (N = 5) Mandibular lymph node (5) 2.4 ± 0.9

Tonsil (1)

Adult TB++ (N = 6) Mandibular lymph node (6) 8.1 ± 4.2

Bronchial (6)

Mediastinum (5)

Lung (2)

Lesion scores were determined as previously described [19]. N, number of animals.

doi:10.1371/journal.pntd.0004541.t001
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Gene ontology (GO) analysis for biological process (BP) was done by Blast2GO software
(version 3.0; www.blast2go.com). Two biological replicates with 2–5 pooled mandibular lymph
node samples each were used for analysis. Identified proteins were grouped according to BP
GO. Within each BP, the average number of PSMs for each S. scrofa protein were added and
normalized against the total number of PSMs and compared separately in young and adult ani-
mals between TB- and TB+ or between TB-, TB+ and TB++ samples, respectively by Chi2-test
(p = 0.05). The average number of normalized PSMs for proteins in BPs with statistically signif-
icant differences between samples was then used to identify proteins with significant differ-
ences in representation within each BP by Chi2-test (p<0.05). The mass spectrometry
proteomics data have been deposited at the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org) via the PRIDE partner repository with the dataset
identifier PXD003251 and doi: 10.6019/PXD003251. S1 Table contains all S. scrofa proteins
identified with FDR<0.01 and at least two PSMs per protein in at least one of the analyzed
samples, BP annotation and data quantitation. Venn diagrams were constructed using Concept
Draw PRO 10 (CS Odessa LLC, San Jose, CA, USA).

Production of recombinant proteins and rabbit antibodies
Recombinant Calcium binding protein A9 (S100A9; Uniprot accession number C3S7K6), Lac-
totransferrin (LTF; Q6YT39) and Peptidoglycan-recognition protein (PGLYRP1; F1RM24)
were produced in Escherichia coli using pET101/D-TOPO expression system (Invitrogen-Life
Technologies Inc, Grand Island, NY, USA). Coding regions were amplified by RT-PCR using
total RNA extracted from 3D4/31 cell line (Pig macrophage) samples and sequence-specific oli-
gonucleotide primers (S2 Table) and cloned into the pET101/D-TOPO expression vector (Invi-
trogen-Life Technologies Inc, Grand Island, NY, USA). Recombinant proteins were purified by
Ni affinity chromatography to>95% purity and used to produce antibodies in rabbits as previ-
ously described [22]. The specificity of the antibodies was characterized by Western blot as
described below but using 10 μg of recombinant proteins.

Western blot analysis
For Western blot analysis, 15 μg of total proteins from individual wild boar mandibular lymph
nodes (young TB-, N = 5; young TB+, N = 9; adult TB-, N = 4; adult TB+, N = 5; adult TB++,
N = 5) were loaded onto a 12% SDS-polyacrylamide gel (Life Science, Hercules, CA, USA) and
transferred to a nitrocellulose membrane during 1 h at 12 V in a Mini-Genie Electroblotter
semi-dry transfer unit (Idea Scientific, Corvallis, OR, USA). The membrane was blocked with
5% skim milk for 1 h at room temperature, washed three times in TBS and probed with rabbit
antibodies. Serum from rabbits immunized with recombinant proteins was diluted 1:500 in 3%
BSA in TBS and the membrane was incubated with the diluted sera for 1 h at room tempera-
ture, and washed three times with TBS. Rabbit antibodies against the recombinant 40S ribo-
somal protein S14 (RPS14; Q29303) (Sigma-Aldrich Co, St. Louis, MO, USA) were used as
control for normalization in Western blot analysis. The membrane was then incubated with an
anti-rabbit horseradish peroxidase (HRP) conjugate (Sigma-Aldrich Co, St. Louis, MO, USA)
diluted 1:1000 in TBS. The membrane was washed three times with TBS and finally developed
with TMB stabilized substrate for HRP (Promega) for 20 min. The intensity of protein bands
corresponding to test and control proteins including those with lower or higher molecular
weight than the recombinant protein that likely correspond to degradation and polymerization
products, respectively were determined in the Western blot membrane by densitometric analy-
sis using ImageJ 1.44p (National institute of Health, USA). The intensity of test protein bands
was normalized against the intensity of the control band and analyzed by a multivariate
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comparison between the groups using the one-way ANOVA test followed by one-tailed Stu-
dent’s t-test with Bonferroni correction for samples with unequal variance (p = 0.05).

Determination of hemoglobin protein levels
Hemoglobin protein levels were determined by ELISA (Cloud-Clone Corp., Houston, TX,
USA) in serum from individual wild boar (young TB-, N = 4; young TB+, N = 7; adult TB-,
N = 4; adult TB+, N = 5; adult TB++, N = 6). Optical density values were converted to g/dl
Hemoglobin using the ELISA standard curve and compared between groups by one-tailed Stu-
dent’s t-test for samples with unequal variance (p = 0.05).

Spoligotyping of mycobacteria
Pools of mandibular lymph node samples were submitted to culture and spoligotyping of
mycobacteria as previously described [23, 24]. The frequency of different spoligotypes in each
group was compared between groups by ANOVA F-test (p = 0.05).

RNA extraction and quantitative real-time RT-PCR
Total RNA was isolated from individual wild boar mandibular lymph nodes tissue samples
using the AllPrep DNA/RNA/Protein Mini Kit (Qiagen, Inc. Valencia, CA, USA) according to
manufacturer’s instructions. Individual RNA samples of young TB-, TB+ and adult TB-, TB+,
TB++ wild boar mandibular lymph nodes (young TB-, N = 5; young TB+, N = 9; adult TB-,
N = 4; adult TB+, N = 5; adult TB++, N = 5) were used for real-time RT-PCR analysis. Primers
were synthesized based on the sequences determined for S. scrofa C3 [12],MUT [12], S100A9,
LTF, and PGLYRP1 genes (S2 Table). Real-time RT-PCR was performed using the QuantiTec
SYBR Green RT-PCR kit and a Rotor Gene Q thermocycler (Qiagen, Inc. Valencia, CA, USA)
following manufacturer’s recommendations. Amplification efficiencies were normalized
against S. scrofa cyclophilin and expressed as transcript copy numbers in arbitrary units [14–
16]. Pair comparisons between mRNA expression levels were done by a multivariate compari-
son between the groups using the one-way ANOVA test followed by one-tailed Student’s t-test
with Bonferroni correction for samples with unequal variance (p = 0.05).

Analysis of experimentally infected wild boar
For controlled experimental infection withM. bovis, wild boar were selected from the control
group in the vaccine trial previously reported [8]. Selected infected wild boar were divided into
two groups after necropsy. TB+ animals (N = 2) had a 6–12 lesion score with TB lesions in the
mandibular (N = 2) and tracheobronchial (N = 1) lymph nodes [8]. TB++ animals (N = 3) had
a 16–38 lesion score with TB lesions in tonsils (N = 1), mandibular (N = 3), retropharyngeal
(N = 3), tracheobronchial (N = 3) lymph nodes and lungs (N = 2) [8]. All animals were positive
forM. bovis cultures [8]. Proteins from tonsils of TB+ and TB++ wild boar were extracted, on-
gel concentrated, trypsin digested and analyzed by RP-LC-MS/MS following the same proce-
dures described above for field-collected samples. The MS/MS raw files were searched against
the Uniprot-Sus scrofa database (34,207 entries in November 2015) (http://www.uniprot.org)
using the SEQUEST algorithm (Proteome Discoverer 1.4, Thermo Scientific) with the same
constraints described above. A FDR< 0.01 was considered as condition for successful peptide
assignments and at least two PSMs per protein were the necessary condition for protein identi-
fication (S3 Table). For targeted proteomics, the MS/MS raw files were searched against a data-
base composed of the six differentially represented immune system proteins in naturally
infected wild boar (C3S7K6, F1RRP1, Q6YT39, Q8SPA3, I3LNT1 and F1RM24) plus control
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Actin (P68137) using the SEQUEST algorithm (Proteome Discoverer 1.4, Thermo Scientific)
with the same constraints described above. A FDR< 0.05 was considered as condition for suc-
cessful peptide assignments and subsequent protein identification (S3 Table). Two (TB+ ani-
mals) or three (TB++ animals) biological replicates were used for analysis. The average number
of PSMs for each S. scrofa protein were added and normalized against the total number of PSMs
and compared between TB+ and TB++ samples by Chi2-test (p = 0.05). S3 Table contains all S.
scrofa proteins identified with FDR<0.01 and at least two PSMs per protein in at least one of the
samples and the S. scrofa proteins analyzed with FDR<0.05 in targeted proteomics.

Results

Comparative proteomics identifies host immune system proteins
affected by infection withM. bovis
After proteomics analysis of wild boar mandibular lymph nodes, a total of 428 and 532 proteins
were identified in young and adult animals, respectively (S1 Table). The number of identified
proteins and PSM with which these proteins were identified was similar between experimental
groups (young TB-, young TB+, adult TB-, adult TB+, adult TB++) ranging from 358 to 439
proteins and 2165–2497 PSM (Fig 1A). As expected, the same proteins were identified in sev-
eral experimental groups with 200 proteins found in all groups (Fig 1B).

Fig 1. Proteomics results in wild boar mandibular lymph nodes. (A) Proteins were identified with FDR<0.01 and at least two peptides per protein in at
least one of the analyzed samples and quantitated using PSM. (B) Venn diagram showing protein distribution between different experimental groups
included in the study.

doi:10.1371/journal.pntd.0004541.g001
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The GO analysis showed that the most represented BPs were cellular, immune system, cell
interaction, developmental and response to stimulus processes in young wild boar (Fig 2A),
while cellular, immune system, localization, metabolic and growth processes were the BPs with
most represented proteins in adult animals (Fig 2B). Significant differences were observed in
the most represented BPs between uninfected andM. bovis-infected young and adult wild boar

Fig 2. Comparative proteomics of mandibular lymph nodes fromM. bovis-infected and uninfected wild boar. Two biological replicates with 2–5
pooled mandibular lymph node samples each were used for comparative proteomics analysis. Identified proteins were grouped according to BP GO using
Blast2GO. Within each BP, the average number of PSMs for each S. scrofa protein were added and normalized against the total number of PSMs and
compared between infected and uninfected animals by Chi2-test (*p<0.05). (A) Comparative analysis between uninfected (TB-) and infected (TB+) young
animals. (B) Comparative analysis between uninfected (TB-), infected with TB lesions localized in the head (TB+) and infected with TB lesions affecting
multiple organs (TB++) adult animals.

doi:10.1371/journal.pntd.0004541.g002
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(Fig 2A and 2B) or between TB+ and TB++ adult animals (Fig 2B). Two BPs, cellular and
immune system were represented in both young and adult animals (Fig 2A and 2B).

Protein quantitative analysis within each of the most represented BPs resulted in 40 and 44
differentially represented proteins in young and adults, respectively (Fig 3A). Of them, 19 pro-
teins were differentially represented in both young and adult wild boar (Fig 3A). Differentially
represented proteins were over-represented or under-represented in TB+ young animals
when compared to TB- uninfected controls (Fig 3A and 3B). In adult animals, differentially
represented proteins showed a complex pattern when comparing the different groups (Fig 3A
and 3B).

Fig 3. Differentially represented proteins betweenM. bovis-infected and uninfected wild boar. The average number of normalized PSMs for proteins in
BPs with statistically significant differences between samples was used to identify proteins with significant differences in representation within each BP by
Chi2-test (p<0.05). (A) Venn diagram and annotation of the differentially represented proteins in young and adult wild boar. Uniprot accession numbers are
shown. (B) Color code for over-represented or under-represented proteins when comparing infected (TB+) and uninfected (TB-) young animals or uninfected
(TB-), infected with TB lesions localized in the head (TB+) and infected with TB lesions affecting multiple organs (TB++) adult animals.

doi:10.1371/journal.pntd.0004541.g003

Mycobacterial Infection and Immune System Proteins

Vladimir López - PhD Thesis

76



Of the BPs represented in young and adult wild boar, only the immune system BP was
significantly different between infected and uninfected animals in both age groups (Fig 2A
and 2B). Immune system proteins play an important role in host response to mycobacteria and
other infectious microorganisms and were therefore selected for further analysis. A total of 27
and 31 proteins were included into the immune system BP in young and adult animals, respec-
tively (Fig 4A). Of them, 5 and 6 proteins were differentially represented in young and adult
animals, respectively (Fig 4A). In young animals, all 5 immune system proteins S100A9
(C3S7K6), uncharacterized Heme peroxidase (F1RRP1), LTF (Q6YT39), uncharacterized
Cathelicidin (I3LNT1) and PGLYRP1 (F1RM24) were under-represented in TB+ animals
when compared to uninfected TB- controls (Fig 4A and 4B). In adults, 3 proteins (LTF, Cathe-
licidin, PGLYRP1) had the same representation than in young animals while the other 3

Fig 4. Characterization of immune system proteins. The immune system BP was the only with significant differences between infected and uninfected
animals in both young and adults and was selected for further analysis. (A) Venn diagram of immune system proteins in young and adult animals, showing
the number of differentially under-represented and over-represented proteins when comparing infected (TB+) and uninfected (TB-) young animals or
uninfected (TB-), infected with TB lesions localized in the head (TB+) and infected with TB lesions affecting multiple organs (TB++) adult animals. (B)
Representation profile of immune system differentially represented proteins in young and adult animals.

doi:10.1371/journal.pntd.0004541.g004
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proteins were over-represented in infected TB+ (MHC class I antigen, MHCI; Q8SPA3) or TB
++ (Heme peroxidase, LTF) animals when compared to uninfected TB- controls (Fig 4A and
4B). Additionally, 5 of the differentially represented proteins in adults (S100A9, Heme peroxi-
dase, LTF, Cathelicidin, PGLYRP1) were over-represented in TB++ when compared to TB
+ animals (Fig 4A and 4B).

To validate proteomics results, differentially represented immune system proteins S100A9,
LTF and PGLYRP1 were produced in E. coli (S1A Fig) and used to generate rabbit antibodies
specific for recombinant S. scrofa proteins (S1B Fig). The Western blot analysis of individual
wild boar mandibular lymph node protein samples (S1C–S1E Fig) showed a good correlation
with proteomics results and validated proteomics results for these proteins (Fig 5A–5D).

To provide additional support for the results obtained in naturally infected animals, wild
boar experimentally infected withM. bovis under controlled conditions [8] were used to char-
acterize the levels of differentially represented immune system proteins C3S7K6, F1RRP1,

Fig 5. Validation of proteomics results byWestern blot analysis. To validate proteomics results, selected differentially represented immune system
proteins were produced in E. coli and used to generate antibodies in rabbits for Western blot analysis of individual wild boar mandibular lymph node protein
samples (young TB-, N = 5; young TB+, N = 9; adult TB-, N = 4; adult TB+, N = 5; adult TB++, N = 5). The intensity of protein bands corresponding to test and
control RPS14 proteins was determined by densitometric analysis. The intensity of test protein bands was normalized against the intensity of the control
band, represented as average + S.D. and compared between groups in adult or young wild boars by a multivariate comparison between the groups using the
one-way ANOVA test followed by one-tailed Student’s t-test with Bonferroni correction for samples with unequal variance (p = 0.05). (A) Normalized S100A9
protein levels. (B) Normalized LTF protein levels. (C) Normalized PGLYRP1 protein levels. (D) Comparative analysis of proteomics andWestern blot results
for differentially represented immune system proteins S100A9, LTF and PGLYRP1.

doi:10.1371/journal.pntd.0004541.g005
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Q6YT39, Q8SPA3, I3LNT1 and F1RM24 by targeted proteomics (S3 Table). Mandibular
lymph nodes were not available for analysis. Therefore, tonsils that are also involved in myco-
bacterial infection and TB [14–16, 19] were used for analysis. The results were similar between
TB+ and TB++ experimentally infected and naturally infected animals for most of the differen-
tially represented immune system proteins (S2 Fig).

Hemoglobin protein levels decrease withM. bovis infection in adult wild
boar
Proteomics results showed that Hemoglobin proteins were under-represented inM. bovis-
infected adult wild boar when compared to uninfected animals (Fig 6A). These results were val-
idated by ELISA in individual adult wild boar serum (Fig 6B). In young animals, a tendency
was observed towards lower Hemoglobin levels in infected animals, but results were not statis-
tically significant due to high individual variation in protein levels (Fig 6B).

Differentially represented immune system proteins may be regulated at
the transcriptional and post-transcriptional levels
To further characterize the response mediated by immune system proteins differentially repre-
sented in response toM. bovis infection, a transcriptional profile was obtained in mandibular
lymph nodes for genes coding for S100A9 (Fig 7A), LTF (Fig 7B) and PGLYRP1 (Fig 7C). The
results did not show correlation between protein and mRNA levels in young animals or when
comparing adult TB++ and TB+ animals (Fig 7D). However, in adult wild boar a 67% (2/3)
correlation was obtained when comparing mRNA and protein levels between TB- and TB+ or
TB++ animals (Fig 7D).

Host and pathogen genetic factors may impact onM. bovis infection and
disease in wild boar
The impact of host and pathogen genetic factors onM. bovis infection and disease has been
documented in the wild boar TB model [10, 14–16, 24]. The expression ofMUT and C3 was
characterized in young and adult wild boar (Fig 7E and 7F). The results did not support a role
forMUT in wild boar infection byM. bovis in this population (Fig 7E). However, C3mRNA
levels were higher in young TB+ animals but lower in infected TB+ and TB++ adult animals
when compared to uninfected TB- controls (Fig 7F), suggesting a role for C3 in host response
toM. bovis infection.

Five differentM. bovis spoligotypes (SB0339, SB1263, SB0121, SB0134, SB1177) were identi-
fied in wild boar included in the study (Fig 7G). Although some spoligotypes were not present
in all groups, the frequency of different spoligotypes was not statistically different between
groups (p = 0.99) (Fig 7G). Adult animals had higher spoligotype diversity. The SB0339 spoli-
gotype was isolated with the highest frequency (0.4–0.6) from all groups (Fig 7G), while spoli-
gotypes SB0134 and SB01177 were identified with low frequency (0.1) only in adult TB+
+ animals (Fig 7G).

Discussion
This study was based on wild boar naturally exposed toM. bovis as a model to characterize
host response to mycobacterial infection with emphasis on immune system proteins. Natural
infections reflect better the conditions found in the field and therefore increase the relevance of
the results for the characterization of mycobacterial infection under natural conditions [14].
However, as previously discussed [14], this approach did have some disadvantages such as the
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presence of mixed infections in the animals. Nevertheless, it was possible to minimize the effect
of these mixed infections on differential gene expression and protein representation analyses
because they were equally present in all the TB- and TB+/TB++ animals. Additionally, results
obtained in TB+ and TB++ animals experimentally infected under controlled conditions cor-
roborated the findings in naturally infected animals for most of the differentially represented
immune system proteins. Mandibular lymph nodes were used because these organs are

Fig 6. Characterization of Hemoglobin protein levels. (A) Representation of proteomics results showing
that S. scrofaHemoglobin proteins F1RII7, F1RII5 and P01965 were under-represented inM. bovis-infected
adult wild boar when compared to uninfected animals. (B) Hemoglobin protein levels were determined by
ELISA in serum from individual wild boar (young TB-, N = 4; young TB+, N = 7; adult TB-, N = 4; adult TB+,
N = 5; adult TB++, N = 6). Optical density values were converted to g/dl Hemoglobin using the ELISA
standard curve, represented as average + S.D. and compared between groups by a multivariate comparison
between the groups using the one-way ANOVA test followed by one-tailed Student’s t-test with Bonferroni
correction for samples with unequal variance (p = 0.05).

doi:10.1371/journal.pntd.0004541.g006
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involved in mycobacterial infection and TB [14–16, 19]. Our hypothesis is that immune system
proteins under-represented in infected animals when compared to uninfected controls are
affected by mycobacteria to facilitate pathogen infection and transmission. To address this
hypothesis, in this research a comparative proteomics approach was used to compare host
response between uninfected (TB-) andM. bovis-infected young (TB+) and adult animals with
different infection status [TB lesions localized in the head (TB+) referring to localized (poten-
tially early) or controlledM. bovis infection or affecting multiple organs (TB++) that reflect dis-
seminated TB]. The results suggested an effect of mycobacterial infection on proteins affecting
different BP and MF of which immune system BP showed significant differences between unin-
fected and infected wild boar in both young and adult animals.

Fig 7. Characterization of transcriptional response for selected genes andM. bovis spoligotype composition in wild boar. (A) Normalized S100A9
mRNA levels. (B) Normalized LTFmRNA levels. (C) Normalized PGLYRP1mRNA levels. (D) Comparative analysis of proteomics and RT-PCR results for
differentially represented immune system proteins S100A9, LTF and PGLYRP1. (E) NormalizedMUTmRNA levels. (F) Normalized C3mRNA levels.
Individual RNA samples of young and adult wild boar mandibular lymph nodes (young TB-, N = 5; young TB+, N = 9; adult TB-, N = 4; adult TB+, N = 5; adult
TB++, N = 5) were used for real-time RT-PCR analysis. Amplification efficiencies were normalized against S. scrofa cyclophilin, expressed as transcript copy
numbers in arbitrary units and represented as average + S.D. Pair comparisons between mRNA expression levels were done by one-tailed Student’s t-test
for samples with unequal variance (p = 0.05). (G)M. bovis spoligotype frequency identified in wild boar included in the study.

doi:10.1371/journal.pntd.0004541.g007
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The analysis was then focused on the immune system proteins that play an important role
in host response to mycobacteria [9, 14–16]. Five and six immune response proteins were dif-
ferentially represented in young and adult animals, respectively. Proteins S100A9, Heme per-
oxidase, LTF, Cathelicidin and PGLYRP1 were under-represented in TB+ animals when
compared to uninfected TB- controls but protein levels increased as infection progressed in TB
++ animals when compared to TB- and/or TB+ adult wild boar. MHCI was the only protein
over-represented in TB+ adult wild boar when compared to uninfected TB- controls. For
selected differentially represented immune system proteins, proteomics results using pooled
samples were validated by Western blot analysis in individual wild boar mandibular lymph
nodes therefore providing support for the results reported here.

The differentially represented immune system proteins were all related to host immune
response to mycobacterial infection with relevant implication in pathogen infection, multipli-
cation and transmission.

Calcium binding protein A9 (S100A9)
The protein S100A9 is produced by neutrophils and has been suggested to be involved in the
positive regulation of intrinsic apoptotic signaling pathway, innate immune response and
autophagy among other processes [25], all mechanisms involved in host immune response to
mycobacterial infection [26]. Therefore, reducing S100A9 protein levels may be a mechanism
used byM. bovis to evade host immune response and establish infection in young wild boar.
However, S100A9 also mediates neutrophilic inflammation and lung pathology during active
TB [27]. The over-representation of S100A9 in TB++ adult wild boar may be a host response
to limit pathogen multiplication but it is also associated with active TB resulting in increased
transmission of mycobacteria.

Heme peroxidase
Heme is an important prosthetic group in hemoglobins, peroxidases, catalases, hydroxylases,
and cytochromes required for various processes such as DNA transcription, RNA translation,
protein stability, cell differentiation and immunity [28]. Heme peroxidase such as Eosinophil
peroxidase also shows inhibitory activity against mycobacteria by inducing bacterial fragmen-
tation and lysis [29]. Furthermore, most bacterial pathogens including mycobacteria require
heme and iron for full virulence and have developed systems for heme acquisition [28, 30].
Therefore, the under representation of Heme peroxidase in infected TB+ wild boar when com-
pared to uninfected TB- animals may be induced byM. bovis to evade host immune response
and establish infection in young animals. As infection proceeds in adult wild boar to affect sev-
eral organs in TB++ animals, Heme peroxidase protein levels are higher than in TB+ animals
which may represents a mechanism for the host to inhibit pathogen multiplication. However,
mycobacteria may benefit from this response in adult TB++ wild boar by acquiring Heme to
increase virulence and favor transmission.

Lactotransferrin (LTF)
Mycobacteria of the MTBC grow within macrophages to establish infection in the host [11].
Iron (Fe) acquisition is critical for mycobacterial growth and bacteria acquire Fe bound to cit-
rate, Transferrin and LTF and from macrophage cytoplasm [31]. Furthermore, host immune
response to mycobacteria infection partly depends on iron regulation by the host through the
tight control of iron-storage proteins [32,33]. Consequently, LTF has been proposed as an
adjuvant for the BCG vaccine to increase its efficacy [34]. Considering the critical role that LTF
plays during mycobacterial infection, protein under-representation in TB+ young and adult
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animals when compared to uninfected TB- controls could reflect a mechanism of host immune
response to infection by reducing Fe source to mycobacteria. However, the LTF protein levels
increased in TB++ adult animals suggesting a mechanism by which mycobacteria manipulate
host immune response during infection progression to increase Fe availability resulting in
higher bacterial growth and transmission.

Cathelicidin
It has long been recognized that many people and animals exposed to MTBC do not subse-
quently show any evidence of infection probably due to innate, non-specific inflammatory
responses that control infection or reduce the infection load, therefore modulating the subse-
quent host acquired immune response [35]. Cathelicidin is one of the antimycobacterial pep-
tides delivered to phagosomes containing mycobacteria through fusion with lysosomes
resulting in macrophage autophagy killing intracellular mycobacteria [35]. Therefore, reduc-
tion in the production of antimycobacterial peptides such as Cathelicidin increases susceptibil-
ity to TB [35]. As with other immune system proteins identified here as differentially
represented in mandibular lymph nodes of naturally infected wild boar when compared to
uninfected controls, Cathelicidin was under-represented in infected TB+ young and adult wild
boar, probably reflecting a mechanism by which mycobacteria manipulate host innate immune
response to facilitate infection and multiplication. However, Cathelicidin protein levels
increased in TB++ adult animals suggesting a host mechanism to limit bacterial multiplication
as infection progresses to increase host survival. Mycobacteria may benefit from this response
in TB++ adult animals by increasing the probability of transmission to susceptible hosts.

Peptidoglycan-recognition protein (PGLYRP1)
Peptidoglycan recognition proteins are part of the innate immune system that bind to bacterial
cell wall molecules such as lipopolysaccharide, lipoteichoic acid, peptidoglycan and fatty acids
such as mycobacterial mycolic acid [36]. The PGLYRP1 protein showed a profile similar to
Cathelicidin in response toM. bovis infection in wild boar, again suggesting a mechanism by
which mycobacteria manipulate host innate immune response to facilitate infection and multi-
plication but host response increases protein levels to limit bacterial multiplication as infection
progresses to increase host survival. As discussed above, mycobacteria may benefit from this
response in TB++ adult animals by increasing the probability of transmission to susceptible
hosts.

MHC class I antigen (MHCI)
MHCI was the only protein over-represented in TB+ adult wild boar when compared to unin-
fected TB- controls with no significant differences between other groups. According to the pro-
tein annotation, this MHCI antigen probably belongs to the classical MHC class Ia which
functions by presenting peptide antigens to pathogen-specific cytotoxic T cells [37]. Therefore,
the over-representation of MHCI in TB+ wild boar probably reflects host immune response to
M. bovis infection. However, the T cell epitopes of MTBC includingM. bovis are hypercon-
served in different strains consistent with strong purifying selection acting on these epitopes
[24, 38]. Consequently, MTBC might benefit from recognition by T cells because this essential
response for host survival may be necessary for mycobacteria to establish latent infection [38].

Protein levels and the expression of coding genes for differentially represented immune
system proteins were characterized by Western blot and real-time RT-PCR in individual
wild boar mandibular lymph node protein and RNA samples, respectively. Western blot
analysis validated the proteomics results. Additionally, Hemoglobin protein levels that were
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under-represented inM. bovis-infected adult wild boar when compared to uninfected animals
were also validated by ELISA in individual wild boar serum samples. These results suggested
the presence of regulatory mechanisms acting at both transcriptional and post-transcriptional
levels depending on the age and infection status of the animals. In young infected animals, reg-
ulation was probably at the post-transcriptional level while in adult TB+ and TB++ animals the
presence of transcriptional mechanisms was more evident. However, the comparison between
TB++ and TB+ adult animals also suggested regulation at the post-transcriptional level to
explain differences between mRNA and protein levels. Nevertheless, the discrepancy between
mRNA and protein levels could also be explained by delay between mRNA and protein accu-
mulation, which requires sampling at different time points. Immune response is regulated at
both transcriptional and post-transcriptional levels [39] and the regulatory mechanisms that
occur at the level of mRNA splicing, mRNA polyadenylation, mRNA stability and protein
translation have instrumental roles in controlling both the magnitude and duration of the
immune response [40]. Therefore, it was not surprising to find that both transcriptional and
post-transcriptional mechanisms probably operated to regulate the levels of the immune sys-
tem proteins identified as differentially represented in wild boar mandibular lymph node
response to mycobacterial infection.

With the approach used in this research we were able to characterize the dynamics of wild
boar immune response at the host-mycobacteria interface. However, other factors such as con-
tact probability between hosts and mycobacteria and genetic factors of both hosts and patho-
gens could also affect infection prevalence and disease progression [9, 14–16, 24]. The contact
between hosts and mycobacteria was very probable in adult animals due to the high (66%)M.
bovis prevalence in wild boar in this region. Consequently, as shown in previous studies [14],
uninfected adult animals were probably resistant toM. bovis. However, uninfected young ani-
mals could have been naïve toM. bovis infection.

To address the impact of host genetic factors on infection and disease progression, the
expression of genes coding for C3 and MUT was characterized as possible correlates with host
resistance to natural mycobacterial infection [9, 14–16]. The results did not support a role for
MUT in susceptibility toM. bovis in these animals [16]. However, the results of C3 expression
supported a role for this molecule in the outcome ofM. bovis infection. As reported in previous
studies [8, 9], C3mRNA levels increased withM. bovis infection in young animals as a host
response to limit mycobacterial infection. However, in adult wild boar higher C3 levels corre-
lated with protection againstM. bovis infection, providing additional support for the central
role of this molecule in the protective response against mycobacterial infection [8, 9, 14, 15].
Hemoglobin protein levels that are associated with TB-induced anemia [41] were lower in
infected TB+ and TB++ adult animals when compared to uninfected controls, indicating ane-
mia in infected wild boar, but without differences as infection progressed between TB+ and TB
++ animals. The tendency in Hemoglobin protein levels in young wild boar also suggested ane-
mia in infected animals.

Finally, the prevalence ofM. bovis spoligotypes in infected animals was used to characterize
pathogen genetic diversity in these animals and their possible impact on infection and disease
[24]. Although the frequency of the 5 spoligotypes identified was not different between groups,
adult animals had a greater spoligotype diversity probably reflecting a longer exposure to
mycobacteria. Two of the spoligotypes, SB0339 and SB0134 has been phenotypically and genet-
ically correlated with high distribution (isolation frequency) and low and high TB lesion score
in wild boar, respectively [24]. The SB0339 spoligotype was isolated from all groups with high
frequency but the SB0134 sopligotype was identified only in adult TB++ animals. These results
are in agreement with previous reports [24] and suggest that mycobacteria-derived genetic fac-
tors may impact onM. bovis infection and disease in the study site.
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The results reported here suggested thatM. bovismanipulates host immune response to
facilitate infection in wild boar (Fig 8). As other intracellular bacteria,M. bovismanipulate host
immune response by reducing the production of immune system proteins [26]. However, as
infection progresses, wild boar immune response recover to limit pathogen multiplication and
promote survival that also facilitates pathogen transmission (Fig 8). Adult TB++ wild boar
with disseminated disease showed extensive macroscopic lesions with poor fibrotic contain-
ment of the granulomas and ulceration into the lumina of airways that facilitate pathogen
transmission through aerogenous shedding of mycobacteria [13,42]. As previously reported for
other obligate intracellular bacteria [43], host-mycobacteria interactions probably reflect a co-
evolutionary process in which pathogens evolved mechanisms to subvert host response to
establish infection but hosts also evolved mechanisms to limit pathogen infection and promote
survival. Subsequently, mycobacteria benefit from host survival by increasing the probability
for transmission to continue the life cycle. The reduction in anemia progression from TB+ to
TB++ adult animals is probably associated with the increase in host survival (Fig 8).

These results also provided evidence to support the impact of host and pathogen derived
genetic factors affecting pathogen infection and disease (Fig 8). The upregulation of C3 in unin-
fected adult wild boar supported the role for this molecule in the protective mechanisms
against TB [9, 44]. Additionally, some of theM. bovis spoligotypes such as SB0134 identified in
adult TB++ animals may be associated with the high TB lesion score observed in these animals
[24]. These results provide relevant information to develop tools to evaluate risks for TB caused
by MTBC and for disease control in humans and animals.

Supporting Information
S1 Fig. Western blot analysis of wild boar recombinant proteins and mandibular lymph
node protein extracts. To validate proteomics results, differentially represented S. scrofa
immune system proteins S100A9, LTF and PGLYRP1 were produced in E. coli and used to gen-
erate rabbit antibodies. (A) Recombinant proteins (arrows) and lymph node protein extracts

Fig 8. Host-mycobacteria interactions. Summary of the factors identified in this study with an impact on host-pathogen interactions. Mycobacteria
manipulate host immune response by reducing the production of immune system proteins. However, as infection progresses, wild boar immune response
recovers to limit pathogen multiplication and promote survival, facilitating pathogen transmission. Increased host survival in adult animals is probably
associated with reduction in anemia progression. The upregulation ofC3may be associated with protection in uninfected adult wild boar while higher lesion
score in TB++ animals could be due to infection withM. bovis spoligotypes such as SB0134.

doi:10.1371/journal.pntd.0004541.g008
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were separated in a 12% SDS-polyacrylamide gel. (B) Western blot analysis of recombinant
proteins (arrows) with rabbit polyclonal antibodies. Some of the bands reacting with the anti-
bodies with lower or higher molecular weight than the recombinant proteins likely correspond
to degradation and polymerization products, respectively. (C-E) Western blot analysis of 15 μg
of total proteins from individual wild boar mandibular lymph nodes (young TB-, N = 5; young
TB+, N = 9; adult TB-, N = 4; adult TB+, N = 5; adult TB++, N = 5). Rabbit polyclonal antibod-
ies against the recombinant immune system proteins and the ribosomal protein RPS14
included as control for normalization were used in Western blot analysis. The intensity of pro-
tein bands corresponding to test and control proteins were determined in the Western blot
membrane by densitometric analysis. Abbreviation: MW, molecular weight markers.
(PDF)

S2 Fig. Results of targeted proteomics in experimentally infected wild boar. To provide
additional support for the results obtained in naturally infected animals, tonsils from wild boar
experimentally infected withM. bovis under controlled conditions were used to characterize
the levels of differentially represented immune system proteins C3S7K6, F1RRP1, Q6YT39,
Q8SPA3, I3LNT1 and F1RM24 by targeted proteomics. The results were compared between
naturally infected and experimentally infected TB+ and TB++ animals.
(PDF)

S1 Table. Proteomics results in naturally infected wild boar. S. scrofa proteins identified with
FDR<0.01 and at least two PSMs per protein in at least one of the analyzed samples, BP anno-
tation and data quantitation.
(XLSX)

S2 Table. Sequence of oligonucleotide primers used for gene cloning and real-time
RT-PCR.
(PDF)

S3 Table. Proteomics results in experimentally infected wild boar. S. scrofa proteins identi-
fied with FDR<0.01 and at least two PSMs per protein in at least one of the analyzed samples
and the S. scrofa proteins analyzed with FDR<0.05 in targeted proteomics.
(XLSX)
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S1 Figure. Western blot analysis of wild boar recombinant proteins and mandibular 
lymph node protein extracts. To validate proteomics results, differentially represented 
S. scrofa immune system proteins S100A9, LTF and PGLYRP1 were produced in E. coli 
and used to generate rabbit antibodies.  (A) Recombinant proteins (arrows) and lymph 
node protein extracts were separated in a 12% SDS-polyacrylamide gel. (B) Western blot 
analysis of recombinant proteins (arrows) with rabbit polyclonal antibodies. Some of the 
bands reacting with the antibodies with lower or higher molecular weight than the 
recombinant proteins likely correspond to degradation and polymerization products, 
respectively. (C-E) Western blot analysis of 15 µg of total proteins from individual wild 
boar mandibular lymph nodes (young TB-, N=5; young TB+, N=9; adult TB-, N=4; adult 
TB+, N=5; adult TB++, N=5). Rabbit polyclonal antibodies against the recombinant 
immune system proteins and the ribosomal protein RPS14 included as control for 
normalization were used in Western blot analysis. The intensity of protein bands 
corresponding to test and control proteins were determined in the Western blot membrane 
by densitometric analysis. Abbreviation: MW, molecular weight markers.
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S2 Figure. Results of targeted proteomics in experimentally infected wild boar. To 
provide additional support for the results obtained in naturally infected animals, tonsils 
from wild boar experimentally infected with M. bovis under controlled conditions were 
used to characterize the levels of differentially represented immune system proteins 
C3S7K6, F1RRP1, Q6YT39, Q8SPA3, I3LNT1 and F1RM24 by targeted proteomics. 
The results were compared between naturally infected and experimentally infected TB+ 
and TB++ animals.
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S2 Table. Sequence of oligonucleotide primers used for gene cloning and real-time 
RT-PCR. 

GenBank 

accession 

number 

Gene Primer sequences (5'- 3') Annealing 

conditions 

Amplicon 

size (bp) 

Gene cloning 

AY306198.1 Lactotransferrin 

(LTF) 

SscrofaTO-LTF-F: 

CACCATGAAGCTCTTCATCCCCGC 

58°C, 120 sec 2115 

SscrofaTO-LTF-R: T 

CCTCATCATGAAGGCACAGG 

NM_001001260.1 Peptidoglycan 

recognition 

protein 1 

(PGLYRP1) 

SscrofaTO-PGLYRP1-F: 

CACCATGGCCCGCAGCTGCGCGCT 

62°C, 30 sec 584 

SscrofaTO-PGLYRP1-R: 

GGCGCGGTAGTGTGGCCATT 

NM_001177906.1 Calcium 

binding protein 

A9 (S100A9) 

SscrofaTO-S100A9-F: 

CACCATGGCGGACCAAATGTCGCA 

60°C, 30 sec 432 

SscrofaTO-S100A9-R: 

GTGGCTGTGGCCATGGCCGT 

Real time RT-PCR 

AY306198.1 Lactotransferrin 

(LTF) 

Sscrofa-LTF-F: 

TGTCAGCTGTGCATAGGGAA 

56°C, 30 sec 173 

Sscrofa-LTF-R: 

TATTTGTCCCGGTCAGCCTT 

NM_001001260.1 Peptidoglycan 

recognition 

protein 1 

(PGLYRP1) 

Sscrofa_PGLYRP1-F: 

GAGGTCCGGCAAACTGCAT 

56°C, 30 sec 245 

Sscrofa_PGLYRP1-R: 
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ATACACAAGCCCGTCTTCTC 

NM_001177906.1 Calcium 

binding protein 

A9 (S100A9) 

Sscrofa_S100A9-F: 

GCCCGCTCCTTGCTGTCCAA 

56°C, 30 sec 250 

Sscrofa_S100A9-R: 

TCCAGGATGTGGTTTATGGC 
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a b s t r a c t

Orally delivered mycobacterial antigens may not sensitize the immunized animals causing a positive

tuberculin skin test response. As the first step to address this critical issue, we characterized the response

of farmed red deer (Cervus elaphus) to orally delivered heat-inactivated Mycobacterium bovis. Thirty-two

adult red deer hinds from a farm known to be free of tuberculosis (TB) were randomly assigned to two

different treatment groups, immunized (n = 24) and control (n = 8). Immunized hinds were dosed orally

with 2 ml of PBS containing 6 × 106 heat-inactivated M. bovis. The mean skin test response of immu-

nized deer to both avian purified protein derivative (aPPD) and bovine PPD (bPPD) was consistently

lower in immunized than in control hinds. One year after immunization, immunized hinds had a sig-

nificant reduction in the skin test response to aPPD and in the ELISA antibody levels against both aPPD

and bPPD (24–36% reduction; P < 0.05). By contrast, no significant change was observed in the skin test

response to phytohaemagglutinin, or in the ELISA antibody levels against the M. bovis specific antigen

MPB70. The mRNA levels for C3, IFN-� and IL-1� and serum protein levels for IFN-� and IL-1� did not

vary between immunized and control deer. However, serum C3 protein levels were significantly higher

(P = 0.001) in immunized than in control deer six months after immunization. These results confirm that

oral heat-inactivated M. bovis does not sensitize farmed red deer and therefore does not cause false-

positive responses in the tuberculin skin test. The absence of sensitization in orally immunized deer

opens the possibility of testing the vaccine in deer and possibly other ruminants without the risk of caus-

ing false-positive reactions in TB-tests. This study also provided the first evidence that orally-delivered

inactivated mycobacterial antigens elicit some kind of immune response in a ruminant.

© 2016 Published by Elsevier B.V.

1. Introduction

Red deer (Cervus elaphus) farming is a significant economic

activity in many countries worldwide. Mycobacterial infections

such as those caused by Mycobacterium bovis and closely related

members of the Mycobacterium tuberculosis complex (animal tuber-

culosis, TB) and those caused by members of the Mycobacterium

avium complex (such as paratuberculosis, PTB, due to M. avium

∗ Corresponding author. Fax: +34 926 295 451.

E-mail addresses: christian.gortazar@uclm.es, christian.gortazar@gmail.com

(C. Gortázar).

paratuberculosis) are among the main constraints of the deer

farming industry because of the direct losses and the movement

restrictions imposed on infected herds (Mackintosh et al., 2004;

Thoen et al., 2014).

In order to control TB and PTB, farmed deer are skin tested. As in

cattle, a skin test consists in injecting intradermally purified pro-

tein derivatives from M. bovis (bPPD) and eventually from M. avium

(aPPD; comparative test), measuring the increase of the skinfold

thickness 72 h after injection. The test works because during early

and intermediate phases of the infection, mycobacteria trigger a

Th1 lymphocyte mediated immunity. Memory T cells recruit other

cells producing local inflammation and secreting cytokines for

http://dx.doi.org/10.1016/j.vetimm.2016.03.003

0165-2427/© 2016 Published by Elsevier B.V.
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activation of macrophages to eliminate the antigen (Thom et al.,

2004). However, several factors can modulate the individual skin

test responsiveness. In cattle, site of injection, breed, age and PPD

quality may cause variability in skin test responsiveness (Casal

et al., 2015). In deer, farm or wild origin, sex, age, body condition and

season can cause variability in the skin test response (Fernández-

de-Mera et al., 2011, 2009; Queiros et al., 2012). Cross-reactions

with environmental mycobacteria can also trigger false-positive

skin test responses (Mackintosh et al., 2004; Queiros et al., 2012).

Moreover, observational and experimental evidence showed

that co-infection with the liver fluke Fasciola hepatica reduces the

skin test responsiveness of M. bovis infected cattle (Claridge et al.,

2012). This might be due to a helminthes infection-mediated sup-

pression of T-cell and IFN-� responses to PPD, or to a protective

effect of co-infections (Flynn et al., 2009). Whatever the mecha-

nism, this finding is relevant because it could cause interference

with the TB eradication campaigns (Claridge et al., 2012).

In suids, oral vaccination with heat-inactivated M. bovis has

shown significant protection against challenge with virulent M.

bovis (Beltrán-Beck et al., 2014; Garrido et al., 2011). Complement

component 3 (C3) and other molecules are involved in the resis-

tance to mycobaterial infection (Naranjo et al., 2006a,b). Moreover,

in heat-inactivated M. bovis vaccine C3 and cytokines like inter-

leukin 1 beta (IL-1�) are associated with a protective response by

a toll-like receptor (Beltrán-Beck et al., 2014). Furthermore, exper-

iments are planned to test the efficacy of the heat-inactivated M.

bovis vaccine in ruminants such as cattle, goats and deer. How-

ever, in ruminants it is of paramount importance to assess, prior

to the expensive vaccination and challenge experiments, if orally

delivered mycobacterial antigens sensitize the immunized animals

causing a positive skin test response (Palmer et al., 2014). This is an

issue in deer farms because skin testing is statutory in some coun-

tries. In Spain, negative skin tests are required prior to allowing

transports of deer (Royal Decree 1082/2009). Therefore, vaccines

must not induce reaction. The goal of this study was assessing the

response of farmed red deer to orally delivered heat-inactivated M.

bovis.

2. Material and methods

2.1. Ethics statement

Handling procedures and sampling frequency were designed

to reduce stress and health risks for subjects, according to Euro-

pean (86/609) and Spanish laws (R.D. 223/1988, R.D. 1021/2005).

The protocol was approved by the Committee on the Ethics of Ani-

mal Experiments of the Regional Agriculture Authority (Diputación

Foral de Vizcaya, Permit Number: NEIKER-OEBA-2015-010).

2.2. Animals and experimental design

Thirty-two adult red deer hinds were selected from a farm

known to be free of TB but not for M. avium complex (Queiros et al.,

2012). The animals were kept in a fenced area inside the farm. Indi-

viduals were randomly assigned to two different treatment groups,

immunized (n = 24) and control (n = 8). Treatment hinds were dosed

orally with 2 ml of PBS containing 6 × 106 heat-inactivated M. bovis

field isolate Neiker 1403 (spoligotype SB0339) obtained from a nat-

urally infected wild boar, Sus scrofa (Garrido et al., 2011). Control

hinds were dosed orally with 2 ml of PBS.

2.3. Sample collection and skin test

Blood samples were collected from the jugular vein into ster-

ile tubes with EDTA, lithium heparin, and without anticoagulant at

time points 0 (January 2014), 7 (August 2014) and 12 months after

vaccination (January 2015). Serum and peripheral blood mononu-

clear cells (PBMC) were separated by centrifugation and stored at

−20 and −80 ◦C respectively until used for serology and RNA stud-

ies. Standardized comparative cervical skin tests were performed

(Fernández-de-Mera et al., 2009). Animals were handled twice dur-

ing the test, at time 0 and 72 h. Deer were captured and then

immobilized by physical restraint in a hydraulic crush. Three areas

of 3 cm × 3 cm were shaved in the animal’s neck, and three times

repeated measurements of skin fold thickness were taken using

a manual caliper. Then, 0.1 ml containing 2.500 IU of each anti-

gen, avian PPD (CZ Veterinaria, Porriño, Spain), and bovine PPD (CZ

Veterinaria), were injected intradermally. The positive control phy-

tohaemoagglutinin (PHA; 0.1 ml containing 250 mg PHA diluted

in PBS; Sigma, Madrid, Spain) was injected intradermally to con-

firm skin test responsiveness. At 72 h each animal was immobilized

again by physical restraint, identified, and the skin fold thickness

was measured again at each injection site three times. Immunized

and control animals were compared for each antigen by General-

ized Mixed Models, where skin fold thickness was the response

variable. As explanatory variables we included treatment (immu-

nized vs controls) and time of sampling (categorical). The individual

was included as a random factor (p = 0.05). We used a normal error

and an identity link. The statistical analyses were carried using SPSS

software version 19.0.

2.4. Serological analyses

2.4.1. Antibody response

Serum samples were tested for antibodies against bPPD, aPPD,

paratuberculosis protoplasmatic antigen (PPA) and M. bovis antigen

MPB70 using an in-house ELISA as previously described (Boadella

et al., 2011). Results were expressed as ELISA percentage (E%) that

was calculated using the formula E% = (mean sample OD/2 × mean

negative control OD) × 100 (Boadella et al., 2011).

2.4.2. Serum protein levels

For the quantitative analysis of Complement component 3 (C3),

Interferon gamma (IFN-�) and Interleukin-1 beta (IL-1�) in a sub-

sample of 10 immunized and 7 control sera, commercially available

sandwich ELISA tests were used (Bovine ELISA Assay Kit for C3,

Cloud-Clone Corp., Houston, TX, USA; Bovine IFN-gamma ELISA Kit,

RayBiotech Inc., Norcross, GA, USA and Bovine Interleukin-1 beta

IL-1 �, Novatein Biosciences, Woburn, MA, USA). Samples and stan-

dards were analyzed following the manufacturer’s protocols. Data

was linearized by a standard curve and regression analysis was used

to determine sample protein concentrations in ng/ml. Immunized

and control hinds were compared for each antigen and protein by

Generalized Mixed Models, where the measurement of E% or ng/ml

was the response variable, respectively. As explanatory variables

we included treatment (immunized vs controls) and time of sam-

pling (categorical). The individual was included as a random factor

(p = 0.05). We used a normal error and a identity link. The statistical

analysis was carried using SPSS software version 19.0.

2.5. Gene expression analysis by real time RT-PCR

Total RNA from PBMC was extracted from five immunized and

three control animals (the only ones with available samples for all

three time points), using a QIAamp RNA Blood Mini Kit (Qiagen

Inc., Valencia, CA, USA) according to manufacturer’s instructions.

Gene expression profiles from selected genes involved in the innate

immunity (C3, IFN-� and IL-1ˇ) were analyzed in response to heat-

inactivated M. bovis. Real Time RT-PCR was performed with gene-

specific primers and conditions (Table 1) using a Quantitect SYBR

Green RT-PCR Kit and a Rotor Gene Q thermocycler (Qiagen, Inc.

Valencia, CA, USA) following manufacturer’s recommendations. A
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Table 1
Oligonucleotide primers and real-time RT-PCR conditions used for the analysis of mRNA levels.

GenBank accession number Gene Primer sequences (5′-3′) PCR annealing conditions

AF264631.1 Complement component 3 (C3) Cer-C3-F: ATGGAGGTGGTTATGGCTCC 56 ◦C, 30 s

Cer-C3-R: TGCCTTGTCCTTTCCCTTCA

X63079.1 Interferon gamma (IFN-�) Cer-IFNy-F: GAATCTCTTTCGAGGCCGGA 56 ◦C, 30 s

Cer-IFNy-R: GACTTGCCTAGTTAGTCAGG

U20500.1 Interleukin 1-beta (IL-1�) Cer-IL1B-F: GGTTCCGTGGAAGTTGGAAA 56 ◦C, 30 s

Cer-IL1B-R: TGCGTCACACAGAAACTCGT

DQ233465.1 �-actin Cer-BActin-F: CCCAGATCATGTTCGAGAC 54 ◦C, 30 s

Cer-BActin-R: GGCGTACCCCTCGTAGATG

GH546537.1 Cyclophilin Cer-Cyc-F: AGCACTGGGGAGAAAGGATT 56 ◦C, 30 s

Cer-Cyc-R: GTCTTGGCAGTGCAGATGAA

dissociation curve was run at the end of the reaction to ensure

that only one amplicon was formed and that the amplicon dena-

tured consistently in the same temperature range for every sample

(Ririe et al., 1997). mRNA values were normalized against C. elaphus

�-actin and C. nippon cyclophilin using the genNormddCT method

(Livak and Schmittgen, 2001). Immunized and control mRNA levels

(mean of duplicated and normalized Ct values) were compared by

Mann–Whitney’s U-test.

3. Results

3.1. Skin test and ELISA antibody analysis

The mean skin test response of immunized deer to both aPPD

and bPPD was consistently lower in immunized than in control

hinds (Fig. 1A). At 12 months after vaccination, immunized hinds

had a marginally significant (P = 0.059) reduction in the skin test

response to bPPD. The ELISA antibody levels against both aPPD and

bPPD decreased by 24–36% (P < 0.05) (Table 2). By contrast, no sig-

nificant change was observed in the skin test response to PHA, a

non-specific mitogen, or in the ELISA antibody levels against the M.

bovis specific antigen MPB70.

3.2. C3, IFN-� and IL-1ˇ: mRNA and proteins levels

To characterize deer response to immunization with heat-

inactivated M. bovis, C3, IFN-� and IL-1� were characterized at the

mRNA and protein levels. The mRNA levels for C3, IFN-� and IL-1ˇ
and serum protein levels for IFN-� and IL-1� (data not shown) did

not vary between immunized and control deer. However, serum

C3 protein levels at 7 months after vaccination were significantly

higher (P = 0.001) in immunized than in control deer (Fig. 1B).

4. Discussion

These results highlighted two important findings. First, the

confirmation that oral heat-inactivated M. bovis does not sensi-

tize farmed red deer and therefore does not cause false-positive

responses in the tuberculin skin test. Second, that orally-delivered

inactivated mycobacterial antigens elicit some kind of immune

response in a ruminant.

Regarding the first finding, the results are in agreement with

previous results in Eurasian wild boar (Sus scrofa), where orally

immunized animals showed no IFN-� and no ELISA positivity prior

to challenge with an M. bovis field strain (Beltrán-Beck et al., 2014;

Garrido et al., 2011). By contrast, the intramuscular injection of

heat-inactivated M. bovis produced consistent IFN-� and ELISA

responses in this suid (Garrido et al., 2011). The absence of sen-

sitization in orally immunized deer opens the possibility of testing

the vaccine in deer and possibly other ruminants without the risk

of causing false-positive reactions in TB-tests.

In Eurasian wild boar, C3 has been implicated in protective

immune response against TB (Beltrán-Beck et al., 2014; Garrido

et al., 2011; Naranjo et al., 2006a,b). Furthermore, the increase in

C3 responses has been suggested to mediate the protective mech-

anism elicited by heat-inactivated M. bovis in suids (Beltrán-Beck

et al., 2014). Although IFN-� and IL-1� may play a role in the protec-

tive immune response elicited by heat-inactivated M. bovis in suids,

the wild boar response to immunization with M. bovis-derived anti-

gens has not been consistent for these molecules (Ballesteros et al.,

2009; Beltrán-Beck et al., 2014).

The rise in serum C3 levels at 7 months after vaccination

coincides with similar observations in suids immunized with heat-

inactivated M. bovis (Beltrán-Beck et al., 2014; Garrido et al., 2011).

The upregulation of C3 in lymph nodes and tonsils correlates with

resistance to tuberculosis in wild boar (Naranjo et al., 2006a,b).

However, tissue-specific responses in red deer did not provide sim-

ilar results (Fernández de Mera et al., 2008) and were similar to

those obtained here at the mRNA level.

The results obtained in this study provided the first evi-

dence that orally-delivered inactivated mycobacterial antigens

elicit some kind of immune response in a ruminant. The observed

effects such as lower skin test, lower ELISA response to PPDs,

and higher serum C3 levels might be due to a direct effect of

one or several antigens contained in the heat-inactivated M. bovis

immunogen through some kind of immunosuppressive effect, or

to a protective effect against mycobacteria. The study farm was

TB-free, but its environment was contaminated with M. avium

paratuberculosis and other environmental mycobacteria (Queiros

et al., 2012). Therefore, a certain protection against mycobacteria

conferred by the vaccine might have protected the immunized deer,

explaining the reduction in skin test and ELISA responsiveness.

Whether immunosuppression or protection is actually working in

this model will only be elucidated after carrying out controlled

immunization and challenge experiments.

In summary, these results suggested that similar mechanisms

might operate in deer and suids in response to immunization

with heat-inactivated M. bovis but additional experiments are

needed to characterize whether C3-mediated opsonophagocyto-

sis and effective bacterial clearance is enhanced by immunization

with heat-inactivated M. bovis in deer.
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Fig. 1. (A) Red deer response to orally delivered heat-inactivated M. bovis. (A) Mean skin test response (in mm) to avian PPD and bovine PPD at vaccination, 7 months after

vaccination and 12 months after vaccination of unimmunized controls (dashed lines) and of immunized adult hinds (solid lines). (B) Serum C3 protein levels were determined

by ELISA in immunized (N = 10) and control (N = 7) deer at 0, 7 and 12 months after vaccination. Data was linearized by a standard curve and regression analysis was used to

determine sample protein concentrations in ng/ml (**P = 0.001). Values for immunized and control animals are presented as average + S.D.

Table 2
Red deer skin test and ELISA antibody response to mycobacterial antigens. Mean skin test response (in mm/10) to avian and bovine PPD and to phytohaemagglutinin (PHA)

and mean ELISA antibody response to avian and bovine PPD, paratuberculosis protoplasmatic antigen 3 (PPA3) and M. bovis antigen MPB70 (in ELISA%) were determined in

immunized (N = 24) and control (N = 8) deer 12 months after vaccination (*P < 0.05).

Test Group Mean S.E. 95% CI % Increase N

Avian PPD skin test (mm/10)

Control 18.91 2.43 13.94–23.89 8

Treatment 12.02 1.4 9.15–14.9 −36% 24

Bovine PPD skin test (mm/10)

Control 11.95 2.52 6.79–17.11 8

Treatment 8.34 1.45 5.36–11.32 −30% 24

PHA skin test (mm/10)

Control 13.95 2.23 9.39–18.51 8

Treatment 14.22 1.28 11.59–16.85 +2% 24

PPA3 ELISA (E%)

Control 110.59 7.47 95–126 8

Treatment 100.93 4.4 91–109 −10% 24

Avian PPD ELISA (E%)

Control 165.23 17.27 129–200 8

Treatment 122.06 10.18 101–142 −26%* 24

MPB70 ELISA (E%)

Control 49.37 3.86 41–57 8

Treatment 49.66 2.28 45–54 0% 24

Bovine PPD ELISA (E%)

Control 141.23 16.74 106–175 8

Treatment 93.67 9.87 73–113 −34%* 24
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Heat-inactivated Mycobacterium bovis protects zebrafish 

against mycobacteriosis 

Abstract 

Control of mycobacterial infection constitutes a priority for human and animal 
health worldwide. Vaccines are widely accepted as effective, sustainable and 
economic immunoprophylactic interventions for the control of infectious 
diseases. However, effective vaccines are needed for the control of human and 
animal tuberculosis (TB). Adult zebrafish have become a useful model for studying 
the pathophysiology of mycobacterial infection and for the development of novel 
interventions for TB control and prevention. Recently, parenteral and oral 
immunization with the heat-inactivated M. bovis vaccine (M. bovis IV) protected 
wild boar against TB. The objectives of this study were to provide additional 
support for the role of M. bovis IV in TB control using the zebrafish model, and to 
conduct the first trial with this vaccine for the control of fish mycobacteriosis. The 
results showed that M. bovis IV protected zebrafish against mycobacteriosis 
caused by M. marinum, and provided evidence suggesting that the protective 
mechanism elicited by M. bovis IV in zebrafish as in other species is based on the 
activation of the innate immune response through the C3 pathway, with a role for 
the regulatory protein Akr2 in this process. These results encourage the use of M. 
bovis IV for TB control in different species. 

Introduction 

Tuberculosis (TB), caused by 
mycobacteria of the Mycobacterium 
tuberculosis complex (MTC) continues 
to be a global health emergency. An 
estimated one-third of the world’s 
population has been exposed to TB, 
and this infectious disease caused an 
estimated 10.4 million new cases and 
killed 1.4 million people in 2015 [1]. 
Animal TB, caused by M. bovis and 
other closely related members of the 
MTC, is a typical multi-host infection 
thriving at the wildlife-livestock 
interface and affecting animal 
production and wildlife management 

and conservation worldwide [2]. M. 
marinum and other related species are 
the causative agents of fish 
mycobacteriosis, a common bacterial 
disease in many species of freshwater 
and marine fish affecting wild fish, 
aquaculture and ornamental fish [3-7]. 
In addition, M. bovis and other 
members of the MTC and M. marinum 
and other Mycobacterium spp. 
infecting fish are potentially zoonotic 
[7-13]. 

The M. bovis attenuated live 
Bacillus Calmette-Guérin (BCG) 
vaccine has been widely used for the 
control of TB, but it does not prevent 
infection nor achieve sterile 
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eradication, but rather prime and/or 
boost infection control [14]. 
Therefore, the development of new 
safe and effective vaccines is required 
to achieve full protection in some 
areas and age groups, and particularly 
to protect against pulmonary disease 
and infection rather than from active 
TB [14, 15]. Currently, there are no 
effective vaccines for treating animal 
TB and fish mycobacteriosis on a 
commercial scale [7]. Therefore, 
vaccines and other interventions 
against animal TB and fish 
mycobacteriosis are essential for 
prevention and control of these 
diseases, and to reduce the risk of 
zoonosis.  

The zebrafish Danio rerio 
(Hamilton, 1822) has become an 
excellent model organism for studies 
of vertebrate biology, genetics, 
development, diseases and drug 
screening [16]. In particular, adult 
zebrafish have recently emerged as a 
useful model for studying the complex 
pathophysiology of mycobacterial 
infection, based on the similarities 
between the infection with the natural 
fish pathogen, M. marinum and M. 
tuberculosis in humans [6, 7, 17-19]. 
The main advantages of the zebrafish-
M. marinum model are the immune 
response and granuloma formation, 
which resemble those seen in human 
TB and have not been easily 
reproduced in the traditional animal 
models [6, 19].  

The search for new vaccines and 
control strategies against TB can be 

accelerated using the zebrafish model 
[19]. Recently, parenteral and oral 
immunization with the heat-
inactivated M. bovis vaccine (M. bovis 
IV) protected wild boar against TB with 
special reduction in thoracic lesions 
[20, 21], suggesting that this approach 
might provide a novel vaccine for TB 
control with special impact on the 
prevention of pulmonary disease, 
which is one of the limitations of 
current vaccines [15]. The objectives 
of this study were to provide 
additional support for the role of M. 
bovis IV in TB control using the 
zebrafish model, and to conduct the 
first trial with this vaccine for the 
control of fish mycobacteriosis. The 
results showed that M. bovis IV 
protected zebrafish against 
mycobacteriosis caused by M. 
marinum, and provided evidence of 
the protective mechanisms elicited by 
this vaccine.  

Material and methods 

Ethic statements 

In this study, animal experiments 
were conducted in strict accordance 
with the recommendations of the 
European Guide for the Care and Use 
of Laboratory Animals. Animals were 
housed and experiments conducted at 
experimental facility (IREC, Ciudad 
Real, Spain) with the approval and 
supervision of the Ethics Committee 
on Animal Experimentation of the 
University of Castilla La Mancha under 
the study “Evaluation of the immune 
response to inactivated M. bovis 
vaccine and challenge with M. 
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marinum in the zebrafish model” 
number PR-2017-05-12.  

Zebrafish 

Wild type adult (6-8 month old) AB 
zebrafish were kindly provided by Dr. 
Juan Galcerán Sáez from the Instituto 
de Neurociencias (IN-CSIC-UMH, Sant 
Joan d'Alacant, Valencia, Spain). The 
zebrafish were maintained in a flow-
through water system at 27 ºC with a 
light/dark cycle of 14h/10h, and fed 
twice daily with dry food.  

Preliminary vaccination experiment 
with tick Subolesin  

Ten zebrafish per group were 
randomly distributed into two groups 
and vaccinated with 5 µg recombinant 
Rhipicephalus microplus tick Subolesin 
[22] in 10 µl phosphate-buffered 
saline (PBS) or adjuvated in Montanide 
ISA 50 V2 (Seppic, Paris, France). PBS 
or adjuvant alone was used in control 
fish. Before vaccination, fish were 
briefly anaesthetized by immersion in 
0.02% ethyl 3-aminobenzoate 
methanesulfonate (MS-222; Sigma-
Aldrich) and then intraperitoneally 
injected using a 30G insulin syringe 
(Terumo Medical Corporation, Elkton, 
MD, USA). At 4 weeks after 
vaccination, animals were euthanized 
by immersion in 0.04% MS222. A 
diagonal incision between the anal fin 
and the caudal fin was made in 
euthanized fish using a steel blade, 
and the blood was collected with a 
30G insulin syringe  [23]. The collected 
blood was centrifuged for 10 minutes 
at 0.5 x g, and serum transfer to a new 

tube and stored at -20 ºC until analysis 
by ELISA.  

M. bovis IV formulation 

The M. bovis (field isolate Neiker 
1403; spoligotype SB0339) IV was 
prepared as previously described [20, 
21]. The isolate was originally 
obtained from a naturally infected 
wild boar and cultivated for 2-3 weeks 
in Middlebrook 7H9 medium enriched 
with OADC growth supplement 
(Sigma-Aldrich, St. Louis, MI, USA). 
After centrifugation at 2,500 x g for 20 
min at room temperature (RT) and 
two washes in PBS, the cell pellet was 
resuspended in PBS and passed 
through an insulin syringe for 
declumping. The optical density (O.D.) 
of the suspension was adjusted with 
PBS to 5 McFarland units. Prior to 
inactivation, serial dilutions (x10) were 
seeded in quadruplicate on 7H9 plates 
with OADC solidified with agar in order 
to quantify the number of colony 
forming units (cfu) in the inoculum. 
The inoculum was inactivated in a 
shaking water bath at 81-83ºC for 40 
min. Inactivated inoculum was 
cultured in BACTEC Mycobacterial 
Growth Indicator Tubes 
supplemented as indicated by the 
manufacturer (Becton Dickinson; 
Franklin Lakes, NJ, USA) and onto 
OADC agar solidified 7H9 plates in 
triplicate (100 µl each) to confirm the 
absence of viable mycobacteria. The 
final IV preparation contained 
approximately the equivalent of 107 
cfu in 0.2 ml of PBS. 
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Zebrafish vaccination with M. bovis IV 
and challenge with M. marinum  

Twenty zebrafish per group were 
randomly assigned to vaccinated and 
control groups. Additionally, a group 
of 5 zebrafish that were not 
vaccinated or challenged with M. 
marinum, were used for comparison in 
the analysis of the antibody response 
to vaccination, mycobacteria DNA 
levels and gene expression. Fish were 
briefly anaesthetized by immersion in 
0.02% MS-222 and vaccinated at 
weeks 0 and 2. Vaccinated fish were 
intraperitoneally injected with 50 µl 
PBS containing 10,000 cfu of M. bovis 
IV while control animals were 
intraperitoneally injected with 50 µl 
PBS using a 30G insulin syringe. The M. 
marinum (ATCC 927) was cultured at 
29 ºC in 7H9 broth enriched with 
Middlebrook ADC (Becton Dickinson), 
and prepared for infection as 
previously described [24]. Before 
challenge, fish were anaesthetized as 
described above and intraperitoneally 
injected at week 5 (3 weeks after the 
second vaccination) with a lethal 
infection dose of 75,000±12,910 cfu of 
M. marinum [25]. To verify the 
bacterial dose, samples were diluted 
and plated on 7H10 agar enriched with 
Middelbrook OADC (Becton 
Dickinson) for counting bacterial 
colonies. Fish were monitored daily 
and immersion in 0.04% MS-222 was 
used to euthanize animals that 
showed discomfort or signs of disease. 
At week 8 post-challenge, surviving 

fish were euthanized and the 
peritoneal fluid was collected with a 
30G insulin syringe and used for ELISA. 

Preparation of anti-zebrafish IgM 
antibodies  

Anti-zebrafish IgM antibodies were 
prepared by immunizing white rabbits 
(Oryctolagus cuniculus) with IgM 
purified from zebrafish sera using the 
Montage Antibody Purification Kit 
with PROSEP-A media (Merck KGaA, 
Darmstadt, Germany). The 
concentration of purified IgM was 
measured using the BCA Protein Assay 
(Thermo Scientific, San Jose, CA, USA) 
using bovine serum albumin (BSA) as 
standard. At weeks 1, 3 and 5, two 
rabbits were subcutaneously 
immunized with 50 µg IgM doses 
adjuvanted in Montanide ISA 50 V2. 
One month after the last 
immunization, rabbit sera were 
collected and IgG purified using the 
Montage Antibody Purification Kit 
with PROSEP-A media (Merck KGaA) 
and stored at -20 ºC until used for 
ELISA. An ELISA using zebrafish IgM 
and sheep IgG to coat the plates 
corroborated the specificity of rabbit 
anti-zebrafish IgM antibodies. 

Analysis of zebrafish antibody 
response by ELISA  

An indirect ELISA test was 
performed to detect zebrafish IgM 
antibodies against M. bovis P22, an 
immunopurified subcomplex of 
bovine purified protein derivative 
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(bPPD) [26] or R. microplus tick 
Subolesin [22]. High absorption 
capacity polystyrene microtiter plates 
were coated with 50 µl (0.02 µg/ml 
solution of purified recombinant 
proteins) per well in carbonate-
bicarbonate buffer (Sigma-Aldrich). 
After an overnight incubation at 4 ºC, 
coated plates were washed one time 
with 300 µl/well PBS/0.05% Tween 20 
(Sigma- Aldrich), and then blocked 
with 100 µl/well of 3% bovine serum 
albumin (Sigma- Aldrich) 1 h at RT. 
Serum, peritoneal fluid samples or PBS 
as negative control were diluted (1:20, 
v/v) in blocking solution and 100 
µl/well were added into duplicate 
wells of the antigen-coated plates, and 
incubated for 1.5 hrs at RT. Plates 
were washed three times with 
PBS/0.05% Tween 20 and 100 µl/well 
of rabbit anti-zebrafish IgM antibodies 
diluted (1:1000, v/v) in blocking 
solution were added and incubated 
for 1 h at RT. Plates were washed three 
times with 300 µl/well of PBS/0.05% 
Tween 20. A goat anti-rabbit IgG-
horseradish peroxidase conjugate 
(Sigma-Aldrich) was added diluted 
1:2000 in blocking solution and 
incubated for 1 h at RT. After four 
washes with 300 µl/well of PBS/0.05% 
Tween 20, 100 µl/well of 3,3´,5,5´-
tetramethylbenzidine (TMB) one 
solution (Promega) were added and 
incubated for 15 min at RT. Finally, the 
reaction was stopped with 50 µl/well 
of 3N H2SO4 and the O.D. was 

measured in a spectrophotometer at 
450 nm. 

Histopathology and 
immunohistochemistry 

Euthanized fish were fixed in 10% 
neutral buffered formalin for 24 h at 
21 ºC, sectioned sagittally and then 
immediately dehydrated in a graded 
series of ethanol, immersed in xylol, 
and embedded in paraffin wax using 
an automatic processor. Sections were 
cut at 4 µm and stained with 
haematoxylin and eosin (HE), and 
Ziehl-Neelsen (ZN) for acid-fast 
bacteria (AFB) following standard 
procedures. Immunohistochemistry 
was performed using the avidin-
biotin-peroxidase complex (ABC) 
method as previously described [27]. 
Briefly, tissue sections (3 μm) were 
dewaxed and rehydrated through a 
graded ethanol series and 
endogenous peroxidase activity was 
exhausted by incubation with 3% 
H2O2 in methanol for 45 min at RT. 
After three rinses of 10 min each in 
0.01M PBS, sections were covered 
with 20% normal goat serum (Vector 
Laboratories, Burlingame, CA, USA) in 
PBS for 30 min at RT. Following this 
blocking stage, sections were 
incubated with a rabbit polyclonal 
antiserum against M. bovis (Dako, 
Glostrup, Denmark) in a 1:4000 
dilution at 4°C overnight. After three 
rinses in PBS of 10 min each, sections 
were incubated with biotinylated goat 
anti-rabbit IgG secondary antibodies 
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(Vector Laboratories, Burlingame, CA, 
USA) diluted 1:200 in 0.05 M Tris 
buffered saline (TBS; pH 7.6) 
containing 10% normal goat serum for 
30 min at RT. After three rinses in PBS, 
all tissue sections were finally treated 
with ABC complex (Vectastain ABC 
Elite Kit; Vector Laboratories) for 1 hr 
at RT. Then, sections were rinsed in 
TBS and incubated with the 
chromogen solution (NovaRED 
Substrate Kit; Vector Laboratories). 
Finally, slides were counterstained 
with Harris’s haematoxylin. Tissues 
sections from uninfected zebrafish 
were used as controls. The 
tuberculous granulomas are the 
typical TB lesion, and were classified 
according to their components in 
types I (non-encapsulated granuloma 
composed of an epithelioid 
macrophage infiltrate surrounding 
scattered mycobacteria, and without 
necrosis), II (incompletely 
encapsulated granuloma well-
organized with clear areas between 
macrophages reflecting either early 
necrosis or less interdigitation of the 
macrophages), III (encapsulated 
granuloma well-organized with areas 
of partial and complete necrosis and 
AFB residing predominantly within the 
necrotic areas), and IV (encapsulated 
with high bacterial numbers in the 
central and prominent central 
necrosis). The quantitative 
assessment of the granulomas was 
performed in 10 fields of 0.4 mm2 
randomly chosen as well as identifying 

and counting the organs with 
granulomas per zebrafish. 
Pathological findings were graded by a 
numerical score based on the number 
of granulomas/fish, and the number of 
organs with granulomas/fish. A 
semiquantitative evaluation of the 
mycobacteria was performed in the 
granulomas from the ZN-stained 
samples, and results of the number of 
mycobacteria per granuloma were 
presented as – or absent (0), + or 
scarce (1-10), ++ or moderate (11-50), 
+++ or intense (>50). 

Characterization of M. marinum DNA 
levels by qPCR and the expression of 
selected genes by qRT-PCR in zebrafish 

Total DNA and RNA were isolated 
from the contents of the peritoneal 
cavity of euthanized fish using the 
Nucleospin TriPrep (Macherey Nagel, 
Düren, Germany). M. marinum loads 
were determined by qPCR using a 
QuantiTect SYBR Green PCR Kit and a 
Rotor Gene Q thermocycler (Qiagen, 
Inc. Valencia, CA, USA) with specific 
primers and conditions for M. 
marinum 16S ribosomal RNA (16S 
rRNA; Genbank accession number: 
AF456240.1) (16SForward-F: 5’-
ACTGAGATACGGCCCAGACT-3’, 
16SReverse-R: 5’-
TCACGAACAACGCGACAAAC-3’, 
annealing 56 °C, 30 sec). To 
characterize the expression of 
selected genes previously shown to be 
involved in vaccine protective 
mechanisms [21] and/or fish immune 

Vladimir López - PhD Thesis

108



response to infection [28], a qRT-PCR 
was performed for the analysis of D. 
rerio akirin 2 (akr2; NM_213294.2), 
complement component 3 (C3; 
NM_131243.1) and interleukin 1-beta 
(IL-1β; NM_001113800.2) genes in 
zebrafish in response to vaccination 
and mycobacterial infection. The qRT-
PCR was performed using the 
QuantiTect SYBR Green RT-PCR Kit and 
a Rotor Gene Q thermocycler (Qiagen) 
with specifics primers and conditions 
(AKR2F: 5’-
ACTATGGACTTCGATCCGCT-3’, AKR2R: 
5’-GCTCTGTGGTGAGTGCTGAA-3’, 
annealing 56 °C, 30 sec; C3F: 5’-
ACGCTCTCTGGATTGAAACA-3’, C3R: 
5’-TGCCTTCTTGCATGGCAATC-3’, 
annealing 56 °C, 30 sec; IL1bF: 5’-
GCATGTCCACATATGCGTCG-3’, IL1bR: 
5’-GCTGGTCGTATCCGTTTGGA-3’, 
annealing 58 °C, 30 sec) following 
manufacturer’s recommendations. A 
dissociation curve was run at the end 
of the reactions to ensure that only 
one amplicon was formed and that the 
amplicon denatured consistently in 
the same temperature range for every 
sample [29]. The DNA and mRNA Ct 
values were normalized against D. 
rerio glyceraldehyde-3-phosphate 
dehydrogenase (gapdh; 
NM_001115114.1) (GAPDHF: 5’-
CGTGGTGCCAGTCAGAACAT-3’, 
GAPDHR: 5’-
AGTCAGTGGACACAACCTGG-3’, 
annealing 56 °C, 30 sec) using the 
genNormddCT method [30]. A 
correlation analysis was conducted in 

Microsoft Excel (version 12.0) 
between normalized C3 mRNA levels 
or anti-P22 antibody levels and M. 
marinum DNA levels in individual 
vaccinated and control animals to 
compare the effect of vaccination on 
mycobacterial infection in zebrafish. 

Statistical analysis  

Cox regression analysis (P=0.05) 
was used to test for accumulated fish 
survival. For gender-based analysis of 
zebrafish survival, the decrease in the 
number of females and males 
between the initial and final phases of 
the experiment in vaccinated and 
control animals was compared by Chi2-
test (P=0.05). The Mann-Whitney U 
test (P=0.05) was used to compare the 
difference between groups in 
histopathology and 
immunohistochemistry findings. 
Antibody titers in vaccinated and 
control fish were represented as the 
OD450nm (ODantigen - ODPBS control) and 
the mean of the duplicate values were 
compared between vaccinated and 
control groups by Student’s t-test with 
unequal variance (P=0.05). For qPCR 
and qRT-PCR data, the mean of the 
duplicate values was used and results 
from vaccinated and control fish were 
compared using the Student’s t-test 
with unequal variance (P=0.05).  

Results 

Vaccination induces an antibody 
response in zebrafish  

A preliminary experiment was 
conducted to evaluate the effect of of 

Vladimir López - PhD Thesis

109



intraperitoneal vaccination with the 
known immunogenic antigen 
Subolesin derived from R. microplus 
ticks on zebrafish antibody response. 
The results showed that vaccination 
with a single dose of Subolesin 
induced an IgM antibody response 
that was similar between groups 
treated with the antigen in PBS or 
adjuvant (Fig. 1A). These results 
supported the use of the M. bovis IV 
vaccine in PBS for intraperitoneal 
vaccination of zebrafish. The IgM 
antibody titer against the M. bovis P22 
was significantly higher (P=0.02) in M. 

bovis IV-vaccinated than in control and 
uninfected fish (Fig. 1B). The antibody 
titers in control fish treated with PBS 
alone were not different (P=0.3) from 
animals left uninfected (Fig. 1B), 
suggesting that infection with M. 
marinum did not induce a significant 
IgM antibody response against P22 in 
zebrafish. The higher IgM antibody 
response obtained against M. bovis 
P22 when compared to Subolesin 
could be due to difference in 
antigenicity between vaccines and/or 
the vaccination scheme, whic included 
two doses with M. bovis IV, but a 
single dose with Subolesin.  

The M. bovis IV vaccine decreases 
mycobacterial infection and increases 
adult zebrafish survival after challenge 
with M. marinum  

Three weeks after the last 
immunization, zebrafish were 
challenged with a lethal infection dose 
(75,000±12,910 cfu) of M. marinum. 
Vaccination with M. bovis IV did not 
prevent mycobacterial infection, and 
fish mortality in animals with signs of 
TB (Fig. 2A) was observed in both 
vaccinated and control groups (Fig. 
2B). However, vaccination with M. 
bovis IV significantly (P=0.0001) 
increased fish survival (14/20, 70%) 
when compared to controls (6/20, 
30%) after challenge with M. marinum 
(Fig. 2B). Gender-based analysis of 
zebrafish survival showed that the 
protective effect of the vaccination 
with M. bovis IV was significant in 

Fig. 1. Characterization of the antibody 
response in vaccinated zebrafish. (A) The IgM 
antibody titers against Subolesin were 
determined by ELISA in fish vaccinated with 
Subolesin in PBS or adjuvant and compared 
to controls treated with PBS or adjuvant 
alone, respectively. (B) The Igm antibody 
titers against M. bovis P22 were 
determinated by ELISA in fish vaccinated with 
M. bovis IV in PBS, and compared to controls 
treated with PBS alone or left uninfected. 
Antibody titers in vaccinated and control fish 
were represented as the average + S.D. of the 
OD 450nm (ODantigen-ODPBS control) and the mean 
of the duplicate values were compared 
between vaccinated and controls group by 
Student’s t-test with unequal variance 
(*P<0.05; N=10/group for  
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females (P=6.5E-09) but not in males 
(P=0.17) (Fig. 2C).

To assess the effect of vaccination 
with M. bovis IV on mycobacterial 
infection, a quantitative analysis by 
qPCR of M. marinum DNA levels and a 
semiquantitative evaluation of the 
mycobacteria in the granulomas from 
the ZN-stained samples were 
performed. The results showed that 
the levels of M. marinum DNA were 
significantly higher (P=0.03) in control 
fish when compared to vaccinated or 
uninfected animals (Fig. 2D). 
Mycobacteria DNA levels did not differ 

(P=0.3) between vaccinated and 
uninfected fish (Fig. 2D), further 
supporting the reduction in 
mycobacterial infection in response to 
vaccination with M. bovis IV. In 
agreement with these results, the 
mean number of mycobacteria per 
granuloma significantly decreased 
(P=0.04) in vaccinated fish when 
compared to controls (Fig. 2E). 

The M. bovis IV vaccine decreases the 
number of tuberculous granulomas 
after challenge with M. marinum 

Fig. 2. Effect of vaccination on mycobacterial infection and adult zebrafish survival. (A) Representative images of 
adult fish that died with signs of TB (arrows). (B) Fish survival was characterized in vaccinated and control groups, 
and was significantly higher in vaccinated animals when compared to controls by a Cox regression analysis 
(P=0.0001; N=20/group). (C) Gender-based analysis of zebrafish survival. The number of females and males at the 
initial and final phases of the experiment are shown. The decrease in the number of females and males in 
vaccinated and control animals was compared by Chi2-test (P=0.05).  (D) M. marinum DNA levels were 
characterized by qPCR in vaccinated and control fish, normalized against D. rerio gapdh, represented as average + 
S.D., and compared between groups by Student’s t-test with unequal variance (P>0.05; N=5/group). (E) Ziehl-
Neelsen staining of mycobacteria in tissues of vaccinated and control zebrafish. The mean number of mycobacteria 
per granuloma is shown as - or none (0), + or scarce (1-10), ++ or moderate (11-50), +++ or intense (>50), and was 
significantly lower in vaccinated fish when compared to controls by Mann-Whitney U test (P=0.04; N=14 for 
vaccinated and N=6 for controls). 
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Due to mortality rates after infection 
with M. marinum, only 14 and 6 
zebrafish from the vaccinated and 
control groups, respectively were 
available for histological and 
immunohistochemical studies. The 
small size of the zebrafish permitted a 
histological assessment in the entire 
fish by examining sagittal sections in 
which the organs were well 
represented. ZN staining and 
immunolabelling for mycobacteria 
were used for the quantification of 
granulomas and affected target 
organs.  

TB-like lesions were identified on 
histological examination as 
granulomas in 10/14 (71.4%; CI95%: 
45.4-88.3%) and 6/6 (100%; IC95%: 
61.2-100%) of the vaccinated and 
control fish, respectively. The extent 
of the disease was evaluated by 
assessing the number of granulomas, 
the type of granulomas and the 
number of organs affected by 
granulomatous disease in each fish 
Vaccinated fish had a significantly 
(P=0.05) lower mean number of 
granulomas per animal (4.6) when 
compared to controls (10.4) (Fig. 3A). 
Although the number of affected 
organs tended to be lower in 
vaccinated fish it was not significantly 
different than in control animals (Fig. 
3B).  

The organs affected by M. marinum 
infection were frequently found in the 
gonads, followed by the kidney, liver 
and mesentery, but rarely in the 

muscle and never in the head, 
branchial arches, spleen or skin (Fig. 
3C). Non-necrotizing lesions with 
epithelioid macrophages infiltrates 
surrounding scattered mycobacteria 
(type I granulomas) were predominant 
in zebrafish with lesions in both 
groups. However, the percent of 
animals with type I granulomas was 
lower in vaccinated zebrafish (70%) 
than in controls (100%). The gonads 
were the organs more affected by M. 
marinum infection, showing in some 
zebrafish early macrophage 
aggregates with cytoplasmic and 
nuclear debris, likely representing 
early necrosis (type II granulomas). ZN 
staining and positive immunolabeling 
confirmed the presence of 
mycobacteria in the cytoplasm of 
macrophages within granulomas of all 
zebrafish with these tuberculous-like 
lesions. Approximately an equal 
percentage of zebrafish with lesions 
showed well-organized granulomas 
with partial and complete necrosis in 
both groups (60% and 66% in 
vaccinated and control groups, 
respectively). Mycobacteria were 
found predominantly in necrotic areas 
and were in greater numbers in fully 
necrotic than in partially necrotic 
zones. Immunohistochemical signals 
or ZN-positive staining were not 
observed in the sections from tissues 
of negative control uninfected 
zebrafish. 
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Vaccination with M. bovis IV activates 
the innate immune response 

To characterize the effect of M. bovis 
IV vaccination and mycobacterial 

infection on zebrafish immune 
response, the mRNA levels for 
selected genes previously shown to be 
involved in vaccine protective 
mechanisms and/or fish immune 

Fig. 3. Effect of vaccination and mycobacterial infection on granuloma formation in zebrafish. (A) The 
quantitative assessment of the granulomas was performed in 10 fields of 0.4 mm2 randomly chosen. Pathological 
findings were graded by a numerical score based on the number of granulomas/fish. The mean number of 
granulomas per fish were represented as the average + S.D., and compared between vaccinated and control 
groups by Mann-Whitney U test (*P≤0.05; N=14 for vaccinated and N=6 for controls). (B) The organs with 
granulomas were identified and counted. The mean number of affected organs per fish were represented as the 
average + S.D., and compared between vaccinated and control groups by Mann-Whitney U test (*P<0.05; N=14 
for vaccinated and N=6 for controls). (C) Representative images of histopathological and immunohistochemical 
findings in vaccinated and control zebrafish. M. marinum induced the formation of granulomas with a well-
defined border of macrophages and prominent central necrosis in the ovary of vaccinated zebrafish (a), 
presenting high bacterial numbers in the central necrotic core stained with Ziehl-Neelsen (b). In the ovary of 
control zebrafish prevail the granulomas composed of an epithelioid macrophage infiltrate surrounding 
scattered mycobacteria (c). The inset in (c) shows a higher-magnification view of acid-fast bacteria residing 
within macrophages with Ziehl-Neelsen staining. Positive immunolabelling by immunohistochemical methods 
confirmed the presence of mycobacteria in the cytoplasm of macrophages within granulomas of all zebrafish 
with these tuberculous-like lesions, which quantity was lower in the vaccinated group (d) when compared to 
controls (e). Ziehl-Neelsen staining of mycobacteria (bright pink) in the mesentery of a zebrafish from the control 
group (granulomas are indicated by arrowheads) (f). Macrophages and different amounts of mycobacteria inside 
granulomas were immunolabeled in the liver (g), kidney h) and testis (i) of some zebrafish from the control group. 
Bars: 50 µm (a, b), 100 µm (d, g, h, i), 200 µm (c, e, f). 
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response to infection were analyzed 
by qRT-PCR. The mRNA levels of akr2, 
C3 and IL-1β were determined in M. 
marinum-infected vaccinated and 
control animals, and in uninfected fish 
(Fig. 4A). The results showed that 
mycobacterial infection significantly 
upregulated (P=0.04) the expression 
of akr2, with a tendency to increase 
further in response to vaccination (Fig. 
4A). The C3 mRNA levels significantly 

increased in vaccinated fish when 
compared to unvaccinated controls 
and uninfected animals (P=0.01) (Fig. 
4A). Furthermore, a negative 
correlation was obtained between C3 
mRNA (R2=0.9) but not anti-P22 
antibody (R2=0.2) levels and M. 
marinum infection levels in fish (Fig. 
4B), suggesting a role for innate 
immunity in the protective response 
to vaccination (Fig. 5)

 

Discussion  

It has been previously shown that it is 
possible to obtain partial protection 
from mycobacterial infection in adult 

zebrafish vaccinated with BCG, an 
attenuated live strain of M. bovis [31] 
or with DNA vaccination with selected 
mycobacterial antigens [25]. The main 
  

Fig. 4. Effect of vaccination and mycobacterial infection on zebrafish immune response. (A) The expression of 
akr2, C3 and IL-1β genes was characterized by qRT-PCR in zebrafish in response to vaccination and 
mycobacterial infection. The mRNA levels were normalized against D. rerio gapdh, represented as average + 
S.D., and compared between groups by Student’s t-test with unequal variance (*P<0.05; N=4 for vaccinated 
and N=3 for controls). (B) A correlation analysis was conducted between normalized C3 mRNA or anti-P22 
antibody levles and M. marinum DNA levels in individual vaccinated and control animals to compare the effect 
of vaccination on mycobacterial infection in zebrafish. The logarithmic correlation coefficient (R2) is shown 
(N=2/group for C3 mRNA levels, and N=5 for vaccinated and N=2 for controls for anti-P22 antibody levels). 
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effect of vaccination was the 
reduction of both fish mortality and 
bacterial counts in a manner 
dependent on the adaptive immune 
response mediated by interferon 
gamma [25]. Vaccines based on a live 
attenuated M. marinum mutant (L1D), 
extracellular culture filtrate proteins 
from M. marinum and a heat-killed M. 
marinum strain, the last two 
adjuvated with polyinosinic-
polycytidylic acid [(poly(I:C)], a 
synthetic double-stranded RNA 
(dsRNA), were evaluated for the 

control of mycobacterial infection in 
adult zebrafish, and only vaccination 
with live attenuated M. marinum 
significantly reduced fish mortality 
[32]. Our results showed that M. bovis 
IV protected zebrafish against 
mycobacteriosis caused by M. 
marinum. These results provided 
evidence that the protection elicited 
by M. bovis IV not only reduced fish 
mortality and mycobacterial infection, 
but also the number of mycobacteria 
per granuloma and the number of 
granulomas in surviving fish, thus 

Fig. 5. Proposed protective mechanism elicited by vaccination with M. bovis IV against M. marinum in zebrafish. 
(A) The infection of zebrafish with M. marinum activates the innate immune response through different 
mechanisms [19, 28], and our results provided evidence for the role of Akr2 in this process. (B) In vaccinated 
fish, M. bovis IV components are sensed through a surface TLR, which triggers signaling cascades mediated by 
NK-kB/Akr2 activation, which in turns stimulates the production of C3 and probably pro-inflammatory 
cytokines such as IL-1β to activate the innate immune response stronger than in infected fish. This stronger 
activation of the innate immune response results in the reduction in fish mortality, mycobacterial infection, 
the number of mycobacteria per granuloma and the number of granulomas in surviving fish. Dashed line 
denotes unconfirmed results in the zebrafish model, but previously demonstrated in other species vaccinated 
with M. bovis IV [21]. Green arrows represent upregulated fish factors with width proportional to the activation 
level. 
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reducing the risk for pathogen 
dissemination. 

In this trial, the protective effect of 
M. bovis IV was more pronounced in 
female than in male fish. Behavioral 
patterns in zebrafish could be 
associated with feeding and predator 
evasion, and could be affected by 
pathogen infection [16, 33]. Feeding 
behavior is a complex process in fish 
[34]. Additionally, stress produced as a 
result of infection may show gender 
differences in aggression, which under 
chronic stress conditions is higher in 
male than in female zebrafish [35]. 
Although behavioral studies were not 
conducted in this study, these results 
suggested the possibility that male 
zebrafish were more exposed to 
reiterate infections or less protected 
due to behavioral patterns that 
increased aggression and stress.  

The M. bovis P22 is an 
immunopurified subcomplex of bPPD, 
which is used for TB diagnosis in 
different species [26, 36-39]. It has 
been shown that as TB progresses, the 
cellular immune response decreases 
while the humoral response develops 
[40, 41]. This evidence has prompted 
the development of serological assays 
for TB diagnosis [26, 39]. The results 
obtained here in zebrafish infected 
with M. marinum did not support the 
use of P22 for diagnosis of 
mycobacteriosis. However, the 
positive response to P22 in fish 
vaccinated with M. bovis IV suggested 
the possibility of using this ELISA for 

the evaluation of fish response to 
vaccination. Nevertheless, a role for 
anti-P22 antibodies in protection 
against mycobacterial infection has 
not been established, and the lack of 
correlation between mycobacterial 
and anti-P22 levels in fish did not 
support this possibility.  

As in previous studies with the M. 
bovis IV in wild boar and deer [20, 21, 
37], the effect of the vaccine on 
reducing infection correlated with the 
upregulation of C3, supporting the 
role of this molecule in the protective 
immune response to this vaccine [21]. 
Complement components and IL-1β 
have been identified to be involved in 
innate immune response to limit 
mycobacterial infection in zebrafish 
and other vertebrate hosts including 
humans [19-21, 28, 42-47]. In a recent 
transcriptomics analysis of zebrafish 
immune response to M. marinum 
infection, Bernard et al. [28] showed 
that C3 and the pro-inflammatory 
cytokine IL-1β were upregulated 
during both early (2-4 hours post-
infection; hpi) and late (2-5 days post-
infection; dpi) infection phases. Under 
our experimental conditions and at a 
very late infection phase (21 dpi), C3 
but not IL-1β was upregulated in 
response to vaccination with no effect 
of infection on the mRNA levels of 
these genes. However, based on 
previous results [21, 28], it is possible 
that IL-1β levels increased in response 
to vaccination and/or infection at 
earlier stages. Furthermore, as 
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previously shown in wild boar [21], the 
negative correlation between C3 and 
mycobacterial levels in fish supported 
a role for C3 in the protective 
mechanism elicited by M. bovis IV 
against mycobacterial infection. Akr in 
invertebrates and Akr2 in vertebrates 
function in parallel with the 
transcription nuclear factor-κB (NF-κB) 
downstream of the immune deficiency 
(IMD) pathway [48-52]. These 
regulatory factors have an essential 
role downstream of the Toll-like 
receptor (TLR), tumor-necrosis factor 
(TNF) and IL-1β signaling pathways 
that are involved in mycobacterial 
signaling and immune response [19, 
28, 53, 54]. These results supported a 
model for the protective mechanism 
elicited by M. bovis IV in fish by which 
vaccine components are sensed 
through a surface TLR, which triggers 
signaling cascades mediated by NK-
kB/Akr2 activation, which in turns 
stimulates the production of C3 and 
probably pro-inflammatory cytokines 
such as IL-1β to activate the innate 
immune response (Fig. 5). These 
results together with the role of C3 in 
immune response to mycobacterial 
infection suggested that nonspecific 
innate immune responses play a 
relevant role of in protection against 
TB [55]. In this context, C3 might be a 
correlate and a surrogate of 
protection when antigen-specific 
immune responses are not effective to 
develop novel vaccine formulations 

against TB for humans and animals 
[55]. 

Conclusions  

In summary, the results reported 
here provided additional evidences 
supporting the efficacy of M. bovis IV 
for the control of mycobacterial 
infection, and the first evidence of the 
efficacy of this vaccine for the control 
of fish mycobacteriosis. Vaccination 
resulted in the reduction in fish 
mortality, mycobacterial infection, the 
number of mycobacteria per 
granuloma and the number of 
granulomas in surviving fish (Fig. 5). 
The functional analysis suggested that 
the protective mechanism elicited by 
M. bovis IV in zebrafish as in other 
species was based on the activation of 
the innate immune response through 
the C3 pathway, and suggested a role 
for the regulatory protein Akr2 in this 
process (Fig. 5). Future experiments 
should evaluate the efficacy of orally 
administered M. bovis IV and provide 
additional information on the 
protective mechanisms elicited by this 
vaccine in the zebrafish model for TB. 
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General discussion 
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The success of intracellular pathogens resides in their ability to manipulate 
and evade the host response. These useful alterations allow the bacteria to 
survive in an inhospitable environment and multiply inside the host cell. In 
contrast, the host triggers a complex response through biological pathways to 
eradicate the pathogen and avoid damage. Understanding of the molecules 
involved in these host-pathogen interactions could lead to the development of 
disease control strategies and resources.    

Response to infection with tick borne pathogens and M. bovis 

Intra-erythrocytic Anaplasma ovis is a rickettsial tick-borne pathogen that 
infects sheep, goats and wild ruminants causing acute anemia in sheep and 
goats (de la Fuente et al, 2007). A high prevalence of Anaplasma spp. and co-
infections with tick-borne pathogens are often detected in small ruminants of 
the Mediterranean area (Torina and Caracappa, 2012; Ait Lbacha et al, 2015). A. 
ovis was the pathogen most frequently identified by PCR and serology in a sheep 
flock in central Spain (Chapter II.a). This is in agreement with results from 
previous studies (de la Fuente et al, 2008a; Hurtado et al, 2015). A. ovis was not 
identified by microscopic examination of stained blood smears suggesting that 
sheep were either presymptomatic or carriers (Chapter II.a). Infection with A. 
ovis is normally subclinical but it can also cause disease particularly in 
immunocompromised animals (Friedhoff, 1997; Torina et al, 2010). It may 
predispose them to other infections and parasite infestations as with other 
Anaplasma spp. (Kocan et al, 2004).  

Although Rickettsia spp. are not commonly found in sheep, infection with SFG 
Rickettsia in goats and sheep has been described (Kovácová et al, 1996; Mutai et 
al, 2013). Previous reports in central Spain have mentioned the existence of tick 
vectors for the SFG rickettsiae (de la Fuente et al, 2004; Naranjo et al, 2006a; 
Fernández de Mera et al, 2013). Moreover, in that study a high seroprevalence 
against SFG rickettsiae was observed in red deer and wild boar suggesting they 
have a role as hosts for these pathogens. Chapter II.a findings provide further 
evidence of the circulation of SFG rickettsiae in the study area and identifies 
sheep as another potential host. However, it was not possible to amplify a 
suitable number of markers in each sample to identify the species, possibly due 
to low infection levels in the animals. 

Sheep can be susceptible to M. bovis infection although ovine MTBC is 
considered uncommon. Unexpectedly, a high prevalence of infection was 
observed in the study area (Chapter II.a), suggesting high environmental 
contamination (Cordes et al, 1981). The spoligotype SB0339 found in sheep 
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(Chapter II.a) is the third most frequent in Spain (8%) after SB0121 (28%) and 
SB034 (11%) (Gortazar and Boadella, 2014). Sheep cohabited with other 
domestic ungulates and were extensively managed, grazed and watered mainly 
during daylight hours in areas where wild boar is a common species. However, 
the farm was neither close to wildlife areas nor to cattle farms. Hence, close 
contact between sheep and potentially infected cattle or wildlife was unlikely to 
occur. Necropsy findings in M. bovis infected sheep were consistent with 
systemic inflammation and immune stimulation characterized predominantly by 
hyperplasia of lymphoid tissues (Muñoz- Mendoza et al, 2015, Muñoz- Mendoza 
et al, 2012). Pathological and microbiological evidence presented (Chapter II.a) 
suggests that sheep should not be neglected as potential sources of M. bovis. 

The infection with Anaplasma spp. and Mycobacterium spp. in ruminants 
affects the expression of immune response genes (Galindo et al, 2010). IL1B, 
which is involved in the control of innate immunity, was significantly down-
regulated in M. bovis positive animals without co-infection with A. ovis. In 
contrast, CR2, another gene involved in the control of innate immunity, was 
significantly up-regulated in response to infection with most pathogens, 
suggesting differential expression of host immune response genes with sheep- 
and pathogen-specific signatures (Chapter II.a). 

Mandibular lymph nodes from wild boar naturally infected with M. bovis 
could be used as model to characterize the host response to mycobacterial 
infection with emphasis on immune system proteins (Chapter II.b; Bolin et al, 
1997; Naranjo et al, 2006b; Naranjo et al, 2006c; Naranjo et al, 2008). Chapter II. 
Our findings showed that infection with M. bovis affects many proteins 
biological process, among these, immune system was significantly different 
between infected and uninfected wild boar in both young and adult animals. 
Immune system proteins that play a key role in host response to mycobacteria, 
protein S100A9, Heme peroxidase, LTF, Cathelicidin and PGLYRP1 (Beltrán-Beck 
et al, 2014; Naranjo et al, 2006b; Naranjo et al, 2006c; Naranjo et al, 2008) were 
under-represented in TB positive wild boars when compared to uninfected 
animals but protein levels increased as infection progressed in adult wild boars. 
(Chapter II.b). MHCI was the only protein over-represented in TB infected adult 
wild boars compared to uninfected animals).  

Protein S100A9 is produced by neutrophils and is involved in the positive 
regulation of the intrinsic apoptotic signaling pathway, the innate immune 
response and autophagy among other processes (Schiopu and Cotoi, 2013). All 
of them are involved in host immune response to mycobacterial infection (Behar 
et al, 2010). Therefore, reducing S100A9 protein levels may be a mechanism 
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used by M. bovis to evade host immune response and establish infection in 
young wild boars. However, S100A9 also mediates neutrophilic inflammation 
and lung pathology during active TB (Gopal et al, 2013). The over-representation 
of S100A9 in TB-progressed adult wild boar may be a host response to limit 
pathogen multiplication but it is also associated with active TB resulting in 
increased transmission of mycobacteria (Chapter II.b).  

Heme peroxidase belongs to an important prosthetic group of hemoglobins, 
peroxidases, catalases, hydroxylases, and cytochromes required for various 
processes such as DNA transcription, RNA translation, protein stability, cell 
differentiation and immunity (Farhana et al, 2012). Heme peroxidase such as 
Eosinophil peroxidase also shows inhibitory activity against mycobacteria by 
inducing bacterial fragmentation and lysis (Borelli et al, 2003). Studies have 
reported that mycobacteria require heme and iron for full virulence and have 
developed systems for heme acquisition (Farhana et al, 2012; Jones and 
Niederweis 2011). Therefore, the under representation of Heme peroxidase in 
infected wild boar may be induced by M. bovis to evade host immune responses 
and establish infection in young animals. In adult wild boar with TB-progressed, 
Heme peroxidase protein levels may increase as a mechanism for the host to 
inhibit pathogen multiplication. This suggests that mycobacteria may benefit 
from this host response to increase virulence and transmission (Chapter II.b).  

Iron acquisition is vital for mycobacterial growth and bacteria acquire iron (Fe) 
bound to citrate, Transferrin and LTF and from macrophage cytoplasm 
(Olakanmi et al, 2013). Host immune response to mycobacteria infection partly 
depends on iron regulation by the host through the tight control of iron-storage 
proteins (Thom et al, 2012; Johnson and Wessling-Resnick 2012). 
Lactotrasnferrin (LTF) under-representation in TB infected wild boar could reflect 
a mechanism of host immune response to infection by reducing Fe source to 
mycobacteria. Nevertheless, LTF protein levels in progressed TB-infected wild 
boar suggested a mechanism by which mycobacteria manipulate host immune 
response during infection progression to increase Fe availability resulting in 
higher bacterial growth and transmission (Chapter II.b).  

Cathelicidin is an antimycobacterial peptide delivered to phagosomes 
containing mycobacteria through fusion with lysosomes resulting in macrophage 
autophagy killing intracellular mycobacteria (Cassidy and Martineau, 2014). 
Moreover, reduction in the production of antimycobacterial peptides such as 
Cathelicidin increases susceptibility to TB (Cassidy and Martineau, 2014). 
Cathelicidin was under-represented in infected wild boar, reflecting a 
mechanism of mycobacteria to manipulate host innate immune response to 
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facilitate infection and multiplication. In contrast, Cathelicidin protein levels 
increased in TB-progressed adult wild boar suggesting a host mechanism to limit 
bacterial multiplication as infection progresses to increase host survival. 
Mycobacteria may use this response to increase the probability of transmission 
to susceptible hosts (Chapter II.b). 

 It has been reported that peptidoglycan-recognition protein (PGLYRP1) binds 
to bacterial cell wall molecules such as lipopolysaccharide, lipoteichoic acid, 
peptidoglycan and fatty acids such as mycobacterial mycolic acid (Sharma et al, 
2013). PGLYRP1 protein showed a similar pattern to Cathelicidin in response to 
M. bovis infection in wild boar (Chapter II.b). 

MHC class I antigen (MHCI) antigen belongs to the classical MHC class Ia which 
presents peptide antigens to pathogen-specific cytotoxic T cells (Mir and 
Sharma, 2013). MTBC epitopes, including M. bovis, are hyperconserved in 
different strains consistent with strong purifying selection acting on these 
epitopes (Comas et al, 2010; de la Fuente et al, 2015). MTBC might benefit from 
recognition by T cells because this essential response for host survival may be 
necessary for mycobacteria to establish latent infection (Comas et al, 2010). This 
could explain why MHCI was over-represented in TB infected adult wild boar 
(Chapter II.b). 

Other factors such as contact probability between hosts and mycobacteria 
and genetic factors of both hosts and pathogens could also affect infection 
prevalence and disease progression (Naranjo et al, 2006b; Naranjo et al, 2006c; 
Naranjo et al, 2008, Beltran-Beck et al, 2014; de la Fuente et al, 2015). The 
contact between hosts and mycobacteria could be probable in adult wild boar 
due to the high (66%) M. bovis prevalence. Consequently, uninfected adult 
animals were probably resistant to M. bovis. However, uninfected young animals 
could have been naïf to M. bovis infection (Chapter II.b). 

The expression of genes coding for C3 and MUT were characterized as 
possible correlates with host resistance to natural mycobacterial infection 
(Naranjo et al, 2006b; Naranjo et al, 2006c; Naranjo et al, 2008, Beltran-Beck et 
al, 2014). The results did not support a role for MUT in susceptibility to M. bovis 
in naturally TB-exposed wild boar (Naranjo et al, 2008; Chapter II.b). C3 
expression supported a role for this molecule in the outcome of M. bovis 
infection. As reported in previous studies (Garrido et al, 2011; Beltran-Beck et al, 
2014), C3 mRNA levels increased with M. bovis infection in young wild boar as a 
host response to limit mycobacterial infection (Chapter II.b). However, in adult 
wild boar higher C3 levels correlated with protection against M. bovis infection, 
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providing additional support for the central role of this molecule in the 
protective response against mycobacterial infection (Garrido et al, 2011; Beltran-
Beck et al, 2014; Naranjo et al, 2006b; Naranjo et al, 2006c; Chapter II.b). 
Hemoglobin protein levels that are associated with TB-induced anemia (Baynes 
et al, 1986) were lower in infected TB and TB-progressed adult wild boar, 
indicating anemia in infected wild boar. The tendency in Hemoglobin protein 
levels in young wild boar also suggested anemia in infected animals (Chapter 
II.b). 

Spoligotyping was used to characterize pathogen genetic diversity in wild boar 
TB infection and their possible impact on infection and disease (de la Fuente, 
2015). Spoligotypes SB0339 and SB0134 have been phenotypically and 
genetically correlated with high distribution (isolation frequency) and low and 
high TB lesion score in wild boar, respectively (de la Fuente, 2015). SB0339 
spoligotype was isolated (high frequency) from wild boar independently of age 
and disease progression, while SB0134 spoligotype was identified only in adult 
wild boar TB-progressed (de la Fuente, 2015; Chapter II.b) suggesting that 
mycobacteria-derived genetic factors may impact on M. bovis infection and 
disease. 

The characterization of sheep host proteins in the midguts and salivary glands 
of uninfected and A. phagocytophilum-infected I. scapularis female ticks showed 
tissue specific differences in response to infection (Chapter II.c). Vertebrate host 
proteins involved in the transcription, lipid metabolism, immune response and 
oxygen transportion (hemoglobin) were previously found to be highly abundant 
in the saliva of engorged I. scapularis ticks (Valenzuela et al, 2002; Kim et al, 
2016). Ticks have evolved mechanisms to selectively secrete host proteins in the 
saliva to aid in the feeding process (Kim et al, 2016). Furthermore, anti-microbial 
peptides (AMP) such as S100 proteins (Donato et al, 2013), highly abundant in 
the saliva of engorged I. scapularis, were proposed as having a function in 
clearing microbes from the feeding site to preserve ticks (Kim et al, 2016). In A. 
phagocytophilum-infected ticks, host proteins from some of these pathways 
such as stress response and transcription were over-represented in tick midguts 
and salivary glands, supporting the existence of a mechanism to facilitate tick 
feeding that was enhanced in response to infection. However, other host 
proteins overrepresented in A. phagocytophilum-infected tick midguts probably 
reflected the host response to infection. Proteins classified into the immune 
response biological process are up-regulated at the transcriptional level in sheep 
infected with A. phagocytophilum (Galindo et al, 2008). Nevertheless, immune 
response proteins were under-represented in infected tick salivary glands, 
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suggesting that A. phagocytophilum selectively manipulates host protein levels 
to facilitate pathogen infection, multiplication and transmission (Chapter II.c). 

A. phagocytophilum modulates lipid metabolism in vertebrate host cells and 
incorporates host cholesterol for survival (Lin and Rikihisa, 2003; Manzano-
Roman et al, 2008; Severo et al, 2012), while in tick cells these bacteria inhibit 
lipid metabolism through down-representation of tick proteins (Villar et al, 
2015). In Chapter II.c, an over-representation of sheep host proteins involved in 
lipid absorption, transport and secretion in midguts and the under-
representation of lipid synthesis proteins in salivary glands of infected ticks was 
reported. This could be an additional mechanism of A. phagocytophilum to 
selectively manipulate lipid metabolism to enhance infection and multiplication 
in tick tissues.  

It has been recently demonstrated that ticks do not synthesize heme but they 
obtain it from the vertebrate host hemoglobin in the midgut and from tick heme 
transporters HELP/VG1/VG2 in 14 other tissues (Villar et al, 2015; Gulia-Nuss et 
al, 2016; Perner et al, 2016). Hajdusek et al. (2013) proposed that the heme 
produced after host hemoglobin digestion is transported outside the endosomal 
digestive vesicle by HRG1 and subsequently detoxified in the hemosome or 
transported by heme transporters to other tick tissues such as salivary glands. 
However, as shown in Chapter II.c and previous reports (Kim et al, 2016), the 
presence of active tick hemoglobinolytic enzymes in the salivary glands and in 
the saliva itself of engorged I. scapularis suggests the possibility that host 
hemoglobin may be also digested under different conditions to provide heme in 
the salivary glands, although heme may not contribute to the cellular iron pool in 
ticks (Perner et al, 2016). Moreover, A. phagocytophilum affects hemoglobin 
primary cleavage in tick midguts and salivary glands, probably to reduce the 
production of hemoglobin-derived AMP to facilitate pathogen multiplication 
(Villar et al, 2015). Furthermore, although A. phagocytophilum infection did not 
affect most of the enzymes involved in hemoglobin secondary and tertiary 
cleavage in tick midguts, the under-representation of HGR1 suggested a 
mechanism to reduce heme release into the cytoplasm of midgut cells (Chapter 
II.c). This mechanism is probably manipulated by A. phagocytophilum to 
facilitate infection through reduction of the antimicrobial oxidative burden 
caused by reactive oxygen species (ROS) generated after heme release (Sojka et 
al, 2013; Graça-Souza et al, 2006; Toh et al, 2010). The inhibition of blood 
coagulation may be a mechanism driven by tick and/or A. phagocytophilum to 
facilitate tick feeding and pathogen multiplication. As recently proposed (de la 
Fuente et al, 2016a), these mechanisms may have evolved to guarantee A. 
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phagocytophilum infection, multiplication and transmission while preserving tick 
life cycle.  

Host proteins such as hemoglobins, S100 and immunoglobulin (Ig)-like 
proteins that were over-represented in tick midguts and under-represented in 
salivary glands have a crucial role during tick feeding and pathogen infection 
(Chapter II.c)., Host hemoglobins constitute  the source of heme and AMP of 
feeding ticks, which together with other immune system proteins such as S100 
and Ig-like proteins may be essential for tick feeding and antimicrobial response 
to control microbe levels in tick tissues (Sojka et al, 2013; Kim et al, 2016; 
Donato et al, 2013; Villar et al, 2015; Graça-Souza et al, 2006, Toh et al, 2010). 
Chapter II.c findings suggested that the mechanisms responsible for the selective 
manipulation of vertebrate host proteins by A. phagocytophilum infection in I. 
scapularis tissues are evolutionary conserved.  

Chapter II.c findings suggested that the mechanism used by A. 
phagocytophilum to selectively manipulate the levels of vertebrate host proteins 
in a tissue-specific manner is through modification of tick proteolytic pathways. 
How A. phagocytophilum modify tick proteolytic pathways is not known, but 
may include the regulation of gene expression through epigenetic mechanisms 
affected by pathogen infection in I. scapularis ticks (Cabezas-Cruz et al, 2016). 
These epigenetic mechanisms are probably controlled by secreted bacterial 
effectors (Huang et al, 2010; Rikihisa et al, 2010; Rennoll-Bankert et al; 2015; 
Sinclair et al, 2015). 

Response to vaccination with heat-inactivated M. bovis (IV) 

Wild boar orally immunized with M. bovis IV were not positive to IFN-γ and 
ELISA prior to challenge with a M. bovis field strain (Beltran-Beck et al, 2014; 
Garrido et al, 2011). In contrast, the intramuscular immunization with M. bovis 
IV produced consistent IFN-γ and ELISA responses in this suid (Garrido et al, 
2011). The absence of sensitization to response to avian purified protein 
derivative (aPPD) and the ELISA antibody levels to aPPD and bovine (b)PPD in 
orally immunized deer (Chapter III.a), opens the possibility of testing the vaccine 
in deer, and possibly other ruminants, without the risk of causing false-positive 
reactions in TB-tests. 

C3 has been implicated in the protective immune response of wild boar 
against TB (Beltran-Beck et al, 2014; Garrido et al, 2011; Naranjo et al, 2006a; 
2006b; Chapter II.b). It has been proposed that increased production of C3 
mediates the protective mechanism elicited by M. bovis IV in suids (Beltran-Beck 
et al, 2014). The rise in serum C3 levels 7 months after vaccination of red deer 

Vladimir López - PhD Thesis

130



(Chapter III.a) coincided with similar observations in suids immunized with heat-
inactivated M. bovis (Beltran-Beck et al, 2014; Garrido et al, 2011). 

Orally-delivered M. bovis IV did not induce an over-production of IFN-γ and IL-
1β in red deer (Chapter III.a). Although IFN-γ and IL-1β have been implicated in 
the protective immune response elicited by M. bovis IV in suids, the wild boar 
response to immunization with M. bovis-derived antigens has not been 
consistent for these molecules (Ballesteros et al, 2009; Beltran-Beck et al, 2014).  

There is evidence of partial protection in adult zebrafish against mycobacterial 
infection using a BCG and attenuated live strains of M. bovis (Oksanen et al, 
2016), or with DNA vaccination with selected mycobacterial antigens (Oksanen 
et al, 2013). A reduction of fish mortality and bacterial counts was observed in a 
manner dependent on the adaptive immune response mediated by IFN-γ 
(Oksanen et al, 2013). Vaccines based on a live attenuated M. marinum mutant 
(L1D), extracellular culture filtrate proteins from M. marinum and a heat-killed 
M. marinum strain, (the last two adjuvated with polyinosinic-polycytidylic acid 
[poly(I:C)], a synthetic double-stranded RNA), were evaluated for the control of 
mycobacterial infection in adult zebrafish. Only the vaccination with live 
attenuated M. marinum significantly reduced fish mortality (Cui et al, 2010). 
Chapter III. b showed that M. bovis IV protected zebrafish against 
mycobacteriosis caused by M. marinum. These results provided evidence that 
the protection elicited by M. bovis IV not only reduced fish mortality and 
mycobacterial infection, but also the number of mycobacteria per granuloma 
and the number of granulomas in surviving fish.  

The protective effect of M. bovis IV was more pronounced in female than in 
male fish (Chapter III.b). Behavioral patterns in zebrafish could be associated 
with feeding and predator evasion, and could be affected by pathogen infection 
(Nowik et al, 2015; Miklósi and Andrew, 2006). Feeding behavior is a complex 
process in fish (Volkoff and Peter, 2006). Additionally, stress produced as a result 
of infection may show gender differences in aggression, which under chronic 
stress conditions is higher in male than in female zebrafish (Rambo et al, 2017). 
Although behavioral studies were not conducted, results suggested the 
possibility that male zebrafish were more exposed to reiterate infections or less 
protected due to behavioral patterns that increased aggression and stress. 

M. bovis P22 is an immunopurified subcomplex of bPPD, which is used for TB 
diagnosis in different species (Infantes-Lorenzo et al, 2017, Boadella et al, 2012; 
Lopez et al, 2016; Cardoso et al, 2017: Casal et al, 2017). It has been described 
that, as TB progresses, the cellular immune response decreases while the 
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humoral response develops (McNair et al, 2007; Welsh et al, 2005). This 
evidence has prompted the development of serological assays for TB diagnosis 
[Infantes-Lorenzo et al, 2017; Casal et al, 2017). Zebrafish experimental 
infections with M. marinum did not support the use of P22 for diagnosis of 
mycobacteriosis, but the positive response to P22 in fish vaccinated with M. 
bovis IV suggests the possibility of using this ELISA for the evaluation of fish 
response to vaccination (Chapter III.b). The role of anti-P22 antibodies in 
protection against mycobacterial infection has not been established, and the 
lack of correlation between mycobacterial and anti-P22 levels in fish did not 
support this possibility (Chapter III.b). 

As in previous studies with M. bovis IV vaccine in wild boar and deer (Garrido 
et al, 2011; Beltran-Beck et al, 2015; Lopez et al, 2016), the effect of the vaccine 
on reducing infection correlated with the upregulation of C3, supporting the role 
of this molecule in the protective immune response to this vaccine (Chapter II.b; 
Beltran-Beck et al, 2014). Complement components and IL-1β have been 
identified to be involved in innate immune response to limit mycobacterial 
infection in zebrafish and other vertebrate hosts including humans (van Leeuwen 
et al, 2015; Garrido et al, 2011; Beltran-Beck et al, 2014; Bernard et al, 2016; 
Velasco-Velazquez et al, 2003; Dunkelberger and Song, 2010; van der Vaart et al, 
2012; Bazzi et al, 2015; Mayer-Barber and Sher, 2015). In a recent 
transcriptomics analysis of zebrafish immune response to M. marinum infection, 
Bernard et al. (2016) showed that C3 and the pro-inflammatory cytokine IL-1β 
were upregulated during both early (2-4 hours post-infection; hpi) and late (2-5 
days post-infection; dpi) infection phases. In M. bovis IV-vaccinated adult 
zebrafish, upregulation of C3 was observed (but not IL-1β) at a very late phase of 
infection (21 dpi) in response to vaccination with no effect of infection on the 
mRNA levels of these genes (Chapter III.b). However, based on previous results 
(Beltran-Beck et al, 2014; Bernard et al, 2016), it is possible that IL-1β levels 
increased in response to vaccination and/or infection at earlier stages.  

Furthermore, as previously shown in wild boar (Beltran-Beck et al, 2014), the 
negative correlation between C3 and mycobacterial levels in fish supported a 
role for C3 in the protective mechanism elicited by M. bovis IV against 
mycobacterial infection (Chapter III.b).  

Subolesin in ticks and Akirin (Akr) in vertebrates function in parallel with the 
transcription nuclear factor-κB (NF-κB) downstream of the immune deficiency 
(IMD) pathway (de la Fuente et al, 2008b; Tufet, 2008; Naranjo et al, 2013; 
Tartey and Takeuchi, 2015; Liu et al, 2015). These regulatory factors have an 
essential role downstream of the Toll-like receptor (TLR), tumor-necrosis factor 
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(TNF) and IL-1β signaling pathways that are involved in mycobacterial signaling 
and immune response (Basu et al, 2012; van Leeuwen et al, 2015; Bernard et al, 
2016; Vu et al, 2016). M. bovis IV vaccine components are sensed through a 
surface TLR in fish. This triggers signaling cascades mediated by NK-kB/Akr2 
activation, which in turns stimulates the production of C3 and probably pro-
inflammatory cytokines such as IL-1β to activate the innate immune response 
(Chapter III.b). This evidence, together with the role of C3 in the immune 
response to mycobacterial infection, suggested that nonspecific innate immune 
responses play a relevant role in protection against TB (de la Fuente et al, 
2016b). In this context, C3 might be a correlate and a surrogate of protection, if 
antigen-specific immune response considerations are not effective in developing 
novel vaccine formulations against TB for humans and animals (de la Fuente et 
al, 2016b). 
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Conclusions 

1. Natural infection with A. ovis, SFG Rickettsia spp. and M. bovis in sheep

triggers a differential expression of immune response genes suggesting

that infection with tick-borne pathogens and M. bovis may result in

unique gene expression patterns in sheep.

2. Under natural conditions, M. bovis infection in wild boar manipulates the

host immune response reducing the production of immune system

proteins. Furthermore, the age and infection status of wild boar could be

associated with the immune evasion, transmission, virulence, and

multiplication of mycobacteria.

3. A. phagocytophilum infection of I. scapularis ticks through proteolytic

pathways selectively manipulates the levels of vertebrate host proteins

in a tissue-specific manner. Among the differentially regulated proteins

are those related to the immune and stress responses, lipid metabolism

and heme synthesis enzymes. These results indicate that A.

phagocytophilum regulates different mechanisms to facilitate pathogen

infection, multiplication and transmission while preserving tick feeding

and development.

4. The heat inactivated M. bovis vaccine (IV) does not sensitize red deer. On

the contrary, it significantly reduces the skin test response to avian

purified protein derivative (aPPD) and the ELISA antibody levels to aPPD

and bovine (b)PPD.

5. M. bovis IV vaccine activates the innate immune response in red deer

through the over production of C3. The reduction of mycobacterial

antibody levels in the host suggests a role for C3 in the protective

mechanism elicited by M. bovis IV vaccine.

6. Vaccination of zebrafish with M. bovis IV reduces fish mortality,

mycobacterial infection levels, the number of mycobacteria per
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granuloma, and the number of granulomas in surviving fish challenged 

with M. marinum.  

7. In zebrafish, M. bovis IV activates the innate immune response via

upregulation of C3. The negative correlation observed between the

mycobacterial and C3 levels suggests a role for C3 in the protective

mechanism elicited by M. bovis IV vaccine against mycobacterial infection

in zebrafish.

8. The characterization of molecules involved in the host immune response

to infection and vaccination with intracellular bacteria of the genera

Anaplasma and Mycobacterium contributes to our understanding of

host-pathogen interactions, and provides targets for the design of

effective control strategies against zoonotic and emerging diseases.
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