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Chapter I -- Summary

1

Neospora caninum, the causal agent of neosporosis, is an apicomplexan obligate intracellular 
parasite closely phylogenetically related to Toxoplasma gondii. Bovine neosporosis causes 
severe economic losses in dairy and beef industries due to the abortion and stillbirth of calves. 
Currently, there are no effective vaccines or treatments against infection by N. caninum, and 
control options are based on diagnosis and management practices. 

Neospora caninum infection underlies a complex immunological regulation that may lead to 
protection or contribute to the pathogenesis of abortion. Interactions of the parasite with cells 
of the host immune system during early infection (innate immune response), which represent 
the first line of defense against infections, should be critical in determining the character of the 
subsequent response. Macrophages play a key role in initiating early-immune responses against 
infections and establishing a link with the adaptive immune response. Despite the fact that 
these cells are essential for combating N. caninum infection, a limited number of studies have 
been conducted to investigate N. caninum-macrophages interaction, and most of them used 
murine and human cells. However, human and mouse are not natural hosts for N. caninum and 
it has been demonstrated that parasite virulence can be host-specific. In the present Doctoral 
Thesis, the interaction between N. caninum and bovine macrophages, as target cells of the host 
innate immune response, was investigated. Two isolates that have showed different virulence 
in cattle, the low virulence isolate Nc-Spain1H and the high virulence isolate Nc-Spain7, were 
used to reveal the main host and parasite mechanisms implicated in disease pathogenesis. 

The first objective was the phenotypic characterization in vitro of bovine macrophages infected 
with N. caninum isolates of high and low virulence. The aim of this objective was to determine 
how N. caninum interacts with bovine macrophages and the influence of the isolate virulence 
in the cellular response to infection. The ability of N. caninum to invade, survive and proliferate 
in bovine macrophages was determined. Then, the cellular immune response to infection was 
investigated by studying reactive oxygen species (ROS) production, IL-12 and IL-10 cytokines 
expression, surface molecules expression and IFN-γ production by lymphocytes. Finally, the 
capacity of the parasite to induce a hypermigratory phenotype in the host cell was studied.

Both isolates actively invaded, survived and replicated in the macrophages. However, Nc-
Spain7 showed a higher invasion rate and a faster replication, whereas Nc-Spain1H presented 
a delayed replication and a lower growth rate. Neospora caninum intracellular survival was 
achieved by a reduction in intracellular ROS levels and by the evasion of the lysosomal activity 
mediated by the infection. 

Infected macrophages exhibited lower expression of surface molecules MHC Class II, CD86 and 
CD1b than uninfected cells, with no differences between isolates. A reduction in intracellular 
ROS levels was observed at early infection with both isolates. Later, Nc-Spain1H-infected 
macrophages showed an enhanced ROS production and IL-12p40 expression, which also 
resulted in an elevated IFN-γ release by lymphocytes in co-culture, compared to macrophages 
infected with Nc-Spain7. Furthermore, IL-10 was overexpressed in the macrophages infected 
with both isolates, but expression levels were higher for Nc-Spain1H-infected cells. 

In addition, the results of the present Doctoral Thesis showed for the first time that Neospora 
caninum induces a hypermigratory phenotype in bovine macrophages upon infection. This 
phenotype, consistent with an ameboid migratory activation of the infected cell, was characterized 
by hypermotility, enhanced transmigration, abrogated extracellular matrix degradation and 
rapidly induced cytoskeletal changes. A significantly higher hypermotility was observed with 
the high virulence isolate Nc-Spain7. 
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The transcriptomic analysis of bovine monocyte-derived macrophages infected with Nc-Spain7 
and Nc-Spain1H was studied with the aim of determining the molecular basis underlying the 
macrophage response to infection and the observed modulation of host cell functions by the 
parasite. The transcriptional profile of Nc-Spain7 and Nc-Spain1H was also investigated in order 
to correlate the differences in gene expression between isolates with their different behavior 
in vitro, and to determine the parasite effectors involved in the different immune response 
modulations.
 
Neospora caninum infection induced an upregulation of TLR (TLR2, TLR3 and TLR9) and NLR 
(NAIP, NOD2, NLRC4 y NLRP12) expression, and polarized the macrophage response toward a 
predominantly M1 (pro-inflammatory) phenotype, with the activation of NF-ƙB signaling pathway. 
Apoptosis and phagolysosome maturation were processes repressed by the parasite to ensure its 
intracellular survival. FoxO, Th1-Th2 differentiation and glycosaminoglycan degradation were 
signaling pathways enriched only for Nc-Spain1H infection. In addition, macrophage infection 
by this isolate induced a higher upregulation of genes involved in pathogen sensing, chemotaxis 
and inflammation, including NF-B signaling pathway and pro-inflammatory cytokines IL-12 
and IL-8. As observed in the results of the first objective, the regulatory cytokine IL-10 showed 
higher expression levels in cells infected with the low virulence isolate than with the high 
virulence isolate.

The expression profile of Nc-Spain7 showed upregulation of genes involved in parasite growth and 
homeostasis redox, which correlates with the higher proliferation and survival in macrophages 
observed in vitro for this isolate. On the contrary, Nc-Spain1H showed an upregulation of genes 
related to the bradyzoite stage of the parasite. Furthermore, genes potentially involved in the 
induction of immune responses were highly expressed by the low virulence isolate, highlighting 
those coding for SRS proteins, highly immunogenic surface proteins. On the other hand, Nc-
Spain7 showed an enhanced expression of proteophosphoglycans and genes related to the 
synthesis of glycosylphosphatidylinositol, both potentially involved in immune response evasion. 

Altogether, these results suggest that Nc-Spain7 may limit the macrophage functions regarding 
pathogen killing and the induction of pro-inflammatory responses. This fact, together with the 
higher capabilities of the high virulence isolate to invade the host cells and proliferate, may 
explain the higher pathology induced by this isolate in pregnant bovine models. Nc-Spain1H 
induces a higher immune response. It would lead to the control of parasite proliferation and 
may explain the reduced parasite loads found in fetus and placental tissues in in vivo infections. 
Our results also suggest that the hijacking of macrophages may be a strategy used by N. caninum 
in order to disseminate and be transmitted to the offspring.
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Neospora caninum, el agente causal de la neosporosis bovina, es un parásito apicomplejo 
intracelular obligado, relacionado filogenéticamente con Toxoplasma gondii. La neosporosis 
bovina causa importantes pérdidas económicas en la industria cárnica y lechera, como  
consecuencia del aborto o el nacimiento de terneros mortinatos. En la actualidad no existen 
tratamientos ni vacunas efectivas frente a N. caninum, y las opciones de control se basan en el 
diagnóstico y buenas prácticas de manejo.

Tras la infección por N. caninum subyace una compleja regulación inmunológica que puede 
conferir protección o contribuir a la patogenia del aborto. La interacción del parásito con 
células del sistema inmunitario en las primeras fases de la infección (respuesta innata del 
hospedador), que representan la primera línea de defensa, es crítica a la hora de determinar el 
carácter de la respuesta subsiguiente a la infección. Los macrófagos juegan un papel clave en 
el inicio de la respuesta inmunitaria temprana frente a infecciones y son nexo de unión con la 
respuesta adaptativa. A pesar de que estas células son esenciales para combatir la infección por 
N. caninum, se han llevado a cabo un número limitado de estudios para investigar la interacción 
entre este parásito y el macrófago, y la mayoría de ellas utilizaron células humanas y murinas. 
Sin embargo el ser humano y el ratón no son hospedadores naturales de N. caninum y se ha 
demostrado que la virulencia del parásito puede ser específica de hospedador. En la presente 
tesis doctoral se investigó la interacción entre N. caninum y el macrófago bovino, como célula 
diana de la respuesta inmunitaria innata del hospedador. Para la infección se utilizaron dos 
aislados de N. caninum que mostraron diferente virulencia en el ganado bovino, el aislado 
de baja virulencia Nc-Spain1H y el aislado de alta virulencia Nc-Spain7, con el fin de revelar 
los principales mecanismos del hospedador y del parásito implicados en la patogenia de la 
enfermedad.

El primer objetivo fue la caracterización fenotípica in vitro de macrófagos bovinos infectados 
con aislados de N. caninum de alta y baja virulencia. La finalidad fue determinar cómo N. 
caninum interacciona con el macrófago bovino y la influencia que tiene la virulencia del aislado 
en la respuesta de la célula a la infección. Se determinó la capacidad de N. caninum para invadir, 
sobrevivir y proliferar en macrófagos bovinos.  También se estudió la respuesta inmunitaria 
celular a la infección mediante el estudio de la producción de especies reactivas de oxígeno 
(ROS), la expresión de citoquinasinas IL-12 e IL-10, la expresión de moléculas de superficie y 
la producción de IFN-γ por linfocitos. Finalmente se investigó la capacidad del parásito para 
inducir un fenotipo hipermigratorio en la célula hospedadora. 

Ambos aislados invadieron activamente la célula, sobrevivieron y se replicaron en el interior de 
los macrófagos. Sin embargo, Nc-Spain7 mostró una tasa de invasión más alta y una replicación 
más rápida, mientras que Nc-Spain1H presentó un retraso en el inicio de la replicación y una 
tasa de crecimiento más baja. Neospora caninum logró sobrevivir en el interior del macrófago 
reduciendo los niveles de ROS intracelular y evadiendo la actividad de los lisosomas.
Los macrófagos infectados mostraron una menor expresión de las moléculas de superficie MHC 
II, CD86 y CD1b que las células no infectadas, sin diferencias entre aislados. Tras producirse una 
reducción en los niveles intracelulares de ROS en los primeros momentos tras la infección con 
ambos aislados, los macrófagos infectados con Nc-Spain1H mostraron una mayor producción 
de ROS y expresión de la citoquina IL-12p40, lo que también dio lugar a una elevada producción 
de IFN-γ por linfocitos en cocultivo. Además, IL-10 se sobreexpresó en macrófagos infectados 
con ambos aislados, pero los niveles de expresión fueron más altos para las células infectadas 
con Nc-Spain1H. 
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Además, los resultados de la presente tesis doctoral demostraron por primera vez que N. 
caninum es capaz de inducir un fenotipo hipermigratorio en macrófagos bovinos mediado por 
la infección. Este fenotipo, consistente con una activación migratoria ameboide de la célula 
infectada, se caracterizó por hipermotilidad, aumento de la transmigración, disminución de la 
degradación de la matriz extracelular y cambios citoesqueléticos inducidos en un breve periodo 
de tiempo tras la infeccion. Se observó una hipermotilidad significativamente mayor con el 
aislado de alta virulencia Nc-Spain7.

El análisis transcriptómico de macrófagos derivados de monocitos bovinos infectados con Nc-
Spain7 y Nc-Spain1H se estudió con el objetivo de determinar las bases moleculares subyacentes 
a la respuesta de macrófagos a la infección y a la modulación observada de las funciones de la 
célula hospedadora por el parásito. También se investigó el perfil transcripcional de Nc-Spain7 
y Nc-Spain1H, para correlacionar las diferencias en la expresión génica entre aislados con su 
diferente comportamiento in vitro, y para determinar posibles moléculas efectoras del parásito 
involucradas en la diferente modulación de la respuesta inmunitaria.

La infección por N. caninum indujo una regulación positiva de la expresión de Toll-like receptors 
(TLR2, TLR3 y TLR9) y NOD-like receptors (NAIP, NOD2, NLRC4 y NLRP12), y polarizó la 
respuesta de los macrófagos hacia un fenotipo predominantemente M1 (pro-inflamatorio), con 
activación de la ruta de señalización NF-ƙB. La apoptosis y la maduración del fagolisosoma 
fueron procesos inhibidos por el parásito para asegurar su supervivencia intracelular. Las 
rutas FoxO, de diferenciación Th1-Th2 y degradación de glucosaminoglicanos fueron rutas 
de señalización enriquecidas solo para la infección por Nc-Spain1H. Además, la infección 
de macrófagos por este aislado indujo una mayor sobreexpresión de genes implicados en la 
detección de patógenos, quimiotaxis e inflamación, incluida la ruta de señalización de NF-ƙB   y las 
citoquinas proinflamatorias IL-12 e IL-8. En consonancia con los resultados del primer objetivo, 
la citoquina reguladora IL-10 mostró niveles de expresión más altos en células infectadas con el 
aislado de baja virulencia que con el aislado de alta virulencia.

El perfil de expresión de Nc-Spain7 mostró una sobreexpresión de genes implicados en el 
crecimiento del parásito y la homeostasis redox, lo que se correlaciona con la mayor proliferación 
y supervivencia en los macrófagos observada in vitro para este aislado. Por el contrario, Nc-
Spain1H mostró una sobreexpresión de genes relacionados con la fase de bradizoíto del 
parásito. Además, se observó una mayor expresión de genes potencialmente implicados en la 
inducción de respuestas inmunitarias por el aislado de baja virulencia, destacando aquellos 
que codifican proteínas SRS, proteínas de superficie altamente inmunogénicas. Por otro lado, 
Nc-Spain7 mostró una mayor expresión de proteofosfoglicanos y de genes relacionados con 
la síntesis de glicosilfosfatidilinositol, ambos potencialmente involucrados en la evasión de la 
respuesta inmunitaria. 

En conjunto, estos resultados sugieren que Nc-Spain7 puede limitar las funciones de los 
macrófagos con respecto a la eliminación de patógenos y la inducción de respuestas pro-
inflamatorias. Este hecho, junto con la mayor capacidad de Nc-Spain7 para invadir las células 
del hospedador y proliferar, puede explicar la mayor virulencia de este aislado en el modelo 
bovino gestante. Nc-Spain1H parece estimular una mayor respuesta inmunitaria. Esta respuesta 
controlaría la multiplicación del parásito lo que explicaría la menor carga parasitaria encontrada 
en fetos y tejidos placentarios  observada los animales infectados con este aislado. Nuestros 
resultados también sugieren que N. caninum podría utilizar al macrófago como caballo de Troya 
para su diseminación intraorgánica y su transmisión transplacentaria a la descendencia. 
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1.  Neospora caninum and bovine neosporosis

Neospora caninum, the etiologic agent of neosporosis, is an apicomplexan obligate intracellular 
parasite phylogenetically closely related to Toxoplasma gondii (Dubey et al., 2007, 2017). 
Misdiagnosed as toxoplasmosis until 1988, when N. caninum was first described as a new genus 
and species (Dubey et al., 1988), neosporosis is recognized today as a disease of worldwide 
concern. Neospora caninum infection causes nervous system dysfunctions in canids, definitive 
hosts for this parasite, and reproductive failure in cattle and other intermediate hosts including 
sheep, goats and deer (Dubey et al., 2017). Clinical disease in horses has been associated 
with Neospora hughesi, the second of the two species of the genus Neospora described to date 
(Marsh et al., 1996). Despite its wide host range, the greater importance lies in cattle, as bovine 
neosporosis causes severe economic losses in dairy and beef industries due to abortion and 
stillbirth of calves (Reichel et al., 2013). Currently, there are no effective vaccines or treatments 
against infection by N. caninum (Sánchez-Sánchez et al., 2018a) and control options are based 
on diagnosis and management practices (Dubey et al., 2007, 2017). 

 1.1.   Parasite morphology and biology

Neospora caninum is a protozoan parasite of the subphylum Apicomplexa, family Sarcocystidae 
and subfamily Toxoplasmatinae, which includes other genera of cyst-forming parasites including 
Toxoplasma, Besnoitia and Hammondia (Tenter et al., 2002). To date, two species of the genus 
Neospora have been described, N. caninum and N. hughesi, which differ in pathogenicity and 
antigenicity traits (Marsh et al., 1996, 1998). The taxonomic classification of N. caninum is 
detailed in Figure 1.

FIGURE 1 | Taxonomic classification of N. caninum.
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There are three known infectious stages in the life cycle of N. caninum: tachyzoites and 
bradyzoites, invasive stages of the intermediate hosts, and sporozoites, contained within 
the oocysts which are excreted by the definitive hosts (Dubey et al., 2006). Gametocyte and 
merozoite stages, described in T. gondii, have not been characterized in N. caninum (Hehl et al., 
2015).

Tachyzoites, lunate-shaped cells of approximately 2 × 6–7.5 μm, represent the fast replicative 
stage in the intermediate host (IH). They are capable of invading a large variety of nucleated 
cells, in whose interior the parasite multiplies asexually in cycles of endodyogeny within a 
parasitophorous vacuole. The tachyzoites egress by rupture of the cell when it can no longer 
support their growth, invading adjacent cells. The succession of cycles of invasion, proliferation 
and egress leads to the intra organic dissemination of the parasite and to tissue injury, this stage 
being responsible for the acute phase of infection (Dubey et al., 2006, 2017).

Bradyzoites are slowly replicating stages of the parasite, primarily found encysted in the central 
nervous system (CNS) of the IH and less frequently in skeletal muscle (Dubey et al., 2007; 
Peters et al., 2001). Tissue cysts are round or oval, up to 107 μm long, and are surrounded 
by an elastic cyst wall 0.5–4.0 μm-thick. Inside, bradyzoites of approximately 6.5 × 1.5 μm 
size are found in variable numbers, between 50 and 200 depending on the host, parasitized 
cell type and age of the cyst (Dubey et al., 2006, 2007, 2017). Bradyzoites divide asexually 
by endodyogeny and remain intracellular, in the cytoplasm of a single cell. They represent the 
quiescent life stage of the parasite, and can persist without causing clinical signs for the entire 
life of the IH (Goodswen et al., 2013).

Sporozoites are contained within the oocyst, the resistant stage of the parasite in the environment. 
Oocysts of 10–11 μm in diameter are shed unsporulated in the feces of the definitive host (DH). 
Under appropriate environmental conditions of temperature and humidity, sporulation occurs 
in approximately 24 h, becoming infective for the IH. Sporulated oocysts are bigger, 11.7 × 
11.3 μm in diameter, and contain two sporocysts with four sporozoites each, 6.5 × 2 μm size 
(Lindsay et al., 1999; Dubey et al., 2017).

Ultrastructurally, besides the typical organelles of eukaryotic cells (nucleus, endoplasmic 
reticulum, Golgi complex, ribosomes and mitochondrion), tachyzoites present structures found 
uniquely in apicomplexan parasites (Goodswen et al., 2013; Dubey et al., 2017). Tachyzoites 
are surrounded by a pellicle composed of the outer plasma membrane and the inner membrane 
complex (IMC). The IMC is composed of flattened vesicles and interacts with the glideosome, 
actomyosin motor responsible for parasite motility, and with subpellicular microtubules that 
run the cell longitudinally (Ouologuem and Roos, 2014; Boucher and Bosch, 2015; Dubey et al., 
2017). Subpellicular microtubules and the conoid, two apical rings and two polar rings, form 
the cytoskeleton of the parasite (Goodswen et al., 2013). The nucleus occupies the central part 
of the cell. Five characteristic organelles of apicomplexan parasites are located in the cytoplasm: 
micronemes, rhoptries, dense granules, amylopectin granules and the apicoplast. Rhoptries and 
micronemes are primarily located in the apical side of the cell, whereas dense granules are 
distributed throughout the tachyzoite, but mainly at the posterior end (Speer et al., 1999; 
Dubey et al., 2017) (Figure 2). The apicoplast is a non-photosynthetic plastid with importance 
as a therapeutic target, since it contains genetic material codifying for essential pathways of 
their metabolism, such as fatty acids biosynthesis (Sheinr et al., 2013).

Bradyzoites possess the same structures as tachyzoites, with differences regarding the number 
and location of the secretory organelles. These contain fewer rhoptries compared to tachyzoites, 
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located mainly anterior to the nucleus, but micronemes are found also posterior to the nucleus. 
Amylopectin granules are more abundant in bradyzoites than in tachyzoites. The bradyzoite 
nucleus is frequently found situated at the posterior end of the cell (Speer et al., 1999; Dubey 
et al., 2017) (Figure 2). 

Although the ultrastructural features of sporozoites have not been described in detail, it is 
known that they have a nucleus situated centrally and possess amylopectin granules (Dubey et 
al., 2017).

FIGURE 2 |Schematic drawings of the ultrastructure of N. caninum tachyzoites (left) and bradyzoites (right).

 1.2.   Life cycle and transmission of Neospora caninum

Neospora caninum has a complex facultative heteroxenous life cycle involving canids as DH and 
cattle and other ungulates as IH.. Dogs can act as DH as well as IH during N. caninum infections 
(Dubey et al., 2017). It is not considered to be zoonotic as, despite serological evidences of 
parasite exposure, presence of the parasite has not been detected in human tissues (Lobato et 
al., 2006; Calero-Bernal et al., 2019).

Dogs (Canis lupus familiaris), gray wolves (C. lupus lupus), coyotes (C. latrans) and dingoes 
(C. lupus dingo) are the confirmed DH to date. Parasite DNA and/or clinical disease have been 
detected in a wide range of domestic and wild animals, which constitute potential IH for N. 
caninum. Currently, viable tachyzoites have been isolated from cattle (Bos taurus), sheep (Ovis 
aries), water buffalo (Bubalus bubalis), axis deer (Axis axis), white tailed deer (Odocoileus 
virginianus), and European bison (Bison bonasus). Dogs and cattle are the most relevant hosts 
and maintain the domestic life cycle of the parasite (Donahoe et al., 2015; Dubey et al., 2017).
In dogs and other DH, sexual replication of the parasite takes place, leading to the excretion of 
environmental resistant oocyst that become infective for the IH after sporulation occurs (Dubey 
et al., 2006). 
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Postnatal infection by ingestion of oocysts (horizontal transmission) and transplacental passage 
from the dam to the fetus (vertical transmission) are the only demonstrated transmission 
routes for cattle and other IH. After the ingestion of food or drinking water contaminated 
with sporulated oocysts, sporozoites are released and parasites invade the entero-epithelial 
cells, transforming into tachyzoites (Hemphill et al., 2006). These are spread by reaching the 
bloodstream due to their ability to infect a wide range of cells. Host immune responses lead to 
the switch from tachyzoites to bradyzoites, which can persist a lifetime in immunopriviledged 
tissues (Dubey et al., 2006, , 2017). Currently, there is no evidence that lactogenic of venereal 
infection occurs (Ferre et al., 2008; Osoro et al., 2009; Dubey and Schares, 2011).

Neospora caninum is one of the most efficiently transplacentally transmitted parasites. Two 
different forms of transplacental transmission have been described in bovine neosporosis. 
Reactivation of bradyzoites in persistently infected dams during gestation is responsible for 
endogenous transplacental transmission, considered the main route in cattle. Less frequently, 
exogenous transplacental transmission occurs when dams are primarily infected during gestation 
by ingestion of oocysts. Both exogenous and endogenous fetal infection may result in abortion 
or stillbirth associated with the asexual multiplication of tachyzoites, or in the majority of cases 
in the birth of clinically healthy calves, but congenitally infected. Up to 95% of calves born 
from infected cows can be infected, and in the future transmit the infection to their progeny 
intermittently or in several consecutive pregnancies (Dubey et al., 2017). A pattern of epidemic 
abortions is associated with exogenous transplacental transmission, whereas endemic outbreaks 
occur likely due to endogenous transmission (Dubey et al., 2007). The ingestion of bradyzoites 
contained in tissue cyst from infected tissues of the IH is the most likely source of infection for 
the DH (Dubey and Schares, 2011).

FIGURE 3 | Neospora caninum life cycle and transmission routes
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 1.3.   Pathogenesis, clinical signs and lesions

It is not fully understood why abortion occurs. Tachyzoite invasion of placenta and fetal tissues 
followed by multiplication of the parasite may cause lesions incompatible with normal prenatal 
development. In addition, the presence of the parasite in the placenta and/or the parasite-
induced placental damage may enhance the maternal immune response and induce the release 
of prostaglandins leading to luteolysis and fetal expulsion (Dubey et al., 2006). 

Several factors are implied in the outcome of infection, among which the gestational period seems 
to be crucial. Reproductive losses are the main clinical manifestations of bovine neosporosis. 
Fetuses may die in utero or be reabsorbed, autolyzed, mummified, stillborn, born alive but with 
clinical signs, or more frequently born clinically healthy. Infection in non-pregnant cattle is 
generally asymptomatic (Dubey et al., 2007). Infections from three months of gestational age 
to term may lead to abortion, although most abortions occur at five-six months of gestation. 
Infections before three months of gestation likely lead to fetal reabsorption, and estrus repetition 
is observed. If the fetus dies between three and eight months, it is usually eliminated with the 
presence of moderate autolysis. Additionally, a fetus dying before five months of gestation may 
be retained in uterus and mummified. Finally, infections in late gestation are more likely to 
result in the birth of weak or healthy but congenitally infected calves, which will generally 
present precolostral antibodies (Dubey et al., 2006, 2017). These different effects derived from 
infection are probably related to variations in maternal immune responses, and the degree of 
development of the immunity and the placenta at different gestation periods (Dubey et al., 
2017).

In aborted fetuses, lesions and presence of N. caninum have been detected in several tissues 
including brain, heart, liver, lung, kidney, skeletal muscle and placenta (Dubey et al., 2017). 
The severity of lesions is mainly dependent on the stage of pregnancy and the pattern of 
abortions, and seems to be more severe when abortion occurs after exogenous transplacental 
transmission. Lesions are more common in the gray matter of the brain. They begin with focal 
necrosis with or without inflammation. In fetuses before five months of gestational age (before 
immunocompetence develops) necrosis is more prominent, whereas inflammation is more 
prominent in older fetuses (Collantes-Fernández et al., 2006a; Dubey et al., 2017). This is 
evidenced by the presence of microglia, reactive astrocytes, and cell populations of the monocyte 
and lymphoid system, around the focus of central necrosis where mineralization may also occur 
(Dubey et al., 2017). Hepatic lesions are more severe in epidemic cases, and are characterized 
by periportal hepatitis and multifocal necrosis (Wouda et al., 1997; Collantes-Fernández et al., 
2006b). The presence of inflammatory lesions with minimal necrosis is common in the heart, 
tongue and diaphragm (Dubey et al., 2017). Placental lesions consist of foci of necrosis and 
areas of intense inflammation nonsuppurative, with infiltration of mononuclear cells frequently 
observed. These can progress towards fibrosis and mineralization of the necrotic foci (Barr et 
al., 1994; Maley et al., 2003; Dubey et al., 2017).

Clinically affected calves may present low average weight, flexion or hyperextension of 
hind limbs or forelimbs, ataxia or complete paralysis, impaired patellar reflexes and loss of 
proprioception (Dubey and Schares 2011). In severe cases, exophthalmia, hydrocephalia, 
deviation of the vertebral column and a reduction in the diameter of the spinal cord have been 
described (Dubey et al., 2017). Lesions are predominantly confined in the brain and spinal 
cord, but arthrogryposis, myocarditis, nephritis and pneumonia have also been reported (Dubey 
et al., 2006, 2017; Donahoe et al., 2015). 
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 1.4.   Prevalence and economic impact of bovine neosporosis

Neospora caninum antibodies have been reported in cattle in most regions of the world, with 
serological prevalences varying across countries, regions, and depending on the age of the 
animals and breed. However, the use of different serological diagnosis methods, cutoff points 
and sample sizes makes the comparison between studies of prevalence difficult (Dubey and 
Schares, 2011). Data obtained from studies conducted in Germany, Netherlands, Sweden and 
Spain and carried out with the use of enzyme-linked immunosorbent assays (ELISA), previously 
standardized among laboratories (Von Blumroder et al., 2004; Bartels et al., 2006), enabled the 
comparison of seroprevalences in dairy and beef cattle. Moderate to high seroprevalences were 
found in Spain and Netherlands, whereas Sweden showed the lowest seroprevalences followed 
by Germany. In addition, prevalences in dairy cattle were higher than in beef cattle (Dubey et 
al., 2007). A value of 46% of seropositive herds for beef cattle and a 63 % for dairy cattle were 
reported in Spain (Bartels et al., 2006). In later studies carried out in the northwestern region 
of Spain, higher prevalences of 77% and 88% were shown in beef and dairy cattle respectively 
(González-Warleta et al., 2008; Eiras et al., 2011). It has not been fully elucidated if differences 
are caused by the different production system used for both breeds rather than the breed-
related susceptibility to infection (Dubey et al., 2017). In addition, seroprevalence seems to 
have a direct relation to the age of the animals, probably due to the contact with the parasite 
associated to horizontal transmission (Eiras et al., 2011).

Major economic impact associated with bovine neosporosis is due to abortion. Epidemic abortions 
associated with primary infection of dams by horizontal transmission are more costly, since a 
large proportion of animals may abort over a short period of time. However, there are many 
other indirect losses to consider, derived from epidemic or endemic abortions, when evaluating 
the actual costs. These include expenses associated with professional help and diagnosis, loss of 
the genetic value of the animals, extended intervals for rebreeding and replacement of animals 
if aborted cows are culled. There is controversy regarding a possible impact on reduced weight 
gain and milk yield in infected animals (Dubey et al., 2017). It has been estimated that the 
global N. caninum-related losses represent an annual average exceeding 1.298 billion US $. 
In Spain, these seem to reach 9.8 and 19.8 million US $ in beef and dairy cattle, respectively 
(Reichel et al., 2013).

 1.5.   Diagnosis of bovine neosporosis

The best choices for N. caninum diagnosis in aborted fetuses are the detection of lesions by 
histological techniques and the PCR detection of the parasite in target tissues, mainly brain, 
heart and liver (Ortega-Mora et al., 2006; Dubey et al., 2017). Histological diagnosis may be 
facilitated by immunohistochemistry analysis with the use of specific N. caninum antibodies. 
However, infection cannot be discarded because of the obtaining of negative results, due to the 
low number of parasites in fetal tissues and the low sensitivity of this technique (Dubey et al., 
2017). Also note that N. caninum congenital infections are frequent, therefore the presence of 
the parasite does not imply that it caused the abortion (Dubey et al., 2007). Abdominal and 
thoracic fluids from fetuses older than five months can also be used for the detection of N. 
caninum specific antibodies by ELISA, indirect immunofluorescence (IFAT), or Western blotting 
(WB), since maternal antibodies cannot cross the placental barrier (Dubey and Schares, 2006; 
Ortega-Mora et al., 2006).

In live animals, diagnosis of N. caninum infection is mainly carried out by serology, by 
detection of antibodies in serum or milk. Routinely, ELISA is the technique of choice for high 
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throughput screening at the herd level to support the control of neosporosis. Nevertheless, 
as commercial ELISAs are based on N. caninum tachyzoite antigens, these may not identify 
animals persistently infected if the parasite is quiescent. Bulk milk testing, due to its being cost-
effective and non-invasive, is considered a good tool to determine a herd status, to be applied 
for N. caninum control and surveillance (Guido et al., 2016). Finally, the avidity ELISA permits 
the differentiation of herds with a primo-infection and high risk of exogenous transplacental 
transmission (low avidity in most animals) from herds with chronic infection and endogenous 
transplacental transmission (high avidity) (Ortega-Mora et al., 2019).

Individual serology is a good indicator of the risk of abortion, as a 2-26 fold higher abortion 
rate has been observed in serologically positive than in negative cows (López-Gatius et al., 
2004; Weston et al., 2005). Timing of testing is important for the detection of positive animals. 
Because colostral antibodies may interfere with serological assays, animals should be tested 
when older than six months (Dubey et al., 2007). Most importantly, during the second half of 
gestation there is a higher chance of detecting infected animals, as the rise of antibody titers is 
higher at this period (Quintanilla-Gozalo et al., 2000; Pereira-Bueno et al., 2003; Nogareda et 
al., 2007). Due to the occurrence of false negative and positive results related to the limitations 
of diagnostic techniques and fluctuation of antibody titers, sampling repetition over subsequent 
pregnancies is recommended (Guido et al., 2016). If cows did not suffer abortion and purchase 
purposes are pursued, the preferential technique is WB since it is more specific and sensitive 
(Ortega-Mora et al., 2019). 

In summary, establishing the cause-effect between abortion and N. caninum infection is 
complex. A positive result in the serologic test of maternal sera and fetal body fluids combined 
with the histological and PCR analysis are still not conclusive, although they may provide 
evidence for a N. caninum-associated abortion. When the observed lesions are severe and linked 
immunohistochemically to the parasite, it may be concluded that N. caninum was the cause 
of the abortion. A statistically significant association between seropositivity and abortion, by 
calculating the odds ratio between aborted and non-aborted cows, may help to confirm the 
diagnosis (Dubey et al., 2017) (Figure 3). 

 1.6.   Prevention and control 

The implementation of a control program against N. caninum in a herd should ideally be based 
on a combination of vaccination applied before mating and chemotherapy applied during 
gestation, in the fetal development period where most abortions occur (Hemphill et al., 2016). 
To date, the lack of effective vaccines or treatments reduces the control options to the diagnosis 
of the animals combined with appropriate management practices. However, considerable 
efforts have been made in vaccine and drug development, obtaining promising results in the 
last years (Horcajo et al., 2016; Sánchez-Sánchez et al., 2018a). The current status of research 
is described below.

 1.6.1.   Management control measures

The artificial insemination of seropositive cows with semen from beef bulls, replacement of 
seropositive animals having undergone  two or more abortions, and embryo-transfer are some of 
the proposed measures to reduce N. caninum transmission in herds (Dubey et al., 2007; Dubey 
and Schares 2011; Almeria and López Gatius 2013). A mathematical modeling of the costs and 
benefit of the different measures showed that in farms with a high prevalence, replacements 
with seronegative cows may be the better option (Hasler et al., 2006). 
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FIGURE 4 | Diagnosis of bovine neosporosis, based on Dubey et al., 2017.
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Although it is well accepted that bovine neosporosis is mainly maintained within herds by vertical 
transmission, mathematical models indicate that certain levels of horizontal transmission are 
necessary for a lasting maintenance of infection (French et al., 1999). Thus, the control of 
horizontal transmission would be essential for N. caninum eradication. The access of dogs to 
potentially infected tissues should be avoided, as well as to the housing area, feed storage and 
drinking water of cows (Dubey et al., 2017).

 1.6.2.   Vaccination

Vaccination is considered the best control measure against N. caninum in the cost-benefit relation 
(Reichel and Ellis, 2009). Vaccine formulations employing N. caninum tachyzoite extracts have 
been assessed, and a vaccine based on tachyzoite lysate (Bovis Neoguard) was commercialized. 
However, later studies showed a variable efficacy of this vaccine in preventing abortion and no 
efficacy against transmission (Romero et al., 2004; Weston et al., 2012).

Studies carried out with the use of experimentally or naturally attenuated N. caninum strains 
delivered the most promising results regarding the development of a protective immune response 
against infection (Williams et al., 2007; Hecker et al., 2013; Rojo-Montejo et al., 2013; Weber 
et al., 2013). However, disadvantages associated to risk of virulence reversion, special needs of 
conservation and large-scale production complicate the commercialization of live attenuated 
vaccines (Reichel et al., 2015; Horcajo et al., 2016).

Vaccines based on recombinant subunit antigens may represent promising options. But to 
date, these have shown limited efficacy. A liposome-entrapped recombinant Nc-GRA7 has 
been assessed in a non-pregnant cattle infection model, inducing specific antibody and IFN-γ 
production. Immunization also resulted in a reduction of the parasite loads in the brain 
(Nishimura et al., 2013). However, in pregnant animals, formulations with recombinant 
antigens NcGRA7, NcSAG1 and Hsp20 combined with immune stimulating complexes failed 
to prevent fetal infection despite inducing high antibody responses before and after challenge 
(Hecker et al., 2014). The development of new subunit vaccines is hampered by the scarcity 
of parasite antigenic candidates, and also due to limitations in the current knowledge of the 
immune responses that should be induced to confer protection against N. caninum (Horcajo et 
al., 2016; Almería et al., 2017). 

 1.6.3.   Chemotherapy and chemoprophylaxis

A great number of efficacy drug studies against N. caninum have been carried out in cell cultures 
and in murine models, but studies in bovine, and especially in pregnant models are scarce, 
showing a lack or moderate efficacy (Sánchez-Sánchez et al., 2018a).

Treatment with monensin in N. caninum non-pregnant cows was related to a lower specific 
immune response (Vanleeuwen et al., 2011), but its effectiveness in pregnant cattle remains 
to be assessed. Administration of decoquinate to naturally infected pregnant heifers reduced 
abortion rate and transplacental transmission (Journel et al., 2002). Ponazuril, tested in 
experimentally infected calves, allowed a complete abrogation of N. caninum DNA detection 
in the brain and other organs (Kritzner et al., 2002). In naturally infected herds, treatment of 
newborn calves and dogs with toltrazuril, along with the treatment of calves with sulphadiazine 
and trimethoprim drastically reduced N. caninum-associated abortions and seroprevalence 
(Cuteri et al., 2005). 



Chapter II - - Introduction

16

More recent approaches have revealed new compounds with in vitro and in vivo activity in 
murine models against N. caninum. Most of them showed efficacy against the tachyzoite stage, 
but there is a lack of information with regard to their efficacy against the bradyzoite stage. 
Best results have been reported with the use of diamidines DB750 and DB745, miltefosine, 
buparvaquone, the quinolone ELQ-400 and bumped kinase inhibitors (BKI) 1517, 1294 and 
1553 (Sánchez-Sánchez et al., 2018a). BKIs have been demonstrated to be promising compounds 
against neosporosis, as BKI 1553 conferred partial protection against abortion in a pregnant 
sheep model, also reducing parasite detection, parasite loads and lesion in the brain of the fetus 
(Sánchez-Sánchez et al., 2018b). 

2.   Neospora caninum-host cell interaction

Neospora caninum is able to actively invade a wide variety of cell types from its hosts. Because 
of its condition of obligate intracellular parasite, host-cell interactions are of crucial importance 
to ensure its development, reproduction, dissemination and transmission. Considerable 
efforts have been made to discern the processes which lead to N. caninum host-cell invasion 
and proliferation (Hemphill et al., 2006). On the other hand, due to the essential role that 
innate immunity plays as a primary effector at the interface between host and parasite until 
the establishment of adaptive immunity (Nishikawa et al., 2010), elucidating the mechanisms 
involved in the complex relationship between N. caninum and innate immune cells is key for the 
development of vaccines and other control measures (Hemphill et al., 2006).

 2.1.   Neospora caninum intracellular development and quiescence

 2.1.1.   Lytic cycle

The lytic cycle of N. caninum is a tightly regulated process which includes adhesion to the host 
cell, invasion, parasitophorous vacuole formation, multiplication and egress. The succession 
of cycles permits the parasite to proliferate and disseminate intra organically during the acute 
phase of infection (Pastor et al., 2016). 

The adhesion process initiates with a parasite approach to the host cell through flexion-extension 
movements mediated by the actomyosin motor of the parasite cytoskeleton, also known as 
“gliding motility” (Jewett and Sibley, 2003). Later, adhesion takes place mediated by surface 
proteins of the parasite (mainly SAGs and SRS proteins) (Naguleswaran et al., 2005). Once 
attached, the tachyzoites are reoriented in a perpendicular position in respect to the host cell, 
establishing a stronger anchorage by the secretion of proteins of micronemes (MICs). A sequential 
secretion of MICs, proteins of rhoptries (ROPs) and proteins of dense granules (GRAs) allows 
the invasion of the host cell, supported physically by the conoid extrusion. The invasion is an 
active process in which the tachyzoites form the moving junction, an annular structure between 
the host cell and the parasite plasma membranes, which allows the progressive internalization 
of the tachyzoite into the cytoplasm of the host cell, pushed by the glideosome (Boucher and 
Bosch, 2015). The invagination of tachyzoite membrane together with the host cell membrane 
leads to the formation of the parasitophorous vacuole, which encompasses the tachyzoite. At 
the same time, ROPs and GRAs are secreted. These proteins participate in the formation and 
maturation of the parasitophorous vacuole as well as in the establishment of a tubulovesicular 
network inside the vacuole that communicates the parasite with the host cell (Hemphill et al., 
2013). Finally, the host cell undergoes ultrastructural modifications, such as redistribution of 
intermediate filaments and microtubules of the cytoskeleton, as well as a reorganization of the 
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mitochondria and endoplasmic reticulum, enabling the nutrient transfer from cytosol to the 
parasite.

Tachyzoites replicate asexually by endodyogeny within the parasitophorous vacuole, producing 
up to 100 tachyzoites per vacuole in a few days. Egress is the final phase of the lytic cycle 
and involves the release of parasites into the inhospitable extracellular environment. This 
phenomenon is directly responsible for the lesions present in the host, which are a consequence 
of cell lysis and the immune reaction triggered locally. The process of egress seems to be 
closely regulated and coordinated with the process of the invasion of new cells. However, the 
mechanisms involved in the egress of N. caninum are not known yet. At a specific moment, 
some signals trigger the release of the tachyzoites, as occurs in T. gondii when intracellular 
calcium levels increase (Arrizabalaga and Boothroyd, 2004; Millholland et al., 2013). This 
calcium increment determines the activation of kinases and methyltransferases essential for 
the achievement of the process (Heaslip et al., 2010, 2011; Garrison et al., 2012; Lourido et 
al., 2012; McCoy et al., 2012). The egress also depends on the secretion of the PL1 protein 
(Perforin-like) of micronemes, which disorganizes the membrane and facilitates the exit of the 
parasites (Lavine and Arrizabalaga, 2008; Kafsack et al., 2009; Roiko and Carruthers, 2013), 

FIGURE 5 |Neospora caninum lytic cycle.
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and on a disturbance in the cytoskeleton of the host cell (Chandramohanadas et al., 2009). 
Whereas tachyzoites from other apicomplexan parasites, such as T. gondii or B. besnoiti, are able 
to remain infective in the in vitro extracellular environment for a long time (Hemphill et al., 
1996; Frey et al., 2016), N. caninum tachyzoites must invade new cells over a short period of 
time (about four hours) in order to continue with the lytic cycle (Regidor-Cerrillo et al., 2011).

 2.1.2.   Tachyzoite to bradyzoite interconversions

Tachyzoite to bradyzoite conversion likely occurs due to the immune response generated by the 
host against the parasite which is able to eliminate most of the tachyzoites. Bradyzoites form 
intracellular cysts, which surrounded by a cyst wall, are protected from the immunological 
reaction of the host, which remains chronically infected (Weiss et al., 1999; Hemphill et al., 
2006; Almería et al., 2017). Bradyzoite differentiation is a fast and asynchronous process (Risco-
Castillo et al., 2004) during which, important changes in the protein expression profile take place. 
Of particular note are the expression of surface proteins specific to this stage (NcSRS9, NcSAG4 
and NcBSR4) (Risco-Castillo et al., 2007, 2011; Aguado-Martínez et al., 2009), and proteins 
involved in anaerobic metabolism, stress response and DNA repair (Marugán-Hernández et al., 
2010). Tissue cysts are mainly located in the CNS, although they have also been detected in 
the striated musculature (Dubey et al., 2017), and inside them bradyzoites can remain latent 
within an immunocompetent animal for many years without causing disease (Hemphill et al., 
2006). The reactivation of bradyzoites has been associated with immunosuppression states. 
During pregnancy the efficient Th1 response, which keeps  parasite proliferation in check, shifts 
to Th2 type, contributing to the reactivation of  bradyzoites which reconvert to tachyzoites, 
proliferate and reach placental tissues and the fetus (Quinn et al., 2002; Innes et al., 2005).
Knowledge of T. gondii formation of tissue cysts in vitro has been used to study in vitro formation 
of N. caninum tissue cysts. However, many of the stress factors which stimulate conversion of 
T. gondii tachyzoites to bradyzoites, including higher incubation temperature, high pH, sodium 
arsenite treatment, and mitochondrial inhibitors were not suitable or had low efficacy for N. 
caninum conversion. Instead, the treatment of cell cultures for nine days with 70 μM sodium 
nitroprusside was most successful using a variety of N. caninum isolates and cell lines (Risco-
Castillo et al., 2004). 

 2.2.   Modulation of target cells of the innate immune system

Several in vitro and in vivo murine models studies have been carried out with the aim of 
discerning the role of the innate immune cells in the early response against N. caninum infection 
and the mechanisms involved in parasite immune evasion. Innate immune responses at the 
initial sites of infection are required for the control of N. caninum, and the early production 
of pro-inflammatory cytokines IL-12 and IFN-γ seems essential to restrict parasite growth and 
dissemination (Mineo et al., 2010; Almería et al., 2017). Innate immune cells that produce and 
respond to these cytokines include Natural killer (NK) cells, neutrophils, dendritic cells (DCs) 
and macrophages (Gurung et al., 2016), which may exert distinct roles in protective immunity.
 
 2.2.1.   Natural killer cells

The main source of IFN-γ during neosporosis has been traditionally attributed to CD4+ T cells 
(Marks et al., 1998). However, several authors have demonstrated that NK, activated upon 
infection, contribute to IFN-γ production (Boysen, 2006).
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The first description of an experimental infection of NK by N. caninum tachyzoites in vitro was 
provided by Boysen et al. (2006). These authors demonstrated that N. caninum was able to 
invade bovine NK isolated from peripheral blood, multiplying inside these cells. The parasite also 
triggered IFN-γ production from IL-2-activated NK. Although IFN-γ production did not require 
IL-12, it was enhanced in the presence of this cytokine. While mechanisms of NK activation 
by N. caninum have not been fully explored, it was suggested that they may occur among 
others, mediated by glycosylphosphatidylinositol (GPI) molecules of the parasites throughout 
toll-like receptors (TLR), as described for Leishmania spp (Becker et al., 2003). Additionally, the 
capacity of NK cells to kill infected target cells by incubating bovine fibroblast with N. caninum 
was assessed. Cytotoxic activity was observed in response to infection by a perforin-mediated 
mechanism (Boysen et al., 2006).

Noting that NK seem to act as early responders in N. caninum infections in bovine models 
(Klevar et al., 2007), the roles of NK and NKT (Natural killer T) cells in protective immunity 
were further investigated in a murine model. The depletion of NKT cell subset, but not of 
classical NK, resulted in increased parasite burdens in the brain and in the suppression of CD4+ 

T cells activation. This suggests that NKT, but probably not NK cells, may play a crucial role in 
the early stage of N. caninum infection by activating CD4+ T cells (Nishikawa et al., 2010). 

 2.2.2.   Neutrophils

The role of neutrophils in combating N. caninum has been poorly investigated. Taubert et al. 
(2006) demonstrated that N. caninum infection induces the transcription of proinflammatory 
and adhesion molecules in bovine endothelial cells, thus stimulating polymorphonuclear 
neutrophil cells (PMN) adhesion. PMN early attraction and adhesion to the endothelium may 
lead to enhanced extravasation and the migration of these cells to the sites of infection (Taubert 
et al., 2006). In relation to this, following intraperitoneal N. caninum infection in mice, elevated 
numbers of monocytes/macrophages, but also neutrophils, are recruited at the initial site of 
infection (Wang et al., 2018). These mechanisms may be relevant in the subsequent reactions 
against the parasite, as both PMN and activated endothelial cells act by initiating innate and 
adaptive immune responses by recruiting other immune cells such as macrophages and T cells, 
by means of chemokine production. Additionally, because activated PMN are able to produce 
IFN-γ (Sohn et al., 2007), they may even participate in directing the bovine immune response 
towards a Th1-type (Taubert et al., 2006). 

Besides the mechanisms previously shown, neutrophil extracellular trap (NET) generation has 
been recently described as an efficient mechanism of defense of PMN against diverse parasite 
infections including N. caninum (Villagra-Blanco et al., 2017). Interactions of N. caninum with 
bovine PMNs in vitro resulted in NET formation, entrapping the parasites and thus reducing 
their infectivity and thereby proliferation. Taken into account that N. caninum must infect 
bovine endothelial cells in vivo for intravascular dissemination, combined PMN adhesion to 
the endothelium and NET formation might represent efficient defense mechanisms to reduce 
parasitaemia during acute bovine neosporosis (Taubert et al., 2006; Villagra-Blanco et al., 
2017).

 2.2.3.   Dendritic cells

DCs are innate immune cells specialized in antigen presentation to naive T cells, thus being the 
link with the adaptive response, directing Th1 or Th2 responses (Hume, 2008). Strobusch et 
al. (2009) demonstrated for the first time that N. caninum was able to infect and proliferate in 
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murine bone marrow DCs (BMDCs). Exposure of BMDCs to viable and inactivated tachyzoites 
resulted in cell RNA expression of pro-inflammatory cytokines IL-12p40 and TNF-α, and the 
regulatory IL-10, whereas IL-4 expression was not detected. In the light of the obtained results, 
the authors concluded that the intracellular presence of N. caninum tachyzoites does not seem 
to impair the early primary DC function.
 
The first in vivo evidence that plasmacytoid DCs (pDCs) and conventional DCs act in the 
early immune response against N. caninum was obtained with the use of murine models, 
demonstrating that these cell subsets are major producers of IL-12 when activated by parasite 
infection (Teixeira et al., 2009). Regarding plasmacytoid DCs, contrary to what was reported 
in T. gondii infections (Pepper et al., 2008), their splenic proliferation did not increase upon 
N. caninum mice infection, significant production of IFN‐γ by these cells was not detected and 
depletion of these cells did not increase the susceptibility to N. caninum. These results suggest 
that pDCs do not play a major role in host immunity to N. caninum (Teixeira et al., 2009). 
Supporting these results, Mineo et al. (2009) showed that IFN-γ-mediated immunity against N. 
caninum in mice is dependent on MyD88 initial signaling, in a mechanism triggered by IL-12 
release by DCs. MyD88 genetically deficient mice succumb to infection with low N. caninum 
infection dose due to uncontrolled tachyzoite replication related to a reduction in IFN-γ response 
by NKT, CD4+ and CD8+ T cells. Later, the participation of TLR2 in the initial recognition of N. 
caninum by BMDC was shown (Mineo et al., 2010). 

The study of cytokine production by naïve murine BMDCs showed that live, freeze-killed and 
total whole-cell tachyzoite lysate of N. caninum tachyzoites stimulated the production of high 
levels of IL-12, IFN-γ and TNF-α cytokines. On the contrary, heat-killed tachyzoites or soluble 
antigens may not be able to elicit a strong enough pro-inflammatory immune response against 
the disease (Feng et al., 2010). Differences in murine BMDCs response induced by viable and 
nonviable N. caninum (heat-killed and antigenic extracts) was again shown by Dion et al (2011). 
In agreement with the previous work, live tachyzoites and antigenic extract but not heat-
killed parasites altered the phenotype of immature DCs. Viable tachyzoites downregulated the 
expression of CD40 and MHC-II in DCs, whereas antigenic extract upregulated their expression. 
CD80 and CD86 were shown downregulated in DCs exposed to any of both stimulus. In addition, 
only viable tachyzoites and antigenic extract were able to induce IL-12 synthesis by DCs with 
the consequent IFN-γ secretion by T cells. These kind of studies facilitate the understanding of 
antigen priming, which is essential for the design of vaccines and adjuvants against neosporosis 
(Feng et al., 2010).

On the other hand, N. caninum exploit the migratory properties of DCs for shuttling into the 
organism by a Trojan horse mechanism like as T. gondii (Courret et al., 2006; Lambert et al., 
2006)Neospora caninum induces a hypermigratory phenotype in human and murine DCs and 
adoptive transfer of tachyzoite-infected DCs in mice resulted in rapid dissemination of N. 
caninum and potentiated the transplacental passage to the offspring (Collantes-Fernández et 
al., 2012).

To date, no studies have shown the effects of N. caninum interaction with bovine DCs. However, 
the results derived from a recent work suggest that responses to N. caninum may vary depending 
on the host origin of antigen presenting cells (APCs) (Débare et al., 2019). Mouse DCs, mouse 
macrophages and bovine peripheral blood mononuclear cells (PBMCs) were exposed to 
parasite GPIs excreted in the supernatant of N. caninum culture. These glycolipids induced 
the production of IL-1β, TNF-α and IL-12p40 by murine DCs and macrophages, by signaling 
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cascades likely activated by TLR4, and reduced expression of MHC-I in murine DCs. In contrast 
to murine cells, bovine blood mononuclear cells produced increased levels of IFN-γ and IL-10, 
but reduced levels of IL-12p40 in response to GPIs. Furthermore, upregulation of MHC-I and 
downregulation of MHC-II was observed.

 2.2.4.   Macrophages

As well as DCs, macrophages are able to recognize pathogens by means of pattern recognition 
receptors including TLRs, C-type lectin receptors (CLRs), NOD-like receptors (NLRs) 
and retinoic acid inducible gene-I (RIG-I)-like receptors (RLRs). Signaling pathways are 
subsequently activated leading to phagocytosis, antigen presentation and release of cytokines 
and chemokines, which in turn recruit and activate other immune cells including circulating 
monocytes, thus enhancing the initial response. They also have an essential regulatory role, and 
by their conversion to an anti-inflammatory phenotype are able to terminate the inflammatory 
response and promote tissue repair (Hume et al., 2008; Zhang et al., 2014). Probably due to the 
fact that these cells mediate innate immune responses directly and make a crucial contribution 
to the effector phase of the adaptive immune response, macrophages are the innate immune 
cells which have received the greatest attention in studying N. caninum-host cell interaction. 
Since Abe et al. (2014) demonstrated that macrophage depletion prior to infection results in 
severe neosporosis in mice, increasing efforts have been carried out to unravel the role of these 
cells in fighting N. caninum and the mechanisms used by the parasite to avoid macrophage 
killing. 
 
Several works have focused on the study of how N. caninum is recognized by macrophages as the 
first step to develop a protective response. Evaluation of TLR2 expression in mouse peritoneal 
macrophages showed upregulation of this receptor induced by N. caninum soluble antigens. 
The participation of TLR2 in the generation of effector immune responses against the parasite 
was also demonstrated, as diminished CD4+ and CD8+ T cell proliferation was observed in TLR2 
deficient mice (Mineo et al., 2010).  In support of this work, it has been recently described 
that TLR2 is involved in recognizing N. caninum cyclophilin by the murine macrophage cell 
line RAW 264.7, which correlates to the activation of the signal transduction of NF-κB and 
IL-12p40 production. TLR2 deficient mice succumb to N. caninum infection, suggesting the 
marked contribution of this receptor to the protective immunity in vivo against the parasite 
(Fereig et al., 2019). It has also been reported that extracellular vesicles secreted by N. caninum 
are recognized by murine bone marrow derived macrophages (BMDM) via TLR2, leading to 
modulation of cytokines TNF-α, IFN-γ and IL-12p40 production through the MAPK pathways 
(Li et al., 2018). On the contrary, Jin et al (2017) related the upregulation of IL-12p40 observed 
in mouse peritoneal macrophages challenged by N. caninum to MEK-ERK signaling via parasite 
recognition by TLR11. Finally, TLR3 has been shown to mediate type IL12p40, IFN-γ and IFN-β 
response to Neospora in BMDM by signaling through its adaptor protein TRIF, and TLR3-TRIF 
signaling enhances resistance against N. caninum in mice since it improves Th1 responses 
leading to reduced tissue inflammation and controlled parasitism (Beiting et al., 2014; Miranda 
et al., 2019).

Not only TLR but also NLR have been studied with the aim of determining their association with 
host innate immune responses developed during N. caninum infection. It has been suggested 
that the cytosolic receptor NOD2 may cooperate with TLRs to control parasite replication in 
N. caninum infected BMDMs, triggering an increment in the inflammatory profile which may 
induce pathogenesis in infected mice (Davoli-Ferreira et al., 2016) Additionally, the role of 
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inflammasome activation in restricting N. caninum intracellular proliferation in macrophages 
has been recently described (Wang et al., 2017, 2018). It was shown that N. caninum infection 
activates NLRP3 inflammasome in murine BMDM resulting in caspase-1 cleavage and the 
release of IL1β and IL-18. In addition, macrophages of NLRP3 deficient mice failed to limit 
N. caninum replication in the site of infection and reduced levels of IL-18 and IFN-γ were 
found in serum (Wang et al., 2017, 2018). C-type lectin receptors may also participate in N. 
caninum recognition in mice. Specifically, Dectin-1 seems to be involved in the parasite-induced 
downregulation of reactive oxygen species (ROS) and IL-12p40 (Da Silva et al., 2017).

The cell immune response triggered after parasite recognition has also been studied. Abe et 
al. (2014) described that murine peritoneal macrophages respond to N. caninum infection 
in vitro with increased expression levels of CD40, CD80 and CD86, and with the release of 
IL-6, IL-12 and IFN-γ. In addition, the intraperitoneal inoculation of mice with N. caninum 
induces macrophage migration to the site of infection. However, Dion et al. (2011) reported a 
downregulation of CD86 at the surface of these cells. An upregulation of MHC-II expression and 
IL-12 secretion was also observed upon N. caninum infection (Dion et al., 2011). 

Several parasite effector molecules seem to be implicated in the induction of host immune 
responses during early infection in macrophages. One of them is GRA7, implicated in its 
pathogenesis by modulating the host cytokine and chemokine production. Murine peritoneal 
macrophages infected with GRA7 deficient tachyzoites showed a downregulation of RNA 
expression of genes involved in TNF signaling pathway, IL-17 signaling pathway and cytokine-
cytokine receptor interaction pathway. In addition, IL12p40 and IL-6 cytokine production 
decreased in GRA7 deficient parasites in relation to wild type. GRA7-deficient parasites showed 
a reduced virulence in mice, as IFN-γ levels, parasite burdens and necrosis in the brain were 
higher for infection with the parental strain than with deficient tachyzoites (Nishikawa et al., 
2018). Immune stimulating activity has also been demonstrated for N. caninum GRA6, which 
triggers IL-12p40 in mouse peritoneal macrophages. Protective cellular immune responses are 
also induced in murine models by this protein (Fereig et al., 2019). In addition, N. caninum 
14-3-3 protein may be an infection-associated antigen involved in the host immune response 
by stimulating expression of pro-inflammatory cytokines such as IL-6, IL12p40 and TNF-α. This 
cytokine expression seems to be mediated by activation of MAPK, AKT and NF-κB signaling 
pathways by murine peritoneal macrophages (Li et al., 2019), independent of TLR2.

He et al. (2017) studied macrophage polarization dynamics during N. caninum infection in 
BALB/c mice and concluded that during the acute stage of infection, macrophages mainly 
polarize towards an M1 phenotype whereas they polarize towards an M2 type during the 
chronic stage. With the use of macrophage cell line J774A.1, derived from mouse ascites, they 
described that macrophage polarization towards M2 is mediated by peroxisome proliferator-
activated receptor-γ (PPAR-γ) activation and NF-κB inhibition.  

Neospora caninum has developed several mechanisms of immune evasion and dissemination. It 
has been suggested that during early infection, excreted/secreted antigens from N. caninum are 
capable of inducing monocyte and macrophage cell migration to the sites of infection. As it has 
been demonstrated that N. caninum is able to infect and replicate in these cells, this mechanism 
would enhance initial parasite invasion and proliferation. In vitro and in vivo assays support this 
hypothesis. Among the parasitic proteins involved in monocytes recruitment in infected mice, 
cyclophilins seem to present chemoattractant properties for monocytes and DCs, in a mechanism 
dependent of CCR5 receptor expression (Mineo et al., 2010). As a mechanism of evasion of 



Chapter II -- Introduction

23

the host´s innate immune responses, N. caninum may manipulate p38 phosphorylation in its 
favor, inducing downregulation of IL12p40 production in BMDM isolated from mice. Although 
parasite effector proteins implicated are unknown, p38 activation is induced by a mechanism 
dependent on G-protein coupled receptor, PI3K and AKT signaling pathways (Mota et al., 2016).
Despite the fact that N. caninum is not considered to be zoonotic (Calero-Bernal et al., 2019), 
in vitro studies using human macrophages have  also been carried out. Invasion of the THP-1 
human monocytic cell line by N. caninum induced an increased expression of proinflammatory 
cytokines IFN-γ, IL-1β, IL-8 and TNF-α and defense peptides (cathelicidins) mediated by MEK1/2 
MAPK pathway. Furthermore, the secretion of these molecules restricted parasite infection and 
promoted the secretion of proinflammatory cytokines in naïve macrophages (Boucher et al., 
2018).

Very few studies have been performed with the use of bovine macrophages. Similar to the 
reported results for neutrophils (Villagra-Blanco et al., 2017), it has been shown that N. caninum 
induces the formation of extracellular traps in bovine macrophages in vitro in an ERK 1/2- and 
p38 MAPK-dependent process. This mechanism may help reduce the initial infection rates in 
the acute phase of neosporosis in cattle, although in vivo studies in cattle are necessary to 
confirm this hypothesis (Wei et al., 2018). The restraining of N. caninum growth mediated by 
inflammasome activation was demonstrated in a bovine peritoneal macrophage cell line, also 
suggesting that the pyroptotic supernatant released from activated cells could impair N. caninum 
infection of new macrophages (Wang et al., 2018). Finally, the capacity of N. caninum-infected 
bovine macrophages to prime naïve T-cell responses has been studied. Macrophages primed with 
N. caninum antigen or with LPS limited parasite growth in relation to PBS-treated cells, related 
to IL-6 and IL-1β production and NF-κB activation. When in contact with infected macrophages, 
T-cells produced IL-17 and IFN-γ following a different pattern that is dependent on whether 
the macrophage was primed or not prior to infection. Unprimed macrophages induced a higher 
release of IFN-γ but lower IL-17A levels in T-cells than those primed. In the light of these results, 
the authors suggest that the dual pathological or protective role of IFN-γ during infection may 
be related to the simultaneous presence or not of a second major proinflammatory cytokine, 
IL-17 (Flynn and Marshall, 2011). 

3.   Immune response against Neospora caninum

A bigger question to understand neosporosis and yet to be answered is why only a low percentage 
of infected pregnant cows abort and why not all their progeny is born naturally infected. 
Neospora caninum infection underlies a complex immunological regulation that may lead to 
protection or contribute to the pathogenesis of abortion (Almeria et al., 2017). Interactions 
of the parasite with host cells of the innate immunity, first line of defense against infections, 
should be critical in determining the character of the subsequent response (Taubert et al., 
2006). Studies in vitro with bovine cells and in vivo with murine models point toward a key role 
of macrophages (Flynn and Marshall, 2011; Abe et al., 2014; Wei et al., 2018), NK (Boysen et 
al., 2006) and neutrophils (Villagra-Blanco et al., 2017) in the early immune response against 
N. caninum. However, this has been poorly characterized in vivo in cattle, as studies have been 
mainly focused on cell-mediated immunity (CMI) and humoral adaptive immunity. In addition, 
the high degree of variability between studies in relation to the use of pregnant or non-pregnant 
animals, times of inoculation and culling, breeds, N. caninum isolates and routes of inoculation 
hampers the obtaining of relevant conclusions based on the comparison of findings (Benavides 
et al., 2014).
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 3.1.   Non-pregnant bovine model

Most of the research carried out in non-pregnant cattle was focused on the study of the parasite 
cycle or the possibility of post-natal transmission of neosporosis (Benavides et al., 2014). 
However, several experimental studies aimed to characterize the immune responses generated 
against N. caninum infection and to assess the immunogenicity of vaccine candidates. The main 
results obtained in these studies using non-pregnant bovine models are summarized in Table 1.

 3.1.1.   Cell-mediated immune responses

The innate immune response against N. caninum may be especially important during the early 
life period of calves, which may compensate for the lack of a fully functional adaptive response. 
This hypothesis is supported by the fact that a higher proportion of monocytes was found in 
neonatal blood compared with adults, and these are more sensitive to infection following in vitro 
challenge, secreting higher amounts of proinflammatory cytokines and triggering enhanced NK 
activation. A greater inflammatory baseline in monocytes of neonates was also demonstrated 
by microarray analysis, followed by a higher activation of the JAK-STAT pathway (Sharma et 
al., 2018). CMI responses characterized by cell proliferation associated with the production of 
IFN-γ were recorded in calves before one week of N. caninum subcutaneous tachyzoite infection 
(Lunden et al., 1998) and from one week onward following oral infection with sporulated 
oocysts (de Marez et al., 1999).

Klevar et al, (2007) demonstrated that NK are early responders in N. caninum infection in 
calves, producing IFN-γ and promoting a stronger CD8+ T cell response which also contribute 
to the IFN-γ pool, whereas the major source of this cytokine in later times are CD4+ T cells 
(Marks et al., 1998; Klevar et al., 2007). Neospora caninum specific cytotoxic T lymphocytes 
CTL response was shown in experimentally infected non-pregnant cows, providing evidence 
that the killing of infected cells is mediated by CD4+ CTL through a perforin/granzyme pathway 
(Staska et al., 2003).  

In experimental infected bulls, a significant increase in serum IFN-γ was reported as soon as 
three days post-infection (dpi) (Serrano-Martínez et al., 2007; Ferre et al., 2008), suggesting 
that IFN-γ level seems to be a good indicator of a recent N. caninum infection (Ferre et al., 
2008).

 3.1.2.   Humoral immune responses

A specific serological response can be detected from two weeks after infection of calves with 
N. caninum parasites. The antibody titers may not be influenced by the dose of infection, as 
animals inoculated with 106 tachyzoites showed similar specific humoral responses than those 
inoculated with 108 tachyzoites (Maley et al., 2001). Fluctuation of antibody levels throughout 
large periods of time after parasite inoculation has been shown to occur, which may indicate 
a recrudescence of infection with antigen stimulation (de Marez et al., 1999; Maley et al., 
2001). Experimentally infected bulls developed specific serum IgG1, IgG2, and IgM responses 
to N. caninum. Specific anti-N. caninum IgG antibodies were also detected in seminal plasma 
(Serrano-Martínez et al., 2007) whose levels increased after re-infection (Ferre et al., 2008). 
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 3.2.   Pregnant bovine model

Two main factors seem to be linked to the outcome of infection in pregnant cattle, virulence of 
the infecting strain and timing. More specifically, the period of gestation when infection occurs 
is important because the immune response generated will be highly dependent on the status 
of the immune system of the dam and the immunological maturity of the fetus (Goodswen 
et al., 2013; Dubey et al., 2006).  In addition, the development of effective immunity to the 
parasite seems to vary depending on whether the infection occurs prior to or during gestation. 
It has been shown that animals naturally or experimentally infected prior to gestation can 
develop immunity which will protect them against abortion and may prevent, or not, vertical 
transmission when infected during a later gestation (Innes et al., 2001; Williams et al., 2000, 
2003).
 
Many experimental infections have been carried out with the aim of unraveling the immunological 
regulation that takes place in the infected pregnant cattle, which is determinant for the outcome 
of the infection. These are summarized in Table 2.

 3.2.1.   Cell-mediated immune responses

As in T. gondii, CMI mechanisms likely play the most important role in reducing N. caninum 
proliferation within the host, diminishing parasitaemia (Almería et al., 2003). It has been 
demonstrated that following stimulation with N. caninum antigen, PBMCs and CD4+ T cells 
obtained from experimentally infected pregnant cows proliferate and increase the production 
of IFN-γ and IL-4 from the end of the first week post infection (wpi) (Rosbottom et al., 2007; 
Regidor-Cerrillo et al., 2014). This early response, not transiently polarized towards Th1 or 
Th2, is likely to be associated with an innate immune response triggered by the interaction of 
parasite-associated molecular patterns and recognition receptors such as TLR on APC (Regidor-
Cerrillo et al., 2014). Regarding TLR, studies have  suggested the involvement of TLR3, TLR7 
and TLR8 during early pregnancy (day 70) or TLR2 and TLR9 in late pregnancy (from day 210) 
in triggering maternal and fetal immune responses to N. caninum infection (Bartley et al., 2013; 
Marin et al., 2017).

The most important subsets of the CMI response during pregnancy are T helper (Th) cells, 
which polarize and regulate the strength of the response through cytokines, classified in pro-
inflammatory, anti-inflammatory and regulatory. Pro-inflammatory cytokines, such as IFN-γ, IL-
12 and TNF-α, are secreted by Th1 cells and induce CMI, critical for the control of intracellular 
parasites. Anti-inflammatory cytokines such as IL-4 are secreted by Th2 cells and promote humoral 
responses. Treg cells are essential to maintain the homeostasis of cells involved in the adaptive 
immune response, either by contact-dependent suppression or by releasing anti-inflammatory 
cytokines such as IL-10 and TGF-β (Almeria et al., 2017). A key role of Th1 cytokines IFN-γ and 
IL-12 in protective immunity against this parasite has been indicated in murine models (Baszler 
et al., 1999). However, during pregnancy Th1 responses may be potentially damaging and 
cause fetal rejection or the destruction of the placental tissues incompatible with fetal survival 
(Maley et al., 2006). Infected cows may abort from 3 months of gestation to term, but most of 
the N. caninum associated abortion in naturally infected animals occur at mid gestation (Dubey 
et al., 2007; Almería et al., 2017). Studies performed in pregnant cattle infected at this period 
reported a transient suppression of T-cell responsiveness from week 18 of gestation (Innes et 
al., 2001). This state of hyporesponsiveness to the parasite was accompanied by decreased 
lymphocyte subpopulations, reduced cell proliferation and downregulation of IFN-γ production, 
which may result in an uncontrolled N. caninum proliferation (Innes et al., 2001; Almería et 
al., 2003).
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The knowledge obtained from experimental infections in pregnant cattle (Table 2) points 
toward the requirement of IFN-γ to limit N. caninum proliferation, but a critical threshold of 
IFN-γ levels and the counterbalance with other cytokines seems to be necessary to limit adverse 
effects on pregnancy (Almería et al., 2014, 2016a. Almería and López Gatius, 2015). In fact, 
several studies have shown the concomitant production of both Th1-, Th2- and Treg-cytokines 
during experimental N. caninum infection in both aborting and non-aborting cows at any point 
of the pregnancy. Almeria et al. (2003) demonstrated an increased expression of TNF-α, IL-12 
and IL-4 in dams and IFN-γ, TNF-α and IL-10 in fetuses infected at 110 days of gestation. This 
response resulted protective against abortion but failed to prevent transplacental transmission. 
Accordingly, Rosbottom et al. (2007) showed high percentages of circulating CD4+ cells that 
expressed both IFN-γ and IL-4 in infected dams at 70 and 210 of gestation, which suggests 
that the clear Th1/Th2 dichotomy observed in other species is rare in cattle (Hecker et al., 
2013). Dams experimentally infected at 110 days of gestation with live fetuses showed higher 
IL-4 levels and lower IFN-γ/IL-4 ratios than cows with dead fetuses (Darwich et al., 2016). In 
addition, Almería et al., 2016a described the upregulated expression of Th1, Th2 and Treg-
cytokines in infected dams at 110 days of gestation carrying live fetuses and in their fetuses. 
The downregulation of Th2 and Treg cytokines observed in infected dams which aborted, 
suggests an immunological recovery of cytokine gene expression levels in dams a few weeks 
after abortion (Almería et al., 2016a).

Finally, very few studies have analyzed Th17 cytokines in N. caninum infections. Darwich et al. 
(2016) studied IL-17A production in aborting and non-aborting dams infected at 110 days of 
gestation and in their fetuses, and found very low levels for this cytokine, despite the fact that 
in vitro studies with bovine macrophages suggested that the dual protective or pathogenic effect 
of IFN-γ may depend on the simultaneous production of IL-17 (Flynn and Marshall, 2011).

 3.2.2.   Humoral immune response

As described above, protective immunity to neosporosis rather than humoral is mainly cell-
mediated. The presence of specific N. caninum antibodies indicates exposure to the parasite 
(Almeria et al., 2017). 

Several studies have shown that seropositive cows are more likely to abort than seronegative 
ones, and elevated antibody titers have been related to a higher risk of abortion (Conrad et al., 
1993; Quintanilla-Gozalo et al., 2000; López-Gatius et al., 2004; Guido et al., 2016). In addition, 
reactivation of chronic infections leading to transplacental infection has been associated with 
an acute increase of N. caninum-specific antibodies (Quintanilla-Gozalo et al., 2000; Guy et al., 
2001; Andrianarivo et al., 2005). 
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 3.3.   Fetal immunity

The capability of the fetus to mount an immune response against infection increases as the 
gestation progresses, in relation to the degree of development of its immune system. The 
gestation period for cattle is about 280 days long. During the first third of pregnancy, the 
fetus is especially vulnerable, and is unlikely to survive if it is infected by N. caninum (Dubey 
et al., 2017).  Fetuses aborted in early pregnancy show necrotic lesions without inflammatory 
reactions, and parasite dissemination with uncontrolled multiplication is detected (Macaldowie 
et al., 2004; Dubey et al., 2006; Gibney et al., 2008; Almería et al., 2017). From day 100 of 
gestation onward, fetuses are able to show a specific humoral and cellular response against this 
parasite (Bartley et al., 2012, 2013), coincident with the period when the thymus, spleen and 
peripheral lymph nodes have attained a stage of development which enable them to start to 
recognize and respond to pathogens. In fetuses of experimentally infected dams at 110 days of 
gestation, significant cytokine expression was observed as early as four months of gestational 
age (Almeria et al., 2003, 2010). This response may or may not be sufficient to resolve the 
infection and save the fetus. Infection in mid pregnancy results in a reduction of parasite 
dissemination, more restricted multiplication and fewer lesions. Small foci of necrosis can be 
observed surrounded by an inflammatory infiltrate (Dubey et al., 2006, 2017). In the third 
trimester, the increasingly competent defense reached by the fetus along with the maternal 
immune response leads to survival. Experimental infections at day 210 of pregnancy showed no 
abortion and an absence of lesions in the fetus (Williams et al., 2000; Benavides et al., 2012). 
The better control of the parasite by the immune response of both mother and fetus may explain 
the lower parasite loads in placental and fetal tissues reported at this period when compared to 
infections at 70 and 140 days of gestation (Benavides et al., 2012). At this period, a high rate 
of vertical transmission is usually observed (Almería et al., 2017).  

4. Neospora caninum biological diversity 

A major factor linked to the outcome of infection is the virulence of the infecting isolate 
(Dubey et al., 2006). However, little is known about how the biological diversity of N. caninum 
influences clinical presentation and immune responses in bovine neosporosis (Regidor-Cerrillo 
et al., 2014).

 4.1.   Neospora caninum population 

More than 100 N. caninum isolates have been obtained to date, from infected domestic and 
wild hosts. Tachyzoites are elicited by cultivating a homogenate of the infected tissue in cell 
cultures, or by the inoculation of immunodeficient mice, whereas oocysts are recovered by 
feeding dogs with these tissues (Dubey et al., 2017; Ortega-Mora et al., 2019). A total of 10 
isolates have been obtained by the SALUVET research group in Spain, mainly from clinically 
healthy, but congenitally infected calves (Table 3), with the purpose of characterizing their 
intra-specific variability (Regidor-Cerrillo et al., 2008; Rojo-Montejo et al., 2009a).  To do so, 
they have used in vitro (cell cultures) and in vivo (murine and bovine) infection models, and 
more recently, -omics technologies have been incorporated to the comparative studies. These 
tools have helped advance the understanding of host-parasite interactions and the identification 
of potential N. caninum virulence factors, which could represent targets for chemotherapy and 
vaccine development (Horcajo et al., 2018).
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 4.2.   Neospora caninum variability in in vitro models

Success in establishing in vitro cultures of parasites has greatly facilitated the description of 
their morphology, ultra-structural organization, behavior, physiology and metabolism (Ahmed 
et al., 2014). In vitro models provide an excellent way of studying host cell-parasite relationship 
in apicomplexan parasites, allowing the comparison of data generated by diverse researchers 
with the standardization of techniques, and the reduction of the use of experimental animals 
(Muller and Hemphill, 2012). 

Neospora caninum tachyzoites are able to invade and grow in almost every cell type, and the 
culture of this parasite has been achieved in diverse primary cells and established cells lines. 
These include endothelial cells, human fibroblasts (HFF), cervical cancer (HeLa), colon cancer 
(CaCo2), bovine trophoblasts (F3) or epithelial cells of African green monkey kidney (MA-104 
and Vero) amongst others, the last one  being the most used (Hemphill et al., 2006, 2013; 
Regidor-Cerrillo et al., 2011; Jiménez-Pelayo et al., 2017). Neospora caninum cell culture has 
enabled the isolation, in vitro phenotypical characterization and genotyping of the isolates, 
being the basis for parasite antigens production used in diagnosis and research, and for the 
identification of targets for intervention. In addition, the most recent advances related to genetic 
manipulation and -omics studies have only been possible because of the use of in vitro culture 
models (Dubey et al., 2017). However, it is important to know that adaptation of the parasites 
to the cell cultures as a consequence of prolonged passages has been described, and related to 
modifications in their natural behavior and virulence (Pérez-Zaballos et al., 2005; Bartley et al., 
2006). Thus, to allow their reproducibility, comparative studies should be carried out with the 
use of tachyzoites maintained at a low number of passages in cell culture (Regidor-Cerrillo et 
al., 2011). 

The in vitro characterization of different N. caninum isolates has revealed the existence of an 
extensive heterogeneity in virulence-related traits such as tachyzoite invasion and proliferation, 
ability to disseminate and transmigrate trough biological barriers, and capability to evade 
immune responses (Regidor-Cerrillo et al., 2011; Collantes-Fernández et al., 2012; Dellarupe et 
al., 2014a; Jiménez-Pelayo et al., 2019a), which may underlie the range of pathologies observed 
upon infection in cattle.
 
 4.2.1.   Tachyzoite invasion and growth rate

One of the main applications of in vitro cultures of apicomplexan parasites has been the study 
of the processes involved in their lytic cycle. A marked variability has been shown between N. 
caninum isolates with regard to the tachyzoite growth. Schock et al. (2001) measured the growth 
rate of six N. caninum isolates obtained from cattle (BPA-1, Nc-SweB1, JPA-2 and Nc-LivB1) 
and dogs (Nc-1 an Nc-Liverpool). Nc-Liverpool showed the highest growth rates, Nc- SweB1 
multiplied significantly more slowly, and intermediate rates were observed in all other isolates. 
Investigations carried out by the SALUVET group showed that the low virulent Nc-Spain1H 
displayed a lower tachyzoite yield than the Nc-1 isolate (Rojo-Montejo et al., 2009a), finding 
an association between the in vitro tachyzoite invasion and proliferation and the virulence 
phenotype of N. caninum in pregnant mice. Moreover, ten bovine isolates from asymptomatic 
calves (Nc-Spain 1H, 2H, 3H, 4H, 5H, 6, 7, 8, 9 and 10), four canine isolates obtained from 
oocysts (Nc-Ger2, Nc-Ger3, Nc-Ger6 and Nc-6Arg) and two canine isolates obtained from the 
brain of a clinically affected dog (Nc-Bahia and Nc-Liverpool) were compared (Regidor-Cerrillo 
et al., 2011; Dellarupe et. al., 2014a). Most of them showed a short-time for invasion (four 
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to six hpi). However, dramatic differences were found in invasion capacities, lag period for 
intracellular adaptation before exponential growth and duplication time during exponential 
growth that define tachyzoite yield in the lytic cycle. Furthermore, in a BALB/c mouse pregnant 
model for neosporosis, a significant correlation was reported between N. caninum tachyzoite 
yield and pup mortality (Regidor-Cerrillo et al., 2010; Dellarupe et al., 2014b). These findings 
support the hypothesis that isolates showing the highest growth capacities reach higher parasite 
burdens in placental and fetal tissues, contributing to pathogenesis of abortion.

Finally, recent work of the SALUVET group focused on the characterization of parasite interaction 
between high and low virulence isolates of N. caninum and bovine placental target cells in vitro. 
The aim of that study was to try to elucidate the mechanisms used by the parasite to cross 
the placenta and the factors that enable some isolates to be more effectively transmitted than 
others. To that end, tachyzoite adhesion, invasion, proliferation and egress of high (Nc-Spain7) 
and low (Nc-Spain1H) virulence N. caninum isolates were investigated in established cultures of 
bovine caruncular epithelial (BCEC-1) and trophoblast (F3) cells. The high virulence isolate Nc-
Spain7 showed higher invasion and infection than the low virulent isolate Nc-Spain1H, mainly 
in trophoblast cells, as well as higher proliferation abilities, similar to what was observed in 
previous established cell cultures (Jiménez-Pelayo et al., 2017). 

 4.2.2.   Tachyzoite dissemination and transmigration through biological barriers

The ability to modulate the migratory capacities of parasitized APCs is another putative 
virulence-related phenotypic trait of apicomplexan parasites. The induction of a hypermigratory 
phenotype in these cells upon infection, which may potentiate parasite dissemination and 
transmission, has been widely described for T. gondii. This phenotype is characterized by an 
amoeboid migratory activation of the host cell mediated by rapid morphological changes and 
an abrogated extracellular matrix degradation, which enhances their motility and increases 
their transmigration across cellular barriers (Lambert et al., 2006; Fuks et al., 2012; Weidner et 
al., 2013; Kanatani et al., 2015; Ólafsson et al., 2018). T. gondii-induced APC hypermigration 
has been related to enhanced dissemination in mice (Lambert et al., 2006). Curiously, this 
strategy known as the Trojan horse mechanism seems to be chiefly used by T. gondii clonal 
genotypes II and III (Lambert and Barragan, 2010; Lambert et al., 2011), whereas genotype I 
tachyzoites disseminate and cross restrictive barriers supported principally by their apparent 
superior gliding motility (Barragan and Sibley 2002; Taylor et al., 2006).
 
Strategies for parasite dissemination to immunoprivileged sites such as the brain and the 
placenta in order to reach the fetus and establish chronic infections, may be conserved 
throughout apicomplexan parasites. This hypothesis is supported by the results obtained by 
Collantes-Fernández et al. (2012) in an in vitro model based on the infection of a trophoblast-
derived cell line (beWo cells) by N. caninum. In that work it was demonstrated that N. caninum, 
just like T. gondii, is able to use two complementary pathways to cross restrictive barriers, the 
DC-mediated transmigration and direct transmigration powered by their own gliding motility. 
In the same work, a comparative study indicated that the different isolates (Nc-Liverpool, Nc-
SweB1, and the Spanish Nc-Spain 3H, 4H, 6, 7 and 9) preferentially rely on one or other 
mechanism of transmigration in vitro. The same authors described that the inoculation of mice 
with N. caninum-infected DCs resulted in higher parasite loads in several organs compared to 
the inoculation of free parasites. In addition, an increased transmission and neonatal mortality 
rate was obtained by the infection of pregnant mice with tachyzoite-infected DCs.
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In line with these studies, it was reported that during early infection of mice, effector molecules 
secreted by N. caninum are able to potentiate the recruitment of monocytes and DCs to the sites 
of infection, enhancing parasite invasion and proliferation (Mineo et al., 2010). Combined, 
both works motivate future studies to address the impact of APCs infection on the pathogenesis 
of bovine neosporosis. 

 4.2.3.   Immune response modulation

Several studies have described the ability of T. gondii to manipulate host immunity with the 
aim of surviving and being transmitted. In particular, T. gondii modulates immune responses 
through the secretion of parasite effector molecules, mainly from the apical secretory organelles, 
which impact on host cell transcription and signaling pathways. This results in the regulation 
of the microbicidal mechanisms of the cells, enabling the parasite to establish its replicative 
intracellular niche (Lima et al; 2019) Furthermore, the host immune modulation seems to 
differ among the three dominant T. gondii clonal lineages. In this connection, activation of 
STAT3 and STAT6 transcription factors mediated by ROP16 is achieved by type I and III, but 
not type II strains, with the consequent suppression of IL-12 cytokine release by infected 
macrophages (Saeij et al., 2006). Differences in IL-12 induction have also been related to the 
release of GRA15 exclusively by type II strains, inducing the  activation of NF-κB, whereas type 
I inhibits this pathway through ROP18 release, resulting in the suppression of pro-inflammatory 
cytokines and consequently facilitating parasite survival (Rosowski et al., 2011; Du et al., 2014). 
Infected cells stimulated by IFN-γ respond by regulating effector molecules, such as immunity-
related p47 GTPases (IRGs), which leads to the disruption of the parasitophorous vacuoles. 
Genotypes II and III are susceptible to IRGs action, whereas virulent strains resist this immunity 
mechanism by the secretion of ROP5, ROP17 and ROP18 which phosphorylate IRGs, preserving 
the parasitophorous vacuole integrity (Brasil et al., 2017).  Finally, it has been suggested that 
the different survival ability in macrophages between T. gondii strains may be related to an 
induced blockade of ROS production by type I but not type III strains (Shrestha et al., 2006; 
Matta et al., 2018).
 
Studies of interaction of N. caninum with cells of the immune system besides being scarce, fail 
to take into consideration that isolates of different virulence may impact host cell signaling 
in different ways. In order to determine the relation of virulence and immune response 
modulation,  the SALUVET group has characterized for the first time innate immune responses 
by bovine trophoblast (F3) and bovine caruncular placental cells (BCEC-1) after infection 
with high (Nc-Spain7) and low (Nc-Spain1H) virulence N. caninum isolatesNeospora caninum 
infection favored a pro-inflammatory response in placental target cells in vitro consisting of 
upregulation of pro-inflammatory TNF-α and IL-8 and downregulation of IL-6 and TGF-β1 in 
infected cultures. Higher expression levels of TLR-2 and TNF-α were found in trophoblasts 
infected with the low virulence isolate Nc-Spain1H, suggesting a different immunomodulation 
induced by both isolates, which would be related to the differences in virulence shown in vivo 
(Jiménez-Pelayo et al., 2019a).

 4.3.   Neospora caninum variability in the mouse model

Mouse models are an appropriate first step for the investigation of bovine neosporosis 
pathogenesis. Indeed, non-pregnant and congenital mouse models of N. caninum infections 
associated with exogenous transplacental transmission have been successfully developed. 
However, low rates of reactivation of N. caninum infection in infected mice do not make the 
mouse a suitable species for the induction of endogenous transplacental transmission, which 
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occurs frequently in naturally infected cattle (Benavides et al., 2014). The infection of mice 
represents a good approach for the study of the intra-specific variability of N. caninum isolates. 
In fact, the use of murine models permitted to demonstrate that the outcome of infection was 
highly dependent on the isolate used for the infection (Atkinson et al., 1999; Rojo-Montejo et 
al., 2009a; Regidor-Cerrillo et al., 2010; Dellarupe et al., 2014b). Parameters associated with 
virulence in the murine model include clinical signs, parasite tissue distribution and parasite 
load. In the pregnant murine model, transplacental transmission, neonatal morbidity and 
mortality are also determined (Rojo Montejo et al., 2009b). 

Studies in non-pregnant or brain infection models have associated a higher virulence with Nc-1 
and Nc-Liverpool isolates in relation to Nc-3, Nc-SweB1 and Nc-Nowra (Lindsay et al., 1995; 
Atkinson et al., 1999; Miller et al., 2002).  Interestingly, the studies of parasites isolated from 
the brain of congenitally infected dog (Nc-1 and Nc-Liverpool) and from asymptomatic but 
congenitally infected calves (Nc-Spain2H, 3H, 4H, 5H, 6, 7, 8 and 9) showed marked differences 
in the dynamics of infection, immune response and pathogenicity in infected mice (Collantes-
Fernández et al. 2002, Pereira García-Melo et al. 2009). 

In the pregnant mouse model, infection with Nc-1 showed a high transplacental transmission 
rate (92.8% of pups) and a high neonatal mortality rate (76.8%). In contrast, offspring from 
Nc-Spain 1H-infected dams remained clinically normal, the survival rate was almost 100% and 
N. caninum DNA was only detected in one pup (Rojo-Montejo et al., 2009a). In further studies, 
Spanish isolates and Nc-Liverpool showed differences in their ability to produce pathology, in 
their vertical transmission and in their effects on the offspring. Only four isolates (Nc-Spain4H, 
Nc-Spain5H, Nc-Spain7 and Nc-Liverpool) were able to produce disease in dams, showing a 
higher frequency of parasite DNA detection in the brain and a higher humoral immune response 
than in dams infected with other isolates. In the same way, the highest vertical transmission 
rates were found in pups infected with these four virulent isolates (Regidor-Cerrillo et al., 
2010).

New studies with isolates obtained from dogs also showed  diverse virulence in the pregnant 
mouse model depending on their origin (Dellarrupe et al., 2014b), with a higher virulence 
associated with  isolates obtained from animals with clinical signs (Nc-Bahia and Nc-Liv) than 
those obtained from oocysts (Nc-Ger2, Nc-Ger3, Nc-Ger6 and Nc-6 Argentina). 

The relation between isolate virulence and specific antibody responses has also been 
investigated. Aguado-Martinez et al. (2009), reported higher levels of anti-rNcGRA7 antibodies 
in mice inoculated with the Nc-Liverpool isolate compared to mice inoculated with the Nc-1 
isolate. Specific antibody responses against key parasite proteins involved in the lytic cycle 
(NcGRA7) and the tachyzoite-bradyzoite transition (NcSAG4, NcBSR4 and NcSRS9) was 
assessed by Jiménez-Ruiz et al. (2013), showing that antibodies against the NcGRA7 protein 
were significantly higher in mice inoculated with high virulence isolates. It could be explained by 
a higher parasite dissemination and growth rate in host tissues compared with low-to-moderate 
virulence isolates, because a correlation with the tachyzoite yield values at 56 hpi was detected. 
In this relation, high virulence isolates (e.g. Nc-Spain 5H, Nc-Spain7 and Nc-Liverpool) induced 
higher levels of anti-N. caninum IgG1 and IgG2 than low-to-moderate virulence isolates (e.g. 
Nc-Spain3H, Nc-Spain2H and Nc-Spain9) (Regidor-Cerrillo et al., 2010).

 4.4.   Neospora caninum variability in cattle

Bovine models represent powerful tools to study pathogenesis of neosporosis and host immune 
responses to N. caninum infection, to evaluate therapeutic candidates and to investigate the 
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biological diversity of N. caninum. In the numerous experimental studies that have been carried 
out based on N. caninum infection in pregnant and non-pregnant cattle, different isolates have 
been employed. Isolate virulence characterized in murine models have also been demonstrated 
in the bovine model. However, the lack of standardization of experimental conditions employed, 
such as breed, age of gestation, route, dose of inoculation parasite stage, hampers the comparison 
between studies (Benavides et al., 2014).
 
There are currently few published works comparing the pathogenicity of N. caninum isolates of 
different virulence in the bovine model.  Infection of pregnant heifers at 70 days of gestation 
with Nc-1 and Nc-Spain1H tachyzoites was carried out by Rojo-Montejo et al. (2009b) to 
determine the capability of these isolates to induce fetal death. During the period studied, fetal 
mortality was detected in three out of five Nc-1-infected animals but not in those infected with 
Nc-Spain1H. Parasitaemia, placental lesions and parasite detection was lower for Nc-Spain1H 
infection. After parasite inoculation, both groups of infection showed N. caninum specific 
responses and similar IFN-γ levels. However, these declined in the Nc-Spain1H infected group 
whereas they remained high until the end of the experiment in Nc-1-infected cows. In that work 
it is indicated that further studies are necessary to determine if the observed decrease in IFN-γ is 
due to a reduction in parasite burden by the immune response developed, or if on the contrary 
Nc-Spain1H induces lower antigenic stimulus related to its lower proliferation capacity.
  
Pathogenicity of N. caninum Nc-1 and the Brazilian strain Nc-Bahia, both isolated from the 
brains of dogs with clinical signs, was compared in a pregnant model of cattle and buffaloes 
at 70 days of gestation (Chryssafidis et al., 2014). All the animals inoculated with Nc-1 but 
only one from the Nc-Bahia infection group did abort. Although vertical transmission rate was 
very high for both isolates, parasitaemia and severity of lesions were higher for Nc-1 infected 
animals. These results correlated with the faster multiplication of this isolate in vitro in relation 
to Nc-Bahia. In that work only humoral immune responses were assessed, with no differences 
found between both experimental groups. 

Regidor-Cerrillo et al., 2014 studied the influence of the biological diversity of two isolates 
with marked differences in virulence demonstrated in the murine model (Nc-Spain7 of high 
virulence and Nc-Spain8 of low-to-moderate virulence) on abortion outcome and infection 
dynamics in pregnant cattle at 70 days of gestation. Fetal death occurred in all infected animals 
regardless of the isolate, but sooner for the heifers inoculated with Nc-Spain7 tachyzoites. 
Although similar lesions were found in placental and fetal tissues for both groups of infection, 
N. caninum was more frequently detected in Nc-Spain7-infected animals. Peripheral and local 
immune responses were studied, demonstrating the influence of the isolate in the immune 
profile induced by the parasite. Specific antibody responses were developed in both groups, 
remaining higher for animals inoculated with Nc-Spain7. Higher levels of IFN-γ and IL-4 were 
also achieved for this isolate in the first week of infection. A mixed Th1 and Th2 pattern was 
observed in N. caninum-infected caruncles, with higher IFN-γ mRNA levels in those infected with 
Nc-Spain7 compared to Nc-Spain8. The authors suggest that higher levels are likely caused by 
the faster multiplication of Nc-Spain7 and thus faster antigen production. An increase in IL-10 
levels was instead observed in Nc-Spain8 infected-caruncles. Regardless of the isolate, the local 
immune response developed was not able to control N. caninum in the placenta. Interestingly, 
for the first time fetal immune responses induced between different isolates were compared. 
Nc-Spain7-infected fetuses mounted a humoral immune response against N. caninum earlier 
than those infected by Nc-Spain8, which was suggested again to be related with their different 
proliferative characteristics. However, the immune response mounted by infected fetuses of any 
of both groups did not protect against fetal death.
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The most recent study comparing isolates of different virulence in the bovine model was carried 
out by the SALUVET group (Jiménez-Pelayo, 2019b). Inoculation of Nc-Spain7 and Nc-Spain1H 
isolates at mid-gestation and culling at two early stages of infection (10 and 20 dpi) showed 
earlier detection of Nc-Spain7 tachyzoites in placental tissues, whose proliferation led to lesion 
development, transmission to the fetus and fetal mortality (40%), whereas Nc-Spain1H was not 
detected in the placenta until 20 dpi and lesion development or transmission were not observed 
during early infection. A higher parasite burden, lesion development and fetal death were 
associated to a better ability to proliferate of Nc-Spain7 isolate. Innate and adaptive immune 
responses in placental tissues were also investigated in this experimental model, and surprising 
results showed that Nc-Spain7 may be able to evade placental immune responses at 10 dpi, 
avoiding activation of pattern recognition receptors (PRRs) traditionally involved in N. caninum 
sensing, and subsequently avoiding the development of pro-inflammatory responses. However, it 
was suggested that parasite replication and lesion development at 20 dpi led to PRRs activation 
and an exacerbated expression of cytokines and chemokines, with a Th1/Th2 balance displaced 
towards a predominant Th1 response that probably contributed to fetal death. Moreover, IL-
8, TNF-α, and iNOS were upregulated and TGF-β1 downregulated in placental tissues from 
non-viable fetuses, suggesting that they may be directly related to N. caninum abortion. On 
the other hand, the low-virulent isolate Nc-Spain1H induced upregulation of PRRs, cytokines, 
chemoattractant genes and extracellular matrix modulators as early as 10 dpi, which was kept 
at 20 dpi at constant levels, maintaining Th1/Th2 responses balanced. Therefore, rapid immune 
responses together with minor replication ability could control parasite replication, which would 
explain the lower Nc-Spain1H burdens found in placental tissues. It is also suggested that Nc-
Spain1H mechanism to cross the placental barrier may be based on an extracellular matrix 
modulation and hijacking of the immune cells in order to be transmitted avoiding placental 
damage (Jiménez Pelayo, 2019b). 

These studies highlight the importance of the isolate in the outcome of infection which may 
be related, besides their invasion and proliferation capacities, with their interaction with the 
maternal and fetal immune system.

 4.5.   Molecular basis of the variability

A key question for apicomplexan parasites is to understand the molecular basis that govern 
virulence of these pathogens, which may help the development of control measures. The wide 
host range of N. caninum together with its global distribution suggest a high genetic diversity. 
However, this has been poorly explored (Beck et al., 2009). Several approaches frequently 
used to investigate the genetic diversity of T. gondii have been applied to N. caninum research: 
characterization of 18S locus or ITS-1 region showed a limited variation among isolates of 
diverse geographical and host species origin (Sreekumar et al., 2002; Gondim et al., 2004), and 
no nucleotide differences were found in the nuclear ssrRNA gene sequence of seven isolates 
obtained from cattle and dogs (Marsh et al., 1995). No variation was either observed in the 
sequences of surface and dense granule proteins, whose orthologous in T. gondii are known to 
be polymorphic (Beck et al., 2009). However, an extensive genetic diversity based on highly 
polymorphic microsatellite and minisatellite markers was demonstrated in N. caninum (Regidor-
Cerrillo et al., 2006, 2008, 2013; Pedraza-Díaz et al., 2009; Basso et al., 2009, 2010), although 
the relation between certain microsatellite sequences variation and the virulence of N. caninum 
isolates has not been found.

Phylogenetic analysis and genetic distance indexes of 50 isolates collected worldwide using 
19 genetic markers resolved a single genotype of N. caninum. Whole genome sequencing of 7 
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isolates with origin in two different continents identified a significant structural variation, but 
only limited polymorphism, with 5,766 biallelic single nucleotide polymorphisms (SNPs) total. 
More than half of these SNPs clustered into only six distinct haploblocks. Importantly, the alleles 
at each haploblock had independently segregated across the strains, suggesting that the clonal 
expansion of a single N. caninum lineage maintained by vertical transmission with asexual 
reproduction in the intermediate host originated the current N. caninum population. However, 
important differences found between mitochondrial and apicoplast DNA in relation to nuclear 
DNA evidence sexual recombination of the parasite in the definitive host that may explain the 
intra-specific variability of the isolates (Khan et al., 2015).
 
Despite the fact that genetic variation in repetitive elements has been confirmed, little is known 
about polymorphisms occurring in the coding regions of N. caninum genome. Differences in 
virulence traits between N. caninum isolates may be due to the existence of genetic diversity 
within, upstream or downstream of genes that are transcriptionally active in tachyzoites (Calarco 
et al., 2018). The expansion of the “-omics” disciplines has enabled significant progress in 
the knowledge of the genetics and biology of apicomplexan parasites (Suarez et al., 2017), 
revealing molecular mechanism involved in host cell-parasite interaction which may be related 
to their biological diversity and virulence.

 4.5.1.  Genomic studies

The Sanger Institute, in collaboration with the University of Liverpool sequenced the genome 
of the Nc-Liverpool isolate. To date, that is the only available genome sequence of N. caninum. 
It is estimated to have a size of 61 Mb divided into 14 chromosomes (Reid et al., 2012). The 
same research group sequenced the transcriptome of the tachyzoite stage of Nc-Liverpool 
and of T. gondii VEG strain with the aim of improving genome annotation and determining 
differences in gene expression between both species. A total of 7121 protein-coding genes 
were identified, the 74% expressed during tachyzoite stage. Excluding surface-antigen coding 
genes, 113 genes were found to be N. caninum-specific, with no orthologue or paralogue in T. 
gondii. Interestingly, the comparison of the predicted metabolic enzymes and pathways showed 
no differences between species despite differences in host range between N. caninum and T. 
gondii. The greatest divergences were found in surface antigen gene families, which were found 
to be expanded in N. caninum, although T. gondii expressed a higher repertory of SRS genes 
during tachyzoite stage. Important differences in ROP kinases, MIC and GRA proteins were also 
described. ROP18, is considered a virulence factor in T.gondii, which expressed in high levels by 
virulent strains enables parasite survival by the mechanisms described above.  However, ROP18 
is reduced to a pseudogene in N. caninum. Additionally, the locus encoding ROP2A, ROP2B and 
ROP8 is missing in N. caninum. Whereas MIC26 and MIC19 are unique to N. caninum, GRA11 
and GRA12 are absent in the genome of this parasite (Reid et al., 2012).

Genes characterized by their high polymorphism in T. gondii have been sequenced and compared 
amongst N. caninum isolates of different geographical and hosts origin. These included genes 
encoding surface antigens NcSAG1 and NcSRS2 and the bradyzoite-specific SAG4, and dense 
granule proteins GRA6 and GRA7. However, no variation was shown in the sequences of these 
genes (Beck et al., 2009).  Clonal expansion of genes with attributed roles in virulence may drive 
phenotypic variants by gene dosage between isolates (Jung et al., 2004; Adomako-Ankomah 
et al., 2014; Pastor-Fernández et al., 2016). However, the putative variation in the number of 
copies of these genes within N. caninum remains to be elucidated.
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 4.5.2.   Transcriptomic studies

Very few comparative studies of the transcriptome of N. caninum have been carried out. In 
the last few years the SALUVET group has characterized the RNA expression profile of Nc-
Spain7 and Nc-Spain1H, isolates with marked differences in virulence, during the tachyzoite 
stage (Horcajo et al., 2016, 2018). These works provided insights into mechanisms probably 
involved in N. caninum specific traits and host-cell modulation. Specifically, genes encoding 
SAG-related, MIC and ROP proteins were amongst the most differentially expressed between 
isolates. Important differences were also found in the levels of expression of genes implicated 
in metabolic pathways, cell cycle and stress response (Horcajo et al., 2016). In addition, genes 
previously characterized as bradyzoite stage-specific (BAG1, SAG4 and BSR4) were highly 
expressed in the Nc-Spain1H isolate (Horcajo et al., 2018). Despite the different expression 
profile shown between both isolates, these induced a very similar impact on bovine trophoblast 
cells. Cholesterol metabolism and extracellular matrix organization were the main networks 
modulated by N. caninum infection. Interestingly, a higher number of genes were regulated 
upon infection with the low virulence isolate Nc-Spain1H in relation to Nc-Spain7 infection 
(Horcajo et al., 2018). Higher differences in host-cell regulation amongst isolates may be 
obtained by the use of different target cells, as it has been described for T. gondii that parasite-
host cell interaction is cell-type specific (Swierzy et al., 2017).

Another recent study compared the tachyzoite transcriptome profiles of Nc-Liverpool and Nc-
Nowra (virulent and avirulent N. caninum strains respectively) (Calarco et al., 2018). In that 
work, 3130 SNPs and 6123 indels were identified between the strains. Sanger sequencing of nine 
markers for these two and eight additional strains permitted their classification into two major 
clades with no obvious geographical segregation. In addition, authors identified SNP hotspot 
regions mainly located in loci related to transcription, translation, protein binding and protein-
protein interaction. Furthermore, 468 nonsynonymous SNPs identified within protein-coding 
genes were associated with protein kinase activity, protein binding, protein phosphorylation, 
and proteolysis. These processes and the specific proteins involved may represent effectors of N. 
caninum tachyzoite virulence, although the lack of annotation of N. caninum genome hindered 
further identification (Calarco et al., 2018).  

 4.5.3.   Proteomic studies

Proteomics consist in the systematic analysis of gene expression at protein level. Analysis of 
protein profiles have been shown to be valuable tools for obtaining understanding of the aspects 
of biological proceedings of apicomplexan parasites. Different proteomic methods have been 
used to characterize the proteome of N. caninum isolates and for the comparison of N. caninum 
and T. gondii tachyzoite proteomes (Lee et al., 2005).

First approaches used two-dimensional gel electrophoresis (2-DE) to determine the protein 
composition of N. caninum in the tachyzoite stage (Lee et al., 2003, 2004) Afterwards, the same 
technique was used to compare the tachyzoite proteome between N. caninum isolates (Lee et 
al., 2005; Shin et al., 2005a), and also with T. gondii (Lee et al., 2005). The results of those 
works demonstrated a high degree of similarity between N. caninum isolates KBA-2, JPA1 and 
VMDL-1, and at the same time highlighted large differences with T. gondii, such as the specie 
specificity of N. caninum proteins NcSUB1, NcGRA2 and NcGRA7.
A proteomic study using Difference Gel Electrophoresis (DIGE) and mass spectrometry (MS) 
compared the differences in abundance of proteins of three N. caninum isolates in the tachyzoite 
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stage, two of them of high virulence (Nc-Liverpool and Nc-Spain7) and one of low virulence 
(Nc-Spain1H) (Regidor-Cerrillo et al., 2012). Differences between isolates were found in 
proteins involved in processes potentially associated with virulence, with a higher abundance 
and variation of proteins which act on invasion and vacuole parasitophorous formation (e.g., 
MIC1, ACT1, MLC1 and ROP40) and oxidative stress responses (e.g., G6PDH) for the virulent 
isolates.

Horcajo et al. (2018) investigated the proteomic differences between Nc-Spain7 and Nc-Spain1H 
isolates throughout the tachyzoite lytic cycle by Label free LC-MS/MS. The greater differences 
between isolates were found during invasion and egress events, whereas a similar abundance 
of proteins was shown during tachyzoite replication. Similar to the observations made in the 
DIGE study and in the transcriptome analysis of Nc-Spain7 and Nc-Spain1H in trophoblast 
cells (Horcajo et al., 2016), MIC proteins were more abundant in the low virulence isolate. 
Likewise, ROP and GRA proteins, and proteins involved in stress response and metabolism 
showed differential abundances between Nc-Spain7 and Nc-Spain1H isolates. Thus, these 
studies suggest that different modulation of proteins involved in the lytic cycle, metabolism and 
stress response between isolates may likely drive the biological diversity of N. caninum.
On the other hand, besides variations in proteins mediating parasite biological processes, 
different immunodominant antigens among isolates may explain the differences in parasite 
virulence (Regidor-Cerrillo et al., 2015). However, the study of the antigenic diversity by WB 
showed a low intraspecific variability (Schock et al., 2001; Miller et al., 2002; Lee et al., 2005; 
Shin et al., 2005a, 2005b), despite the fact that the comparison of Nc-Spain7, Nc-Liverpool 
and Nc-Spain1H immunomes revealed important differences among these biologically different 
isolates (Regidor-Cerrillo et al., 2015).
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Neospora caninum is an apicomplexan cyst-forming protozoan parasite considered one of the 
main causes of reproductive failure in cattle worldwide (Dubey et al., 2017). Important economic 
losses related to the disease have been reported, mainly as a consequence of abortion, extended 
intervals for rebreeding and the replacement of animals (Reichel et al., 2013). Currently, there is 
no treatment or vaccine available against N. caninum infection. However, it has been estimated 
that vaccination would be the best control measure against N. caninum regarding the cost-
benefit relationship (Reichel and Ellis, 2006). The development of effective vaccines is mainly 
limited by safety risks and technological challenges of live vaccines, by the scarcity of parasite 
antigenic canadidates for subunit vaccines, and also due to gaps in the current knowledge of 
the immune responses that should be induced to efficiently combat N. caninum infection and to 
confer long-lasting protection (Hemphill et al., 2016; Horcajo et al., 2016).

Neospora caninum infection in cattle, notably during gestation, underlies a complex 
immunological regulation that may lead to protection or contribute to the pathogenesis of 
abortion (Almeria et al., 2017). Because of its condition of obligate intracellular parasite, 
immunity to neosporosis is mainly cell-mediated. A key role of Th1 cytokines, particularly IFN-γ 
and IL-12, in limiting N. caninum proliferation has been indicated. However, Th1 responses 
may be potentially detrimental to the maintenance of pregnancy, causing fetal rejection or 
destruction of the placental tissues (Almería et al., 2017). On the other hand, an imbalance 
toward Th2 cytokines seems to occur in the dam, associated with a successful implantation of 
the fetus and maintenance of gestation, which may result in the inability to control the parasite 
growth and dissemination (Almería et al., 2003). It has been suggested that, in order to be 
effective and safe for the dam and the fetus, the adequate immune response would require a 
critical threshold of pro-inflammatory IFN-γ levels and a counterbalance with other regulatory 
cytokines, such as IL-10 (Rosbottom et al., 2007; Bartley et al., 2012, 2013; Almeria et al., 
2016a; Darwich et al., 2016).

Neospora caninum interaction with host cells of the innate immunity, first line of defense against 
infections, should be critical in determining the strength and character of the response, and 
consequently its efficacy (Boysen et al., 2006; Taubert et al., 2006; Flynn and Marshall, 2011; 
Abe et al., 2014; Villagra-Blanco et al., 2017; Wei et al., 2018). Macrophages play a key role 
in initiating early-immune responses against infection and priming the immune system for 
the development of adaptive immune responses (Werling and Jungi., 2003; Jensen et al., 
2018). These cells seem essential for combating N. caninum infection, as macrophage depletion 
prior to infection results in severe neosporosis in mice (Abe et al., 2014). Studies in murine 
and macrophages have identified signaling pathways implicated in host resistance against N. 
caninum (Jin et al., 2017; Boucher et al., 2018; Li et al., 2019; Wang et al., 2018; Miranda et al., 
2019), and mechanisms involved in N. caninum immune response evasion (Mota et al., 2016; 
He et al., 2017; Silva et al., 2017). However, it is worth noting that mice and humans are not 
natural hosts for N. caninum and very important differences exist with regard to the immune 
response in the cow (Jungi et al., 2011). Thus, the ability of N. caninum to modulate innate 
immune responses should be determined in target cells of the bovine host. In support of this 
affirmation, Sánchez-Sánchez et al. (2018b) demonstrated that T. gondii parasite virulence may 
be host-dependent, because TgShSp1 type II isolate obtained recently from an ovine aborted 
fetus did not cause disease in mice, although abortion was observed in pregnant sheep.

To date, scarce studies have been performed with the use of bovine macrophages, and all 
of them focus on the mechanisms used by the cell to restrain parasite infection. (Flynn and 
Marshall, 2011; Wei et al., 2018 Wang et al., 2019). Currently, the mechanisms used by N. 
caninum to evade immune mediated-killing triggered by bovine macrophages have not been 
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investigated. In addition, despite the fact that several studies have established a correlation 
between phenotypic traits linked to virulence in vitro and variation in the outcome of infection 
and immune responses in pregnant cattle (Rojo-Montejo et al., 2009b; Caspe et al., 2012; 
Jiménez-Pelayo et al., 2019b; Jiménez-Pelayo et al., submitted), the isolate-specific virulence 
determinants in cells of the bovine immune system that may mediate these differences remain 
unidentified.

In this scenario, the general aim of the present Doctoral Thesis was to investigate the 
interaction between N. caninum and bovine macrophages, as target cells of the host 
immune system. Two different isolates that have showed different virulence in cattle were 
used to reveal the main host and parasite mechanisms implicated in disease pathogenesis in 
the natural host. The study of the influence of the isolate virulence in innate immune responses 
mediated by bovine macrophages may contribute to the identification of parasite factors 
implicated in host cell regulation. This would allow opportunities to counteract the parasite 
survival strategies and shift the balance in favor of the host.

The high virulence N. caninum isolate Nc-Spain7 and the low virulence isolate Nc-Spain1H, 
which showed marked differences in their biological behavior in in vitro and in vivo models, 
were used in all the experiments. Specifically, higher invasion and proliferation rates in vitro 
have been demonstrated for Nc-Spain7 than for Nc-Spain1H (Regidor-Cerrillo et al., 2011; 
Dellarupe et al., 2014b; Jiménez-Pelayo et al., 2017). A higher parasite burden and more severe 
lesions, together with high rates of transplacental transmission and neonatal mortality were 
shown in pregnant mice infected with Nc-Spain7 (Regidor-Cerrillo et al., 2011; Dellarupe et al., 
2014a), whereas very low vertical transmission and neonatal mortality were observed in mice 
infected with Nc-Spain1H (Rojo-Montejo et al., 2009a). In pregnant bovine models at early and 
mid-gestation, high transplacental transmission and fetal mortality rates were detected after 
Nc-Spain7 infection (Caspe et al., 2012; Regidor-Cerrillo et al., 2014; Almería et al., 2016a; 
Jiménez-Pelayo et al., submitted; Vázquez et al., submitted), whereas Nc-Spain1H infection 
spared the fetus (Rojo-Montejo et al., 2009a; Jiménez-Pelayo et al., submitted).

In vitro cultures of primary bovine monocyte-derived macrophages have been used in the 
present Doctoral Thesis in order to characterize the host-parasite crosstalk. With this purpose, 
monocytes were isolated from peripheral blood, differentiated in vitro into macrophages and 
morphologically and phenotypically characterized.

The following specific objectives were pursued:

Objective 1: In vitro phenotypic characterization of bovine monocyte-derived macrophages 
infected with Neospora caninum isolates of high and low virulence. 

The aim of this objective was to determine how N. caninum interacts with bovine macrophages 
and the influence of the isolate virulence on the subsequent cellular response. The ability of 
N. caninum isolates of high (Nc-Spain7) and low (Nc-Spain1H) virulence Nc-Spain7 and Nc-
Spain1H to invade, proliferate and survive in bovine macrophages was broadly investigated in 
order to establish differences in their lytic cycle. Then, immunological macrophage response 
to Nc-Spain7 and Nc-Spain1H infection was also characterized. Finally, the capacity of N. 
caninum to induce a hypermigratory phenotype in these cells upon infection, characterized by 
hypermotility and enhanced transmigration, and accompanied by rapid morphological changes 
and abrogation of extracellular matrix degradation, was studied.
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The obtained results will allow us to define the parasite modulation of the innate immune 
target cells during the early phases of infection and find differences between isolates which may 
be related to the differences in pathogenesis observed in vivo. 

Sub-objective 1.1: Characterization of the lytic cycle of high and low virulence isolates of 
Neospora caninum in bovine monocyte-derived macrophages in vitro. 

In this sub-objective, we studied the capacity of N. caninum to actively invade, survive and grow 
in bovine macrophages. Then, lytic cycle dynamics of Nc-Spain7 and Nc-Spain1H tachyzoites 
were investigated to identify variations between isolates in invasion, proliferation and egress 
events which may be involved in their differences in pathogenesis.

Sub-objective 1.2: Comparison of the immunological macrophage response to infection with 
high and low virulence Neospora caninum isolates.

In this sub-objective, production of ROS, cytokine expression, changes in cell surface markers 
and induction of IFN-γ release by lymphocytes were determined to assess the cell immune 
response to N. caninum infection, and whether parasite virulence correlates with the induction 
of quantitative or qualitative different responses.

Sub-objective 1.3: Determination of the induction of a hypermigratory phenotype in bovine 
monocyte-derived macrophages upon Neospora caninum infection.

The impact of N. caninum infection on the migratory properties of bovine macrophages was 
determined by means of the study of four parameters related to the induction of a hypermigratory 
phenotype in DCs by T. gondii: cellular motility, transmigration across membranes, induction of 
cytoskeletal changes and impact on extracellular matrix degradation. The capacity to modulate 
cell migration may impact on parasite dissemination and transmission across restrictive 
biological barriers to establish in chronic infection.

Objective 2: Transcriptome modulation of bovine monocyte-derived macrophages by 
Neospora caninum isolates of different virulence

The aim of this objective was to determine the bovine macrophage response to N. caninum 
infection at the molecular level, and the influence of the isolate in cell modulation. The 
transcriptional profile of bovine monocyte-derived macrophages infected with Nc-Spain7 and 
Nc-Spain1H was investigated. Additionally, we studied the parasite transcriptome to reveal the 
molecular basis of macrophage modulation by N. caninum. 

Sub-objective 2.1: Gene expression profiling of bovine macrophages infected with high and 
low virulence Neospora caninum isolates.

In this sub-objective, the transcriptome profile of bovine monocyte-derived macrophages 
infected with Nc-Spain7 and Nc-Spain1H isolates was investigated to reveal the main processes 
involved in parasite recognition and subsequent response by the macrophages against N. caninum 
infection. Those processes related to parasite manipulation of the host cell environment were 
further investigated by means of the comparison of macrophage responses infected with both 
isolates. The results from this study will show how N. caninum impacts on the host signaling 
pathways to escape cellular defenses, and the molecular basis implicated in the differences in 
host cell modulation between high and low virulence isolates.
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Sub-objective 2.2: Gene expression profiling of high and low virulence Neospora caninum 
isolates in bovine macrophages.

In this sub-objective, the transcriptome profile of Nc-Spain7 and Nc-Spain1H was studied 
with the aim of investigating the parasite gene profile in bovine macrophages, correlating the 
different gene expression between isolates with the differences observed in their behavior, and 
determining potential parasite effectors implicated in the host-cell modulation. The results of 
this study will help identify potential parasite factors associated to virulence and thus, to disease 
traits, such as abortion and transmission.
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La infección por Neospora caninum, parásito apicomplejo intracelular obligado, se considera una 
de las principales causas de aborto en el ganado bovino a nivel mundial. La respuesta inmunitaria 
innata es clave en la patogenia de la neosporosis bovina. Los macrófagos constituyen la primera 
línea de defensa frente a infecciones intracelulares y juegan un papel importante en el inicio 
de la respuesta inmunitaria  innata e influyendo posteriormente en la respuesta adaptativa. Por 
ello, la  interacción entre N. caninum y el macrófago puede ser determinante en el desarrollo 
de la infección. Hasta la fecha, la mayoría de estudios han utilizado macrófagos humanos o de 
ratón, pero estas especies no son hospedadores naturales para N. caninum. 

En el presente estudio se utilizó un modelo de infección de macrófago bovino por N. caninum con 
el objetivo de determinar los mecanismos utilizados por el parásito para modular dichas células 
durante la fase temprana de la infección. Además, se estudió por primera vez la interacción 
entre macrófagos bovinos y dos aislados de distinta virulencia para identificar mecanismos 
de modulación específicos de cada aislado que pudieran explicar sus diferencias en patogenia 
observadas in vivo. Se estudió la habilidad de N. caninum para invadir activamente el macrófago, 
sobrevivir y proliferar en su interior. Asimismo se determinó la respuesta inmunitaria celular a 
la infección mediante el análisis de la producción de especies reactivas de oxígeno, expresión 
de citoquinas, inducción de la producción de IFN-γ por linfocitos en co-cultivo y cambios en la 
expresión de marcadores de superficie en el macrófago infectado. Finalmente se investigó la 
capacidad del parásito de inducir un fenotipo hipermigratorio en la célula hospedadora. Además 
se comparó la respuesta celular y los parámetros asociados al ciclo lítico del parásito entre el 
aislado de alta virulencia de N. caninum (Nc-Spain7) y el de baja virulencia (Nc-Spain1H).

Ambos aislados fueron capaces de invadir activamente el macrófago y completar en él su ciclo 
lítico, escapando de la degradación por los lisosomas y disminuyendo la concentración de ROS 
intracelulares. Sin embargo, el aislado de alta virulencia Nc-Spain7 mostró una mayor tasa de 
invasión junto con una mayor capacidad de supervivencia y proliferación.

Tras la disminución observada en los niveles intracelulares de ROS común a la infección por ambos 
aislados, los macrófagos infectados con el aislado de baja virulencia Nc-Spain1H mostraron un 
aumento dichos niveles y en la expresión de IL-12p40, lo que resultó en un incremento de la 
producción de IFN-γ por los linfocitos, comparado con las células infectadas  por Nc-Spain7. 
Además, la expresión de IL-10 aumentó en macrófagos infectados con ambos aislados, pero fue 
mayor para la infección por Nc-Spain1H. Finalmente, los macrófagos infectados exhibieron una 
menor expresión de las moléculas CMH II y CD1b, relacionadas con la presentación de antígeno, 
y de CD86, molécula de superficie involucrada en la maduración y activación de linfocitos T.
La infección por N. caninum indujo un fenotipo hipermigratorio en el macrófago bovino 
caracterizado por un aumento en la motilidad y en la transmigración celular in vitro.  Dicho 
fenotipo se acompaña de rápidos cambios en el citoesqueleto de la célula con desaparición de 
podosomas y de una disminución en la degradación de la matriz extracelular, que conducen a 
un movimiento ameboide rápido del macrófago. Una hipermotilidad significativamente mayor 
se observó con la infección por el aislado Nc-Spain7.

OBJETIVO I | Caracterización fenotípica in vitro de macrófagos bovinos derivados
  de monocitos infectados con aislados de alta y baja virulencia de   
  Neospora caninum.
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 Los resultados obtenidos sugieren que el aislado de alta virulencia posee una mayor capacidad 
para evadir la respuesta inmunitaria innata del hospedador mediada por macrófagos. Dicha 
evasión, junto con su mayor capacidad de proliferación se correlaciona con la mayor  virulencia 
observada in vivo por infecciones con Nc-Spain7.  Por el contrario el aislado de baja virulencia 
Nc-Spain1H parece estimular una mayor respuesta proinflamatoria que reduciría la carga 
parasitaria en las células. Dicha respuesta está compensada por una mayor expresión de 
citoquinas reguladoras, lo que ayudaría a minimizar el posible daño causado por una respuesta 
excesiva. La menor proliferación de Nc-Spain1H, unida a la inducción por dicho aislado de 
una respuesta inmunitaria protectora, podría ser responsable de la limitada patogenia de la 
infección por este aislado observada en infecciones experimentales en vacuno gestante. Los 
resultados también sugieren que los macrófagos bovinos podrían servir como vehículos para la 
diseminación de N. caninum en el organismo. 
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SUMMARY |

Neospora caninum, a protozoan parasite closely related to Toxoplasma gondii, represents one of 
the main causes of abortion in cattle. Macrophages (MØs) are mediators of the innate immune 
response against infection and likely one of the first cells encountered by the parasite during the 
host infection process. In this study, we investigated in vitro how high or low virulent isolates of 
N. caninum (Nc-Spain7 and Nc-Spain1H, respectively) interact with bovine monocyte-derived 
MØs and the influence of the isolate virulence on the subsequent cellular response. Both isolates 
actively invaded, survived and replicated in the MØs. However, Nc-Spain7 showed a higher 
invasion rate and a replication significantly faster, following an exponential growth model, 
whereas Nc-Spain1H presented a delayed replication and a lower growth rate without an 
exponential pattern. N. caninum infection induced a hypermigratory phenotype in bovine MØs 
that was characterized by enhanced motility and transmigration in vitro and was accompanied 
by morphological changes and abrogated extracellular matrix degradation. A significantly higher 
hypermotility was observed with the highly virulent isolate Nc-Spain7. Nc-Spain1H-infected 
MØs showed elevated reactive oxygen species (ROS) production and IL12p40 expression, which 
also resulted in increased IFN-γ release by lymphocytes, compared to cells infected with Nc-
Spain7. Furthermore, IL-10 was upregulated in MØs infected with both isolates. Infected MØs 
exhibited lower expression of MHC Class II, CD86, and CD1b molecules than uninfected MØs, 
with non-significant differences between isolates. This work characterizes for the first time N. 
caninum replication in bovine monocyte-derived MØs and details isolate-dependent differences 
in host cell responses to the parasite.

OBJECTIVE I | In vitro phenotypic characterization of bovine monocyte-derived 
macrophages infected with Neospora caninum isolates of high and low 
virulence





Chapter IV - - Objetive I 

55

1.   BACKGROUND

Neospora caninum, an apicomplexan cyst-forming protozoan, is considered one of the main 
causes of abortion in cattle worldwide (Dubey et al., 2007; Almería et al., 2017). The 
transmission of N. caninum in cattle may occur by ingestion of sporulated oocysts from the 
environment (horizontal transmission) or, most frequently, transplacental during pregnancy 
(vertical transmission) by dissemination of tachyzoites from the infected dam to the fetus 
(Dubey et al., 2007).

Innate defenses triggered by monocytes/macrophages (MØs) are key in the pathogenesis of 
neosporosis (Abe et al., 2014). These cells constitute the first line of defense against intracellular 
infections and play an important role in initiating early innate-immune responses and priming 
the immune system for the development of adaptive-immune responses (Mota et al., 2016). It 
has been demonstrated that Toxoplasma gondii, a phylogenetically closely related apicomplexan 
parasite, has developed strategies to survive, replicate and disseminate via MØs. Through 
polarizing the host immune response to its own benefit T. gondii is able to persist and establish 
chronic infections (Muraille et al., 2014). To date, knowledge about Neospora-MØ crosstalk 
is predominantly restricted to mice (Tanaka et al., 2010; Dion et al., 2011; Mota et al., 2016; 
He et al., 2017; Silva et al., 2017) or humans (Boucher et al., 2018), neither of which have 
been identified as natural hosts for N. caninum. Flynn and Marshall (2011) published the only 
in vitro study regarding infection of bovine MØ (boMØ) by N. caninum, which focused on the 
description of cytokine production by naïve CD4+ T-cells primed by infected MØs.

Another key question in bovine neosporosis is the influence of the parasite isolate on the 
outcome of infection, an effect that is known for T. gondii (Melo et al., 2011). Several studies 
have established the rate of invasion and the yield of tachyzoites in vitro as phenotypic traits 
associated with the virulence of N. caninum (Regidor-Cerrillo et al., 2011). Indeed, there seems 
to be a clear correlation with the isolate virulence and its efficiency in being transmitted to the 
growing fetus in mice (Rojo-Montejo et al., 2009a; Regidor-Cerrillo et al., 2010). Furthermore, 
virulence differences were associated with variation in clinical outcome, infection dynamics and 
immune responses in pregnant cattle (Rojo-Montejo et al., 2009b; Regidor-Cerrillo et al., 2014). 
However, the isolate-specific virulence determinants in cattle and specific genetic markers for 
virulent traits remain unidentified.

Toxoplasma gondii clonal lines have demonstrated differences in virulence based on distinct 
methods of subverting MØs (Jensen et al., 2011). In the present study, we used a boMØ model 
of N. caninum infection to study the interactions between boMØs and N. caninum and identify 
isolate-specific virulence properties at the cellular level. For this purpose, cells were infected 
with two isolates of high (Nc-Spain7) or low virulence (Nc-Spain1H), previously characterized 
in vitro, that exhibit marked divergence in transmission and dissemination in vivo. Specifically, 
the highly virulent isolate Nc-Spain7 demonstrates greater infection and proliferation rates 
compared to the low-virulent isolate Nc-Spain1H in vitro and a higher percentage of abortion 
and vertical transmission (as high as 100%) in a pregnant bovine model (Caspe et al., 2012; 
Regidor-Cerrillo et al., 2014). In contrast no fetal death occurs in pregnant cattle experimentally 
infected with the Nc-Spain1H isolate (Rojo-Montejo et al., 2009b).

Thus, we studied initially the ability of both isolates to infect boMØs, to survive and to proliferate 
in these cells. Thereafter, we studied the impact of N. caninum infection on the migratory 
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properties of boMØs. In murine toxoplasmosis, infected dendritic cells (DCs) potentiate parasite 
dissemination to peripheral organs by a Trojan horse mechanism (Lambert et al., 2006; Fuks et 
al., 2012; Kanatani et al., 2017). Moreover, T. gondii infection shifts DCs into an amoeboid rapid 
migration mode encompassing cytoskeletal changes with podosome dissolution and reduction 
of proteolysis of extracellular matrix (Weidner et al., 2013; Ólafsson et al., 2018, 2019). On 
this basis morphological changes and impact on extracellular matrix degradation of MØs upon 
N. caninum infection were investigated, which were related with induced hypermotility and 
enhanced transmigration. Finally, the immunological cell response to infection was characterized 
by analysis of reactive oxygen species (ROS) production, cytokine expression, induction of IFN-γ 
release by lymphocytes and changes in cell surface markers.

Our results suggest that differences in N. caninum isolates virulence correlate with MØ function, 
and this represents an important step towards our understanding how this parasite is transmitted 
across restrictive barriers. In addition, our work shows a direct impact of differences in virulence 
on the innate and subsequent adaptive immune response generated. 

2.   MATERIALS AND METHODS

 2.1.   Ethics statement

Handling of cows and blood sampling were conducted in accordance with Spanish and EU 
legislation (Law 32/2007, concerning animals, their exploitation, transportation, experimentation 
and sacrifice; Royal Decree 53/2013 for the protection of animals employed in research and 
teaching; Directive 2010/63/UE, related to the protection of animals used for scientific goals). 
Protocols were approved by the Ethical Committee of the Council of Agriculture, Farming and 
Autoctonous Resources of the Principality of Asturias, Spain (permit number PROAE 25/2016) 
and the Animal Welfare Committee of the Community of Madrid, Spain (permit number PROEX 
236/17). 

 2.2.   In vitro generation of bovine monocyte-derived macrophages

BoMØs were generated as previously described (Werling et al., 2004; Souza, 2015) from 
monocytes isolated from peripheral blood collected from six adult dairy cows testing negative 
for N. caninum, infectious bovine rhinotracheitis virus (IBRV) and bovine viral diarrhea virus 
(BVDV), both of which are known to induce immunosuppression. Motility, transmigration, 
cytoskeletal morphology and gelatin degradation assays were performed using monocytes 
isolated from bovine peripheral blood purchased from a commercial supplier (Håtunalab AB, 
Bro, Sweden). 

Independent of the source of blood, peripheral blood mononuclear cells (PBMCs) were separated 
by gradient density centrifugation on Histopaque 1077 (Sigma-Aldrich, USA), and monocytes 
were isolated by positive selection using mouse anti-human CD14-coupled microbeads (Miltenyi 
Biotec Ltd., USA) according to the manufacturer´s instructions. The identity and purity of 
monocytes (≥95%) was determined by flow cytometry using a mouse anti-bovine CD14 FITC-
labeled antibody (clone CC-G33, Bio-rad Laboratories, USA). Monocytes (CD14+ cells) were 
seeded in 6-well culture plates at a density of 106 cells ml-1 in 3 ml of RPMI 1640 medium 
(Invitrogen, Life Technologies, UK) supplemented with 10% heat-inactivated fetal calf serum 
(FCS), 100 IU ml-1 of penicillin, 100 µg ml-1 of streptomycin and 50 µM β-mercaptoethanol 
(Merck Millipore, USA), referred to as complete medium (CM). Cells were incubated at 37ºC in 
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the presence of 5% CO2 with 100 ng ml-1 recombinant bovine (rbo) GM-CSF (Kingfisher Biotech, 
USA). At day 3, 1 ml of medium from each well was replaced with 1 ml of fresh CM with 100 
ng ml-1 rboGM-CSF. After 5 days of culture, further evidence of in vitro generation of MØs was 
assessed by light microscopy and flow cytometry based on increased size, increased adherence, 
cytoplasmic granularity, presence of cell appendages and expression of surface antigens using 
antibodies specific for the bovine molecules CD14, MHC Class II, CD80, CD86, CD172a, CD11b 
and CD1b) (Supplementary Figure 1).

Prior to parasite infection, MØs were harvested using ice-cold PBS with 2 mM EDTA and soft 
scraping, reseeded in culture plates at the density of viable cells indicated for each assay and 
incubated for 24 h to minimize possible cellular stress due to the harvesting procedure. The 
viability of the cells was checked with a trypan blue exclusion test, and was normally above 
95%.

 2.3.   Parasite cultures and macrophage infection

Neospora caninum isolates of high and low virulence (Nc-Spain7 and Nc-Spain1H, respectively) 
were obtained from healthy calves infected congenitally (Regidor-Cerrillo et al., 2008; Rojo-
Montejo et al., 2009a) and characterized in vitro and in vivo using murine and bovine models. 
Virulence differences were based on infection and proliferation rates in vitro and percentage of 
abortion and vertical transmission in vivo (Rojo-Montejo et al., 2009a, 2009b; Regidor-Cerrillo 
et al., 2010, 2014). Tachyzoites were routinely maintained in a monolayer culture of the African 
green monkey cell line (MA-104 clone 8, provided by Hipra Laboratories, SA) as described 
previously (Regidor-Cerrillo et al., 2008). On each passage, the cultures were scraped, passed 
by 25 G needle, and inoculated onto a new monolayer cell culture. To reduce potential changes 
in virulence due to prolonged maintenance in vitro (Pérez-Zaballos et al., 2005), parasites 
were used at a passage lower than 15 for all the experiments. Tachyzoites used for boMØ 
infection were collected from 3-3.5 day-growth cultures, when the majority of the parasites (at 
least 80%) were still in parasitophorous vacuoles, and purified using PD-10 Desalting Columns 
(G.E. Healthcare, Buckinghamshire, UK) as previously described (Regidor-Cerrillo et al., 2011). 
Viable tachyzoites were counted in a Neubauer chamber via trypan blue exclusion and were 
inoculated within one hour of parasite collection. 

For cell infection rate (cIR) determination, multiplicities of infection (MOI)s of 3 to 5 were 
chosen based on previous in vitro studies (Collantes-Fernández et al., 2012; Jiménez-Pelayo 
et al., 2017). A MOI of 3 was used in most of the assays to obtain an elevated cIR with a low 
percentage of multi-infection. For transmigration assay protocol, which requires an increased 
handling of the MØs, a MOI of 2 was used to ensure cell survival.

The T. gondii RFP-expressing Prugniaud line (PRU-RFP, type II) (Pepper et al., 2008) was used as 
reference line in motility, transmigration, morphology and matrix degradation assays. Tachyzoites 
were cultured as described for N. caninum and collected from 2.5-3 day-growth cultures. As a 
control of phagocytosis and cell response, MØs were inoculated with heat-inactivated (HI) N. 
caninum tachyzoites from Nc-Spain7 and Nc-Spain1H isolates mixed at a ratio 1:1. Purified 
tachyzoites were killed by incubation at 56 ºC for 30 min as described previously (Butcher and 
Denkers, 2002). Lack of viability of tachyzoites was confirmed by trypan blue exclusion and by 
real-time PCR that measured the expression of NcTUBα as previously described (Alaeddine et 
al., 2013) in cDNA samples of MA-104 cultures infected with HI tachyzoites for one week. 
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 2.4.   Cell infection rate and parasite survival

To study the differential ability of the N. caninum isolates to infect and survive in boMØs, cIR 
defined as the percentage of cells infected with one or multiple tachyzoites using different 
parasite doses, was determined and compared at 8 and 36 hours post-infection (hpi). MØs were 
cultured in 24-well plates at a density of 2.5 × 105 cells/well and inoculated with live Nc-Spain7 
or Nc-Spain1H at a MOI of 3, 4 and 5. In addition, MØs were inoculated with HI tachyzoites at 
the same MOIs as a control for phagocytosis. Cultures were fixed with 0.05% glutaraldehyde 
(GA) and 3% paraformaldehyde (PF) and stained using double immunofluorescence staining 
as described previously (Jiménez-Pelayo et al., 2017). Overall number of cells, number of cells 
containing at least one tachyzoite and number of cells containing more than one tachyzoite 
(multi-infected cells) were counted in 10 arbitrarily selected fields using an inverted fluorescence 
microscope (Nikon Eclipse TE 200, Japan) at a magnification of 200×. Counting of events was 
carried out on images taken with different filters for visualization of nuclei and intracellular and 
extracellular tachyzoites using a Nikon DSL1 camera; the images were overlaid using Photoshop 
software (Adobe Systems Incorporated, USA). A mean value of 50 cells was counted in each 
field by a single operator in order to avoid possible differences due to subjectivity in individual 
appreciations, and only tachyzoites that retained an unaltered morphology were considered in 
the count.

To assess the ability of Nc-Spain7 and Nc-Spain 1H to actively invade the host cell, phagocytosis 
activity of MØs was inhibited by treatment with 10 µM Cytochalasin D (Sigma-Aldrich, Spain) 
for 30 minutes, following by washing cells three times with PBS. MØs were cultured, infected, 
fixed and stained as described above. A MOI of 3 was used for inoculation with Nc-Spain7, 
Nc-Spain1H and HI tachyzoites. Parasite invasion was determined in parallel in Cytochalasin 
D-treated and untreated MØs at 8 hpi.  

 2.5.   Lysosomal activity of infected macrophages

To identify intracellular localization of tachyzoites and their ability to evade degradation, 
lysosomes were labelled by the addition of LysoTracker Red DND-99 (Thermo Fisher Scientific, 
USA) into the culture media at a concentration of 75nM 30 min prior the fixing. Cells were 
cultured and infected as indicated above using a MOI of 3. At 24 hpi cultures were fixed with 
0.05% glutaraldehyde (GA) and 3% paraformaldehyde (PF). Immunofluorescence staining of 
the parasites is described below. 

 2.6.   Proliferation assays 

Proliferation kinetics of Nc-Spain7 and Nc-Spain1H isolates in MØs were determined by 
quantifying the number of tachyzoites at specific times (8, 24, 36, 48, 60 and 72 hpi) using 
quantitative real-time PCR (qPCR). Cells were cultured and infected as indicated above using 
an MOI of 3. Samples were collected by adding 200 μl of PBS, 180 μl of lysis buffer and 
20 μl of proteinase K (Qiagen, Germany) to each well and were stored at -80 °C until DNA 
extraction. DNA extraction and qPCR were carried out as specified previously (Jiménez-Pelayo 
et al., 2017). Briefly, genomic DNA was extracted using a DNeasy Blood & Tissue Kit (Qiagen, 
Germany) according to the manufacturer’s instructions. Quantification of N. caninum DNA 
was performed via qPCR using a 7300 Real-Time PCR System (Applied Biosystems, USA). A 
standard curve of 10-1 to 104 tachyzoites was used for the quantification (Collantes-Fernández 
et al., 2002). A bovine β-actin standard curve was constructed (from 64 to 0.2 ng DNA/μl) in 
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order to normalize the quantification of the parasites in each sample. The results are expressed 
as the relationship between the amounts of parasite DNA and cell DNA (R2 ≥ 0.99; slope values 
varied from -3.47 to -3.11).

The doubling time (Td), defined as the period of time required for a tachyzoite to duplicate 
during the exponential multiplication phase, was calculated as previously described  (Regidor-
Cerrillo et al.,  2011) by applying non-linear regression analysis and an exponential growth 
equation using GraphPad Prism (GraphPad Software, USA). The Td for each isolate is presented 
as the average value obtained from all determinations that revealed a linear regression, R2 ≥ 
0.95 (Regidor-Cerrillo et al., 2011). The tachyzoite yield (TY48h) was defined as the average 
number of tachyzoites quantified by qPCR at 48 hpi for each isolate.

In parallel, cells were seeded on coverslips, infected and labeled using a double-immunostaining 
protocol as described previously (Jiménez-Pelayo et al., 2017) to study the proliferation kinetics 
of both isolates in MØs via microscopy, as a complementary technique to the quantification by 
qPCR. Three coverslips were photographed for each condition using an inverted fluorescence 
microscope (Nikon Eclipse TE 200).

 2.7.   Cytoskeletal morphology assay

MØs were seeded on poly-L-lysine (Sigma Aldrich, USA)-coated coverslips at a density of 4 
× 104 cells/coverslip and inoculated with Nc-Spain7, Nc-Spain1H, HI tachyzoites or T. gondii 
(PRU-RFP) tachyzoites (MOI 2). Non-infected MØs were used as the negative control. At 8 hpi, 
cells were fixed with 0.05% GA and 3% PF and stained as indicated below. The morphology of 
MØs (100 cells/condition) was analyzed using a Leica DMRB epifluorescence microscope with a 
100 × objective and scored on a 0-5 scale according to the following criteria (with non-infected 
MØs as the reference): i) Podosome structures: present (score 0) versus reduced (score 1) or 
absent (score 2); ii) Cell shape: elongated (score 0) versus rounded (score 1); iii) Filopodia-like 
extensions: present (score 0) versus absent (score 1); iv) Presence of membrane veils and/or 
ruffles: present (score 0) versus absent (score 1).

 2.8.   Gelatin degradation assay

The in vitro gelatinolytic activity of MØs, as a marker for their ability to degrade collagen 
extracellular matrix, was analyzed by gelatinolysis of Oregon green 488 (OG 488)-conjugated 
porcine gelatin (Molecular probes, Thermo Fisher Scientific, USA) as described previously 
(Ólafsson et al., 2018). Briefly, 2.5 × 104 MØs were inoculated with N. caninum Nc-Spain7, 
Nc-Spain1H tachyzoites or with T. gondii (PRU-RFP) tachyzoites (MOI as indicated), deposited 
on OG-488 gelatin-coated Lab-tek chambers (VWR) and incubated for 24 h in CM. Cells were 
subsequently fixed with 4% PF and stained with DAPI (Thermo Fisher Scientific, USA)Neospora 
caninum tachyzoites were stained as indicated below. After fixation and staining, images were 
generated (160 FOV/ condition, 1 FOV = 0.617 mm2) using the 10× objective of the Zeiss 
Observer Z1. For each chamber, fluorescence (channels, Ex/Em: DAPI, 360/475; OG-488, 
450/525; RFP, 555/585) and phase contrast images covering 0.98 cm2/1.6 cm2 (61.25% of the 
total well area) were recorded. Image analysis was automated with the open source software 
package Cellprofiler (v2.1.1, rev: 9969f42). All images were run through a pipeline designed 
to define gelatin degradation, non-infected cells and infected cells. Gelatin degradation was 
defined as loss of signal (gelatin, Oregon green-488). Cells were defined as the Euclidian center 
of a signal (nuclei) + 15 µm radius. Infected cells were defined as the presence of signal (N. 
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caninum: Alexa 594 or T. gondii: RFP) overlapping with a Euclidian center of signal (nuclei) + 
15 µm radius. Degradation was then ascribed to each cell population by overlaying non-infected 
and infected cells with degradation. Co-ascribed degradation was omitted.

 2.9.   Motility assay

The motility assay was conducted as previously described (Weidner et al., 2013). Briefly, MØs 
were seeded in a 96-well plate at a density of 2 × 104 cells/well and inoculated with N. caninum 
Nc-Spain7, Nc-Spain1H or HI tachyzoites (MOI 3). In addition, MØs inoculated with T. gondii 
(PRU-RFP, MOI 3) tachyzoites were used for motility comparisons, and non-infected MØs 
served as the negative control. Prior to infection, N. caninum tachyzoites were incubated for 
15 min with CMTMR dye (2.5 μM, Thermo Fisher Scientific, USA). Bovine collagen I (0.75 mg 
ml-1, Thermo Fisher Scientific, USA) was added at 4 hpi, and cells were imaged every min for 
60 min with a 10× objective (Zeiss Observer Z1, Zen 2 Blue v.4.0.3). The infection rate was 
determined, and the absence of differences between groups of inoculated MØs was confirmed 
(data not shown). Motility data were obtained from 50 cells/condition using ImageJ (Manual 
Tracking and Chemotaxis and Migration tool plugins). 

 2.10.   Transmigration assay

Transmigration assays were performed as previously described (Lambert et al., 2006), with 
minimal modifications. Briefly, MØs were seeded at a density of 1 × 106 cells/well and inoculated 
with Nc-Spain7, Nc-Spain1H or HI tachyzoites at a MOI of 2. Toxoplasma gondii-infected MØs 
(PRU-RFP) were also included in the study as above, and non-infected MØs were used as the 
negative control. At 6 hpi, MØs were recovered by soft scraping, and 3 × 105 cells/condition 
were transferred to transwell filters (8 μm pore size; BD biosciences, San José, CA, USA) and 
incubated for 16 h at 37ºC with 5% CO2. In addition, 2 × 104 cells/condition were seeded 
on coverslips, fixed and stained as indicated below, and the infection rate was determined, 
confirming the absence of differences between groups of inoculated MØs (data not shown). 
Migrated MØs were recovered by trypsinization and quantified using a Neubauer chamber.

 2.11.   Analysis of ROS generation

Analysis of intracellular ROS generation by infected MØs was performed via flow cytometry. 
MØs were seeded in 6-well plates at a final density of 1.5 × 106 cells/well and incubated in 
CM for 1 or 24 h post inoculation with Nc-Spain7, Nc-Spain1H or HI tachyzoites (MOI 3). MØs 
inoculated with H2O2 (2 µM) were used as the positive control and non-infected MØs as the 
negative control. Cells were then harvested and stained with 5 μM CellROX Green Reagent 
(Thermo Fisher Scientific, USA) for 30 min at 37 °C, and the fluorescence of viable cells, gated 
for propidium iodide (5 µg ml-1) staining, was assessed in a FACS Calibur cell Analyzer (BD 
Bioscience, USA). 

 2.12.   Analysis of bovine IL-10 and IL-12 cytokine expression

The mRNA expression levels of IL-10 and IL-12p40 were determined by quantitative reverse-
transcription real-time PCR (RT-qPCR). MØs were seeded at a density of 106 cells ml-1 in 6-well 
culture plates and inoculated with Nc-Spain7, Nc-Spain1H, and HI tachyzoites at MOI 3 or 
with LPS (100 ng ml-1) as the control for MØ activation for 8 h and then resuspended in 300 
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µl of RNAlater (Qiagen, Germany). Non-infected MØs were used as the negative control. 
Samples were recovered 8 h later by scraping and centrifugation at 1350 x g for 15 min at 
4ºC. The obtained pellets were resuspended in 300 µl of RNAlater (Qiagen, Germany) and 
stored at -80ºC until RNA extraction. Analysis was performed on three replicates obtained from 
three independent experiments. RNA was extracted using the commercial Maxwell 16 LEV 
simply RNA Purification Kit (Promega, USA) following the manufacturer’s recommendations. 
Integrity was checked by 1% agarose gel and and RNA concentrations were determined using a 
spectrophotometer (Nanophotomer, Implen GmbH, Germany). cDNA was obtained by reverse 
transcription using a master mix SuperScript VILO cDNA Synthesis Kit (Invitrogen, UK), and IL-
10 and IL-12p40 mRNA expression was determined using the primers and conditions previously 
described (Regidor-Cerrillo et al., 2014). Genes were considered to be differentially expressed 
when they presented a fold change (FC) ≥ 2 and p < 0.05.

 2.13.   Surface marker expression analyses of immune cell subsets by flow cytometry

Surface expression of CD14, MHC Class II, CD80, CD86, CD172a, CD11b, and CD1b by boMØs 
after exposure to N. caninum was determined by flow cytometry. To do so, MØs were seeded 
in 24 well plates at a density of 3 × 105 cells/well and inoculated with Nc-Spain7, Nc-Spain1H 
and HI tachyzoites (MOI 3) or LPS (100 ng ml-1) for 4 h as the control for MØ activation. After 
4 hours, cells were detached from the culture plates by incubation with cold PBS with 2 mM 
EDTA at 4ºC for 10 min and soft scraping. Cultures were recovered in 30 ml centrifuge tubes 
and centrifuged at 1200 rpm for 5 min at 4ºC. After centrifugation, cells were resuspended in 
cold PBS at a density of 2 × 105 cell/100 µl. A volume of 100 µl of cells per well was pelleted 
in a V-bottom 96-well plate and centrifuged at 1300 rpm 4ºC for 3 min. PBS was discarded and 
cells were incubated with 50 µl of diluted antibody (1:100) or 50 µl of PBS for 30 min on ice 
and protected from light. After the incubation, samples were washed with PBS before adding 
the fixative BD Cellfix (BD Bioscience, USA). 

The negative fraction (CD14- cells) obtained during positive selection of monocytes (CD14+ 
cells) and used for determination of IFN-γ secretion assay was characterized following the 
protocol described for surface marker analysis of MØs. The percentage of CD4 T cells (CD4+), 
CD8 T cells (CD8+), Natural Killer (NKp46, CD335+), gamma delta T cells (WC1+) and B cells 
(CD21+) in the population was determined (Supplementary Figure 2).

The percentage of positive cells and mean fluorescence intensity (MFI) was measured for each 
marker using a Becton Dickinson FACSCalibur cytometer (BD Bioscience, USA). The data were 
analyzed using FlowJo software (FlowJo, LLC, USA). The list of antibodies used to analyze 
subsets is given in Supplementary Table 1.

 2.14.   Determination of IFN-γ secretion by lymphocytes
 
IFN-γ secretion was measured in supernatants of lymphocytes incubated with MØs. Lymphocytes 
used in the assay (CD14- cells) were obtained as the flow through after magnetic isolation of 
CD14+ cells. This cell population, characterized by flow cytometry as indicated below, contained 
CD4+ T cells (26.53% ± 1.45), CD8+ T cells (34.05% ± 1.07), B cells (18.06% ± 0.77) Natural 
Killer (8.46% ± 0.23) and γδ T cells (18.26% ± 1.14). MØs were seeded in 24-well plates at 
a density of 2.5 × 105 cells/well and inoculated with Nc-Spain7, Nc-Spain1H or HI tachyzoites 
at MOI 3 or with LPS (100 ng ml-1). Twenty-four hours later, lymphocytes were added at a 
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density of 12.5 × 105 cells/well. To verify that IFN-γ was secreted in our samples exclusively 
by lymphocytes upon induction by infected MØs, MØs inoculated at the conditions previously 
described without lymphocyte addition and lymphocytes without MØs were included in 
the experiment as controls. Supernatants were recovered 48 and 72 hpi and bovine IFN-γ 
concentrations were determined using a bovine IFN-γ ELISA development kit (Mabtech AB, 
Sweden), following the manufacturer’s recommendations. The color reaction was developed 
by the addition of 3,3’,5,5’-tetramethylbenzidine substrate (TMB, Sigma-Aldrich, Spain) and 
incubated for 5-10 min in the dark. Reactions were stopped by adding 2N H2SO4. Then, plates 
were read at 450 nm. The cytokine concentrations were calculated by interpolation from a 
standard curve generated with recombinant cytokines provided by the kit.

 2.15.   Immunofluorescence staining of macrophages and Neospora caninum   
  tachyzoites

For the gelatin degradation assay, a single immunofluorescence staining of tachyzoites was 
carried out as described previously (Jiménez-Pelayo et al., 2017). After permeabilization with 
Triton X-100 (Thermo Fisher Scientific, USA), parasites were stained using hyperimmune rabbit 
antiserum directed against N. caninum tachyzoites (1:1000) as the primary antibody (Álvarez-
García et al., 2007) and goat anti-rabbit IgG conjugated to Alexa Fluor-594 (Thermo Fisher 
Scientific, USA) (1:1000) as the secondary antibody.

For cIR determination, intracellular proliferation and cytoskeletal morphology assays, a double 
immunofluorescence staining of tachyzoites was carried out as described previously (Jiménez-
Pelayo et al., 2017). Parasites were stained using hyperimmune rabbit antiserum directed against 
N. caninum tachyzoites (1:1000) as the primary antibody. For the double immunostaining, 
when F-actin filaments were stained (intracellular proliferation assay) with Alexa Fluor-594 
Phalloidin (Thermo Fisher Scientific, USA) or non-stained (cIR determination), a 1:1000 
dilution of goat anti-rabbit IgG conjugated to Alexa Fluor-488 (Thermo Fisher Scientific, USA) 
was added before permeabilization with Triton X-100 to stain extracellular tachyzoites. After 
permeabilization, a 1:1000 dilution of goat anti-rabbit IgG conjugated to Alexa Fluor 594 was 
used to stain both extra- and intracellular tachyzoites. When Alexa Fluor-488 Phalloidin was 
used for the staining of F-actin filaments (morphology assay), donkey anti-rabbit Alexa Fluor 
350 (Thermo Fisher Scientific, USA) was added to stain extracellular tachyzoites, and goat 
anti-rabbit IgG conjugated to Alexa Fluor 594 (Thermo Fisher Scientific, USA) was used to 
stain both extra- and intracellular tachyzoites. The nuclei were stained by washing the cells 
with a solution of 1:5000 DAPI (Thermo Fisher Scientific, USA) in PBS, and the coverslips were 
embedded in Fluoroprep (BioMerieux, France). 

For the study of the lysosomal activity of infected MØs, cells were permeabilized with 0.5% 
saponin (Fluka BioChemika, Spain). Parasites were stained using hyperimmune rabbit antiserum 
directed against N. caninum tachyzoites (1:1000) as the primary antibody and goat anti-rabbit 
IgG conjugated to Alexa Fluor-488 (Thermo Fisher Scientific, USA) (1:1000) as the secondary 
antibody.

 2.16.   Statistical analysis

After testing the samples for normal distribution, differences in cIR, proliferation and cytokine 
expression were analyzed using a non-parametric Kruskal-Wallis test followed by Dunn’s post hoc 
test for comparisons between groups. Mann–Whitney U test was used for pairwise comparisons. 
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ROS generation, IFN-γ secretion, surface marker detection, motility, transmigration, cytoskeletal 
morphology and gelatin degradation assay data were analyzed via parametric one-way ANOVA, 
followed by Tukey´s post hoc test for multiple comparisons and Student’s t-test for pairwise 
comparisons. Dunnett’s test was used to compare all the groups to the non-infected group. 
Statistical significance was established at p < 0.05.GraphPad Prism 7 v.7.04 (San Diego, CA, 
USA) software was used to perform all statistical analyses and graphical illustrations.

3.   RESULTS

 3.1.   The highly virulent isolate Nc-Spain7 replicates significantly faster in 
          bovine macrophages

In an initial experiment, we compared the ability of N. caninum isolates of different virulence to 
complete their life cycle in boMØs. First, we evaluated the capacity of the parasite to infect and 
survive in boMØs. At 8 hpi, MØs internalized tachyzoites with the same efficiency for all assayed 
conditions. The cIR and the percentage of multi-infected cells did not increase significantly with 
increasing the MOI, and non-significant differences were found between isolates or between 
live versus HI tachyzoites (Figure 1A, p > 0.05). To study the ability of both isolates to survive 
in MØs, cIR and the percentage of multi-infected cells was also evaluated at 36 hpi. The time 
point of 36 hpi was chosen to permit degradation of dead tachyzoites in order to count only 
live tachyzoites. Discerning between live and dead tachyzoites was also facilitated by the higher 
multiplication of the parasites at that time-point. Tachyzoites with unaltered morphology 
(regarding size, shape and keeping a smooth surface in the absence of visible defects on its 
membrane) were counted in MØs infected with Nc-Spain7 and Nc-Spain1H isolates. However, 
only degraded tachyzoites were observed in MØs inoculated with HI tachyzoites at 36 hpi. 
A statistically significant reduction in cIR (from 61.34 ± 12.4 to 34.94 ± 14.35; p < 0.001) 
and the percentage of multi-infected cells (from 35.91 ± 15.08 to 12.50 ± 8.74; p < 0.001) 
was shown for both isolates at 36 hpi compared with 8 hpi at all MOIs assayed (Figure 1A). 
Additionally, when comparing both isolates at 36 hpi, the highly virulent isolate Nc-Spain7 
showed a higher multi-infected cell number (p < 0.05 for MOI 4 and 5) than the low virulence 
isolate Nc-Spain1H. 

As the presence of intracellular tachyzoites can be either based on active invasion or actin-
filament dependent phagocytosis, we next assessed these possibilities by disrupting the actin 
skeleton using Cytochalasin D. After inhibition of phagocytosis, Nc-Spain7 showed a higher cIR 
and percentage of multi-infected cells (34.96 ± 5.89 and 13.22 ± 4.89 respectively; p < 0.001) 
compared to Nc-Spain1H (25.45 ± 6.80 and 7.09 ± 3.33) at 8 hpi (MOI 3). Cytochalasin 
D-treated MØs inoculated with HI tachyzoites showed a cIR of 2.24 ± 2.68, with a percentage 
of multi-infected cells of 0.44 ± 0.75. No differences were observed between cIR in Cytochalasin 
D-treated MØs at 8 hpi (Figure 1B) versus cIR at 36 hpi (Figure 1A).

Having established that tachyzoites of both isolates are able to actively invade boMØs, we next 
assessed whether these would thus also evade lysosomal degradation at 24 hpi. As expected 
based on the results obtained with Cytochalasin D, MØs exposed to HI tachyzoites showed 
clear co-localization of LysoTracker and degraded tachyzoites. In contrast, this was absent for 
tachyzoites of both strains in replication, indicating no fusion of the parasitophorous vacuole with 
lysosomal compartments (Figure 1C). These results show that those tachyzoites internalized by 
phagocytosis suffer the macrophage driven degradation effects.  
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FIGURE 1 | Active invasion and parasite survival of Nc-Spain7 and Nc-Spain1H isolates in bovine MØs. (A) 
Graphs represent the cell infection rates at 8 and 36 hpi as the percentage of infected cells and multi-infected 
cells in bovine MØs for both isolates. Each column and error bar represents the mean value and SEM of three 
replicates from three independent experiments using MOIs of 3, 4, and 5. The total number of cells, the number 
of infected cells (with intact tachyzoites) and the number of cells with multi-infection were determined by double 
immunofluorescence staining followed by counting using an inverted fluorescence microscope. Degraded tachyzoites 
were found inside MØs inoculated with HI tachyzoites at 36 hpi. Significant differences are indicated (*p < 0.05; 
***p < 0.001). (B) Graphs represent the cell infection rates at 8 hpi as the percentage of infected cells and multi-
infected cells in untreated and Cytochalasin D treated MØs (MØ CyD) for both isolates. Each column and error 
bar represents the mean value and SEM of three replicates from three independent experiments using a MOI of 3. 
Significant differences are indicated (***p < 0.001). (C) Representative images (at 1,000×) show the proliferation 
of Nc-Spain7 and Nc-Spain1H isolates in bovine MØs (red arrows) and the degradation of phagocyted tachyzoites 
in phagolysosomes (white arrows). Lysosomes stained with LysoTracker Red DND-99 are presented in red, nuclei in 
blue and parasites in green. Scale bar is 10 µm.
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As a second marker to identify potential differences, we assayed the ability of both N. caninum 
isolates to proliferate in boMØs in vitro. Microscopic examination of cultures infected at a MOI of 
3 and fixed at different times post-infection showed that Nc-Spain7 and Nc-Spain1H tachyzoites 
had already begun to multiply at 24 hpi. Parasitophorous vacuoles of Nc-Spain7 were bigger 
than Nc-Spain1H vacuoles from 48 hpi onwards. For Nc-Spain7, rupture of the host cells and 
egression of the tachyzoites began to be visualized from 48 hpi and was complete before 72 
hpi, at which time point, invasion of new cells by the egressed tachyzoites was observed. For 
Nc-Spain1H egression did not begin until 60 hpi. At 72 hpi egression is not completed, since 
intact vacuoles were still visualized (Figure 2A). Proliferation kinetics over time assessed by 
qPCR are presented in Figure 2B. From 24 hpi onwards, the average number of tachyzoites 
was higher for Nc-Spain7 for each time point assayed (p < 0.001). The Td value was analyzed 
to determine the length of the cell cycle for both isolates. Nc-Spain7 showed an exponential 
growth with an average Td value of 13.15 ± 3.64. Nc-Spain1H failed to produce an exponential 
pattern growth, and thus, their Td value could not be calculated. The TY48h was also assessed 
to determine the number of tachyzoites produced during the same intracellular period after 
invasion, prior to complete tachyzoite egress from cell cultures (Figure 2B). The TY48h value 
was 4-times higher in Nc-Spain7-infected cultures (1,663 ± 185) than in Nc-Spain1H-infected 
cultures (442 ± 99) (p < 0.001).

Altogether, these findings demonstrated that N. caninum was able to infect, survive and complete 
the parasite lytic cycle in boMØs. Remarkably, a higher active invasion rate and proliferation 
over time was observed for the highly virulent isolate Nc-Spain7. We therefore analyzed in the 
next steps whether this increased rate was due to a more severe impact of this isolate in immune 
function of MØs.

 3.2.   Active invasion by Neospora caninum tachyzoites leads to isolate-specific
          morphological changes in bovine macrophages

Upon infection of human or murine DCs, T. gondii rapidly induces cytoskeletal changes which 
have been linked to the migratory activation of the parasitized cell (Weidner et al., 2013; 
Kanatani et al., 2015). To analyze the cytoskeletal morphology of boMØs challenged with N. 
caninum and T. gondii, F-actin filaments were stained and MØs were scored according to set 
criteria, detailed under Materials and methods. A dramatic impact on cytoskeletal parameters 
was observed upon challenge with parasites (Figure 3A), with significant differences in total 
scores between T. gondii- or N. caninum-infected MØs (median score = 3) and unchallenged 
MØs (median score = 1) (p < 0.001). BoMØs challenged with HI tachyzoites and by-stander 
boMØs (non-infected cells in challenged cell cultures) exhibited a median score of 2 (Figure 
3B). Significant score differences were observed between groups when the morphology 
parameters were studied separately (Figure 3C). Infection with T. gondii resulted in cytoskeletal 
remodeling characterized by an increase in the percentage of cells that exhibited a rounded 
shape (p < 0.05), total absence of podosomes (p < 0.001), maintenance of filopodia-like 
extensions and a higher presence of ruffles and/or veils (p < 0.001). For Nc-Spain7, the most 
frequently observed phenotype was partial loss of podosomes (p < 0.001), loss of filopodia-like 
extensions (p < 0.01) and a higher presence of ruffles and/or veils (p < 0.001). Significant 
differences were also observed in the percentage of cells that exhibited a rounded shape (p < 
0.01). The morphology of Nc-Spain1H-infected MØs was chiefly characterized by total absence 
of podosomes (p < 0.001), an elongated or dysmorphic shape and a higher frequency of ruffles 
and/or veils (p < 0.001). HI and by-stander cells exhibited an elongated shape, a partial or null 
loss of podosomes, presence of filopodia and an increment of ruffles/veils (p < 0.001).
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FIGURE 2 | Proliferation of Nc-Spain7 and Nc-Spain1H isolates in bovine MØs. (A) Representative images (at 
1,000×) show the proliferation kinetics in MØs over time of Nc-Spain7 and Nc-Spain1H isolates and the degradation 
of HI tachyzoites in bovine MØs cultures. F-actin is presented in red, nuclei in blue and parasites in green. Scale 
bar is 10 µm. (B) The graph represents the average number of tachyzoites for each time point assayed. The growth 
of Nc-Spain1H in bovine MØs did not fit the exponential growth equation. Error bars indicate the SD. Significant 
differences are indicated (***p < 0.001).
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FIGURE 3 | Morphological changes in bovine MØs induced by N. caninum and T. gondii active invasion. (A) 
Representative micrographs of non-infected MØs (MØ) and MØs challenged for 8 h with N. caninum Nc-Spain7 (Nc-
Spain7-MØ), Nc-Spain1H (Nc-Spain1H-MØ), heat-inactivated tachyzoites (Nc HI-MØ), or T. gondii PRU-RFP (Tg 
PRU-RFP-MØ). F-actin is presented in green, nuclei in blue and parasites in red. Cell structures studied are pointed 
with arrows: podosomes (blue), filopodia-like extensions (red), ruffles (yellow), and veils (white). Scale bar is 10 
µm. (B) The distribution of the total scores obtained are presented as the percentage relative to the total population 
of MØs, Nc-Spain7-MØs, Nc-Spain1H-MØs, Tg PRU-RFP-MØs, and Nc HI-MØs. Cells were graded according to the 
following morphological criteria: (i) Podosome structures: present (score 0) vs. reduced (score 1) or absent (score 
2); (ii) Cell shape: elongated (score 0) vs. rounded (score 1); (iii) Filopodia-like extensions: present (score 0) vs. 
absent (score 1); iv) Membrane veils and/or ruffles: present (score 0) vs. absent (score 1). (C) Bar graph indicates 
the percentage of cells that exhibited podosome loss, a rounded shape, filopodia-like extension loss and the presence 
of ruffles or veils, relative to the total cell population of unchallenged, infected and non-infected by-stander MØs 
(bs). A total of 100 cells were analyzed for each condition on four coverslips from two independent experiments. 
Significant differences are indicated (*p < 0.05; **p < 0.01; ***p < 0.001).

Overall, we conclude that the intracellular presence of live N. caninum induced cytoskeletal 
remodeling in boMØs consistent with cellular activation. The morphological impact was similar 
to that observed for T. gondii but significantly different from the morphological changes induced 
by HI N. caninum or those observed in by-stander boMØs. 

 3.3.   Neospora caninum infection reduces pericellular proteolysis of 
          extracellular matrix by bovine macrophages

Toxoplasma Gondii modulates the interaction of hypermigratory parasitized DCs with 
extracellular matrix (Ólafsson et al., 2018, 2019). To address if N. caninum infection had an 
impact on matrix degradation by boMØs, cells were challenged with N. caninum isolates, and 
the pericellular degradation of gelatin (denatured collagen) was assessed (Figure 4A). T. gondii 
PRU-RFP-challenged MØs were included in the assays as the positive control. The proteolytic 
activity of non-infected by-stander boMØs was also determined. A similar significant reduction 
in gelatin degradation was observed in boMØs infected with Nc-Spain7, Nc-Spain1H and T. 
gondii PRU-RFP compared with unchallenged boMØs (p > 0.05). A dose-dependent (MOI) 
reduction in pericellular proteolysis was observed in by-stander MØs. In contrast, abrogation of 
the matrix proteolysis in infected boMØs was MOI-independent (Figures 4B-D).

We conclude that live intracellular N. caninum reduces or abrogates the matrix degradation 
capability of infected boMØs.

 3.4.   Live Neospora caninum tachyzoites induce a hypermigratory phenotype in
          bovine macrophages

In murine T. gondii infections, induced hypermigration of parasitized DCs has been associated 
with enhanced parasite dissemination to peripheral organs (Lambert et al., 2006; Kanatani 
et al., 2017). To investigate whether N. caninum is able to exploit the migratory properties of 
boMØs, the motility and transmigration of boMØs challenged with Nc-Spain7 and Nc-Spain1H 
isolates were assessed. BoMØs challenged with the T. gondii PRU-RFP line were also included 
in the study. A significantly enhanced velocity was observed in boMØs challenged with both 
N. caninum and T. gondii parasites (p < 0.001). When comparing both N. caninum isolates, 
significantly higher elevated velocity values were recorded for the highly virulent isolate Nc-
Spain7 (p < 0.01), which were similar to those for T. gondii (p > 0.05). In contrast, challenge 
of boMØs with N. caninum HI tachyzoites yielded velocities significantly lower than the baseline 
velocities of unchallenged boMØs (p < 0.05) (Figures 5A and 5B).
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FIGURE 4 | Pericellular proteolysis of bovine MØs upon challenge with N. caninum and T. gondii. Gelatin 
degradation of MØs challenged with N. caninum Nc-Spain7 (Nc-Spain7-MØ), Nc-Spain1H (Nc-Spain1H-MØ), or T. 
gondii PRU-RFP (T. gondii PRU-RFP-MØ) at the indicated MOIs. (A) Representative micrographs show MØ nuclear 
staining (Nuclei), Alexa-594-stained tachyzoites (Nc-Spain7), and fluorescent gelatin (Gelatin) with areas of gelatin 
degradation (absence of fluorescence signal). Arrowheads exemplify Nc-Spain7-infected MØs with an absence of 
gelatin degradation. Asterisks exemplify non-infected by-stander MØs and co-localization with gelatin degradation. 
Scale bar represents 100 µm. (B–D) Bar graphs show the mean (±SEM) relative gelatin degradation of unchallenged 
cells in CM (set to 1.0, MOI 0), non-infected by-stander cells (Bystander) and Neospora Nc-Spain7- (B), Nc-Spain1H- 
(C) or T. gondii-infected (D) cells (Infected). The analysis comprised 160 FOVs and a total of 15.579 ± 1.087 (SEM) 
cells per condition from two independent experiments. Significant differences are indicated (*p < 0.05).

In transmigration assays, significantly higher transmigration frequencies were also recorded 
for boMØs infected with both N. caninum and T. gondii tachyzoites (p < 0.001) than for 
unchallenged boMØs. When comparing both N. caninum isolates, non-significant differences in 
transmigration frequency were found. T. gondii induced the highest enhanced transmigration, 
with statistically significant differences compared with Nc-Spain1H (p < 0.001) but not with 
Nc-Spain7 (p > 0.05). Challenge of boMØs with HI tachyzoites resulted in non-significantly 
altered transmigration frequency (p > 0.05) (Figure 5C).

Taken together, these results show for the first time that N. caninum induces a hypermigratory 
phenotype (hypermotility and enhanced transmigration) in boMØs. A significantly higher 
hypermotility was observed for the highly virulent isolate Nc-Spain7 compared with Nc-Spain1H.
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FIGURE 5 | Hypermotile phenotype and enhanced transmigration in bovine MØs induced by N. caninum 
infection. (A) Motility plot of unchallenged MØs (MØ) and MØs challenged for 4 h with N. caninum Nc-Spain7 
(Nc-Spain7-MØ), Nc-Spain1H (Nc-Spain1H-MØ), heat-inactivated tachyzoites (Nc HI-MØ) or T. gondii PRU-RFP 
tachyzoites (Tg PRU-RFP-MØ). (B) Graph represents the mean velocity and SEM of three independent experiments. 
Circles indicate the average velocity of 50 cells tracked in two different tiles and two different wells per experiment. 
Box plot shows upper and lower interquartile range with median. (C) The graph represents the percentage of 
transmigration 18 hpi of MØs, Nc-Spain7-MØs, Nc-Spain1H-MØs, Nc HI-MØs, and Tg PRU-RFP-MØs. The data 
represent the mean values and SD of three independent experiments; Significant differences are indicated (*p < 
0.05; **p < 0.01; ***p < 0.001).
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 3.5.   The highly virulent isolate Nc-Spain7 completely down-regulates ROS   
          production in infected macrophages 

Having established the impact of different N. caninum isolates on boMØ morphology and 
cytoskeletal functionality, we next evaluated whether the infection also impact on innate immune 
parameters in a virulence-specific manner. To assess the ability of boMØ to kill invading N. 
caninum by production of ROS, differential ROS production upon N. caninum inoculation with 
Nc-Spain7, Nc-Spain1H and HI tachyzoites was evaluated by flow cytometry at 1 and 24 hpi 
(Figure 6). At 1 hpi, a significant increase in ROS production was found in MØs inoculated with 
Nc-Spain1H (p < 0.05) and HI tachyzoites (p < 0.001) versus non-infected cells but not in MØs 
inoculated with Nc-Spain7 (p > 0.05). However, at this time-point no significant differences 
were found between isolates, which both induced lower ROS generation by MØs compared with 
HI tachyzoites (p < 0.05). At 24 hpi, the production of ROS by Nc-Spain1H-infected MØs was 
enhanced (p < 0.001) compared to that of non-infected MØs as well as MØs incubated with HI 
tachyzoites. Interestingly however, no ROS production above either control or MØs incubated 
with HI tachyzoites was seen in MØs inoculated with the highly virulent isolate Nc-Spain7. 

We conclude that live intracellular N. caninum reduces the ROS response of infected MØs at 
early infection, but only the highly virulent isolate Nc-Spain7 maintains the abrogated ROS 
production over time.

 3.6.   Neospora caninum infection of macrophages induces a virulence-dependent
          IL-10 and IL-12 mRNA expression pattern

MØ have the ability to subsequently prime the adaptive immune response through secretion 
of cytokines, specifically the Th1-supporting IL-12 and the regulatory IL-10. Thus, in a next 
step, we investigated whether the differences in strain-specific ROS production would also be 
mirrored on the cytokine level. As expected, untreated MØ produced hardly any mRNA for 
either cytokine, whereas MØ incubated with LPS responded with a significantly enhanced mRNA 
expression for the pro-inflammatory cytokine IL-12 (148.7-fold; p < 0.001), and only mildly 
increased IL-10 mRNA production (3.6-fold; p < 0.01). Inoculation of MØ with HI tachyzoites 
did not increase IL-12p40 mRNA expression levels (0.99-fold; p > 0.05), and only marginally 
impacted on IL-10 mRNA expression (2.22-fold; p < 0.01) (Figure 7). In contrast, incubation 
of MØ with both types of live N. caninum tachyzoites induced a strain-specific increase in IL-
12p40 mRNA and IL-10 mRNA expression compared to non-infected MØ, with the low virulent 
isolate Nc-Spain1H inducing more IL-12p40 (7.7-fold; p < 0.001) and IL-10 (19.6-fold; p < 
0.001) than the highly virulent Nc-Spain7 isolate (4.8-fold; p < 0.01 and 14.5-fold; p < 0.001, 
respectively), although the differences between isolates were not statistically significant (p > 
0.05).

In summary, live tachyzoites of both isolates induced IL-12p40 and IL-10 expression in boMØs. 
However, expression levels of both cytokines were higher for cells infected with the low virulent 
isolate Nc-Spain1H.  

 3.7.   Neospora caninum infection results in changes in surface marker expression  
          in bovine macrophages 

As the production of cytokines can also impact on surface antigen expression levels, we next 
analysed the effects of the different N. caninum isolates on MØ activation by assessing surface 
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FIGURE 6 | ROS generation induced by N. caninum infection. (A) Representative histograms show the mean 
fluorescence intensity (MFI) determined by flow cytometry analysis of non-infected MØs (MØ), MØs challenged 
for 1 and 24 h with N. caninum Nc-Spain7 (Nc-Spain7-MØ), Nc-Spain1H (Nc-Spain1H-MØ), and heat-inactivated 
tachyzoites (Nc HI-MØ) stained with CellROX Green Reagent. (B) The bar graph show the comparison of the MFI 
between groups. Each column and error bar represents the mean and SD of three replicates from three independent 
experiments; Significant differences are indicated (*p < 0.05; **p < 0.01; ***p < 0.001).
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FIGURE 7 | Cytokine mRNA expression in bovine MØs infected with N. caninum. Graphs represent the relative 
quantification of IL-10 and IL-12p40 mRNA expression levels (x-fold change in expression) in MØs challenged for 8 
h with N. caninum Nc-Spain7 (Nc-Spain7-MØ), Nc-Spain1H (Nc-Spain1H-MØ), heat-inactivated tachyzoites (Nc HI-
MØ), and stimulated with 100 ng ml−1 LPS (LPS-MØ) in relation to non-infected MØs (MØ). Significant differences 
are indicated (*p < 0.05; **p < 0.01; ***p < 0.001).

antigen expression. Flow cytometry was used to quantify the expression of molecules involved 
in antigen presentation (CD1b, MHC Class II), T-cell activation and maturation (CD80, CD86), 
cell adhesion (CD11b) and phagocytosis (CD172a). As expected, MØ upregulated CD86 in 
response to LPS (p < 0.05). Infection of MØs with Nc-Spain7 or Nc-Spain1H resulted in a 
significant reduction in the percentage of MHC Class II (p < 0.05), CD86 (p < 0.05) and 
CD1b (p < 0.0001) expressing cells, whereas inoculation with HI tachyzoites resulted only 
in a significant reduction of MHC Class II (p < 0.05) and CD1b (p < 0.0001) (Table 1). The 
mean MFI of CD11b and CD1b diminished in MØs inoculated with Nc-Spain7, Nc-Spain1H and 
HI tachyzoites versus non-infected MØs (P < 0.01-0.001) (Figure 8). Significant differences 
between isolates were not found in the expression of any surface antigen studied.

 3.8.   Infection of bovine macrophages with the highly virulent isolate Nc-Spain7  
               resulted in diminished IFN-γ secretion by co-cultured autologous lymphocytes 

As the previous data clearly indicated an isolate specific impact on the innate immune response 
created by boMØ to N. caninum isolates, we lastly assessed whether these differences would 
also affect the adaptive immune response. To do so, IFN-γ release by lymphocytes induced by N. 
caninum-infected MØs was assessed in the supernatant of co-cultures (Figure 9). As expected, 
the highest concentrations of IFN-γ were produced by lymphocytes when MØs were inoculated 
with LPS (p < 0.0001). MØs infected with Nc-Spain1H also stimulated IFN-γ production by 
lymphocytes, higher production than that by MØs infected with Nc-Spain7, at 48 hpi (p < 0.05) 
and 72 hpi (p < 0.0001). Exposure to Nc-Spain7 or HI tachyzoites did not result in significant 
IFN-γ variations compared with the negative control (co-culture of non-infected MØs and 
lymphocytes) at any time point. Samples of lymphocyte cultures reached average values of 
IFN-γ lower than 1000 pg ml-1, and IFN-γ was not detected in MØ cultures without lymphocytes 
(MØs, MØs inoculated with Nc-Spain7, Nc-Spain1H, HI tachyzoites or LPS).

Altogether, our results showed that the IFN-γ response was impaired by Nc-Spain7 infection.
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FIGURE 8 | Phenotypic characterization of bovine MØs inoculated with Nc-Spain7, Nc-Spain1H, and HI 
tachyzoites. Histograms represent the percentage of positive cells and mean fluorescence intensity (MFI) of CD14, 
MHC class II, CD80, CD86, CD172a, CD11b, and CD1b markers determined by flow cytometry in non-infected 
MØs (MØ) and MØs challenged for 4 h with N. caninum Nc-Spain7 (Nc-Spain7-MØ), Nc-Spain1H (Nc-Spain1H-
MØ), heat-inactivated tachyzoites (Nc HI-MØ), and stimulated with 100 ng ml−1 LPS (LPS-MØ). Histograms are 
representative of three independent experiments.

TABLE 1 | Immunophenotypic analysis by flow cytometry of bovine MØs exposed to N. caninum.

The results are expressed as the percentage of stained cells for each surface molecule in monocytes, non-infected 
MØs (MØ), and MØs challenged for 4 h with N. caninum Nc-Spain7 (Nc-Spain7-MØ) or Nc-Spain1H (Nc-Spain1H-
MØ) isolates, heat-inactivated tachyzoites (Nc HI-MØ), and 100 ng ml-1 LPS (LPS-MØ). The data are presented as 
the mean values ± SD of three independent experiments. (*) Indicates significant differences in challenged MØs vs. 
non-infected cells (p < 0.05).
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FIGURE 9 | IFN-gamma production by lymphocytes in co-culture with N. caninum-infected MØs. The graph 
represents the concentration of IFN-γ in supernatants obtained from lymphocytes in co-culture with non-infected 
MØs (MØ) or MØs challenged with N. caninum Nc-Spain7 (Nc-Spain7-MØ), Nc-Spain1H (Nc-Spain1H-MØ), heat-
inactivated tachyzoites (Nc HI-MØ) or 100 ng ml−1 LPS (LPS-MØ). Each column and error bar represents the mean 
and SD of three replicates from three independent experiments. Significant differences are indicated (*p < 0.05; 
***p < 0.001). IFN-γ was not detected in samples without lymphocytes, and lymphocytes without macrophages 
(lymphocytes) reached average IFN-γ values lower than 1,000 pg ml−1.

4.   DISCUSSION

Neospora caninum virulence is likely determined by several factors, such as invasiveness, 
replication capability and the strength and characteristics of the induced immune response 
in the host. However, specific virulence factors for N. caninum in cattle have not yet been 
determined and the mechanisms used by the parasite to modulate bovine host cells during the 
early phase of infection are still poorly understood, supporting the need for new investigations. 
Recently, large-scale transcriptomic and proteomic studies carried out by our group in a bovine 
trophoblast cell model highlighted a very similar regulation pattern by Nc-Spain7 and Nc-
Spain1H isolates, even though the low virulence isolate seems to exert a higher modulation 
of the host cell (Horcajo et al., 2017). Additionally, a different expression of genes involved in 
invasion, metabolic processes, cell cycle and stress response were described for Nc-Spain7 and 
Nc-Spain1H (Regidor-Cerrillo et al., 2012; Horcajo et al., 2017).

Studies in murine and human in vitro cellular models suggest that infection of antigen presenting 
cells (MØs and DCs) by N. caninum may have modulatory effects on cytokine secretion and 
lymphocyte activation (Dion et al., 2011; Strohbusch et al., 2012; Mota et al., 2016; Boucher 
et al., 2018). However, mice and humans are not natural hosts for N. caninum, so these models 
may not accurately reflect the dynamic of the host (bovine)–pathogen relationship. Thus, the 
ability of the parasite to initiate innate immune responses should be determined in the bovine 
host.

BoMØs can be used as an infection model for identification of strain-specific virulence properties 
or mechanisms to subvert immune response activation. Here, we studied for the first time the 
interaction between boMØs and two N. caninum isolates of different virulence (Regidor-Cerrillo 
et al., 2008; Rojo-Montejo et al., 2009a, 2009b). 
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The N. caninum lytic cycle in host cells comprises the processes of invasion, adaptation to 
intracellular conditions, proliferation, and egress from host cells. This sequence of events is 
required for parasite survival and propagation in the course of infection. The ability of N. 
caninum to infect, survive and replicate in boMØs was studied. A comparison of infection rates 
showed that both isolates were internalized into boMØs with a higher efficiency than described 
for other cell lines (Rojo-Montejo et al., 2009a; Regidor-Cerrillo et al., 2011; Jiménez-Pelayo 
et al., 2017). This fact can be due because MØs are phagocytic cells, which would enable 
tachyzoites to enter MØs by two complementary routes: uptake by MØs and active invasion by 
the parasite. In a recent study in human MØs, the internalization of N. caninum was found to 
likely occur via active invasion (Boucher et al., 2018). In our study both processes were involved 
in the internalization of N. caninum tachyzoites, with differences found between isolates in the 
percentages attributable to active invasion, similar to those determined in previous studies 
(Regidor-Cerrillo et al., 2011; Jiménez-Pelayo et al., 2017). Different receptors and signaling 
pathways could be implicated depending on how the parasite is internalized. These might 
facilitate replication of the parasite in the parasitophorous vacuoles when active invasion occurs 
or killing and degradation of the parasite if tachyzoites are internalized via endocytosis. 

When parasite proliferation was monitored over time, N. caninum replication efficacy in 
boMØs was lower than in other types of cells previously assayed (Regidor-Cerrillo et al., 2011; 
Jiménez-Pelayo et al., 2017), suggesting the ability of MØs to limit the growth of the parasite. 
Furthermore, the efficient growth of Nc-Spain7 in boMØs, significantly higher than that of 
Nc-Spain1H, suggests the success of the highly virulent isolate in establishing an intracellular 
replicative niche in boMØs. The higher growth rate of Nc-Spain7 could be related to more 
efficient mechanisms to obtain energy and multiply intracellularly (Horcajo et al., 2017, 2018) 
and to the ability of the isolate to modulate the immune response, which would allow the 
parasite to survive and replicate more efficiently in MØs.

Another phenotypic trait putatively related to virulence is the capacity to modulate the 
migratory properties of parasitized immune cells, which may potentiate parasite dissemination 
in the host passage to immunoprivileged sites (i.e., brain, placenta) by crossing biological 
barriers, transmission or establishment of chronic infection. Previous studies have described 
the induction of a hypermigratory phenotype in T. gondii-infected murine and human MØs and 
DCs characterized by hypermotility (Fuks et al., 2012), enhanced transmigration across cellular 
barriers (Lambert et al., 2006; Kanatani et al., 2015) and extracellular matrix, and rapidly induced 
cytoskeletal changes post-invasion (Weidner et al., 2013). These processes are consistent with 
amoeboid migratory activation of the infected leukocyte (Ólafsson et al., 2018). In the present 
work, we report for the first time the induction of hypermigration by N. caninum in boMØs. 
Additionally, we describe the ability of T. gondii to induce hypermigration in boMØs, previously 
described in human and murine MØs (Lambert et al., 2011). Moreover, shortly after infection 
with N. caninum, boMØs exhibited dramatic morphological changes and abrogated pericellular 
proteolysis, all consistent with non-proteolytic amoeboid migratory activation in boMØs and in 
line with effects reported for T. gondii in murine and human DCs (Weidner et al., 2013; Ólafsson 
et al., 2018). In line with the above, podosome dissolution was observed in Neospora-infected 
boMØs. Podosomes are important cytoskeletetal structures linked to cell signaling, adhesion, 
matrix degradation, and therefore migration. The dissolution of podosomes upon infection by 
N. caninum implies fundamental mechanistic changes in how the parasitized cells interact with 
the surrounding microenvironment and migrate. Specifically, integrin-mediated adhesion and 
signaling and metalloproteinase activity is focalized and regulated in podosomes (Ólafsson 
et al., 2018, 2019). Because parasite-induced leukocyte hypermigration has been linked with 
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enhanced dissemination for T. gondii in mice (Lambert et al., 2006) and in a murine neosporosis 
infection model (Collantes-Fernández et al., 2012), this motivates further studies to address 
its putative impact in bovine Neospora infection. Additionally, how N. caninum molecularly 
orchestrates the migratory activation of parasitized boMØs and the identification of implicated 
parasite and host cell-mediated signaling, awaits further investigation. The elucidation of 
these processes may provide novel insights in how N. caninum evades immune responses while 
ensuring dissemination, and ought to be relevant for vaccination strategies in bovines.

Jointly, the data demonstrate that boMØs respond with a migratory phenotype upon infection 
with N. caninum and T. gondii. Contrary to N. caninum, T. gondii is not a prominent pathogen 
in bovines. However, the data are consistent with the existence of a conserved mechanism 
between N. caninum and T. gondii for migratory activation of infected leukocytes. Consequently, 
the utilization of a Trojan horse mechanism for systemic dissemination (Kanatani et al., 2017) 
may therefore be a conserved strategy for these two coccidian parasites (Collantes-Fernández et 
al., 2012). Despite that virulence traits are complex and can be host species-specific (Sánchez-
Sánchez et al., 2018b), our findings also indicate that both virulent and non-virulent N. 
caninum isolates have the potential to use boMØs to disseminate and suggest that the virulent 
isolate Nc-Spain7 may have a superior capacity to induce migration of boMØs. However, further 
studies with a larger panel of isolates are necessary to determine if variations in the induction 
of hypermigration could be related to differences in transmission and dissemination found in 
vivo (Collantes-Fernández et al., 2012). Altogether, this highlights that (i) targeted survival in 
MØ/DCs constitute a replicative niche and that (ii) interference with migration of parasitized 
MØ/DCs are conserved features for the two coccidia, as shown with cells of bovine, murine and 
human origin. It also advocates for evolutionary conserved dissemination strategies by coccidia 
in vertebrates.

An efficient cell-mediated Th1 immune response is critical for restricting parasite replication 
(Innes and Mattson, 2007; Mineo et al., 2010). The expression of IL-12 by MØs stimulates 
lymphocytes to produce IFN-γ, which is important for restricting intracellular replication due 
to its role in activating MØ-mediated mechanisms that kill intracellular pathogens and T-cell 
proliferation (Hemphill et al., 2006). ROS generation is also an important mechanism in the 
control of N. caninum replication (Silva et al., 2017). Persistent intracellular parasites such as 
T. gondii or Leishmania are able to modulate mitochondrial and NADPH oxidase-induced ROS 
with the aim to maintain long-term carriage by avoiding their clearance (Shrestha et al., 2006; 
Spooner and Yilmaz, 2011; Moradin and Descoteaux, 2012). Mechanisms of modulation of 
intracellular ROS by infection of intracellular pathogens include interference of NADPH complex 
assembly; scavenging of ROS produced by NADPH oxidase and interference of mitochondrion-
based ROS production during infection (Spooner and Yilmaz, 2011). In the present study, 
infection of boMØs with viable N. caninum tachyzoites repressed ROS and IFN-γ production at 
the early stages of infection, which would result in an inability to control the infection by the 
host. Moreover, our results also indicate that Nc-Spain7 shows a higher ability to evade the host 
immune response, since lower ROS and IFN-γ production, as well as lower IL-12p40 expression, 
was observed. In a previous work, we showed that the glucose-6-phosphate dehydrogenase 
(G6PD) was more abundantly expressed in Nc-Spain7 than Nc-Spain1H tachyzoites (Moradin 
and Descoteaux, 2012). This enzyme is indispensable to the maintenance of the cellular redox 
balance and detoxification of ROS by producing NADPH (Ho et al., 2007). The level of G6PD 
activity of the isolates may determine their sensitivity to oxidative stress and thus its ability 
to reduce ROS levels and facilitate the survival into MØs. Further studies are necessary to 
determine the role of N. caninum G6PD in bovine MØs.
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In contrast, the less virulent isolate Nc-Spain1H elicits a stronger Th1 response initiated by 
boMØs, which would control parasite replication and dissemination in the host. In this sense, 
highly immunogenic cell surface proteins are differentially regulated between isolates, being 
more abundant on the Nc-Spain1H isolate (Horcajo et al., 2017, 2018), which may explain 
the stronger stimulation of the immune system. In previous studies we described that infection 
by the low virulence isolate Nc-Spain1H induced a higher expression of TLR-2, starting an 
inflammatory response in bovine trophoblast cells, which may be the cause of the lower 
proliferation of this isolate (Horcajo et al., 2017; Jiménez-Pelayo et al., 2017). TLR activation is 
crucial for initiating the innate immune responses responsible for the elimination of intracellular 
parasites such as N. caninum. The signaling pathway activated by TLR-2 leads to an increase 
in the transcription factors NF-κb and AP-1, which trigger the synthesis of pro-inflammatory 
cytokines (Liu et al., 2017). The implication of TLR-2 in N. caninum recognition has been also 
described in murine bone marrow derived MØs, activating proinflammatory signaling pathways 
which leads to production of Th-1 cytokines including IL-12 (Mineo et al., 2010; Li et al., 
2018). In T. gondii infections, strain-specific differences in NF-κB signaling were observed in 
murine bone marrow-derived macrophages, with higher levels of NF-κB activation and IL-12 
production induced by type II parasites (considered low virulent in mice) than type I strains 
(high virulent in mice) (Melo et al., 2011).

On the other hand, regulatory cytokines, such as IL-10, are required to limit the response 
against N. caninum, protecting the host from infection-associated immunopathology (Hemphill 
et al., 2006; Ma et al., 2015). High IL-10 expression levels by N. caninum-infected MØs were 
observed for both isolates (being higher for Nc-Spain1H) but not in MØs inoculated with HI 
tachyzoites, suggesting a modulatory role of live Neospora in the immune response generated 
during infection to guarantee host survival. As it has been suggested for T. gondii, succeeding 
in finding a balance between pro- and anti-inflammatory responses may be a possible strategy 
to establish a chronic infection, promoting survival of both parasite and host (Jensen et al., 
2011). Thus, the higher levels of IL-12 induced by the low virulent isolate may justify its higher 
expression levels of IL-10 in an isolate that is able to transmit without causing pathology (Rojo-
Montejo et al., 2009b).

Modulation of cell surface proteins was also induced by N. caninum infection. Diminished MHC 
Class II, CD1b and CD86 presentation was observed on the surface of infected MØs at 4 hpi, 
which could be related to parasite immune evasion strategies. The reduction in MHC Class 
II has also been observed in T. gondii-infected murine MØs (Luder et al., 1998; Leroux et al., 
2015), where the interference with the antigen presentation pathway has been indicated as an 
important strategy for intracellular survival of the parasite. A similar strategy may be assumed 
for N. caninum, supported by the fact that up-regulation of MHC class II on N. caninum murine 
MØs has been associated with host survival (Nishikawa et al., 2001). In addition, lower CD1b 
expression has been correlated with a reduced induction of specific T-lymphocyte proliferation 
(Balboa et al., 2010). The decrease in CD86 observed in MØs inoculated with live but not HI 
tachyzoites could suggest a modulation induced by components secreted by actively replicating 
parasites. CD86 is a co-stimulatory signal for activation of lymphocytes (Subauste et al., 1998). 
A reduction in CD86 expression has also been observed in Leishmania-infected MØs (Denkers 
and Butcher, 2005) and in murine peritoneal MØs exposed to N. caninum (Dion et al., 2011). 
These data could indicate that N. caninum would interfere with intracellular signaling to 
selectively reduce antigen presentation and the expression of ligands related to T-cell activation, 
a mechanism to escape the host immune response. In the current study, no major differences in 
the expression of the different surface markers between isolates were observed at 4 hpi, being 
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necessary more studies at different time points. Moreover, the functional consequences of the 
infection by different parasite isolates in boMØs should be investigated in future studies. 

In summary, the results of the present study indicate that the highly virulent isolate Nc-Spain7 
shows a higher ability to evade the host immune response via a reduction in ROS and IFN-γ 
secretion, which could be attributable to a lower IL-12 expression. The consequence would be 
lower control of intracellular parasite survival, which in conjunction with its higher replication 
and transmigration capacity may be associated with the higher virulence and pathology found 
in vivo. On the other hand, Nc-Spain1H elicits a strong Th1 response (which would reduce 
the parasite load in host cells) and that would be counterbalanced by a higher expression 
of regulatory cytokines (IL-10), minimizing pathology. This strategy may suggest a better 
adaptation of the low virulence isolate Nc-Spain1H to be transmitted without causing clinical 
disease, maintaining a delicate balance between suppression and induction of the host immune 
response to ensure host survival and chronic infection. Our results also suggest that boMØs may 
serve as a vehicle for N. caninum dissemination throughout the organism to find the optimal 
host cells for replication (e.g., epithelial cells in the placenta) and as a niche for parasite long-
term survival.

Understanding how N. caninum manipulates inhibitory signaling affords promising opportunities 
to counteract the parasite escape strategies and tip the balance in favor of the host. Further 
in-depth studies are needed to study the specific pathways modulated by N. caninum and to 
examine the differences between high and low virulence isolates that may explain the differences 
observed in their biological behavior. Proteomic approaches based on the study of differential 
protein determinants between Nc-Spain7 and Nc-Spain1H may help explain differences in the 
strength and character of the immune response induced by the isolates. In addition, experimental 
in vivo infections in cattle are necessary to determine if the results obtained in our in vitro study 
correspond with an expected enhanced early protective response to infection induced for the 
less virulent isolate Nc-Spain1H. 
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SUPPLEMENTARY FIGURE 1 | Characterization of bovine monocyte-derived macrophages. (A) Representative 
micrographs of monocytes (day 0 of culture), (B) macrophages (MØ, day 5 of culture with GM-CSF) and (C) MØ 
challenged for 4 hours with 100 ng/ml LPS (LPS-MØ). (D) Dot plots present the shape, size and internal complexity, 
determined by flow cytometry, of monocytes, MØ and LPS-MØ. (E) Histograms present the percentage of positive 
cells and the mean fluorescence intensity (MFI) of CD14, MHC class II, CD80, CD86, CD172a, CD11b and CD1b 
markers determined by flow cytometry in monocytes, MØ and LPS-MØ.

SUPPLEMENTARY FILES
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SUPPLEMENTARY FIGURE 2 | Characterization of bovine lymphocytes. The cytometry profile shows de percentage 
of CD4 T cells (CD4+), CD8 T cells (CD8+), B cells (CD21+) Natural Killer (NK, CD335+) and γδ T cells (WC1+) in 
a cell population obtained from bovine peripheral blood mononuclear cells, after magnetic isolation of monocytes.
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SUPPLEMENTARY TABLE 1 | List of antibodies used for immunophenotypic analysis of bovine 
monocyte-derived macrophages and characterization of lymphocytes.
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La capacidad de N. caninum para modular las células de la respuesta inmunitaria innata durante 
la infección temprana podría ser clave para el establecimiento de la infección en el bovino. En el 
objetivo 1 de la presente tesis doctoral se ha demostrado que N. caninum es capaz de sobrevivir 
multiplicarse en el interior de macrófagos bovinos, modular sus mecanismos microbicidas con el 
fin de evitar su eliminación y explotar su motilidad para diseminarse. Además, los mecanismos 
de modulación de la respuesta inmunitaria celular parecen ser dependientes de la virulencia de 
los aislados. 

En el presente objetivo se investigó el perfil transcriptómico de macrófagos bovinos derivados 
de monocitos infectados con aislados de alta virulencia (Nc-Spain7) o baja virulencia (Nc-
Spain1H) de N. caninum con el fin de determinar las bases moleculares del reconocimiento 
del parásito y la subsiguiente respuesta del macrófago frente a la infección. Posteriormente 
se investigó el perfil transcripcional de Nc-Spain7 y Nc-Spain1H en macrófagos bovinos, para 
correlacionar las diferencias de expresión génica entre aislados con su diferente comportamiento 
in vitro y determinar potenciales efectores del parásito implicados en la modulación de la célula 
hospedadora. 

En relación a la respuesta celular a la infección, el enriquecimiento funcional reveló la 
sobreexpresión de genes implicados en señalización por quimioquinas, inflamación y 
supervivencia celular, así como la inhibición de genes relacionados con la maduración del 
fagolisosoma y el metabolismo. La activación del macrófago se caracterizó por la inducción de 
un fenotipo predominantemente M1 (proinflamatorio) con sobreexpresión de TLR (TLR2, TLR3 
y TLR9) y NLR (NAIP, NOD2, NLRC4 y NLRP12) y activación de la ruta de señalización NF-ƙB. 
La inoculación de taquizoítos de N. caninum inactivados por calor no fue capaz de activar la ruta 
NF-ƙB y de inhibir la actividad de los lisosomas y la apoptosis celular, lo cual es indicativo de 
la existencia de una modulación activa por parte del parásito. Las rutas de señalización celular 
FoxO, diferenciación Th1-Th2, degradación de glicosaminoglicanos y apoptosis aparecieron 
enriquecidas exclusivamente por la infección por Nc-Spain1H. Además, la infección por dicho 
aislado indujo una sobreexpresión de citoquinas proinflamatorias IL12A e IL8, mientras que la 
expresión de IL23 se vio infraexpresada con la infección por Nc-Spain7.
 
Respecto al estudio transcriptómico de los aislados de N. caninum en macrófagos bovinos, los 
resultados obtenidos demostraron que las diferencias fenotípicas observadas in vitro y descritas 
en el objetivo 1 se correlacionan con perfiles específicos de expresión génica. Más concretamente, 
el aislado de baja virulencia Nc-Spain1H mostró un incremento en la expresión de genes 
que codifican antígenos de superficie y genes relacionados con la fase de bradizoíto. Entre 
los genes sobreexpresados en Nc-Spain7, aquellos involucrados en el crecimiento del parásito 
y la homeostasis redox son particularmente importantes, porque se podrían correlacionar 
con la mayor proliferación de Nc-Spain7 observada en macrófagos bovinos en relación con 
Nc-Spain1H. La sobreexpresión de genes que codifican antígenos de superficie altamente 
inmunógenos SRS en el aislado de baja virulencia podría estar involucrada en la su mayor 
inducción de  respuestas proinflamatorias en el macrófago. Por el contrario el aislado de alta 
virulencia mostró un aumento en la expresión de proteofosfoglicanos y de genes relacionados 
con la síntesis de glicosilfosfatidilinositol, ambos potencialmente involucrados en la evasión de 
la respuesta inmunitaria. 

En conjunto, estos resultados indican que Nc-Spain7 podría ser capaz de limitar la respuesta 
proinflamatoria del macrófago, lo que sumado a su mayor capacidad de proliferación podría 
explicar al menos en parte la mayor tasa de transmisión y aborto inducida in vivo por este 
aislado. Por el contrario Nc-Spain1H induce una respuesta proinflamatoria que limitaría la 
multiplicación del parásito, lo que explicaría la infección limitada de tejidos placentarios sin 
transmisión fetal durante la infección temprana observada en el modelo bovino gestante.

OBJETIVO II | Estudio transcriptómico de la modulación de macrófagos bovinos derivados
            de monocitos por aislados de Neospora caninum de distinta virulencia.
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SUMMARY |

Neospora caninum is an obligate intracellular parasite, and its ability to survive inside host immune 
cells may be a key mechanism for the establishment of infection in cattle. In vitro studies carried 
out by our group have shown that N. caninum is able to replicate in bovine macrophages (MØs), 
alter their microbicidal mechanisms and exploit their motility. Furthermore, host-cell subversion 
seems to be isolate virulence-dependent. Herein, the transcriptome profile of bovine monocyte-
derived MØs infected with high  (Nc-Spain7) or low (Nc-Spain1H) virulence N. caninum isolates 
was investigated. Functional enrichment revealed up-regulation of genes involved in chemokine 
signalling, inflammation, cell survival, and inhibition of genes related with metabolism and 
lysosome. MØs activation was characterized by the induction of a predominantly M1 phenotype 
with expression of TLR2, TLR3 and TLR9 and activation of the NF-ƙB signalling pathway. Heat-
killed N. caninum tachyzoites failed to activate NF-ƙB, and to inhibit lysosomal activity and 
apoptosis, which indicates active modulation by the parasite. The FoxO signalling pathway, 
Th1-Th2 differentiation, glycosaminoglycan degradation and apoptosis were pathways enriched 
only for Nc-Spain1H infection. In addition, Nc-Spain1H infection upregulated the IL12A and 
IL8 proinflammatory cytokines, whereas IL23 was downregulated by Nc-Spain7. These results 
indicate that Nc-Spain7 may be able to partially circumvent the pro-inflammatory response 
whereas Nc-Spain1H induces a protective response to infection, which may explain the more 
efficient transmission of the high virulence isolate observed in vivo.

OBJECTIVE 2 |

SUB-OBJECTIVE 2.1 | 

Transcriptome modulation of  bovine monocyte-derived macrophages by 
Neospora caninum isolates of different virulence

Gene expression profiling of bovine macrophages infected with 
high and low virulence Neospora caninum isolates.
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1.   BACKGROUND

Neospora caninum is an apicomplexan parasite that is phylogenetically related to Toxoplasma 
gondii and is responsible for major economic losses due to reproductive failure in cattle (Dubey 
et al., 2007). Macrophages (MØs) are key effectors in the innate immune system and play a 
major role in early host resistance to N. caninum infection (Abe et al., 2014). MØs are able to 
detect pathogens by means of pattern recognition receptors (PRR), resulting in phagocytosis 
and elimination of the pathogen by nitrogen intermediates, reactive oxygen species (ROS) and 
lysosomal enzymes. These cells also link the innate and the adaptive response by the release of 
cytokines and chemokines and by their ability to present antigens to naïve T-cells (Stafford et 
al., 2002; Hume, 2008). 

Studies in murine MØs have identified the TLR2-MAPK, TLR3-TRIF, and TLR11-MEK/ERK 
pathways and NLRP3-inflammasome activation as signalling pathways implicated in host 
resistance against N. caninum, that trigger the production of pro-inflammatory cytokines (Jin 
et al., 2017; Li et al., 2018; Wang et al., 2018; Miranda et al., 2019). Several works have 
demonstrated that N. caninum has evolved mechanisms to evade the immune response mounted 
by murine MØs. Enhanced expression of C-type lectin receptor Dectin-1 has been related to the 
downregulation of ROS (Silva et al., 2017), p38 MAPK-dependent GPCR/PI3K/AKT pathway 
activation with the downregulation of IL-12 production (Mota et al., 2016), and upregulation 
of PPARG receptor and inhibition of NF-κB activation with the polarization of MØs from a M1 
(pro-inflammatory) to a M2 (anti-inflammatory) phenotype (He et al., 2017). In human MØs, 
MEK 1/2-mediated expression of cathelicidins has been proposed as a mechanism of defence 
against N. caninum infection (Boucher et al., 2018). Although these studies provide important 
advancements towards the understanding of the N. caninum-MØ interaction, it is important 
to consider that mice and humans are not natural hosts for N. caninum and that essential 
differences exist regarding the immune response in cattle (its natural host). These include the 
lack of TLR11 and TLR12 in the genomes of cattle, which are by contrast present in mice, or the 
limited (65–77% in average) nucleotide homology to human TLR genes (Jungi et al., 2011). 
Thus, the ability of N. caninum to modulate innate immune responses should be determined in 
bovine MØs. 

Recent in vitro studies carried out by our group have shown the capacity of Neospora to 
survive and grow in bovine monocyte-derived MØs by circumventing lysosomal degradation 
and, for the first time, have shown isolate-dependent differences regarding parasite behaviour 
in this host cell and the cellular response to infection. Nc-Spain7, a high virulence isolate in 
cattle, exhibited higher capacities to invade, survive and replicate in bovine MØs than the low 
virulence Nc-Spain1H. Moreover, Nc-Spain7 infection induced lower ROS production, IL10 and 
IL12B expression by MØs than Nc-Spain1H infection, which also resulted in decreased IFN-γ 
release by activated lymphocytes (García-Sánchez et al., 2019). These results suggest that N. 
caninum is able to modulate host defences in order to survive and be transmitted in a virulence-
dependent manner, and differences in pathogenesis between isolates may be highly related to 
their ability to induce or subvert protective immune responses in the host. 

Transcriptome analysis has been demonstrated to be a suitable approach for studying N. caninum 
host-parasite interactions in target cells (Horcajo et al., 2017). To investigate the molecular basis 
underlying the innate responses in MØs against N. caninum and the mechanisms of parasite 
manipulation of the host cell environment, we studied the transcriptional profile of bovine 
monocyte-derived MØs infected with high  (Nc-Spain7) and low- (Nc-Spain1H) virulence N. 
caninum isolates, revealing the main processes involved in MØ activation and modulation.
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2.   MATERIAL AND METHODS

 2.1.   Ethical statements

Handling of cows and blood sampling were conducted in accordance with Spanish and 
EU legislation (Law 32/2007, concerning animals, their exploitation, transportation, 
experimentation and sacrifice; Royal Decree 53/2013 for the protection of animals employed 
in research and teaching; Directive 2010/63/UE, related to the protection of animals used for 
scientific goals). Protocols were approved by the Animal Welfare Committee of the Community 
of Madrid, Spain (permit number PROEX 236/17).  

 2.2.   Bovine monocyte isolation and in vitro macrophage differentiation

Monocyte-derived MØs were obtained from peripheral blood from a healthy adult Holstein 
dairy cow that tested negative for infectious bovine rhinotracheitis virus (IBRV), bovine viral 
diarrhoea virus (BVDV) and N. caninum, following the protocol previously described by García-
Sánchez et al. (2019). Briefly, peripheral blood mononuclear cells (PBMCs) were separated by 
density gradient with Histopaque 1077 (Sigma-Aldrich, USA) and monocytes were isolated 
using microbeads conjugated to mouse anti-human CD14 antibodies (Miltenyi Biotec Ltd., 
USA). Monocytes were seeded in six-well culture plates at a density of 3 × 10⁶ cells/well and 
incubated with 100 ng/ml recombinant bovine GM-CSF (Kingfisher Biotech Inc, USA) at 37ºC 
and 5% CO2 for 5 days. After five days of culture, morphological and functional characteristics 
compatible with MØs (García-Sánchez et al., 2019) were checked. Cells were harvested, re-
seeded at 3 x 106 cells/well in six-well culture plates, and incubated for 24 hours prior to 
infection.

 2.3.   Parasite culture and macrophage infection

Neospora caninum Nc-Spain7 and Nc-Spain1H isolates were routinely maintained in an MA-
104 cell line culture as described previously (Regidor-Cerrillo et al., 2008), keeping in the 
parasites at a low number of culture passages (<15) to minimize potential changes in virulence 
(Pérez-Zaballos et al., 2005). Tachyzoites used for MØ infection were collected from three day-
growth cultures, when at least 80% of the parasites were still intracellular, and purified with 
PD-10 Desalting Columns (G.E. Healthcare, UK) as described previously (Regidor-Cerrillo et al., 
2011). Cells were inoculated before one hour of parasite harvest to minimize loss of viability. 
A multiplicity of infection (MOI) of three was selected for the inoculation of macrophages 
with each isolate, to obtain the highest number of infected cells (50-60%) while maintaining 
cell integrity as described previously (García-Sánchez et al., 2019). The absence of differences 
in the percentage of infected cells between groups was confirmed by infecting 3 × 105 cells 
seeded on coverslips in parallel and under the same conditions and determining the infection 
rate following the protocol described previously (García-Sánchez et al., 2019). MØs were also 
inoculated with the same MOI of three with heat-killed (HK) N. caninum parasites to study the 
cell response against N. caninum antigens versus live tachyzoite infection. Equal quantities of 
Nc-Spain7 and Nc-Spain1H tachyzoites were mixed and were killed by incubation at 56 ºC for 
30 min. Loss of viability was checked by trypan blue exclusion prior to culture inoculation and 
by reverse transcription PCR at 1 week post-infection as previously described (García-Sánchez 
et al., 2019). Non-infected MØs were included as control samples. 
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At eight hours post infection (hpi), cells were recovered by cell scraping and centrifuged at 
1,350 g for 10 min at 4º C. The resulting pellet was resuspended in 300 µl of RNA later (Thermo 
Fisher Scientific, Spain) and stored at -80ºC until RNA extraction. All analyses were performed 
with three biological replicates obtained from three independent experiments. Each replicate 
was obtained from three wells (9x106 MØs) inoculated for each condition (Nc-Spain7, Nc-
Spain1H, HK and non-infected).

 2.4.   RNA extraction and RNA-seq

Total RNA was extracted using the Maxwell 16 LEV simply RNA Purification Kit (Promega, USA), 
following the manufacturer’s instructions. RNA integrity was determined by electrophoresis 
on a 1% agarose gel stained with GelRed (Biotium, USA) and visualized under UV light. The 
quality and quantity of the total RNA obtained was determined in Bioanalyzer 2100 (Agilent, 
USA) and a Qubit 2.0 (Thermo Fisher Scientific, Spain).

Twelve samples were sequenced individually by RNA-seq, which consisted of three biological 
replicates from each of the following samples: MØs inoculated with Nc-Spain7 (MØ7), Nc-
Spain1H (MØ1H), HK tachyzoites (MØHK) and non-infected MØs (MØC). The Poly(A) + mRNA 
fraction was isolated from total RNA, and cDNA libraries were obtained following Illumina´s 
recommendations. Briefly, poly(A)+ RNA was isolated on poly-T oligo-attached magnetic beads 
and chemically fragmented prior to reverse transcription and cDNA generation. The cDNA 
fragments were then subjected to a repair process, addition of a single ‘A’ base to the 3’ end and 
ligation of the adapters. Products were purified and enriched by PCR to create the final indexed 
double stranded cDNA library. The quantity of the libraries was determined by real-time PCR 
in LightCycler 480 (Roche, Germany), and their quality was analysed in Bioanalyzer 2100, 
High Sensitivity assay. Prior to cluster generation in cBot (Illumina, USA), equimolar pooling of 
the libraries was performed. The cDNA library pool was sequenced by paired-end sequencing 
(100 × 2) in an Illumina HiSeq 2000 sequencer (Illumina, USA).

 2.5.   Computational analysis of RNA-seq data

Data quality assessment was performed using the FastQC tool (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc). The raw paired-end reads were mapped against the Bos taurus 
genome version UDM3.1 (NCBI:GCA_000003055.3) obtained by the ENSEMBL/NCBI database 
(http://www.ensembl.org/), using the TopHat2 v2.1.0 algorithm (Kim et al., 2013). Low-
quality reads were eliminated by the use of Picard Tools (http://picard.sourceforge.net) and 
selected high quality reads were assembled and identified through the recommended algorithm 
in Cufflinks v2.2.1 (Trapnell et al., 2010). The gene quantification process was carried out by 
the htseq_count 0.6.1p1 tool (Anders et al., 2015). The Cufflinks method (Trapnell et al., 2010) 
was used for the quantification and determination of differential expression of the isoforms.

 2.6.   Differential expression determination, functional enrichment analysis 
          and network analysis

The correlation between samples of the same condition was determined in the statistical 
software R (http://www.r-project.org) and the whole transcriptome normalized by the size of 
the library was considered to accept the samples as biological replicates.
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The differential expression between sample groups was studied by the recommended DESeq2 
algorithm Anders and Huber, 2010) using a binomial negative distribution for the determination 
of the statistical significance (Love et al., 2014). Genes and isoforms with a fold change (FC) 
≥ 1.5 and an FDR-adjusted (Benjamini and Hochberg, 1995) p-value (p adj) ≤ 0.05 were 
considered differentially expressed (DE).

For functional enrichment, a hypergeometric test was employed using the human orthologue 
obtained from B. taurus annotation. Categories with a p adj ≤ 0.05 for each condition were 
selected. The lists of generated Gene Ontology (GO) terms were summarized in clusters by 
removing redundant GO terms using the REVIGO tool (Supek et al., 2011). The Database for 
Annotation, Visualization and Integrated Discovery (DAVID) (Huang et al., 2009) was used to 
investigate the functional annotation or biological meaning of specific genes of interest. KEGG 
maps were generated using the Pathview R package (Luo and Brouwer, 2013).

 2.7.   Transcriptomic validation by RT-qPCR

Three additional biological replicates for each condition obtained from three independent 
experiments were collected and prepared as described for RNA-seq analysis. cDNA was reverse 
transcribed from extracted RNA using the master mix SuperScript VILO cDNA Synthesis Kit 
(Invitrogen, UK). The expression of selected genes of interest was measured by quantitative 
real-time PCR (qPCR) using four serial dilutions of each sample (1:20, 1:80, 1:320 and 
1:1280) and normalized to the housekeeping gene beta actin (ACTB, ENSBTAG00000026199) 
and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH, ENSBTAG00000014731). Relative 
gene expression of MØ7, MØ1H and MØHK was calculated by comparing with the expression 
in MØC using the 2-ΔΔCt method (Livak and Schmittgen, 2001). Reactions were performed in 
a 7500 Fast Real-Time PCR System (Applied Biosystems, USA) using Power SYBR PCR Master 
Mix (Applied Biosystems). Primers are listed in Supplementary Table 1.

 2.8.   Immunofluorescence analysis of NF-ƙB p65 nuclear translocation 

The induction of NF-ƙB activation by N. caninum infection was investigated by analysing the 
nuclear translocation of the NF-ƙB p65 transcription factor. MØs were seeded on poly-L-lysine-
coated coverslips (Sigma Aldrich, USA) at a density of 3 × 105 cells/coverslip and inoculated 
with Nc-Spain7, Nc-Spain1H or HK tachyzoites at an MOI of three. Non-infected MØs were 
used as a negative control. Cultures were fixed at eight hpi with 0.05% glutaraldehyde and 3% 
paraformaldehyde, permeabilized with 0.25% Triton X-100 for 20 minutes at 37ºC, and blocked 
with 3% bovine serum albumin (BSA, Roche, Germany) for one hour at room temperature 
(RT). Cells were labeled with NF-kB p65 rabbit polyclonal antibody (Sigma Aldrich, USA) at 
2 µg/ml in 1% BSA for three hours. Then, Alexa Fluor 488-conjugated goat anti-rabbit IgG 
(Thermo Fisher Scientific, USA) was used as a secondary antibody at a dilution of 1:400 for 30 
minutes at RT. Parasites were stained using hyperimmune mouse antiserum directed against 
N. caninum tachyzoites (1:200) as the primary antibody (Álvarez-García et al., 2007) for one 
hour and goat anti-rabbit IgG conjugated to Alexa Fluor 594-conjugated goat anti-mouse IgG 
(Thermo Fisher Scientific, USA) as the secondary antibody for 30 minutes at RT. The nuclei 
were stained by washing the cells with DAPI (Thermo Fisher Scientific, USA) at 1:5000 in PBS, 
and the coverslips were embedded in Fluoroprep (BioMerieux, France). Images were taken 
using an inverted fluorescence microscope Nikon Eclipse TE 200 and a Nikon DSL1 camera 
(Nikon, Japan) and were overlaid using Photoshop software (Adobe Systems Incorporated, 
USA).
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3.   RESULTS AND DISCUSSION

 3.1.   Sequencing and mapping of RNA-seq data

Nearly 600 million reads were produced, and between 36 and 59 million were obtained from 
each sample. Between 80-100% of reads were mapped against the reference B. taurus genome. 
Data quality control analysis of duplication studies indicated the lack of degradation of the 
starting biological material as well as the absence of significant deviations in the sequencing 
process. In addition, distribution analysis of normalized data showed a correct distribution of 
biological replicates with no outlier samples. Supplementary Table 2 shows the information 
obtained for each sample in the sequencing process, namely, the number of total reads, mapped 
reads and splice reads (related to the capability of the system to detect isoforms and splicing 
events). Normal high values (80-100%) were observed in the percentage of mapped reads, 
similar to those reported in transcriptomic analysis of bovine MØs infected with other pathogens 
of cattle (Jensen et al., 2018).  

Quantitative real-time PCR was used to validate the RNA-Seq results. The expression of 15 
selected genes was measured in three new biological replicates of each condition, and the FCs 
in inoculated MØs in relation to non-infected cells were calculated and compared with those 
obtained by RNA-Seq. All genes showed similar expression profiles for both techniques and 
similar FCs for the two housekeeping genes used for validation (Supplementary Figure 1). 

 3.2.   Differential expression analysis of B. taurus genes displays different 
          interactions between live and heat-killed Neospora caninum with bovine
          macrophages

A differential expression analysis was performed between N. caninum-inoculated MØs (MØ1H, 
MØ7, MØHK) and MØC. A total of 3,127 DEGs were identified in the MØ1H-MØC comparison, 
of which 1,538 were upregulated and 1,589 were downregulated in MØ1H. A total of 2,565 
DEGs were found in MØ7-MØC comparison, with 1292 upregulated and 1273 downregulated 
in MØ7. Finally, 1496 DEGs were found in MØHK-MØC comparison, with 720 upregulated and 
776 downregulated in MØHK.
 
A Venn diagram was generated to illustrate similarities and differences in the DEGs between 
the three groups of inoculated MØs and MØC. A common repertoire of genes was regulated 
under the three conditions, although a bigger number of DEGs was observed with live infection 
(MØ1H and MØ7), and especially with the MØ1H (Figure 1). These variances provide clues for 
differences in MØ modulation by live and dead parasites and, moreover, by isolates implicated 
on infection that may help to explain the differences in the virulence observed in cattle (Jiménez-
Pelayo et al., 2019b). 

To investigate the differential transcriptional response in bovine MØ1H, MØ7 and MØHK, 
the Gene Ontology (GO) analysis related the Biological Process (BP) domain was carried 
out for each condition (Supplementary Table 3). Enrichment analysis of the DEGs resulted 
in 54 GO terms grouped in 23 clusters for the MØ1H-MØC comparison, 52 GO terms in 25 
clusters for the MØ7-MØC comparison, and 42 GO terms in 18 clusters for the MØHK-MØC 
comparison (Supplementary Table 4). The most representative clusters with GO terms related 
to the immune response, cell adhesion, cell survival and metabolism are shown in Figure 2. As 
expected, a higher representation was observed in inoculations with live tachyzoites than with 
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FIGURE 1 | Venn diagram representing DEG between the three groups of N. caninum inoculated macrophages 
versus non-infected cells. The diagram shows the number of unique and shared DEG (up- and downregulated) in 
bovine macrophages infected for 8 h with live tachyzoites of N. caninum Nc-Spain7 (MØ7) and Nc-Spain1H (MØ1H), 
and inoculated with heat-killed tachyzoites (MØHK) in relation to non-infected cells. Genes were considered as 
differentially expressed when presented a FC ≥1.5 and with a P adj ≤0.05

HK parasites, and interestingly, in infection with the low virulence isolate Nc-Spain1H than 
with the Nc-Spain7 isolate. MØ1H-MØC, MØ7-MØC and MØHK-MØC comparisons were also 
mapped on Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (Supplementary 
Table 5). KEGG pathway analysis of the DEGs reveald 36 pathways for MØ1H-MØC, 35 for 
MØ7-MØC and 12 for MØHK-MØC (Figure 3). Important pathways enriched exclusively in live 
infections (MØ7 and MØ1H) were those related to pathogen recognition (NLR and RIG-I-like 
signalling pathways), signal transduction and cell interaction (IL17 signalling pathway, NF-ƙB 
signalling pathway, Th17 cell differentiation). In addition, those involved in cell growth and 
survival (ferroptosis, p53 signalling pathway), metabolism (tryptophan metabolism, pentose 
and glucuronate interconversions, fatty acid metabolism) and transport and catabolism involving 
“lysosome” were also modulated only by live parasites. Among these, remarkably metabolism 
and lysosome-related pathways appeared to be downregulated. The unique DEGs for MØ7 and 
MØ1H were also studied, but no significant results were obtained in any of the enrichment 
analyses. Figure 4 shows differences in the expression of a selection of genes grouped into 
functional categories of interest. 

In summary, different host cell modulation was induced by live than by HK parasites, with a 
higher impact observed for MØ1H. GO and KEGG pathway analyses in infected cells showed a 
specific gene expression profile for antigen-presenting cells (APCs) triggering innate immune 
mechanisms and their interactions in defence against N. caninum infection. Regulation was also 
observed in metabolism pathways that could be associated with immune response and the host 
modulation by intracellular N. caninum multiplication.
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FIGURE 2 | GO terms enriched from DEG in macrophages inoculated with N. caninum versus non-infected 
cells. The graph shows the GO terms enriched from DEG of bovine macrophages infected for 8 h with N. caninum 
Nc-Spain7 (MØ7), Nc-Spain1H (MØ1H), and inoculated with heat-killed tachyzoites (MØHK) in relation to non-
infected cells. The x-axe represents the number of DEG mapped for each GO term. Dark bars indicate upregulated 
genes and light bars downregulated genes. Asterisks indicate GO terms enriched with a p adj ≤ 0.05, considered 
statistically significant.
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FIGURE 3 | KEGG pathways enriched from DEG in macrophages inoculated with N. caninum versus non-
infected cells. The graph shows the pathways enriched from DEG of bovine macrophages infected for 8 h with N. 
caninum Nc-Spain7 (MØ7), Nc-Spain1H (MØ1H), and inoculated with heat-killed tachyzoites (MØHK) in relation to 
non-infected cells. The x-axe represents the number of DEG mapped in each pathway. Dark bars indicate upregulated 
genes and light bars downregulated genes. Asterisks indicate pathways enriched with a p adj ≤ 0.05, considered 
statistically significant.
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FIGURE 4 | Clustering of DEG in N. caninum infected macrophages. Heatmap of a selection of DEG showing row 
Z-scores based on expression data of three replicates (R1-R3) of MØs challenged for 8 h with Nc-Spain1H (MØ1H), 
Nc-Spain7 (MØ7), HK tachyzoites (MØHK) and non-infected MØs (MØC). Heatmap was generated by the use of 
Heatmapper (http://www2.heatmapper.ca). Genes are grouped according to functional categories and clustered 
into each category by Pearson computing distance method. 
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 3.3.   Pattern recognition receptor expression is differentially regulated by
          live Neospora caninum

A key element in the initiation of the innate immune response is the recognition of the pathogen 
by APCs by means of pattern recognition receptors (PRRs). Pathogen recognition by Toll-like 
receptors (TLRs) and nucleotide-binding and oligomerization domain (NOD)-like receptors 
(NLRs) leads to the activation of signalling cascades that stimulate host defences (Jungi et al., 
2011; Kim et al., 2016).

Toll-like receptors TLR2 and TLR9 were upregulated, whereas TLR5, TLR6 and TLR10 were 
downregulated in MØ7, MØ1H and MØHK. Interestingly, there was upregulation of TLR3 and 
inhibition of TLR7 expression exclusively in those MØs infected with live parasites (MØ7 and 
MØ1H) (Figure 4). The importance of TLR2 and TLR3 in N. caninum recognition has been 
previously described in murine MØs, whereby TLR2 and TLR3 trigger the production of pro-
inflammatory cytokines upon ligand binding (Mineo et al., 2010; Beiting et al., 2014; Miranda 
et al., 2019). TLR2 expression is also regulated by N. caninum infection in bovine trophoblast 
cells (Horcajo et al., 2017). Our results suggest a role of TLR2 and TLR3 in N. caninum infection 
in bovine MØ response and TLR9, whose expression by APCs has been demonstrated to be 
essential for initiating and developing an effective Th1-type immune response to T. gondii 
infection (Minns et al., 2006). 

Conversely, thus far the role of NLRs in neosporosis is unclear, and only two members of these 
cytoplasmic receptors, NOD2 and NLRP3, have been related to murine MØ responsiveness in 
previous studies (Davoli-Ferreira et al., 2016; Wang et al., 2018). Here, the expression of the 22 
NLR members grouped in the four subfamilies of NLRs was examined in bovine MØs inoculated 
with live or HK N. caninum tachyzoites. Ten NLRs were DE in MØ1H, eight in MØ7 and only 
three in MØHK, suggesting different recognition and thus subsequent responses induced by live 
and HK tachyzoites (Figure 4), likely because NLRs act as intracellular surveillance molecules. 
NLRs related to inflammasome formation (Kim et al., 2016) such as NAIP, NOD2, NLRC4 and 
NLRP12 were only over-expressed in cells infected with live tachyzoites of both isolates. The 
involvement of all these receptors in T. gondii sensing has been reported previously. NOD2 
seems to be necessary for a Th1 immune response during murine toxoplasmosis (Clay et al., 
2014). Additionally, T. gondii significantly upregulates NAIP and NLRC4 mRNA levels in human 
MØs (Chu et al., 2016), and a higher expression of NLRP12 has been detected in murine spleen 
after T. gondii infection (Znalesniak et al., 2017). In relation to N. caninum, NOD2 activation 
in mice has been related to an exacerbation of the inflammatory response, contributing to 
initial parasite control, but causing tissue damage during acute neosporosis (Davoli-Ferreira et 
al., 2016). Here, we suggest for the first time that NOD2, NLRP12, NAIP and NLRC4 may be 
involved in the bovine MØ inflammatory response against neosporosis. 

Not only inflammasome formation but also signalling transduction and transcription activation 
are functions attributed to NLRs (Kim et al., 2016). Enhanced expression of NLRs related not 
only to NF-ƙB signalling pathway activation (NOD2), but also to NF-ƙB negative regulation 
(NLRC3 and NLRP12) (Cui et al., 2010; Tuncer et al., 2014; Kim et al., 2016), was observed 
in MØs infected with live tachyzoites, which points towards a modulation of the inflammatory 
response by N. caninum with the aim of avoiding pathologic consequences due to a persistent 
activation of NF-ƙB (Jha and Pan-Yun, 2015). The involvement of NLRP12 in the development of 
an adaptive response has been suggested to be mediated by inducing neutrophil and dendritic 
cell migration and MHC class I gene expression (Tuncer et al., 2014). However, this role has not 
yet been demonstrated in N. caninum or T. gondii infections.
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The major histocompatibility complex (MHC) class II transactivator CIITA was over-expressed 
in MØHK, likely because of the exclusive antigen presentation via phagocytosis of inactivated 
parasites (García-Sánchez et al., 2019). However, a reduction of MHC II has also been detected 
in bovine MØs infected with live N. caninum internalized in MØs via active parasite invasion and 
phagocytosis (García-Sánchez et al., 2019), which suggests a downregulation of its expression 
by live parasites. Inhibition of CIITA expression seems to be a mechanism used by T. gondii 
to limit MHC II expression in neural APCs to evade CD4+-mediated intracerebral immune 
responses (Lüder et al., 2003). 

Autophagy has been associated with the control of infections by directing intracellular or 
phagocytosed pathogens to lysosomes for degradation (Bortoluci and Medzhitov, 2010). NLRX1 
and NOD1 are related to autophagy, the latter located in the mitochondria and involved in 
ROS production (Tattoli et al., 2008), and were downregulated in MØ7 and MØ1H but not in 
MØHK. Thus, N. caninum may inhibit their expression in order to survive in the cell. In fact, 
a reduction in ROS response has been demonstrated for early N. caninum infection (García-
Sánchez et al., 2019).

 3.4.   Activation of the NF-ƙB signalling pathway is induced in bovine macrophages
         during Neospora caninum infection 

Activation of the NF-ƙB signalling pathway results in the induced transcription of pro-inflammatory 
cytokines and chemokines. In addition, the NF-ƙB pathway participates in inflammasome 
regulation and induces CD4+ T-cell activation and differentiation, serving as a pivotal mediator 
of innate and adaptive immunity (Liu et al., 2017). The NF-ƙB signalling pathway was observed 
to be upregulated exclusively in MØs infected with live tachyzoites (MØ1H and MØ7) (Figure 
4). NF-ƙB activation by N. caninum infection was also functionally demonstrated in this study 
by examining the translocation of NF-ƙB p65 from the cytoplasm to the nucleus in MØ1H and 
MØ7 but not in MØHK and MØC (Figure 5). Activation of NF-κB signalling pathway upon N. 
caninum infection has been previously reported in murine MØs, and it has been related to the 
expression of N. caninum 14-3-3 protein (Li et al., 2019) and dense granule proteins NcGRA6, 
NcGRA7, and NcGRA14 (Nishikawa et al., 2018). Although a very similar response was observed 
regarding the DEGs implicated in this pathway for MØ1H and MØ7, for nearly all of them, the 
levels of mRNA regulation were higher for MØ1H, and expression was significantly higher for 
the adaptor TRAF2, which results in a higher expression of pro-inflammatory cytokines (Figure 
6). In T. gondii, differences in the activation of this pathway have been related to parasite type 
since type II strains induce a higher NF-κB activation than type I and III strains, which affects 
cytokine expression and virulence (Rosowski et al., 2011). 

Pro-inflammatory cytokine production induced by the activation of MAPK pathways ERK, JNK 
and p38 in MØs has been related to murine resistance against N. caninum (Jin et al., 2017; Li et 
al., 2019). In our study, the ERK and JNK pathways were not upregulated in MØs inoculated with 
either live or HK tachyzoites, suggesting that they are probably not involved in the bovine host 
immune response against N. caninum. Although the p38 pathway was not enriched in the KEGG 
analysis, the p38 genes MAPK11 and MAPK12 (encoding p38-β and p38-γ MAPK, respectively) 
appeared upregulated in MØ7, MØ1H and MØHK. Mota et al. (2016) proposed p38 MAPK 
activation as a mechanism used by N. caninum to evade murine innate immunity. In that study, 
p38-α phosphorylation, induced by live tachyzoites and antigen extracts was associated with 
a pronounced decrease in IL-12p40 production. Curiously, MAPK14 (encoding p38-α MAPK) 
mRNA levels were not altered in MØ7 and MØHK, whereas they were downregulated in MØ1H, 
which showed higher levels of IL12B (IL-12p40) expression.
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FIGURE 5 |Nuclear translocation of NF-ƙB p65 upon N. caninum active invasion. Representative micrographs of 
non-infected MØs (MØC) and MØs challenged for 8 h with Nc-Spain7 (MØ7), Nc-Spain1H (MØ1H) or HK tachyzoites 
(MØHK). NF-ƙB p65 is presented in green, parasites in red and nuclei in blue. Scale bar is 10 µm. Arrows exemplify 
co-location of NF-ƙB p65 and nuclei in N. caninum infected cells.

Altogether, these results indicate that NF-ƙB is the main signalling pathway implicated in the 
pro-inflammatory immune response against N. caninum in bovine MØs. However, new studies 
are necessary to establish the mechanisms involved in NF-ƙB activation and the participation of 
additional routes of MØ activation.

 3.5.   Neospora caninum infection induces macrophage polarization towards the  
         M1 phenotype.

MØs exhibit a high degree of plasticity and are able to respond to stimuli and polarize to 
an M1 (classical activation) phenotype that promotes Th1 responses or an M2 (alternative 
activation) phenotype that promotes Th2 responses (Muraille et al., 2014). M1 macrophages 
respond to stimulation with enhanced expression of pro-inflammatory cytokines (IL12, IL23, 
TNF, IL6, IL1B), nitric oxide synthase (NOS2), chemokines (e.g., CCL2, IL8) and costimulatory 
factors (e.g., CD80, CD86, CD40). The alternative activation (M2) is mainly characterized 
by the expression of anti-inflammatory and regulatory cytokines (e.g., IL10) and arginase-1 
(ARG1), although many other M2 phenotype-associated molecules have been proposed such 
as certain chemokines (e.g., CCL22), scavenger receptors (e.g., CD163), and a mannose 



Chapter V - - Objetive II

102

A



Chapter V - - Objetive II 

103

FIGURE 6 | NF-ƙB signalling pathway in macrophages infected with Nc-Spain1H and Nc-Spain7 versus non-
infected cells. The pathway maps represents the NF-ƙB signalling pathway in which DEG in bovine macrophages 
infected with (A) Nc-Spain1H and (B) Nc-Spain7 versus non-infected macrophages are highlighted. Upregulated 
genes are represented in red and downregulated genes are represented in green. The color intensity corresponds to 
the level of up- or down-regulation.

B
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receptor (MRC1) (Martínez and Gordon, 2014; Muraille et al., 2014; Kapellos and Iqbal, 2016). 
Moreover, virulence and evasion mechanisms of the pathogens may affect MØ polarization, 
with consequences for parasite burden and inflammation-related pathologies (Jensen et al., 
2011; Martínez and Gordon, 2014). It has been demonstrated that diverse T. gondii strains 
can induce a different phenotype in MØs, where high virulence has been associated with M2 
induction (Jensen et al., 2011).

Here, N. caninum-inoculated MØs (MØ7, MØ1H and MØHK) showed a predominantly M1 
phenotype, characterized by an enhanced expression of pro-inflammatory cytokines TNF, IL6, 
IL1B, and other M1 markers (CCL2, CD80 and CD40) and downregulation of the M2 markers 
CLEC2A, MRC1, CD163, RNASE6, GATM, and SLCO2B1 (Figure 4). However, the M2-associated 
cytokine IL10 and chemokine CCL22 were also upregulated. In addition, the M1 costimulatory 
factor CD86 was downregulated in the three conditions MØ7, MØ1H and MØHK, although the 
FC for MØHK (-1.52) was very close to the cut-off point. Live tachyzoites infection (MØ7 and 
MØ1H) also induced upregulation of NOS2 and proinflammatory IL12B (that encodes IL12p40). 
Interestingly, mRNA levels of the pro-inflammatory cytokines IL12A (IL12p35) and IL8 were 
upregulated in MØ1H, and the pro-inflammatory cytokine IL23A was downregulated in MØ7. 
We have previously reported similar results, with enhanced expression of IL12p40 observed 
in bovine MØs infected only with live tachyzoites and of IL10 in MØs inoculated with live and 
HK tachyzoites, and with higher expression levels in MØ1H. In addition, surface expression of 
CD86 measured by flow cytometry significantly decreased in live parasite infection (García-
Sánchez et al., 2019). In that work, we suggested that both N. caninum isolates modulate 
expression of cytokines and ligands related to T-cell activation, as a mechanism to escape the 
host immune response. 

In this study, live tachyzoites showed different induction of pro-inflammatory cytokine expression 
that could influence innate and adaptive response efficacy against infection.
 
 3.6.   Neospora caninum circumvents phagolysosome activity

In the present study, the expression profiles indicated lysosome pathway inhibition in MØ7 and 
MØ1H but not MØHK. These results are in agreement with the phenotype previously described 
for N. caninum-infected bovine MØs, where the absence of lysosome activity was demonstrated 
in parasitophorous vacuoles and was limited to tachyzoites internalized by phagocytosis 
(García-Sánchez et al., 2019). Both isolates induced the downregulation of genes related to the 
maturation of the phagosome to a phagolysosome containing a robust antimicrobial environment 
(Uribe-Querol and Rosales, 2017) (Figure 7). Among the downregulated genes were genes 
encoding V-ATPase, which translocates protons (H+) into the lumen of the phagosome for its 
acidification and lysosomal-associated membrane proteins, essential for fusion of lysosomes 
with phagosomes; genes encoding proteins involved in the transport and activation of lysosomal 
enzymes; and a great number of genes encoding enzymes and peptides with microbicidal 
effects (proteases, glycosidases, lipases, nucleases, sulfatases and phosphatases), which destroy 
diverse components of the invading pathogen (Nalpas et al., 2015; Uribe-Querol and Rosales, 
2017). Combined, the results of both studies suggest that impairing phagolysosome maturation 
is a mechanism used by N. caninum to survive and proliferate into phagocytic cells.
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FIGURE 7 | Lysosome pathway in macrophages infected with Nc-Spain1H versus non-infected cells. The pathway 
map represents the molecular network “Lysosome” in which DEG in bovine macrophages infected with Nc-Spain1H 
versus non-infected macrophages are highlighted. Upregulated genes are represented in red and downregulated 
genes are represented in green. The color intensity corresponds to the level of up- or down-regulation. 
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 3.7.   Neospora caninum infection modulates macrophage apoptosis.

Programmed cell death, called apoptosis, is one of the main defence mechanisms that hosts 
possess against intracellular pathogens (Schaumburg et al., 2006; Besteiro, 2015). “Apoptosis” 
and “regulation of apoptosis” were KEGG pathways and GO terms associated with N. caninum 
infection in this study. Again, regulation of apoptosis was observed only in MØs inoculated 
with live parasites (MØ7 and MØ1H). Genes annotated as anti-apoptotic and as pro-apoptotic 
were both upregulated and downregulated (Figure 4). According to these results, N. caninum 
infection may regulate apoptosis in MØs. This behaviour has been largely described in many 
other protozoan parasites, including T. gondii (Schaumburg et al., 2006). On the one hand, 
stress signals provided by the parasite during infection may induce a pro-apoptotic response 
by the host cell as an innate defense mechanism. Obligate intracellular parasites need to 
hijack apoptosis-regulating cascades in order to suppress or delay cell death to favour parasite 
replication (Schaumburg et al., 2006). Our results indicate that Nc-Spain7 and Nc-Spain1H 
counteract stress-induced cell death by promoting the expression of certain anti-apoptotic BCL-
2 genes, inhibitors of apoptosis (IAPs) and FLIP (also named CFLAR) among others. This would 
lead to a decreased release of cytochrome c from mitochondria into the cytosol and to a direct 
interference with caspase processing and function, as has been described for T. gondii and other 
protozoan parasites (Schaumburg et al., 2006; Besteiro et al., 2015).

 3.8.   Neospora caninum infection markedly impacts host metabolic pathways

Enrichment analysis showed an impact of N. caninum on the host cell metabolism. During 
adaptation to parasitism, apicomplexan parasites reduced metabolic pathways to make their 
metabolism more efficient. Manipulation of the host metabolism is achieved to obtain the 
energy and nutrients that the parasites need to survive and proliferate (Xu et al., 2010). Besides, 
there are provided evidences of a role for metabolic reactions and processes in controlling 
immunological effector functions such as cytokine production in response to pathogens (Diskin 
and Palsson-McDermott, 2018). Of particular interest, live parasites (MØ7 and MØ1H) infection 
regulated the KEGG pathways “Fatty acid metabolism”, “Fatty acid degradation”, “Pentose 
and gluconorate interconversions” and “Tryptophan metabolism”; and amongst GO terms 
“Regulation of catalytic activity”, “Organic acid metabolic process” and “Regulation of lipid 
storage” (Figures 2 and 3). 

Interestingly, fatty acid synthesis that occur in cytoplasm and fatty acid degradation in 
mitochondria have been related with MØ polarization. Inflammatory signals including LPS and 
IFN-γ, required to generate M1 MØs, have been shown to drive fatty acid synthesis, whereas the 
inhibition of inflammatory signals required for the differentiation of M2 MØs involves fatty acid 
degradation (Remmerie and Scott, 2018). In this study we observed a clear downregulation of 
fatty acid degradation together with upregulation of fatty acid synthesis (Figures 4 and 8) that 
may reflect M1 polarization of N. caninum-infected MØs. 

“Tryptophan metabolism” is also modulated in N. caninum infected MØs (Figure 4). The 
majority of tryptophan is metabolized by the Kyneurine pathway by two different enzymes, 
indoleamine-2,3-dioxygenase 1 (IDO1) and tryptophan-2,3-dioxygenase (TDO) giving place to 
different catabolites collectively called kynurenines that can act as immunoregulatory factors 
(Grohmann et al., 2017). Enzymes involved in Tryptophan degradation were upregulated in 
N. caninum infected MØs. Activation of Indoleamine 2,3-dioxygenase (IDO) upon T. gondii 
infection has been described as a potent antiparasitic mechanism for its role in catabolizing 
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tryptophan, and the restriction of N. caninum proliferation induced by IDO activity has been 
demonstrated in vitro (Jesus et al., 2019).  Remarkably, IDO was shown to be upregulated 
only in MØ1H, which may be related to the lower proliferation of Nc-Spain1H in bovine MØs 
(García-Sánchez et al., 2019).

 3.9.   Differences between Neospora caninum isolates define a mechanism for  
          evasion of the immune response of the highly virulent isolate Nc-Spain7

A differential expression analysis between MØ1H and MØ7 resulted in four DEGs:  C-C motif 
chemokine 4 (CCL4), C-X-C motif chemokine 6 (CXCL6) and metallothionein-2 (MT2) were 
upregulated in MØ1H, and coenzyme Q8A (ADCK3) was upregulated in MØ7. CXCL6 (or 
granulocyte chemotactic protein 2-GCP-2) and CCL4 (or macrophage inflammatory protein-
1β, -MIP-1β) are chemokines for neutrophils and monocytes, and natural killer cells and 
regulatory T cells, respectively. In addition to their pro-inflammatory effects, CCL4 can also 
promote homeostasis by interacting with CCR5 receptors (Bystry et al., 2001; Linge et al., 
2008). Activation and migration of immune cells via CCR5 seems to be essential for host 
survival following T. gondii infection and for controlling N. caninum during the acute phase of 
the disease (Abe et al., 2015; Khan et al., 2006). The MT2 gene encodes metallothionein, whose 
upregulation during infection may serve as a strategy to prevent host tissue damage because 
of its capability to neutralize ROS (Ruttkay-Nedecky et al., 2013). The observed enhanced 
expression of MT2 in MØ1H compared to MØ7 may be a response to the higher intracellular 
ROS levels induced in MØs infected by Nc-Spain1H as previously described. In contrast to 
Nc-Spain1H, Nc-Spain7 maintains downregulated intracellular ROS levels in MØs over time 
(García-Sánchez et al., 2019). MT2 may also be involved in the regulation of immune response 
signalling and inflammation by modulating the activation of NF-ƙB, pathogen clearance in MØs 
and inhibition of apoptosis through mediation of p53 activity (Ruttkay-Nedecky et al., 2013). 
ADCK3 encodes the atypical kinase COQ8a, which it is thought to be involved in ubiquinone 
(Coenzyme Q) biosynthesis, an essential lipid-soluble electron transporter for aerobic cellular 
respiration (source: UniProtKB).

Although only these 4 genes showed significant differences between the isolates, a higher number 
of differentially regulated genes were found for the Nc-Spain1H isolate in the comparison of 
MØ1H-MØC versus MØ7-MØC. Among the DEGs unique for MØ1H that belong to common 
pathways shared by MØ1H and MØ7, the following can be highlighted: genes associated with 
the “NLR signalling pathway” (NLRP1, NLRP3), “Chemokine signalling pathway” (e.g., BCAR1, 
GNAI3, GNG4, JAK2, ROCK2, CXCL5, IKBKB, MAP2K1, NRAS, and PIK3CG) and “Cytokine-
cytokine receptor interaction” (e.g. IL8, TNFRSF8, IFNAR2, IL12A, IL17RA, TNFSF15 and 
TNFSF8). In addition, the pathways “FoxO signalling pathway”, “Th1 and Th2 cell differentiation” 
“Glycosaminoglycan (GAG) degradation” and “Apoptosis” appeared to be statistically significant 
only for MØ1H. A stronger cellular stimulation induced by Nc-Spain1H has been previously 
described in vitro in bovine MØs and trophoblast cells, which could be related to a higher 
abundance of highly immunogenic cell surface proteins in this isolate, activating a more 
efficient immune response that leads to the control of Nc-Spain1H infection (Horcajo et al., 
2018; García-Sánchez et al., 2019). 

NLRP3 has been implicated in limiting parasite burden and host mortality in T. gondii infections 
(Clay et al., 2014). In addition, involvement of this receptor in the acute host immune response to 
N. caninum has been suggested to limit parasite growth via the Th1 response and IFN-γ induction 
in infected mice (Wang et al., 2018). The upregulation of NLRP3 in MØ1H is consistent with 
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FIGURE 8 | Fatty acid metabolic pathways in macrophages infected with Nc-Spain1H versus non-infected cells. 
The pathway maps represent the molecular networks (A) Fatty acid biosynthesis and (B) Fatty acid degradation 
in which DEG in bovine macrophages infected with Nc-Spain1H versus non-infected macrophages are highlighted. 
Upregulated genes are represented in red and downregulated genes are represented in green. The color intensity 
corresponds to the level of up- or down-regulation. Similar regulation was observed for Nc-Spain7 infection.

B
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the lower parasite survival of this isolate in MØs infected in vitro (García-Sánchez et al., 2019). 
Additionally, an apparent higher activation of the NF-ƙB signalling pathway by Nc-Spain1H 
may be related to variations in the expression of pro-inflammatory cytokines such as TNF, IL1B, 
IL6 and IL12B. TNF could enhance TRAF2 and NF-ƙB activation as is observed in MØ1H. Nc-
Spain1H also induced enhanced expression of proinflammatory IL8 and IL12A, and IL27 that 
was not observed for Nc-Spain7. IL12A (IL12p35) and IL12B (IL12p40) need to be coordinately 
expressed to produce active IL12 (IL12p70) (Ma et al., 2015); therefore, reduced expression 
of IL12A would limit IL12 production in MØ7. This cytokine induces IFN-γ release by natural 
killer (NK) cells and CD4+ T lymphocytes, and both IL12 and IFN-γ are essential for restricting 
N. caninum intracellular growth (Ma et al., 2015; Almería et al., 2017). A reduced secretion of 
IFN-γ was also detected in lymphocytes stimulated with MØs infected with Nc-Spain7 (García-
Sánchez et al., 2019). IL-27 has both pro-inflammatory and anti-inflammatory properties. 
It induces the release of pro-inflammatory cytokines by MØs, enhances ROS generation and 
synergizes with IL12 to promote IFN-γ production by T-cells. On the other hand, IL-27 markedly 
suppresses the Th17 response during inflammation (Carl and Bai, 2008; Sowrirajan et al., 2017). 
In addition, IL23 was downregulated in MØ7. IL-23 is a pro-inflammatory cytokine important 
for controlling T. gondii infection (Matsuzaki and Umemura, 2007) by inducing the production 
of IL-17 by activated T-cells. Furthermore, high levels of IL10 expression, essential cytokine to 
limit the inflammation associated with infection (Almería et al., 2017), were induced by both 
isolates, although again, they were higher for MØ1H. This. This differential cytokine expression 
between the isolates suggests a higher induction of pro-inflammatory responses by the low 
virulence isolate Nc-Spain1H but highly regulated, whereas Nc-Spain7 seems to partially inhibit 
the pro-inflammatory response allowing its replication more efficiently (García-Sánchez et al., 
2019). Altogether, our results may explain the lower induction of IFN-γ release by lymphocytes 
by MØ7 and the higher ability of Nc-Spain7 to survive in MØs observed in vitro (García-Sánchez 
et al., 2019) and may be related to the higher parasite burdens and the induction of placental 
lesions and abortions found in vivo (Jiménez-Pelayo et al., submitted).

Although it is widely accepted that a protective immunity against neosporosis requires a mixed 
Th1/Th2 response (Almería et al., 2017), the adequate balance between both has not been 
defined yet. Thus, this study may help to shed light on the factors implicated in neosporosis 
pathogenesis. Related to the Th1 and Th2 differentiation pathway, 10 genes were DE exclusively 
for MØ1H (CD247, GATA3, IKBKB, IL12A, JAK2, TIK2 and RBPJL were upregulated; DLL4, 
MAML3 and MAPK14 were downregulated). Of particular interest among these beyond IL12A 
and MAPK14, are GATA3, a transcriptional factor that plays an important role in MØ polarization 
towards an M2 phenotype and in the differentiation of Th2 cells (Zhong and Yi, 2016) and 
DLL4, involved in the induction of Th1 differentiation (Tindemans et al., 2017).

GAG degradation pathway was enriched for MØ1H, which showed downregulation of the 
ARSB, IDUA and SGSH genes, involved in the degradation of chondroitin sulfate (CS) and 
heparan sulfate (HS), the major GAG expressed on the cell surface membrane (Martínez et 
al., 2015). CS and HS mediate the initial interaction of several pathogens including T. gondii 
and N. caninum with the host cell (Sohn et al., 2011). In addition, inflammatory and immuno-
regulatory mediators including many chemokines, cytokines, and growth factors interact with 
these cell-surface GAGs (Martínez et al., 2015), and the ability of pathogens to subvert GAG 
functions is considered an important virulence mechanism (Jinno and Park, 2015). On this 
basis, inhibition of HS and CS degradation in MØ1H may be related with a higher abundance 
of these GAGs in the cell surface, which may partially explain the different induction of pro-
inflammatory responses between both isolates.
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Finally, the Forkhead box O (FOXO) signalling pathway, which regulates the expression of genes 
involved in apoptosis, cell-cycle control, metabolism and oxidative stress resistance (Zhang et 
al., 2011) was enriched exclusively for MØ1H. The Nc-Spain1H isolate, despite showing a lower 
proliferation rate, induces a higher expression of Th1 cytokines and ROS production (García-
Sánchez et al., 2019), which may be associated with a higher activation of stress signals in the 
cell and therefore expression of genes related to this pathway.

4.   CONCLUDING REMARKS

The study of gene expression profiles in this work has revealed mechanisms implicated in the 
recognition of N. caninum by bovine MØs and in the subsequent immune response. NF-ƙB seems 
to be an essential signalling pathway implicated in the response against this pathogen of its 
natural host. Gene expression profile after MØs activation by N. cannum showed a metabolic 
and immune M1 inflammatory phenotype needed for the control of infection. Apoptosis and 
degradation by lysosomes are processes repressed by N. caninum infection, which may guarantee 
its survival in this cell type. Gene expression modulation by N. caninum infection resemble with 
phenotypic traits previously studied. This work shows that N. caninum is able to modulate MØ 
host signalling pathways to escape cellular defences and opens up a new avenue for further 
studies on parasite virulence.

The sum of the variations found between the high and the low virulence isolates in the expression 
of genes involved in pathogen sensing, microbial killing, cell survival, chemotaxis or cytokine 
release may result in important differences regarding the immune responses generated against 
these two isolates. An expected enhanced but highly regulated early protective response to 
infection induced by Nc-Spain1H would explain why Nc-Spain1H shows limited infection of 
placental tissues with no transmission during early infection in a bovine model. In contrast, 
mechanisms of evasion by Nc-Spain7 support the efficient transmission of this isolate to the 
foetus causing abortion (Jiménez-Pelayo et al., submitted). Further studies are necessary to 
determine the parasite factors implicated in virulence-related cell modulation.
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SUPPLEMENTARY FILES

SUPPLEMENTARY FIGURE S1 | Transcriptomic validation of RNA-seq analysis by RT-qPCR. Fold changes 
(FC) in gene expression of B. taurus genes in the comparisons between (A) Nc-Spain1H-infected macrophages 
(MØ1H) versus non-infected macrophages (MØC), (B) Nc-Spain7-infected macrophages (MØ7) versus MØC, and 
(C) macrophages inoculated with heat-killed N. caninum tachyzoites (MØHK) versus MØC. Gene expression was 
measured by quantitative real-time PCR (RT-qPCR) and normalized with housekeeping Actin beta (ACTB) and 
Glyceralde-3-phosphate dehydrogenase (GAPDH). All the differentially expressed genes (FC ≥ 1.5, delimited by a 
discontinuous line) showed similar expression profile for both techniques and similar FC for the two housekeepings. 
Lack of correlation was only observed for three genes expressed by MØHK with FC < 1.5 and normalized with ACTB.
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SUPPLEMENTARY TABLE 1 | Sequences of primers used for transcriptomic validation by 
RT-qPCR.

1Magee et al., 2012; 2Fujie et al., 2016; 3Li et al., 2011; 4Chitko-McKown et al., 2004; 5Menzies and Ingham., 2006; 
6this study; 7Arranz-Solís et al., 2016; 8Regidor-Cerrillo et al., 2014; 9Puech et al., 2015.
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SUPPLEMENTARY TABLE 2 | Mapped and paired reads by sample against B. taurus genome

MØC: Non-infected macrophages; MØ1H: Nc-Spain1H infected macrophages; MØ7: Nc-Spain1H infected 
macrophages; MØHK: macrophages inoculated with N. caninum heat-killed tachyzoites; R1-R3: Biological replicates 
1-3 collected from three independent experiments.
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SUPPLEMENTARY TABLE 4 | Gene Ontology analysis of DEG in MØ1H-MØC, MØ7-MØC, 
and MØHK-MØC comparisons
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aProportion of the GO term in the underlying protein annotation database (UniProt). Higher frequency implies more 
general terms and lower frequency more specific ones. 
bMeasures whether the term is an outlier when compared semantically to the whole list. Calculated as 1- (average 
semantic similarity of a term to all other terms). More unique terms tend to be less dispensable.
cSemantic similarity threshold at which the term was removed from the list and assigned to a cluster.  
dGO terms not enriched from DEG in MØ7-MØC or MØHK-MØC comparisons.
eGO terms not enriched from DEG in MØ1H-MØC or MØHK-MØC comparisons.
fGO terms not enriched from DEG in MØ7-MØC or MØ1H-MØC comparisons.
PR, positive regulation; NR negative regulation; TF transcription factor. Representative GO terms for each of the 
clusters are shown in bold and GO terms included within the clusters are italicized.
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SUMMARY |

Intraspecific differences in biological traits between N. caninum isolates have been widely 
described and associated with variations in virulence. However, the molecular basis underlying 
these differences has been poorly studied. We demonstrated previously that Nc-Spain7 and Nc-
Spain1H, high and low virulence isolates, respectively, show different invasion, proliferation 
and survival capabilities in bovine macrophages, a key cell in the immune response against 
Neospora, and modulate the cell immune response in different ways. Here, we demonstrate that 
these differences are related to specific tachyzoite gene expression profiles. Specifically, the 
low virulence Nc-Spain1H isolate showed enhanced expression of genes encoding for surface 
antigens and genes related to the bradyzoite stage. Among the primary up-regulated genes in Nc-
Spain7, genes involved in parasite growth and redox homeostasis are particularly noteworthy 
because of their correlation with the enhanced proliferation and survival rates of Nc-Spain7 
in bovine macrophages relative to Nc-Spain1H. Genes potentially implicated in induction 
of proinflammatory immune responses were found to be up-regulated in the low virulence 
isolate, whereas the high virulence isolate showed enhanced expression of genes that may 
be involved in immune evasion. These results represent a further step in understanding the 
parasite effector molecules that may be associated to virulence and thus to disease traits as 
abortion and transmission.

SUB-OBJECTIVE 2.2 | Gene expression profiling of high and low virulence Neospora 
caninum isolates in bovine macrophages
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1.   BACKGROUND

Neospora caninum is an apicomplexan parasite that is one of the primary infectious causes 
of bovine abortion worldwide (Dubey et al., 2007). To survive, proliferate and transmit, this 
parasite has evolved mechanisms that modulate host cells according to parasite requirements, 
ensuring long-term survival not only of the parasite but also of the host cell (Hemphill et al., 
2006). Because the immune response generated by the infection is highly associated with 
the control and pathogenesis of neosporosis (Almería et al., 2017), modulation of immune 
cell functions may be essential for parasite survival, tissue dissemination and transplacental 
transmission in the host.  

Recent in vitro studies carried out by our group have shown the ability of N. caninum to grow 
into bovine monocyte-derived macrophages (boMØs) and shown isolate-dependent differences 
regarding parasite cell cycle and the cellular response to infection. Specifically, the highly virulent 
isolate Nc-Spain7 showed higher invasion, proliferation and capacity to survive in boMØs than 
the low virulence isolate Nc-Spain1H. In addition, Nc-Spain1H-infected boMØs exhibited a 
higher proinflammatory response (García-Sánchez et al., 2019). The boMØ transcriptome 
was found to be drastically regulated by N. caninum, which increased the expression of genes 
involved in pathogen recognition (e.g., TLR2, TLR3 and TLR9), NF-ƙB signaling pathway and 
proinflammatory cytokine and chemokine genes that elicit a Th1 response. Neospora caninum 
infection also restrained lysosome activity and apoptosis and modified cell metabolism. The 
results of the study also suggested that the high virulence isolate Nc-Spain7 is able to evade 
early innate immune responses, which could explain its high virulence in vivo (García-Sánchez 
et al., submitted). 

Little is known about the parasite effectors implicated in modulation of the host immune 
response against N. caninum. ROP5, ROP16, GRA6 and GRA7 have been postulated as N. 
caninum virulence factors based on a mouse bioassay (Ma et al., 2017a; Ma et al., 2017b; 
Nishikawa et al., 2018; Fereig et al., 2019). However, their potential in modulating host cell 
functions has not been demonstrated in the natural bovine host of N. caninum.

Although N. caninum seems to be highly conserved genetically, an important biological diversity 
has been demonstrated between isolates (Beck et al., 2009). Proteomic and transcriptomic 
analyses have emerged as very useful tools for study of the molecular mechanisms governing 
differences in virulence (Horcajo et al., 2018). However, to date, the only comparative study 
of N. caninum gene expression between isolates with different virulence in bovine target cells 
was carried out using trophoblast cells infected with Nc-Spain7 and Nc-Spain1H. The study 
reported different expression levels of genes involved in cell cycle, stress response and metabolic 
processes between the isolates, which could explain their biological differences (Horcajo et al., 
2017). In the present work, the transcriptional profile of Nc-Spain7 and Nc-Spain1H isolates 
in boMØs was investigated to identify parasite effectors implicated in the differential ability of 
the isolates to modulate cellular processes related to the host cell immune response, which may 
suggest potential targets for control of this parasite.

2.   MATERIALS AND METHODS

 2.1.   Ethical statements

Blood sampling and cow handling were conducted according to Spanish and EU legislation 
(Law 32/2007, concerning animals, their exploitation, transportation, experimentation and 
sacrifice; Royal Decree 53/2013 for the protection of animals employed in research and 
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teaching; Directive 2010/63/UE, related to the protection of animals used for scientific goals). 
All procedures were approved by the Animal Welfare Committee of the Community of Madrid, 
Spain (permit number PROEX 236/17).  

 2.2.   Generation of bovine monocyte-derived macrophages

BoMØs were generated following the protocol described by García-Sánchez et al. (2019). Briefly, 
900 ml of peripheral blood was collected from a healthy adult Holstein dairy cow that tested 
negative for infectious bovine rhinotracheitis virus (IBRV), bovine viral diarrhea virus (BVDV) 
and N. caninum. Histopaque 1077 (Sigma-Aldrich, USA) was used to separate peripheral blood 
mononuclear cells by density gradient, and isolation of monocytes was carried out by positive 
selection using anti-human CD14 antibody-conjugated microbeads (Miltenyi Biotec Ltd., USA). 
Monocytes were incubated at 37ºC in a 5% CO2 atmosphere in medium containing 100 ng/ml 
recombinant bovine GM-CSF (Kingfisher Biotech Inc, USA). At day 5, boMØs were harvested, 
reseeded at 3 x 106 cells/well in 6-well culture plates (P6) and incubated for 24 h prior to 
infection to minimize cellular stress due to the harvest procedure.

 2.3.   Parasite culture and macrophage infection

The N. caninum isolates Nc-Spain7 and Nc-Spain1H were routinely maintained in an MA-104 
cell line culture as described previously (Regidor-Cerrillo et al., 2011), with the number of 
culture passages limited to fewer than 15 to reduce potential changes in virulence (Pérez-
Zaballos et al., 2005). For boMØ infection, tachyzoites were harvested from 3 day-growth 
cultures, when at least 80% of the parasites were still in parasitophorous vacuoles, and purified 
with PD-10 Desalting Columns (G.E. Healthcare, UK) as described previously (Regidor-Cerrillo 
et al., 2011). To preserve the viability and invasion capacity of the tachyzoites, boMØs were 
inoculated with each isolate at a multiplicity of infection (MOI) of 3 within one hour of parasite 
collection. At 8 hours post infection (hpi), samples were recovered by scraping of cells in three 
P6 wells/condition (Nc-Spain7- and Nc-Spain1H-infected boMØs) followed by centrifugation 
for 10 min at 1,350 g. The obtained pellet containing 9 x 105 cells was resuspended in 300 µl 
of RNA later (Thermo Fisher Scientific, Spain) and stored at -80ºC. Three biological replicates 
were assessed, obtained in three independent experiments. 

 2.4.   RNA extraction, RNA-seq and data computational analysis

A Maxwell® 16 LEV simply RNA Purification Kit (Promega, USA) was used for total 
RNA extraction. RNA purity and concentration were determined at 260/280 nm using a 
NanoPhotometer Classic spectrophotometer (Implen, Germany). RNA integrity was assessed 
via electrophoresis on a 1% agarose gel stained with GelRed (Biotium, USA).
RNA-seq and computational analysis of the obtained data were performed as previously described 
(García-Sánchez et al. submitted) with minimal modification. The quality and quantity of total 
RNA were assessed with a Bioanalyzer 2100 (Agilent, USA) and Qubit 2.0 (Thermo Fisher 
Scientific, Spain). The poly (A) + mRNA fraction was isolated from total RNA, and cDNA 
libraries were obtained according to Illumina´s recommendations. The quantity of the libraries 
was determined via real-time PCR with a LightCycler 480 system (Roche, Germany) and the 
Bioanalyzer 2100. A High Sensitivity assay was used to assess their quality. Equimolar pooling 
of the libraries was performed prior to cluster generation in cBot (Illumina, USA). The pool of 
libraries was sequenced in an Illumina HiSeq 2000 sequencer (Illumina).

Data quality was assessed with the FastQC tool (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc). The raw paired-end reads were mapped against the N. caninum Liverpool 
strain genome provided by ToxoDB database version 28 (http://www.toxodb.org) using the 
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TopHat2 v2.1.0 algorithm (Kim et al., 2013). Picard Tools (http://picard.sourceforge.net) was 
used to eliminate low quality reads.  High quality reads were selected, assembled and identified 
via Bayesian interference through the algorithm proposed by Cufflinks v2.2.1 (Trapnell et al., 
2010). Gene quantification was carried out using htseq_count 0.6.1p1 (Anders et al., 2015). For 
isoform quantification and differential expression, the Cufflinks method (Trapnell et al., 2010) 
was used.

 2.5.   Differential expression determination and functional analyses

The statistical software R (http://www.r-project.org) was used to determine the correlation 
between samples of the same condition prior to their acceptance as biological replicates by 
considering the whole transcriptome normalized by the size of the library.

Differential expression between sample groups was studied using the algorithm proposed by 
DESeq2 (Anders and Huber, 2010), with a binomial negative distribution for determination of 
the statistical significance (Love et al., 2014). Genes and isoforms were considered differentially 
expressed (DE) when they presented a Fold Change (FC) ≥ 2 and a false discovery rate (FDR) 
– adjusted (Benjamini and Hochberg, 1995) p-value (p adj) ≤ 0.05.

For functional analyses of N. caninum genes, an orthology analysis was carried out using the 
T. gondii database (http://toxodb.org/toxo/, ToxoDB release 42) due to the more complete 
annotation of the T. gondii genome.
 
 2.6.   Transcriptome validation via RT-qPCR

Transcriptome validation analysis was carried out as previously described with minimal 
modification (García-Sánchez et al., submitted). Briefly, three additional biological replicates 
were collected and prepared as described for RNA-seq analysis. cDNA was obtained from 
extracted RNA using a master mix SuperScript VILO cDNA Synthesis Kit (Invitrogen, UK). The 
expression levels of selected genes of interest were measured via quantitative real-time PCR 
(qPCR) using four serial dilutions (1:20, 1:80, 1:320 and 1:1280) of each sample and normalized 
to those of the housekeeping genes NcTUBα (NCLIV_058890) and NcSAG1 (NCLIV_033230). 
Primers used to amplify the target genes are listed in Supplementary Table 1. Reactions were 
performed in a 7500 Fast Real-Time PCR System (Applied Biosystems, USA) using Power SYBR 
PCR Master Mix (Applied Biosystems). Relative gene expression was calculated using the 2-ΔΔCt 
method (Livak and Schmittgen, 2001) and by comparing the expression of Nc-Spain1H versus 
Nc-Spain7.
 2.7. Data availability statement

All data analyzed in this study are included in this published article. Raw data have been 
deposited in the NCBI Sequence Read Archive under the identifier PRJNA552526.
Data are available for review at the following address: 

https://dataview.ncbi.nlm.nih.gov/object/reviewer=kt4dnoctuuqej3rc24mfhe4vqq

3.   RESULTS AND DISCUSSION

 3.1.   Sequencing and mapping data obtained from RNA-seq analysis

In total, three biological replicates from boMØs inoculated with Nc-Spain1H and three from 
boMØs inoculated with Nc-Spain7 were sequenced individually via RNA-seq. Over 50 million 



Chapter V - - Objetive II 

137

1Samples 1-3 correspond to Nc-Spain1H- infected boMØs; samples 4-6 correspond to Nc-Spain7-infected boMØs.

TABLE 1 | Mapped and paired reads by sample against N. caninum genome.

reads were obtained for each sample. Between 6 and 16% of reads were mapped against the N. 
caninum genome (ToxoDB release 28). The lack of degradation of the starting biological material 
and the absence of significant deviations in the sequencing processes was verified by data quality 
controls based on duplication studies and G+C content. Distribution analysis of normalized 
data showed a correct distribution of biological replicates. No outliers were identified. Table 1 
shows the results obtained by sample in the sequencing process:  number of reads generated, 
mapped reads against the N. caninum genome and splice reads (related to the capability of the 
system to detect isoforms and splicing events). A low percentage of mapped reads against the 
parasite observed was expected because the majority of RNA from the samples would belong 
to the bovine host cell. Nevertheless, 6,672 parasite genes were detected (RPKM >1 in at 
least 1 sample), indicating representation of the parasite transcriptome. Of these, 6,484 genes 
were identified using the N. caninum Liverpool strain genome from ToxoDB database, and 188 
predicted genes were not identified. These were named with an identification number preceded 
by “XLOC” (Supplementary Table 2). Thus, this study, together with other N. caninum high 
throughput experimental analyses, could be used to reveal previously undiscovered genes and 
to improve annotation of the reference genome, the only available to date (Saha et al., 2002).
Among the total N. caninum genes identified, 474 genes (7.31%) were DE between Nc-
Spain1H and Nc-Spain7 isolates: 265 with higher expression in Nc-Spain7 and 209 with higher 
expression in Nc-Spain1H (Supplementary Table 2). Additionally, of the total genes identified 
and categorized as DE between isolates, 16 were exclusively expressed in Nc-Spain7, and 8 
were exclusively expressed in Nc-Spain1H. Among the XLOC genes, 31 were DE, 16 were 
overexpressed in Nc-Spain1H, and 19 were overexpressed in Nc-Spain7. Three of these were 
exclusively expressed in the low virulence isolate and 1 in the high virulence isolate. Genes 
exclusively expressed by certain isolates should be taken into account because they may be 
related to the observed biological variability between isolates. Thus, a further study of these 
genes as putative virulence factors should be considered in future research. RNA-seq results 
were validated by RT-qPCR for 7 genes DE between Nc-Spain7 and Nc-Spain1H (Figure 1).

It is noteworthy that the number of DEGs detected in our study is markedly higher than that 
reported in the transcriptomic analysis of trophoblast cells infected with Nc-Spain7 and Nc-
Spain1H isolates at 12 hpi (Horcajo et al., 2017). In that study, 176 genes were found to be DE 
with FC ≥ 2 and p adj ≤ 0.05; 28 were highly expressed in Nc-Spain7, and 148 were highly 
expressed in Nc-Spain1H. We found that 25 genes were DE with a similar fold change between 
isolates in both boMØs and trophoblast cells (Table 2). However, comparison of both studies 
also revealed that the gene expression profile of the isolates strongly differed depending on 
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FIGURE 2 | Functional classification of N. caninum genes differentially expressed between isolates. Pie charts 
showing the percentage of genes for each functional category relative to the total overexpressed genes for each isolate.

the infected host cell. This behavior has also been reported in T. gondii and has been associated 
with the high ability of the parasite to adapt to different niches (Swierzy et al., 2017). Because 
trophoblasts and macrophages are important targets for the parasite in the bovine host, the 
genes that may be inherent to the isolate phenotype independent of the host cell might be 
related to the differences in pathogenesis reported for both isolates (Rojo-Montejo et al., 2009; 
Regidor-Cerrillo et al., 2014), specifically with differences in proliferation or immune response 
modulation between the isolates described in both cell lines (Jiménez-Pelayo et al., 2017, 2019; 
García-Sánchez et al., 2019). Thus, they should be considered for functional validation in future 
studies. 

A further analysis of the 474 DEGs between the isolates was undertaken. Orthological analysis 
with the T. gondii database revealed that 26-29% of the DEGs between Nc-Spain7 and Nc-Spain1H 
were annotated as hypothetical proteins. The remaining genes were functionally classified and 
are listed in Supplementary Table 3. The most representative subsets are presented in Figures 2 
and 3, where a very different expression pattern is shown for the two isolates.

FIGURE 1 | Validation of RNA-seq analyses via RT-qPCR. Bar graphs show Fold Change (FC) in N. caninum gene 
expression in Nc-Spain1H versus Nc-Spain7; SAG1 and TUBα served as housekeeping genes. 
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1Corresponds to infected bovine macrophages samples.
2Corresponds to infected trophoblast cells (F3 cell line) samples.
3No synthenic

Table 2. DEG in the comparison Nc-Spain1H versus Nc-Spain7 in infected bovine macrophages 
and trophoblast cells
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FIGURE 3 | Clustering of N. caninum genes differentially expressed between isolates. Heatmap showing a 
selection of N. caninum DEGs with Z-scores (row) based on expression data of three replicates (R1-R3) of boMØs 
challenged for 8 h with Nc-Spain1H and Nc-Spain7 tachyzoites. The heatmap was generated using Heatmapper 
(http://www2.heatmapper.ca). The genes are grouped according to functional categories and were clustered using 
the Pearson computing distance method.



Chapter V - - Objetive II 

141

 3.2.   Host cell adhesion-related SRS and MIC genes were highly expressed in 
          Nc-Spain1H and genes related to gliding motility were highly expressed 
          in Nc-Spain7

Adhesion of N. caninum to the host cell prior to invasion initially occurs through a low-affinity 
and reversible interaction mediated by the tachyzoite surface antigen molecules. This is 
followed by establishment of a more stable adhesion that requires secretion of proteins from 
micronemes (Hemphill et al., 2006). A total of 14 surface antigen (SAG)-related sequences 
were overexpressed in Nc-Spain1H, and only 3 were overexpressed in Nc-Spain7. In addition, 
2 microneme proteins, MIC12 (NCLIV_069310) and MIC14 (NCLIV_061910), showed higher 
expression in Nc-Spain1H but none showed higher expression in Nc-Spain7. Other proteins 
that could also be related to parasite-host cell adhesion are those containing epidermal grow 
factor (EGF) and thrombospondin (TSP) domains (Hemphill et al., 2006; Hemphill et al., 
2013), among which 3 genes (NCLIV_036660, NCLIV_011000 and NCLIV_001350) were 
overexpressed in Nc-Spain1H, and only 1 gene (NCLIV_003470) was overexpressed in Nc-
Spain7. NCLIV_001350 corresponds to the orthologous apical membrane antigen 4 (AMA4) 
of T. gondii. TgAMA4 has been described as not only being involved in attachment but also 
in internalization of the parasite through interaction with the rhoptry neck protein RON2L1. 
In fact, RON2L1 (NCLIV_001400) is also overexpressed in Nc-Spain1H and is necessary to 
maintain the moving junction structural integrity required for tachyzoite entry (Lamarque et 
al., 2014).

The higher expression of genes associated with adhesion in Nc-Spain1H is striking, because 
in vitro studies with different cell lines have shown that Nc-Spain1H has a lower invasion rate 
than Nc-Spain7 (Jiménez-Pelayo et al., 2017; Regidor-Cerrillo et al., 2011), including boMØs 
(García-Sánchez et al., 2019). However, a similar result was obtained in a transcriptomic 
analysis of these isolates in bovine trophoblast cells (Horcajo et al., 2017), in which 9 SAG-
related sequences and 22 proteins from micronemes were found to be overexpressed in Nc-
Spain1H, and none were overexpressed in Nc-Spain7. In further support of our results, a 
proteome analysis of Nc-Spain7 and Nc-Spain1H cultured in MARC-145 cells revealed that 
surface antigen and microneme protein abundance differed between isolates throughout the 
tachyzoite lytic cycle (Horcajo et al., 2018). It is worth noting that the adhesion function of 
SRS and MIC proteins has been determined by homology with T. gondii, but to the best of our 
knowledge, this function has only been demonstrated in N. caninum for SAG1, SRS2, MIC1-4 
and 17 (Hemphill et al., 2006; Sohn et al., 2011), none of which were differentially expressed 
between our isolates. In addition, mechanisms other than adhesion are involved in invasion and 
may be enhanced in Nc-Spain7. With regard to this connection, previous studies in trophoblast 
cell lines (Jiménez-Pelayo et al., 2017; Horcajo et al., 2017), have associated the higher invasion 
capacity of Nc-Spain7 with enhanced expression of gliding-associated proteins by the isolate in 
the trophoblast cell line. For Nc-Spain7, enhanced expression of two glideosome genes has 
been reported: the microtubule-associated protein SPM1 (NCLIV_024420), which colocalizes 
with the subpellicular microtubules and whose deletion decreases tachyzoite fitness in T. gondii 
(Tran et al., 2012); and a putative actin-like family protein (ALP, NCLIV_037160). Although 
ALPs may be implicated in actin-based gliding motility, vesicle transport and transcriptional 
regulation through chromatin remodeling are other functions attributable to these proteins 
(Gordon and Sibley, 2005).
 
Apart from their putative relationship with adhesion to the host cell, SRS proteins have been 
recognized as the primary surface antigens and may determine the immunogenic potential 
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of the isolates (Lekutis et al., 2001). In this connection, SRS genes are overexpressed in Nc-
Spain1H and may be related to its capacity to induce a higher proinflammatory response by 
boMØs infected in vitro than Nc-Spain7 (García-Sánchez et al., 2019). A study of these antigen 
determinants differentially expressed between Nc-Spain7 and Nc-Spain1H (Supplementary 
Table 3) may help to determine why Nc-Spain1H seems to be more efficiently detected by the 
host immune system (García-Sánchez et al., 2019; Jiménez-Pelayo et al., 2017).

 3.3.   Rhoptry proteins were differentially expressed between the isolates 

Once N. caninum attachment to the host cell is achieved, rhoptries are released to form the 
moving junction, which is a structure that facilitates parasite entry and formation of the 
parasitophorous vacuole. Then, dense granules secrete proteins to modify the parasitophorous 
vacuole, enabling intracellular survival of the parasite. These organelles also inject proteins into 
the cytosol of the host cell to modulate their functions, ensuring success of the infection (Sohn 
et al., 2011). 

For Nc-Spain7, genes encoding for two predicted rhoptry proteins were highly expressed: a 
predicted member of the rhoptry-kinase-like family (ROPKL) subfamily BPK1 (NCLIV_007770), 
and a member of the rhoptry kinase family ROP20 (NCLIV_068850), specific for N. caninum 
and orthologous but not syntenic to T. gondii ROP24. Higher NCLIV_007770 expression was 
also observed for Nc-Spain7 in the comparative transcriptomic analysis of infected bovine 
trophoblast cells (Horcajo et al., 2017). However, of special interest is NCLIV_068850, whose 
enhanced expression in Nc-Spain7 has been demonstrated to be maintained for tachyzoite cell 
cycle progression regardless of the host cell (Horcajo et al., 2017, 2018).

Regarding Nc-Spain1H, in addition to RON2L1, mentioned above, higher expression was 
observed for the predicted rhoptry kinase subfamily gene ROP30 (NCLIV_001950), an ortholog 
to T. gondii ROP4/ROP7, and two predicted lineage-specific rhoptry kinases of the subfamily 
ROPK-Eten1 (NCLIV_017420 and NCLIV_068890), which are orthologs to the T. gondii gene 
locus ROP19/ROP28/ROP38 (Kemp et al., 2013). Peixoto et al.  (2010) pointed to ROP38 and 
ROP4/ROP7 as likely to be particularly important in the biology of T. gondii, considering that 
ROP38, which is highly expressed by low virulence T. gondii strains and during tachyzoite to 
bradyzoite conversion, down-modulates genes associated with MAPK signaling in the host cell 
and regulation of apoptosis and proliferation (Peixoto et al., 2010). It has also been shown that 
knockout of ROP38 leads to increased invasion and proliferation of T. gondii, and infection of 
mice with ROP38-deficient parasites resulted in lower levels of IL-18 and IL-1β production, 
which was related to a decrease in T. gondii profilin expression relative to wild-type parasites 
(Xu et al., 2018). In addition, ROP38 is among the most deeply regulated genes in the genome 
of the parasite, and evidence of evolutionary selection at the species and population level has 
been reported (Khan et al., 2009; Peixoto et al., 2010). Its ancestor gene was independently 
triplicated in N. caninum and T. gondii. Notably, expanded genes have been linked to virulence, 
immune evasion or host range in T. gondii and other pathogens, such as Plasmodium spp. 
(Adomako-Ankomah et al., 2014).  ROP4/ROP7, which are among the most highly expressed 
genes in the genome of T. gondii, may be functionally relevant based on studies showing that 
expression levels are important for virulence (Saeij et al., 2007; Peixoto et al., 2010).
 
Interestingly, no dense granule or other rhoptry-encoding genes recognized as virulence factors 
in T. gondii or N. caninum were found to be DE between Nc-Spain7 and Nc-Spain1H isolates. It 
is important to emphasize that characterization of N. caninum ROP and GRA proteins is limited, 
and host regulation in many cases does not correlate with the respective T. gondii orthologs. 
Such is the case with NcROP16, which in N. caninum activates STAT3, thereby promoting host 
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cell apoptosis and enhancing the pathogenicity of the parasites (Jensen et al., 2011; Ma et al., 
2017a), whereas TgROP16 secreted by type I and III strains activates STAT6 in MØs, leading 
to alternative activation of these cells (Jensen et al., 2011). More importantly, T. gondii and 
N. caninum virulence factors have been identified in mice, and it has been demonstrated that 
virulence can be host-dependent (Sánchez-Sánchez et al., 2018b), likely due to the marked 
differences in the immune system observed between species that may determine the host-
pathogen interplay.

 3.4.   Bradyzoite-related genes showed higher expression in Nc-Spain1H

Bradyzoites represent the quiescent stage of the parasite, triggered by stress caused by the host 
immune response (Hemphill et al., 2006). The transcriptomic analysis of N. caninum isolates 
in boMØs revealed a higher expression of two N. caninum bradyzoite-specific genes in the 
Nc-Spain1H isolate: the surface proteins SAG4 (NCLIV_019580) and BSR4 (NCLIV_010030) 
(Fernández-García et al., 2006; Risco-Castillo et al., 2007; Horcajo et al., 2017, 2018). In 
addition, our results showed differential expression of other genes that have been shown to 
be related to the tachyzoite-to-bradyzoite conversion in T. gondii, such as AP2 transcription 
factors (Huang et al., 2017). Nc-Spain1H showed overexpression of two AP2 factors known 
to be up-regulated during bradyzoite development in T. gondii: AP2IV-3 (NCLIV_010930), 
whose deletion in T. gondii results in a lower capacity to form tissue cysts (Hong et al., 2017); 
and AP2X-10 (NCLIV_052260), which is highly expressed by low virulence T. gondii isolates in 
murine MØs (Melo et al., 2013). In contrast, Nc-Spain7 showed enhanced expression of two 
transcription factors related to the tachyzoite stage: AP2XII-2 (NCLIV_062490) and AP2IV-4 
(NCLIV_011080) (Radke et al., 2018; Huang et al., 2017). AP2IV-4 is necessary for suppression 
of bradyzoite surface antigens and cyst wall proteins in the tachyzoite stage and is exclusively 
expressed in the tachyzoite division cycle (Radke et al., 2018). Previous results from a murine 
T. gondii infection model determined that tachyzoites lacking this gene expressed bradyzoite 
antigens at the wrong time, stimulating a strong immune response by monocytes. This response 
successfully eliminated the parasite, preventing tissue cyst formation in mouse brain (Radke et 
al., 2018). Thus, it would be interesting to assess the implication of AP2IV-4 in the observed 
differential response induced by Nc-Spain1H and Nc-Spain7 in boMØs and in their improved 
capacity to evade the innate immune response (García-Sánchez et al., submitted).

Other genes overexpressed in the Nc-Spain1H isolate and with higher expression during 
bradyzoite development reported in T. gondii encode for H2A histone proteins (NCLIV_025910), 
which are implicated in transcription regulation and DNA repair and whose enhanced 
expression is likely associated with DNA damage resulting from oxidative stress (Dalmasso et 
al., 2009), and a cAMP-dependent protein kinase (PKA, NCLIV_004220), which is involved in 
cell cycle regulation and stress response (Wei et al., 2013; Pittman et al., 2014). Overexpression 
of bradyzoite-specific genes by Nc-Spain1H has been previously described and related to a 
prebradyzoite stage in which the parasite cell cycle shifts towards slower growth (Horcajo et 
al., 2018). Finally, two putative oocyst wall proteins (NCLIV_003900 and NCLIV_005970) 
exhibited higher expression in Nc-Spain1H.

 3.5. Higher expression of genes involved in parasite growth was found for the  
        virulent isolate Nc-Spain7

Increased expression of genes involved in DNA replication, RNA metabolism, protein synthesis, 
cell division and energy production was observed in Nc-Spain7, which is consistent with the 
active parasite replication and higher growth rate of Nc-Spain7 shown in vitro in different 
studies (Regidor-Cerrillo et al., 2011 ; Jiménez-Pelayo et al., 2017; García-Sánchez et al., 2019).
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  3.5.1   Nucleic acid biosynthesis, replication, recombination, and repair

Higher expression of four genes related to purine and pyrimidine biosynthesis and salvage 
were observed in Nc-Spain7. We also found enhanced expression of DNA polymerases, origin 
recognition complexes, DNA replication licensing factors, a DNA topoisomerase, and several 
other genes encoding proteins associated with DNA replication (Supplementary Table S3), 
such as orthologs to the two putative proliferating cell nuclear antigens of T. gondii, PCNA1 
(NCLIV_065280) and PCNA2 (NCLIV_010140). PCNA1, likely the major replisomal PCNA in T. 
gondii (Guerini et al., 2005), is one of the 11 genes up-regulated in Nc-Spain7 during infection 
of both boMØs and trophoblast cells (Horcajo et al., 2017).

  3.5.2   Histone modification, chromatin structure and microtubule dynamics

Enhanced expression of genes related to chromatin assembly and chromosome condensation was 
also shown for Nc-Spain7. This may reflect the need of proliferating tachyzoites to maintain active 
chromatin organization dynamics to accompany DNA replication (Parthun, 2007). The putative 
HU protein (NCLIV_045430) is a histone-like protein with fundamental roles in transcription, 
replication initiation, and DNA repair. In T. gondii, this protein localizes to the apicoplast and is 
required for genome maintenance and inheritance (Reiff et al., 2012). Because the apicoplast 
is unique to apicomplexan parasites and is not found in the host, proteins associated with this 
organelle are considered good target candidates for pathogen-specific drugs (Reiff et al., 2012).

Interestingly, six genes encoding dynein heavy chains and one encoding a dynein intermediate 
chain were found to be overexpressed in Nc-Spain1H. Dyneins are microtubule-associated 
proteins that function as motors for several processes, such as axoneme beating, organelle 
transport, spindle function, and centrosome assembly (Morrissette, 2015). Neospora caninum 
dyneins have been poorly studied. To the best of our knowledge, only the cytoplasmic dynein 
LC8 light chain 2 has been characterized and has been found to be related to virulence through 
regulation of host immunity (Cao et al., 2019). Future research is necessary to unravel the 
specific functions of the dynein proteins up-regulated in the low virulence isolate.

  3.5.3   RNA metabolism, protein synthesis and turnover

Thirty-six genes related to RNA metabolism and protein synthesis, modification, folding and 
turnover were also highly expressed in the high virulence isolate (Supplementary Table 3) 
versus 14 in the low virulence isolate. Among these genes, we identified two RNA pseudouridine 
synthases (NCLIV_020280 and NCLIV_048340). Pseudouridine synthases catalyze the 
conversion of the RNA base uridine to pseudouridine. Although the role of pseudouridylation 
of RNA has been poorly studied, pseudouridylation seems to confer an important selective 
advantage in a natural biological context. It is known that mutation of pseudouridine synthases 
in Escherichia coli and Saccharomyces cerevisiae results in a slow-growth phenotype, and a T. 
gondii pseudouridine synthase has been discovered to be important in tachyzoite-to-bradyzoite 
differentiation (Charette and Gray, 2000; Anderson et al., 2009).

Nc-Spain7 showed enhanced expression of six genes related to the ubiquitin-proteasome 
system, three of them encoding proteasome beta subunits (NCLIV_048880, NCLIV_057270 
and NCLIV_061460), one ortholog to the T. gondii NEDD8-activating enzyme E1 catalytic 
subunit (NCLIV_040320), one putative SUMO activating enzyme (NCLIV_011590), and cullin-
associated NEDD8-dissociated protein 1 (NCLIV_052060). Proteasomes play essential roles in 
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parasite biological processes, such as cell differentiation, cell cycle progression, proliferation, 
and encystation and have been suggested as virulence factors (Munoz et al., 2015). The 
proteasome system also seems to be an attractive drug target because inhibitors of this protein 
complex have been shown to diminish infectivity and block intracellular growth and replication 
of T. gondii in vitro (Paugam et al., 2002; Shaw et al., 2000), and differences between the 
proteasomes of mammals and parasites have been observed (Munoz et al., 2015).

  3.5.4.   Carbohydrate, amino acid and fatty acid metabolism

A great number of genes related to N. caninum metabolism, primarily involved in carbohydrate, 
amino acid and fatty acid metabolism, exhibited higher expression in the Nc-Spain7 isolate. 
Similar results were obtained by (Horcajo et al., 2017), through transcriptomic analysis of both 
isolates in trophoblast cells, where it was hypothesized that more energy is consumed by an 
isolate with a higher growth rate, and thus, a more activate metabolism may be present in Nc-
Spain7 than in Nc-Spain1H.

With respect to carbohydrate metabolism, we found higher expression of ten genes involved 
in obtaining energy via glycolysis, pyruvate metabolism and starch and galactose metabolism 
pathways in Nc-Spain7. Regarding lipid metabolism, eight genes of the apicoplast-localized 
FAS II system were highly expressed in this isolate versus only one in the Nc-Spain1H isolate. 
In T. gondii,  de novo fatty acid synthesis via FAS II is essential for parasite growth and virulence 
(Mazumdar et al., 2006), and because this pathway is parasite-specific, its components represent 
key targets for the development of selective drugs (Coppens, 2013; Wu et al., 2018). One of 
these targets may be the apicoplast triosephosphate translocator APT1, whose ortholog in N. 
caninum was highly expressed in the high virulence isolate in this and previous studies (Horcajo 
et al., 2018). TgAPT1 is not only required for the FASII pathway, but it also delivers carbon 
for another anabolic process in the apicoplast, the DOXP pathway. In addition, it has a role in 
indirectly supplying the apicoplast with ATP and redox equivalents (Brooks et al., 2010). 

Another interesting gene related to fatty acid metabolism that was highly expressed by Nc-
Spain7 is a putative patatin-like phospholipase (PLP, NCLIV_033980). PLPs are found in many 
pathogens and have been associated with host-cell interactions and immune evasion. Multiple 
PLPs are conserved across the subphylum Apicomplexa, suggesting a critical role for these 
enzymes in parasites, and several T. gondii PLPs are currently under investigation for their 
potential importance in parasite virulence (Wilson and Knoll, 2018). Prominent among them 
is TgPL1, which protects tachyzoites from nitric oxide-related degradation in activated MØs 
(Tobin Magle et al., 2014).

 3.6.   Genes involved in redox homeostasis were differentially expressed 
          between isolates

Four genes highly expressed by Nc-Spain7 were identified as belonging to the redox metabolism 
pathway: an N. caninum ortholog (NCLIV_055730) to T. gondii apicoplast-associated thioredoxin 
Atx1 (NCLIV_055730), glutaredoxin (NCLIV_045930), thioredoxin (NCLIV_063860) and 
peroxiredoxin (NCLIV_014020). In addition, these two last enzymes are also highly expressed 
in the high virulence isolate Nc-Spain7 according to a previous transcriptomic analysis of bovine 
trophoblast cells (Horcajo et al., 2017). 

TgATrx1 is a redox-regulated enzyme essential for the parasite. It is involved in endoplasmic 
reticulum-to-apicoplast trafficking and contributes to apicoplast biogenesis. Due to its 
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importance in parasite biology, the potential of apicoplast thioredoxins as drug targets has been 
suggested (Biddau et al., 2018). Antioxidant enzymes permit apicomplexan parasites to address 
oxidative levels inside the host cells and seem especially important in regard to intracellular 
survival in MØs, which use reactive oxygen species to kill pathogens (Bosch et al., 2015). Thus, 
their enhanced expression may confer an advantage to the high virulence isolate. In fact, higher 
parasite survival rates accompanied by lower intracellular ROS levels in boMØs infected by this 
isolate have been described previously (García-Sánchez et al., 2019). 

 3.7.   Immune response modulation-related genes were found to be differentially  
          expressed in Nc-Spain1H and Nc-Spain7

Interestingly, a dichotomy was found in the gene expression profiles of Nc-Spain 7 and Nc-
Spain1H regarding potential immunomodulation functions. Genes potentially implicated in 
induction were found to be up-regulated in Nc-Spain1H, whereas genes involved in evasion of 
immune responses were found to be up-regulated in Nc-Spain7. 
In addition to SRS genes, overexpressed in Nc-Spain1H as mentioned above, higher expression 
of a gene encoding a putative tryptophan-rich protein belonging to the Pv-fam-a family 
(NCLIV_004020) was shown for the low virulence isolate. This family of immunogenic proteins 
has been characterized in malaria human and rodent parasites and been proposed as candidate 
antigens for potential vaccines (Wang et al., 2015). 

Enhanced expression of  proteophosphoglycans (PPGs) PPG3 (NCLIV_005160), PPG4 
(NCLIV_020320) and PPG5 (NCLIV_065610) was found in Nc-Spain7. These surface-coating 
molecules have been associated with immune evasion in Leishmania spp due to their ability 
to modulate MØ function during early infection by inhibiting TNF-α production. The ability 
of secreted PPGs to induce complement activation has been related to prevention of the 
opsonization of the parasite, and may contribute to the lesion development and pathology caused 
by Leishmania mexicana. In addition, the possibility of Leishmania major PPGs involvement in 
suppression of IL-12 production by dendritic cells has been also suggested (Peters et al., 1999; 
Depledge et al., 2009;  Favila et al., 2015). 

Glycosylphosphatidylinositols (GPIs) of N. caninum have recently been demonstrated to be 
secreted in supernatant and likely recognized by TLR2 and TLR4, are able to modulate APC 
immune responses. Interestingly, host-cell modulation seems to differ depending on the host origin 
of APCs. Neospora caninum GPIs have been shown to induce production of the proinflammatory 
cytokines TNF-α, IL-1β and IL-12 in murine macrophages and dendritic cells. However, bovine 
PBMCs showed reduced levels of IL-12p40 and MHC II in response to GPIs (Débare et al., 
2019). In the present study, three genes involved in the GPI biosynthetic pathway (orthologs 
to T. gondii mannosyltransferase (NCLIV_004260), N-acetylglucosaminyl phosphatidylinositol 
deacetylase (NCLIV_028260) and a PGAP1 family protein (NCLIV_054430)) were highly 
expressed by Nc-Spain7. 

Nc-Spain7 also showed up-regulation of N. caninum macrophage migration inhibitory factor 
(MIF, NCLIV_042400). MIF homologues have been reported in several protozoan parasites, 
including T. gondii, Plasmodium spp, Eimeria spp and Leishmania spp and have been suggested 
to play a role in immune evasion (Qu et al., 2013; Sommerville et al., 2013).

In addition, the virulent isolate expressed higher levels of two genes that may be involved 
in dissemination and transmission: a putative cyclophilin (NCLIV_015405) and a calreticulin 
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family member (NCLIV_054410). Neospora caninum molecules from the cyclophilin family 
have been shown to work as chemokine-like proteins by inducing chemoattraction of immune 
cells, which may consequently enhance their invasion by the parasites (Mineo et al., 2010).  
Because we have previously shown the ability of N. caninum to survive in boMØs and induce 
a hypermigratory phenotype in these cells upon infection (García-Sánchez et al., 2019), the 
higher expression of cyclophilin by Nc-Spain7 may potentially be related to the increased 
dissemination of this isolate found in vivo (Collantes-Fernández et al., 2012). Calreticulin is 
an endoplasmic reticule-resident chaperone involved in protein folding. In trypanosomatids, 
it seems to help in establishment of infection by modulating the host complement system 
(Ramakrishnan and Docampo, 2018). In addition, alteration of the function of this chaperone 
in Leishmania donovani results in a lower survival rate in MØs, and interestingly, Trypanosoma 
cruzi calreticulin likely facilitates placental infection by interacting with the maternal classical 
complement component C1, which would bridge it with the fetal calreticulin in placental tissues 
(Castillo et al., 2013). 

The roles of these proteins in N. caninum pathogenesis, particularly with regard to differences in 
the proinflammatory response induced by the isolates during infection in vitro (García-Sánchez 
et al., 2019) and transmission found in vivo (Rojo-Montejo et al., 2009a; Regidor-Cerrillo et al., 
2014), require further investigation.

4.   CONCLUDING REMARKS

Intraspecific variations in the biological behavior of N. caninum isolates have been widely 
described and associated with differences in virulence. In previous studies, we demonstrated 
that Nc-Spain7 and Nc-Spain1H isolates, which exhibit marked differences in virulence, show 
different abilities to invade, survive and proliferate in boMØs and modulate the cell response 
in different manners. The Nc-Spain1H isolate, despite showing a lower proliferation and 
survival rate, induces higher expression of genes involved in pathogen recognition, chemotaxis 
and proinflammatory and regulatory cytokine release, which may result in key differences 
in the immune responses generated by the host against the isolates. Here, we describe that 
these differences are connected with specific gene expression profiles in the tachyzoite stage. 
Specifically, bradyzoite stage-related genes and genes encoding for surface antigens were 
among the primary up-regulated genes in the Nc-Spain1H isolate, whereas Nc-Spain7 showed 
enhanced expression of genes involved in parasite growth and survival in activated MØs. 

Further studies are necessary to determine the virulence factor potential of the proteins identified 
to be differentially expressed between the isolates and determine whether these proteins may 
be implicated in parasite fitness and immune response modulation. 





Chapter V - - Objetive II 

149

SUPPLEMENTARY FILES

SUPPLEMENTARY TABLE 1 | Sequences of primers used for transcriptomic validation by 
RT-qPCR

aNo syntenic
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SUPPLEMENTARY TABLE 2 | Neospora caninum differentially expressed genes in the 
comparison Nc-Spain1H-infected macrophages versus Nc-Spain7-infected  macrophages. 
Genes were considered as differentially expressed when presented a FoldChange (FC) ≥ 2 and 
with a false discovery rate (FDR)-adjusted p-value (p adj) ≤ 0.05.
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Bovine neosporosis is one of the most important causes of abortion in cattle worldwide. Neospora 
caninum, the causal agent of the disease, is transplacentally transmitted very efficiently (Dubey 
et al., 2007). Abortion is the main clinical manifestations of bovine neosporosis. Fetuses may 
die in utero and be reabsorbed, autolyzed, mummified, stillborn, or born alive with clinical 
signs. However, most calves from infected dams born clinically healthy but congenitally infected 
(Almeria and López-Gatius, 2013). A major factor in determining to the outcome of infection 
is the virulence of the infecting isolate (Dubey et al., 2006). However, little is known about 
the influence of the biological diversity of N. caninum in the clinical presentation and immune 
responses in bovine neosporosis (Regidor-Cerrillo et al., 2014). Moreover, specific N. caninum 
virulence factors in cattle have not yet been determined and the mechanisms used by the 
parasite to modulate bovine host cells of the innate immune system during early infection are 
largely unknown, supporting the need for new research.

In vitro studies involving N. caninum infection of murine and human APCs (macrophages and 
DCs) suggest that the parasite may modulate the cell ROS production, cytokine secretion and 
lymphocyte activation (Strohbusch et al., 2009; Dion et al., 2011; Mota el al., 2016; He et 
al., 2017; Silva et al., 2017; Boucher et al., 2018). However, because mice and humans are 
not natural hosts for N. caninum, these results may not necessarily reflect the dynamic of the 
parasite interaction with immune system cells in cattle. Thus, the ability of the parasite to 
initiate innate immune responses should be determined in bovine APCs.

The host-cell regulatory events associated with the parasite intracellular development were 
investigated in bovine macrophages, selected because they mediate innate immune responses 
against infection. Macrophages are able to recognize pathogens by means of PRRs, activating 
signaling pathways which lead to phagocytosis, antigen presentation, and release of cytokines 
and chemokines, which in turn recruit and activate other immune cells enhancing the initial 
response. By presenting antigen to naive T cells, they are also the link with the adaptive response, 
directing Th1 or Th2 responses (Hume, 2008). Bovine macrophages used in all the experiments 
were obtained from monocytes isolated from peripheral blood cultured in the presence of GM-
CSF. These cells displayed morphological features characteristic of macrophages regarding 
size, shape, adherence, cytoplasmic granularity and expression of surface molecules, and their 
functionality was broadly demonstrated, being an adequate model for the study of N. caninum 
interaction with the innate immune system.

As a first approach, N. caninum-infected cells were characterized phenotypically. Then, the 
transcriptional profile was investigated to determine the molecular basis implicated in the 
parasite-host cell crosstalk. With the aim to differentiate the active modulation of host cell 
functions by live tachyzoites upon infection versus the response induced by phagocytosis of the 
parasite, macrophages inoculated with heat-inactivated tachyzoites were included in all the 
experiments. Once determined the processes related with parasite manipulation of the host cell 
environment, these were further investigated by means of comparison of macrophage responses 
induced by the infection with high and low virulence isolates, to identify N. caninum isolate-
specific virulence traits. In all the experiments, macrophages were infected with two isolates 
showing marked differences in virulence in vitro and in vivo (Rojo-Montejo et al., 2009a, 
2009b; Regidor-Cerrillo et al., 2011; Dellarupe et al., 2014a, 2014b; Jiménez-Pelayo 2017, 
2019a, 2019b Jiménez-Pelayo et al., submitted), the high virulence isolate Nc-Spain7 and the 
low virulence isolate Nc-Spain1H. The effects of macrophage infection by N. caninum are first 
discussed, followed by the results obtained from the comparison between both isolates. 
The ability of N. caninum tachyzoites to infect, survive, and replicate in bovine macrophages was 
studied. Both isolates were internalized into the cells with a higher efficiency than previously 
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described for other cell lines (Rojo-Montejo et al., 2009a; Regidor-Cerrillo et al., 2011; Jiménez-
Pelayo et al., 2017), which may be due to the phagocytic capacity of macrophages. It would 
enable tachyzoites to enter the cell by two complementary routes: macrophage phagocytosis and 
parasite active invasion. These studies demonstrated that both processes were in fact involved, 
and the percentages of internalization attributable to active invasion were highly similar to 
those determined in other cell lines (Regidor-Cerrillo et al., 2011; Jiménez-Pelayo et al., 2017). 
These results contrast with the reported in a recent study in human macrophages, where it was 
described that N. caninum internalization probably occurred only by active invasion (Boucher 
et al., 2018). 

Mechanism of entry may determine not only the fate of the parasite but also the immune response 
generated by the cell (Butcher and Denkers, 2002). Killing and degradation would be expected 
for tachyzoites internalized via phagocytosis, leading to antigen processing and presentation in 
the context of molecules of the major histocompatibility complex (Mantegazza et al., 2012). On 
the other hand, active invasion may facilitate the parasite survival and intracellular growth in 
the parasitophorous vacuoles. Moreover, phagosome maturation can be altered in response to 
effectors generated by the infecting pathogen or by innate signaling pathways initiated by the 
enclosed particles (Mantegazza et al., 2012). In support to this, absence of lysosome activity in 
macrophages containing parasites in replication was observed. This phenotype was coincident 
with the gene expression inhibition of the lysosome-related pathway by live infection (but not 
by heat-inactivated tachyzoites), with down-regulation of genes related to the maturation of the 
phagosome to a phagolysosome containing a robust antimicrobial environment Uribe-Querol 
and Rosales, 2017). Thus combined, the results of phenotypic and transcriptional studies suggest 
that impairing phagolysosome maturation is a mechanism used by N. caninum to survive and 
proliferate into phagocytic cells. The ability of N. caninum to circumvent degradation and thus 
antigen processing and presentation was also evidenced by a decrease in MHC class II expression 
by flow cytometry and by the downregulation of the major MHC class II transactivator CIITA by 
live parasites. The mechanism of CIITA expression inhibition seems to be also used by T. gondii 
to limit MHC II expression in neural APCs to evade CD4+-mediated immune responses (Luder 
et al., 2003). A reduction in MHC Class II has also been observed in T. gondii-infected murine 
macrophages (Luder et al., 1998; Leroux et al., 2015), which has been indicated to be an 
important strategy for parasite survival by interfering the antigen presentation pathway. Because 
up-regulation of MHC class II on N. caninum murine macrophages has been associated with 
host survival (Nishikawa et al., 2001), a similar strategy may be attributed. Neospora caninum 
infection also modulated cell surface proteins CD1b, and CD86, whose expression was observed 
diminished in infected cells at 4 hpi. Lower CD1b expression has been correlated with a reduced 
specific T-lymphocyte proliferation (Balboa et al., 2010). A reduced expression of CD86, co-
stimulatory signal for activation of lymphocytes (Saubaste et al., 1996), has also been observed 
in Leishmania-infected macrophages (Denkers and Butcher, 2005) and in murine peritoneal 
macrophages inoculated with N. caninum (Dion et al., 2011). These data could indicate that N. 
caninum would reduce antigen presentation and T-cell activation to escape from host immune 
response, which may explain the impaired IFN-γ production at the early stages of infection 
observed for lymphocytes in co-culture with macrophages inoculated with both isolates. 

Differences in mechanism of entry between live and heat-inactivated tachyzoites may be also 
determinant for parasite recognition by PRRs of the host cell, which would lead to the activation 
of signaling cascades that stimulate host defenses (Jungi et al., 2011; Moretti and Blander, 
2014; Kim et al., 2016). The intracellular TLR3 and NLRs related to inflammasome formation 
(Kim et al., 2016) NAIP, NOD2, and NLRC4 were only over-expressed in cells infected with 
live tachyzoites of both isolates. The importance of TLR3 in N. caninum recognition has been 
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previously described in murine macrophages, triggering the production of pro-inflammatory 
cytokines (Beiting et al., 2014; Miranda et al., 2019). Amongst NLR, NOD2 activation in N. 
caninum infected mice has been related to an exacerbation of the inflammatory response, 
which would contribute to initial parasite control, but may cause tissue damage during acute 
neosporosis (Davoli-Ferreira et al., 2016). 

Upon pathogen-associated molecular patterns (PAMP) engagement, PRRs trigger intracellular 
signaling cascades ultimately culminating in the expression of a variety of proinflammatory 
molecules (Mogensen, 2009). The results obtained in the transcriptomic analysis of bovine 
macrophages indicate that NF-ƙB is the main signaling pathway involved in the immune response 
against N. caninum in its host. Activation of NF-ƙB signaling pathway polarized the macrophage 
response towards a predominantly M1 (pro-inflammatory) phenotype. The pro-inflammatory 
response observed in N. caninum infected macrophages was characterized by the expression of 
cytokines IL-12p40, IL-1β, IL-6, TNF-α and of NOS2 (iNOS). 

An enhanced expression of NLR related to NF-ƙB negative regulation NLRC3 and NLRP12 
(Cui et al., 2010; Tuncer et al., 2014; Kim et al., 2016) was also observed by live infection. It 
points towards a modulation with the aim to avoid pathologic consequences due to a persistent 
activation of NF-ƙB (Jha and Pan-Yun Ting, 2015).

Enrichment analysis of differentially expressed genes in infected cells also showed an impact 
of N. caninum on the host cell metabolism. Parasites manipulate host metabolism to obtain 
energy and nutrients that it needs to survive (Xu et al., 2010). Besides, there are evidences of 
a role for metabolic processes in controlling immunological effector functions such as cytokine 
production (Diskin and Palsson-Mc-Dermott, 2018). Interestingly, fatty acid synthesis and fatty 
acid degradation have been related macrophages polarization. M1 macrophages, have been 
shown to drive fatty acid synthesis, whereas the inhibition of inflammatory signals required for 
the differentiation of M2 macrophages involves fatty acid degradation (Remmerie and Scott, 
2018). In this study, downregulation of fatty acid degradation together with upregulation of 
fatty acid synthesis was observed, that may reflect M1 polarization. 

The lytic cycle of N. caninum is a tightly regulated process. After invasion, the parasite develops a 
parasitophorous vacuole and replicates within. Parasite proliferation will determine the number 
of tachyzoites that disseminate intraorganically during the acute phase of infection, after 
egress occurs (Pastor et al., 2016). Study of parasite proliferation showed a lower N. caninum 
replication efficacy in bovine macrophages than in other cell lines previously assayed (Regidor-
Cerrillo et al., 2011; Jiménez-Pelayo et al., 2017), which may be due to the impact of other 
mechanisms used by macrophages for killing intracellular pathogens, such as ROS production 
and apoptosis.  However, these mechanisms were not able to eliminate the infection, as our 
results suggest that N. caninum is able at least partially to inhibit these processes, ensuring to 
complete their lytic cycle. At early infection (1 hpi), intracellular ROS levels were reduced in 
macrophages infected with both isolates in relation to those inoculated with heat-inactivated 
tachyzoites. Mechanisms of modulation of intracellular ROS by intracellular pathogens include 
interference of NADPH complex assembly, scavenging of ROS produced by NADPH oxidase and 
interference of mitochondrion-based ROS production during infection (Spooner and Yilmaz, 
2011). The use of this latter mechanism by N. caninum is supported by the observed down-
modulation in macrophages inoculated with live tachyzoites of NLRX1 receptor, located in the 
mitochondria and involved in ROS production. 
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Regarding apoptosis modulation, the transcriptome profile of infected macrophages showed 
upregulation and downregulation both for genes annotated as pro-apoptotic and for those 
annotated as anti-apoptotic. This behavior has been widely described in T. gondii and many 
other intracellular protozoan parasites (Schaumburg et al., 2006). On the one hand, stress 
signals promoted by the parasite during infection may lead to a pro-apoptotic response by the 
host cell as an innate defense mechanism. On the other, these obligate intracellular parasites 
need to hijack apoptosis-regulating cascades to suppress or delay cell death to favor parasite 
multiplication. Our results indicate that N. caninum counteract stress-induced cell death by 
inducing the expression of certain anti-apoptotic BCL-2 genes, inhibitors of apoptosis (IAPs) 
and FLIP (also named CFLAR) among others. It would lead to a lower release of cytochrome 
c from mitochondria into the cytosol and to a direct interference with caspase processing and 
function, as it has been previously described for other protozoan parasites including T. gondii 
(Schaumburg et al., 2006; Besteiro, 2015).

Another phenotypic trait that may be related to parasite virulence is the capacity to modulate the 
migratory properties of immune cells, which may facilitate parasite dissemination, transmission, 
or establishment of chronic infections in the host. The induction of a hypermigratory phenotype 
has been previously described in human and murine APCs upon T. gondii infection. This 
phenotype characterizes by hypermotility, enhanced transmigration, abrogation of extracellular 
matrix degradation and induction of marked cytoskeletal changes shortly after infection, 
inducing an ameboid migratory activation of the infected cell (Lambert et al., 2006; Fuks et al., 
2012; Weidner et al., 2013; Kanatani et al., 2015; Ólafson et al., 2018).

In the present work, the induction of hypermigration by N. caninum in bovine macrophages 
was demonstrated for the first time. In line with the reported for APCs infection by T. 
gondii, dissolution of podosomes was observed in N. caninum-infected bovine macrophages. 
Podosomes are essential cytoskeletetal structures linked to adhesion, cell signaling, matrix 
degradation, and therefore migration. Podosomes dissolution upon N. caninum infection would 
imply fundamental mechanistic changes regarding how the parasitized cells interact with the 
surrounding environment and migrate. More specifically, integrin-mediated adhesion and 
signaling and metalloproteinase activity is focalized and regulated in podosomes (Ólafsson et 
al., 2018, 2019).

The induction of hypermigration of leukocytes upon parasite infection has been related with 
a higher dissemination for T. gondii and N. caninum in mice (Lambert et al., 2006; Collantes-
Fernández et al., 2012). The results of these studies, consistent with the existence of a conserved 
mechanism between N. caninum and T. gondii for migratory activation of infected leukocytes, 
motivates further studies to address a putative utilization of APCs infection as Trojan horse 
mechanism for N. caninum systemic dissemination in the cow. It has been recently described 
that T. gondii hijacks DCs GABAergic signaling and voltage-dependent calcium channel signaling 
for Trojan horse-mediated dissemination (Bhandage and Barragan, 2019). How N. caninum 
molecularly orchestrates the migratory activation of parasitized cells and the identification of 
implicated parasite and host it cell-mediated signaling, requires further investigation. 
In summary, N. caninum is able to actively invade and complete its lytic cycle in bovine 
macrophages, by avoiding phagolysosome maturation, diminishing intracellular ROS levels and 
ensuring host-cell survival by interfering with apoptosis-related pathways. Neospora caninum 
infection polarized the cell response towards a predominantly M1 phenotype, with the activation 
of NF-kB signaling as the main pathway involved in the pro-inflammatory response generated. 
Additionally, the parasite is able to exploit the migratory properties of these innate immune 
cells, which may be a strategy used by N. caninum to disseminate and transmit. 
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Although these mechanisms of induction and evasion of immune responses seem to be common 
for Nc-Spain7 and Nc-Spain1H, important differences in parasite-host cell interaction were 
found between isolates. Higher invasion, survival and proliferation rates were observed for the 
high virulent isolate, which also induced lower production of ROS by the macrophages and of 
IFN-γ by lymphocytes. On the other hand, a higher pro-inflammatory immune response was 
shown by macrophages infected with the low virulence isolate.

Nc-Spain7 showed a higher active invasion rate than Nc-Spain1H in bovine macrophages, as 
previously described for other cell types assayed (Regidor-Cerrillo et al., 2011; Jiménez-Pelayo 
et al., 2017). With regard to this, previous studies have associated the higher invasion capacity 
of Nc-Spain7 in bovine trophoblast cells (Horcajo et al., 2017) with enhanced expression of 
gliding-associated proteins by the parasite. In agreement with that work, the transcriptome 
profile in bovine macrophages also showed an enhanced expression of genes related with the 
glideosome for the high virulent isolate. 

The higher active invasion of Nc-Spain7 tachyzoites may determine their higher ability to survive 
in the cell. Thus, a higher proportion of tachyzoites would scape phagolysosome degradation, 
diminishing antigen presentation.  This fact, together with a lower induction of IL-12 expression 
by the host cell shown for this isolate, may at least partially explain the impairment of IFN-γ 
response by lymphocytes co-cultured with Nc-Spain7-infected macrophages. 

Our results also suggest that higher intracellular survival of Nc-Spain7 may also be related with 
a higher capacity of this isolate to keep a cellular redox balance and detoxify ROS by expressing 
higher levels of antioxidant enzimes such as glutaredoxin, peroxiredoxin and an ortholog to T. 
gondii apicoplast-associated thioredoxin Atx1. TgATrx1 is a redox-regulated enzyme essential 
for the parasite. It is involved in endoplasmic reticulum-to-apicoplast trafficking and contributes 
to apicoplast biogenesis. Due to its importance in parasite biology, it has been suggested the 
potential of apicoplast thioredoxins as drug targets (Biddau et al., 2018). Because antioxidant 
enzymes allow apicomplexan parasites to address oxidative levels inside the host cells, these 
seem especially important in regard to intracellular survival in macrophages, which use ROS to 
kill pathogens (Bosch et al., 2015). Thus, their enhanced expression may confer an advantage 
to the high virulence isolate and would explain why despite both isolates were able to reduce 
ROS levels at early infection, only the high virulent isolate maintained this downregulation over 
time. 

In addition to higher invasion and survival, a more efficient proliferation was shown for Nc-
Spain7, which suggest the success of the high virulent isolate in establishing a replicative niche 
in bovine macrophages. The higher proliferation of Nc-Spain7 correlated with an enhanced 
expression of genes involved in parasite growth. More specifically in nucleic acid biosynthesis, 
DNA replication, RNA metabolism, protein synthesis, cell division and energy production. On 
the contrary, higher expression of bradyzoite specific genes were observed in Nc-Spain1H, 
including surface proteins SAG4 and BSR4 (Fernández-García et al., 2006; Risco-Castillo et 
al., 2007), AP2 transcription factors and oocyst wall proteins among others. Overexpression 
of bradyzoite-specific genes by Nc-Spain1H has been previously described and related to a 
pre-bradyzoite stage in which the parasite cell cycle shifts towards slower growth (Horcajo et 
al., 2018). This results may at least partially explain the lower proliferation observed for Nc-
Spain1H than in Nc-Spain7 in bovine macrophages and all the other cell lines assayed (Regidor-
Cerrillo et al., 2011; Jiménez-Pelayo et al., 2017).
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Despite the higher invasion and proliferation shown by Nc-Spain7 in bovine macrophages, a 
higher impact in the host cell was observed with Nc-Spain1H infection. It can be highlighted the 
upregulation of genes associated with NLR signaling pathway, chemokine signaling pathway 
and cytokine-cytokine receptor interaction. Amongst NLR, NLRP3 was shown to be upregulated 
only in macrophages infected with Nc-Spain1H. Involvement of this receptor in the acute host 
immune response to N. caninum has been suggested, by limiting parasite growth via the Th1 
response and IFN-γ induction in infected mice (Wang et al., 2018). The upregulation of NLRP3 
in Nc-Spain1H-infected cells is consistent with the lower parasite survival of this isolate in 
macrophages. Expression levels of up-regulated genes from the NF-κB signaling pathway were 
also higher for macrophages infected with the low virulence isolate, which may explain their 
higher expression of pro-inflammatory cytokines. In T. gondii, differences in the activation of 
this pathway have shown between parasite types, with type II strains inducing a higher NF-κB 
activation than type I and III strains, which affects cytokine expression and virulence (Rosowski 
et al., 2011). This results support those obtained in the phenotypic analysis, where a stronger 
cellular stimulation induced by Nc-Spain1H was shown, that may activate a more efficient 
immune response that leads to the control of Nc-Spain1H infection. However the higher 
induction of pro-inflammatory responses by the low virulence isolate Nc-Spain1H seems to 
be highly regulated, as higher expression of the regulatory cytokine IL-10 was also observed 
in cells infected with this isolate. In addition, the Th1 and Th2 differentiation pathway was 
exclusively enriched for Nc-Spain1H infection. Although it is accepted that in order to confer 
protection without causing pathology, immunity against neosporosis requires a mixed Th1 
and Th2 response (Almería et al., 2017), the adequate balance between both remains to be 
defined. In our results, genes involved in induction of Th1 responses and those involved in the 
macrophage polarization towards an M2 phenotype and in the differentiation of Th2 cells were 
both upregulated in Nc-Spain1H-infected macrophages.

Our results are in agreement with those obtained from an experimental infection of pregnant 
heifers by Nc-Spain7 and Nc-Spain1H, regarding outcome of infection and local immune 
responses in the placenta (Jiménez-Pelayo et al., 2019b). In that work is reported that Nc-Spain7 
seems not to be detected by PRRs in the placenta at early infection, whose later activation and 
subsequent exacerbated Th1 response is likely a consequence of lesion development due to 
parasite proliferation. On the contrary, Nc-Spain1H induced upregulation of PRRs, cytokines, 
and chemokines genes maintaining a modulation characterized by a balance of Th1/Th2. The 
authors conclude that rapid immune responses together with a minor proliferation ability of the 
low virulence isolate may be the causes of the low parasite burden found in placental and fetal 
tissues of animals infected with this isolate.

Regarding gene expression profiles of Nc-Spain7 and Nc-Spain1H in bovine macrophages, 
these showed a dichotomy regarding potential immunomodulation functions. Whereas genes 
implicated in induction of immune responses were found up-regulated in the low virulence 
isolate, genes potentially involved in evasion of immune responses were found to be up-
regulated in Nc-Spain7.

A higher expression of SRS proteins, recognized as the primary surface antigens which may 
determine the immunogenic potential of the isolates (Lekutis et al., 2001), where found for 
Nc-Spain1H. Specific SRS proteins identified in the present work differentially expressed 
between isolates may be useful in future studies focused on vaccine development. For Nc-
Spain7, surface-coating molecules associated with immune evasion in Leishmania spp (Peters et 
al., 1997; Depledge et al., 2009; Favila et al., 2015) and glycosylphosphatidylinositols (GPIs), 
which secreted in the supernatant of N. caninum cultures seem to be able to modulate APC 
immune responses (Débare et al., 2019), were shown highly expressed.
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Additionally, differences in the expression of genes potentially involved in parasite dissemination 
and transmission were found between isolates. The virulent isolate expressed higher levels 
of a putative cyclophilin and a calreticulin family member. Neospora caninum molecules from 
the cyclophilin family have been shown to work as chemokine-like proteins by inducing 
chemoattraction of immune cells, which may enhance their invasion by the parasites (Mineo 
et al., 2010). Because the ability of N. caninum to survive in bovine macrophages and induce 
a hypermigratory phenotype in these cells upon infection has been demonstrated, the higher 
expression of cyclophilin by Nc-Spain7 may potentially be related to the increased dissemination 
of this isolate found in vivo (Collantes-Fernández et al., 2012; Jiménez-Pelayo et al., 2019b). 
On the other hand, calreticulin has been demonstrated to be important in trypanosomatids 
by helping in the establishment of infection by modulating the host complement system 
(Ramakrishnan and Docampo, 2018) and likely facilitating placental infection by interacting 
with the maternal classical complement component C1, which would bridge it with the fetal 
calreticulin in placental tissues (Castillo et al., 2013). The roles of these proteins in N. caninum 
pathogenesis, particularly with regard to differences in the proinflammatory response induced 
by the isolates during infection in vitro and transmission found in vivo (Rojo-Montejo et al., 
2009b; Regidor-Cerrillo et al., 2014; Jiménez-Pelayo et al., 2019a, 2019b), require further 
investigation.

In summary, the results of the present Doctoral Thesis indicate that N. caninum possess 
mechanism of evasion of innate immune responses mediated by macrophages, which enables 
their intracellular survival. These include the reduction of ROS intracellular levels and the 
impairment of phagolysosome maturation. In addition, the high virulence isolate Nc-Spain7 
exhibits a higher ability to evade the host innate immune response via a long time maintenance 
of reduced ROS levels and a reduction in the expression of pro-inflamatory cytokines including 
IL-12 and IFN-γ, essential for restraining N. caninum proliferation (Hemphill et al., 2006). 
Higher expression of surface-coating molecules associated with immune evasion may be 
responsible of the lower recognition of the high virulence isolate by the host’s immune response. 
The consequence would be lower control of parasite survival, which together with its higher 
proliferation may be associated with the higher virulence and pathology found in vivo. On 
the other hand, Nc-Spain1H elicits a strong Th1 response likely due to its higher expression 
of surface antigens (which would reduce the parasite load in host cells) and that would be 
counterbalanced by a higher expression of regulatory cytokines (such as IL-10), minimizing 
pathology. This strategy may suggest a better adaptation of the low virulence isolate Nc-
Spain1H to be transmitted without causing clinical disease, keeping a delicate balance between 
suppression and induction of the host immune response to ensure hosting survival and chronic 
infection.
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First. Bovine peripheral blood monocytes cultured in vitro in the presence of GM-CSF present 
morphological and functional features characteristic of macrophages and they are an adequate 
model for the study of N. caninum interactions with the innate immune system of its natural 
host. 

Second. Neospora caninum is able to actively invade bovine macrophages, survive and complete 
its intracellular lytic cycle, stablishing a replicative niche. However, a lower parasite proliferation 
rate is recorded with regards to other cell types previously assayed, suggesting a partial capacity 
of the macrophage to restrain the infection. 

Third. Infection of bovine macrophages with viable N. caninum tachyzoites represses 
phagolysosome degradation and reduces intracellular ROS levels at the early stages of infection. 
Moreover, infected macrophages show an altered antigen presentation mechanism characterized 
by a lower expression of MHC Class II, CD86 and CD1b. These altered mechanisms could be 
related to parasite strategies of immune response evasion that may lead to an inability to 
eliminate the infection by the host. 

Fourth. Different host-parasite interaction patterns are observed in bovine macrophages 
infected with high and low virulence isolates of N. caninum, which indicates that both isolates 
may modulate the immune response in a different manner and may be related with differences 
in pathogenesis observed in vivo. 

Fifth. The highly virulent isolate Nc-Spain7 shows higher active invasion rates and proliferation 
than the low-virulence isolate Nc-Spain1H in bovine macrophages, in agreement with the 
results obtained in other target cells, which is one of the bases of their differences in virulence.

Sixth. Nc-Spain1H elicits a pro-inflammatory response characterized by elevated IL-12 
expression levels and IFN-γ secretion by lymphocytes, which might lead to a better control 
of this isolate by the immune response, and that is counterbalanced by a high expression of 
the regulatory cytokine IL-10. This strategy suggests a better adaptation of the low virulence 
isolate Nc-Spain1H to be transmitted without causing clinical disease, maintaining a delicate 
balance between suppression and induction of the host immune response, to ensure pregnancy 
maintenance and fetal chronic infection. 

Seventh. Nc-Spain7 exhibits a higher ability to evade the host innate immune response 
mediated by macrophages, via a long time maintenance of reduced ROS levels and a decrease 
in the expression of pro-inflammatory cytokines IL-12 and IFN-γ, essential for restraining N. 
caninum proliferation. The inability of the macrophages to mount a protective response against 
Nc-Spain7 infection together with the high prolificacy of this isolate may explain its higher 
virulence observed in vivo.

Eighth. Neospora caninum induces a hypermigratory phenotype in bovine macrophages 
characterized by hypermotility, enhanced transmigration, abrogated extracellular matrix 
degradation and rapid cytoskeletal remodeling indicating that bovine macrophages may serve 
as a vehicle for N. caninum systemic dissemination. 

OBJECTIVE I | In vitro phenotypic characterization of bovine monocyte-derived  
macrophages infected with Neospora caninum isolates of high and low 
virulence
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Ninth. Induction of migration of parasitized antigen presenting cells are conserved features 
for T. gondii and N. caninum, as it was shown with macrophages or dendritic cells from bovine, 
murine and human origin. It also advocates for the utilization of a Trojan horse mechanism for 
systemic dissemination as an evolutionary conserved strategy by these two coccidian parasites.

Tenth. Nc-Spain7 induces a higher motility in bovine macrophages, which could suggest a 
superior capacity to induce migration of these cells. As result, Nc-Spain7 would have a higher 
ability to disseminate and to rapidly cross cellular barriers, leading to higher parasite tissue 
burdens, and to reach the central nervous system and the developing fetus. 

OBJECTIVE II | 

First. Transcriptome analysis has been demonstrated to be a suitable approach for studying N. 
caninum host-parasite interactions in innate immune response target cells.

Second. Gene expression profile after bovine macrophages infection by N. caninum shows a 
metabolic and immune M1 inflammatory phenotype needed for the control of infection. TLRs 
(TLR2, TLR3 and TLR9) and NLRs (NAIP, NOD2 and NLRC4) seem to be implicated in N. 
caninum recognition and macrophages activation. 

Third. Neospora caninum activates NF-ƙB in bovine macrophages upon infection, which seems 
to be the main signaling pathway involved in the response against the parasite and in the 
upregulation of proinflammatory cytokines TNF-γ, IL-12, IL-1β and IL-6.

Fourth. Apoptosis and degradation by lysosomes are processes repressed by N. caninum 
infection, which may guarantee its survival in bovine macrophages. 

Fifth. Nc-Spain1H induces higher expression of genes involved in pathogen recognition, a 
higher activation NF-ƙB signaling pathway, and an enhanced expression of chemokines and 
proinflammatory and regulatory cytokines. These findings support the results obtained in the 
phenotypic analysis. The induction of an early protective response to infection by Nc-Spain1H 
would contribute to explain the limited infection of placental tissues with no transmission to the 
fetus observed during early infection with this isolate in a pregnant bovine model. 

Sixth. Nc-Spain7 induces a lower immune response by bovine macrophages upon infection. 
Mechanisms of evasion by Nc-Spain7 support the higher transmission of this isolate to the fetus 
causing abortion. 

Seventh. A dichotomy regarding parasite development and potential immunomodulatory 
functions was proven in the gene expression profiles of Nc-Spain7 and Nc-Spain1H. Bradyzoite 
stage-related genes and genes encoding for surface antigens are among the primary up-regulated 
genes in the Nc-Spain1H isolate, whereas Nc-Spain7 shows an enhanced expression of genes 
involved in parasite growth, redox homeostasis and immune evasion in activated macrophages.
 
Eighth. Divergence in gene expression profiling between Nc-Spain7 and Nc-Spain1H correlates 
with the differences observed between these isolates concerning both in vitro proliferation and 
intracellular survival and macrophage responses. 

Transcriptome modulation of bovine monocyte-derived macrophages 
by Neospora caninum isolates of different virulence
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OBJETIVO I | 

Primera. Los monocitos bovinos de sangre periférica cultivados in vitro en presencia de GM-CSF 
presentan características morfológicas y funcionales propias de macrófagos y son un modelo 
adecuado para el estudio de la interacción entre N. caninum y el sistema inmunitario innato de 
su hospedador natural. 

Segunda. Neospora caninum es capaz de invadir activamente los macrófagos bovinos, sobrevivir 
y completar su ciclo lítico intracelular estableciendo un nicho de replicación. Sin embargo, 
presenta una menor tasa de proliferación en relación con otras células estudiadas previamente, 
lo que sugiere una capacidad parcial del macrófago para limitar la infección. 

Tercera. La infección de los macrófagos bovinos con taquizoítos vivos de N. caninum reprime la 
degradación en el fagolisosoma y reduce los niveles intracelulares de ROS en la fase temprana 
de la infección. Además, los macrófagos infectados muestran una presentación de antígeno 
modificada caracterizada por una menor expresión de CMH de clase II, CD86 y CD1b. Estos 
resultados se relacionan con estrategias del parásito para la evasión de la respuesta inmunitaria 
que pueden conducir a una incapacidad del hospedador de eliminar la infección. 

Cuarta. Se observan diferentes patrones de infección en macrófagos bovinos infectados con 
aislados de alta y baja virulencia de N. caninum, lo que indica que ambos aislados podrían 
modular la respuesta inmunitaria de manera diferente, hecho que podría estar relacionado con 
las diferencias en virulencia observadas in vivo. 

Quinta. El aislado de alta virulencia Nc-Spain7 muestra mayores tasas de invasión activa que el 
aislado de baja virulencia Nc-Spain1H en macrófagos bovinos, en consonancia con los resultados 
obtenidos en otras células diana, siendo ésta una de las bases de sus diferencias en virulencia.
 
Sexta. Nc-Spain1H induce una respuesta proinflamatoria caracterizada por elevados niveles de 
expresión de IL-12 y secreción de IFN-γ por linfocitos, que podría conducir a un mejor control 
de este aislado por la respuesta inmunitaria, compensado además por una mayor expresión 
de la citoquina reguladora IL-10. Esta estrategia sugiere una mejor adaptación del aislado de 
baja virulencia Nc-Spain1H para ser transmitido sin causar lesiones, manteniendo un delicado 
balance entre inducción y supresión de la respuesta inmunitaria, para asegurar la supervivencia 
del hospedador y una infección crónica. 
  
Séptima. Nc-Spain7 exhibe una mayor habilidad para evadir la respuesta inmunitaria del 
hospedador mediada por macrófagos, mediante el mantenimiento a lo largo del tiempo de 
niveles intracelulares de ROS reducidos y de una disminución en la expresión de citoquinas 
proinflamatorias IL-12 e IFN-γ, esenciales para limitar la proliferación del parásito. La 
incapacidad de los macrófagos para generar una respuesta protectora frente a la infección por 
Nc-Spain7, junto con la elevada prolificidad de este aislado, podría explicar su mayor virulencia 
in vivo.

Octava. Neospora caninum induce un fenotipo hipermigratorio en macrófagos bovinos 
caracterizado por hipermotilidad, aumento en la transmigración, reducción de la degradación 
de la matriz extracelular y una rápida remodelación del citoesqueleto, indicando que los 
macrófagos bovinos podrían servir de vehículo para la diseminación sistémica de  N. caninum. 

Caracterización fenotípica in vitro de macrófagos bovinos derivados 
de monocitos infectados con aislados de alta y baja virulencia de 
Neospora caninum.
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Novena. La capacidad de modular la migración de células presentadoras de antígeno mediante 
la infección es una característica conservada entre T. gondii y N. caninum, como se ha visto 
para macrófagos o células dendríticas de origen bovino, murino o humano. También aboga 
por la utilización del mecanismo “Caballo de Troya” para la diseminación sistémica, como una 
estrategia evolutiva conservada para estos dos parásitos coccidios. 

Décima. Nc-Spain7 induce una mayor motilidad en macrófagos bovinos, lo que podría sugerir 
una capacidad superior de inducir la migración de estas células. Como resultado, Nc-Spain7 
podría tener una mayor capacidad para diseminarse y rápidamente cruzar barreras celulares, 
conduciendo a mayores cargas parasitarias en tejidos y a alcanzar el Sistema Nervioso Central 
y el feto en desarrollo.  

OBJETIVO II |

 
Primera. El análisis transcriptómico ha demostrado ser una herramienta apropiada para el 
estudio de la interacción de N. caninum y células de la respuesta inmunitaria innata de su 
hospedador.

Segunda. El perfil de expresión génica tras la infección de los macrófagos por N. caninum 
muestra un fenotipo metabólico e inmunitario inflamatorio M1, necesario para el control de 
la infección. Los receptores de tipo TLR (TLR2, TLR3 y TLR9) y de tipo NLR (NAIP, NOD2 y 
NLRC4), parecen estar implicados en el reconocimiento de N. caninum y en la activación de los 
macrófagos bovinos. 

Tercera. La infección por N. caninum activa la ruta NF-ƙB en macrófagos bovinos que parece ser 
la principal ruta de señalización celular involucrada en la respuesta inmunitaria frente al parásito 
por su hospedador natural y la responsable de la sobreexpresión de citoquinas proinflamatorias 
TNF-γ, IL-12, IL-1β e IL-6 tras la infección.

Cuarta. La apoptosis y la degradación por lisosomas son procesos reprimidos por la infección 
por N. caninum, que podrían garantizar su supervivencia en macrófagos bovinos.

Quinta. Nc-Spain1H induce una mayor expresión de genes involucrados en el reconocimiento 
de patógenos, una mayor activación de la ruta de señalización NF-ƙB y un aumento en la 
expresión de quimioquinas y citoquinas proinflamatorias y reguladoras, que apoyan los 
resultados obtenidos en el análisis fenotípico. La inducción de una respuesta protectora a la 
infección por Nc-Spain1H podría explicar que este aislado presente una infección limitada de 
los tejidos placentarios sin transmisión al feto durante la fase temprana de la infección en un 
modelo bovino gestante. 

Sexta. Nc-Spain7 induce una menor respuesta de los macrófagos bovinos a la infección. La 
utilización de mecanismos de evasión por el aislado de alta virulencia Nc-Spain7 apoya la mayor 
transmisión de este aislado al feto causando aborto. 

Estudio transcriptómico de la modulación de macrófagos bovinos 
derivados de monocitos por aislados de Neospora caninum de distinta 
virulencia



Chapter VII -- Conclusions

197

Séptima. Los perfiles de expresión de Nc-Spain7 y Nc-Spain1H mostraron una dicotomía en 
relación al desarrollo del parásito y a potenciales funciones inmunomoduladoras. Entre los genes 
sobreexpresados en el aislado Nc-Spain1H destacan los relacionados con la fase de bradizoíto 
y los que codifican para antígenos de superficie. Por el contrario, el aislado Nc-Spain7 muestra 
un aumento en la expresión de genes relacionados con el crecimiento, la homeostasis redox y 
la evasión de la respuesta inmunitaria en macrófagos activados.

Octava. Los diferentes perfiles de expresión génica entre Nc-Spain7 y Nc-Spain1H guardan 
relación con las diferencias observadas in vitro entre estos aislados en proliferación y 
supervivencia intracelular, y en la inducción de la respuesta inducida en el macrófago bovino. 
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