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Abstract 22 

Neospora caninum is a protozoan parasite closely related to Toxoplasma gondii 23 

and has been studied for causing neuromuscular disease in dogs and abortions in cattle. 24 

It is recognized as the major cause of economic losses in bovine products. In that sense, 25 

this study aimed to evaluate the role of TLR3-TRIF dependent resistance against N. 26 

caninum infection. We observed that TLR3-/- and TRIF-/- mice presented higher parasite 27 

burden, increased inflammatory lesions and reduced production of IL-12p40, TNF, IFN-28 

g, and NO. Differently from T. gondii, N. caninum tachyzoites and its RNA recruited 29 

TLR3 and IRF3 to the parasitophorous vacuole (PV). We observed that N. caninum 30 

upregulated the expression of TRIF in macrophages, which by its turn upregulated IFN-31 

α and IFN-β in the presence of the parasite. Furthermore, TRIF-/- infected macrophages 32 

produced lower levels of IL-12p40 and IFN-α replacement was able to completely restore 33 

the production of this key cytokine. Our results have shown that TLR3-TRIF signaling 34 

pathway enhances resistance against N. caninum infection, since it improves Th1 immune 35 

responses that control parasitism and tissue inflammation, which are hallmarks of the 36 

disease. 37 

 38 

 39 

  40 
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1 Introduction 41 

Neospora caninum is an obligate intracellular parasite that belongs to the phylum 42 

Apicomplexa and is the causative agent of neosporosis. Canids have been described as its 43 

definitive hosts, while cattle, sheep, and other warm-blooded species act as its 44 

intermediate hosts (1, 2), which can be infected by oral or transplacental routes. N. 45 

caninum is closely related to Toxoplasma gondii, and has been studied in the last decades 46 

as a major cause of neuromuscular disease in dogs and repeated abortions in cattle, being 47 

recognized as the major identifiable cause of economic losses in beef and dairy industries 48 

(3).  49 

The innate immune response triggered by N. caninum play an important role in 50 

protection of the host, leading to the activation of adaptive responses that restricts parasite 51 

proliferation. Innate cells express pattern recognition receptors (PRRs) as the Toll-like 52 

receptors (TLRs), that recognize pathogen associated molecular patterns (PAMPs) (4-7). 53 

This recognition requires intracellular signaling through adapter molecules, mainly the 54 

myeloid differentiation factor 88 (MyD88) or molecule inducing interferon-β with TIR 55 

domain (TRIF) (8). Most TLRs share MyD88 as its adapter protein, with exception of 56 

TLR3, which only transcribes recognition signals through TRIF, and TLR4, that signals 57 

through both pathways depending on the stimulus (9). The MyD88-dependent signaling 58 

pathway leads to the activation of MAP kinases (MAPK) and transcription factors as NF-59 

κB, which encode the expression of classic pro-inflammatory mediators. On the other 60 

hand, the TRIF-dependent pathway activates Interferon Regulatory Factors (IRFs), 61 

resulting in the production of Type I interferon (IFN-β and IFN-α), which may potentiate 62 

the production of pro-inflammatory factors such as TNF (8, 10, 11).  63 

Related to N. caninum infection, the MyD88-dependent pathways is known to be 64 

activated during the infection, acting as a relevant host resistance factor (12, 13). In this 65 
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context, TLR2 and TLR11 participate in parasite recognition, leading to the activation of 66 

antigen presenting cells and polarization of immune responses to a Th1 profile (14, 15). 67 

The participation of MyD88-dependent endosomal receptors, such as TLR 7, 8 and 9, has 68 

also been suggested during the infection in different animal species (16-18). However, 69 

the role of TRIF signaling in the context of N. caninum infection is still unclear. It is 70 

known that, differently from T. gondii, TLR3 recognizes N. caninum RNA and induces 71 

type I IFN responses (19).  72 

In that sense, this study aimed to evaluate the role of the TLR3-TRIF dependent 73 

signaling pathway in resistance to N. caninum, using in vivo and in vitro approaches to 74 

observe phenotypes and to elucidate the molecular mechanisms involved in this 75 

interaction. 76 

 77 

2 Results 78 

2.1 TRIF is required for proper resistance during the infection by N. caninum 79 

In order to verify whether TLR3-TRIF signaling pathway was required for host 80 

survival against a severe infection model, we monitored WT, TLR3-/-, TRIF-/- and 81 

MyD88-/- mice for 30 days after inoculation of N. caninum tachyzoites (1×107 82 

parasites/mice). MyD88-/- mice were used as a controls since it has been shown that 83 

MyD88-induced signaling is crucial for host resistance to neosporosis (12). WT mice 84 

survived the infection, whereas all MyD88-/- mice succumbed after 18 days of inoculation. 85 

Regarding the TLR3-/- and TRIF-/- mice, we found a survival rate of 50% and 33%, 86 

respectively, demonstrating that this pathway participates in host resistance to infection 87 

(Figure 1). 88 
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Then, in order to evaluate the specific participation of TRIF in control of parasite 89 

growth in vivo, we infected WT and TRIF-/- mice with a sublethal dose of N. caninum 90 

tachyzoites (5x106 parasites/mice), for the quantification of parasite genomic DNA copies 91 

at distinct phases of infection (Figure 2). We observed that TRIF-/- mice presented 92 

increased parasite burden during hyper acute (24 hours of infection, peritoneal cells), 93 

acute (7 days of infection; peritoneal cells and lungs), and in the chronic phase (30 days 94 

of infection; brain), if compared to the infected WT group. No significant differences in 95 

parasite load were observed in the liver (acute phase) between the analyzed groups. 96 

Based on these findings, we evaluated the role of TRIF in controlling tissue injury 97 

and inflammatory lesions in the different tissues of the infected mice. Histological 98 

sections revealed pronounced lesions in the lungs of the infected mice at 7 days post 99 

infection, notably worsened in the absence of the TRIF, which presented a significant loss 100 

of tissue structure induced by extensive regions of diffuse inflammatory infiltrates. 101 

Inflammatory foci were also observed in liver and brain samples from WT and TRIF-/- 102 

mice, however no differences in the inflammatory profile were noted between the 103 

analyzed groups (Figure 3). 104 

2.2 TRIF supports the induction of appropriated Th1 immune profile responses against 105 

N. caninum  106 

As TRIF-/- mice presented impaired resistance to the infection, shown by 107 

decreased survival rates, along with higher parasite burden and tissue injury, we 108 

investigated whether the stimulation of adaptive immune responses, based on the 109 

production of a proper profile of chemokines, cytokines and nitric oxide, would also be 110 

compromised in TRIF-/- mice during the acute phase of infection by N. caninum. For this 111 

purpose, we mapped important soluble factors involved in the activation, regulation and 112 
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chemoattraction of monocytes, lymphocytes and macrophages, in lysed spleen cells 113 

obtained from infected WT and TRIF-/- mice during acute phase. The results for the array 114 

assay show that TRIF-/- mice fail to produce regular amounts of several chemokines, such 115 

as IP-10, JE, CXCL9, CCL5, if compared to the WT (Figure 4). In addition, we found 116 

that the concentration of major proinflammatory cytokines such as IL-12p40 (Figure 5A), 117 

IFN-γ (Figure 5B) and TNF (Figure 5C) were significantly reduced in the peritoneal 118 

fluids and lung homogenates of TRIF-/- mice during acute infection. As expected, in vivo 119 

nitrate/nitrite production was also restricted in the absence of TRIF. These results indicate 120 

that this adapter molecule has a relevant role in the development of appropriated effector 121 

immune responses against N. caninum infection (Figure 5D).   122 

2.3 Differently from T. gondii, TLR3 and IRF3 are recruited to the N. caninum 123 

parasitophorous vacuole (PV). 124 

 After analyzing the relevance of the TLR3-TRIF-dependent signaling pathway in 125 

the host resistance to N. caninum, the next step was to elucidate aspects of the interaction 126 

between TLR3 and the parasite, also comparing it to T. gondii, which has been previously 127 

described as not recognizable to TLR3 (19). First, in order to verify the recruitment of 128 

TLR3 in response to N. caninum and T. gondii, we infected immortalized bone marrow 129 

derived macrophages (iBMDMs), transfected with a TLR3-GFP construct, with 130 

tachyzoites forms (Figure 6) or total RNA extracted from both parasites (Figure 7). We 131 

observed that the synthesis of TLR3-GFP was enhanced in N. caninum infected 132 

macrophages, which colocalized with the PV after 24 hours of infection. On the other 133 

hand, T. gondii did not induce notable expression and foci formation of this receptor. In 134 

agreement, the exposure of iBMDMs to N. caninum total RNA recruited the TLR3-GFP 135 

dispersed in cytoplasm to form agglomerates inside the cell, while T. gondii RNA was 136 

again not able to induce recruitment of this receptor. When a transfecting reagent was 137 
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used, in order to force RNA uptake by iBMDMs, no formation of TLR3-GFP foci was 138 

observed, however it was notable that TLR3 was abundantly expressed in cells exposed 139 

to N. caninum RNA, while GFP expression in cells stimulated with T. gondii RNA 140 

remained basically unaltered. 141 

 In the same manner and still trying to comprehend the mechanisms involved in 142 

the recruitment of pathway components to the PV, we transfected macrophages with 143 

IRF3-GFP constructs, a transcription factor responsible for the induction of IFN-α and 144 

IFN-β. These cells were infected with tachyzoites of N. caninum and T. gondii for 24 145 

hours and evaluated by fluorescence microscopy (Figure 8). The results showed that 146 

infection by N. caninum strongly induces increased expression of IRF3 with formation of 147 

aggregates around the parasite. Conversely, T. gondii was not able to activate IRF3, 148 

corroborating with the results previously presented in relation to TLR3 recruitment. 149 

 150 

2.4 TRIF is responsible for the induction of type I IFN in macrophages infected with N. 151 

caninum, which are shown to be relevant modulators of key IL-12 production  152 

We have demonstrated that protozoan N. caninum is able to activate the signaling 153 

pathway initiated by TLR3, inducing the recruitment of the receptor and related 154 

transcription factor to the PV. We also know from the literature that this signaling 155 

pathway is TRIF-dependent and results in type I IFN (IFN-α and IFN-β) production, 156 

possibility that we now investigated during infection of fresh BMDMs. Initially, to assess 157 

if N. caninum was able to modulate the expression of TRIF during the infection, WT 158 

BMDMs were exposed to live N. caninum tachyzoites, or stimulated with LPS as positive 159 

control, and the messenger RNA codifying this adaptor protein was quantified after 6 160 

hours of infection. For this experiment, we observed that TRIF expression increased over 161 

10-fold in N. caninum infected BMDMs, if compared to naïve cells (Figure 9A). A 162 
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similar increase in transcription was observed in the follow up experiments, involving the 163 

quantification of IFN-α and IFN-β expression in infected BMDMs derived from WT and 164 

TRIF-/- mice. However, in the absence of TRIF, this expression was severely 165 

compromised. IFN-α expression was reduced in approximately 40% in infected TRIF-/- 166 

BMDMs (Figure 9B), while differences in IFN-β transcript levels were even higher, with 167 

TRIF-/- BMDMs inducing over 4-fold reduced expression of this cytokine, if compared 168 

to WT BMDMs in the presence of the parasite (Figure 9C).  169 

Our last step was to evaluate whether the TLR3-TRIF pathway and its known 170 

products (type I IFNs mainly) would affect Th1 induction by macrophages. As previously 171 

described by Mineo and colleagues (12), MyD88 is a crucial adapter molecule in inducing 172 

an effective immune response against the parasite due its pivotal role in IL-12 production, 173 

which by its turn is the main IFN-g inducing element in the immune system by polarized 174 

Th1 lymphocytes. With that intent, we performed experiments to elucidate whether the 175 

TLR3-TRIF pathway would directly affect this essential mechanism in host protection 176 

during N. caninum infection. For this, we analyzed the production of IL-12p40 by WT, 177 

TLR3-/-, TRIF-/-, and MyD88-/- infected macrophages. In this set of experiments, we 178 

observed that TLR3-/- and TRIF-/- BMDMs failed to produce regular concentrations of IL-179 

12p40, if compared to WT cells. As expected, in the absence of MyD88, no production 180 

of the analyzed cytokine was detected (Figure 10A).  181 

In order to establish the mechanism by which TLR3-TRIF contribute to IL-12 182 

production in macrophages, TRIF-/- and WT BMDMs were treated with recombinant IFN-183 

α and IFN-β and infected with N. caninum tachyzoites for subsequent determination of 184 

IL-12 levels. According to the results, treatment with IFN-α was able to completely 185 

reestablish IL-12p40 production in TLR3-/- and TRIF-/- BMDMs, while IFN-ß had an 186 

overall inhibitory effect on the production of IL-12p40 in all macrophage lineages tested 187 
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(Figure 10B). None of the treatment with recombinant cytokines were able to induce IL-188 

12p40 in MyD88-/- BMDMs. 189 

 190 

3. Discussion 191 

Neospora caninum is the obligatory intracellular parasite that causes neosporosis 192 

and has medical-veterinary importance mainly by causing neuromuscular paralysis in 193 

dogs and abortion in cattle, with significant economic impact on countries that produce 194 

meat and dairy products. In order to prevent the spread of the infection and its clinical 195 

consequences, the understanding of the innate immune pathways triggered against this 196 

parasite, as well as the participation of parasite molecules that actively interfere in host 197 

resistance to the infection, are crucial (3). 198 

In this work, we investigated how TLR3-TRIF innate recognition pathway assists 199 

the host response against the infection by N. caninum. Initially, we aimed to evaluate the 200 

importance of the this pathway in survival of N. caninum infected hosts, using MyD88-/- 201 

mice as a comparison , since this molecule is central for survival of the host during 202 

neosporosis (12). In our study, TLR3-/- and TRIF-/- mice presented decreased survival 203 

rates after infection, although part of the experimental groups survived – differently from 204 

MyD88-/- mice groups that fully succumbed to the N. caninum challenge. These 205 

experiments demonstrate that the TLR3-TRIF pathway has an indirect participation in 206 

host resistance to infection, in a secondary role to MyD88 in resistance to the infection.  207 

As observed during in vivo experiments, our results showed that TRIF is also 208 

related to the regulation of effector host immune responses, since TRIF-/- mice presented 209 

higher parasite burden associated with low concentrations of IFN-γ and NO, which are 210 

essential for parasite elimination. Nonetheless, intense tissue inflammation was observed 211 
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in the lungs of TRIF-deficient mice with significant loss of pulmonary alveoli structure, 212 

characterizing the severity of the infection in the absence of key immune factors. Hsia 213 

and collaborators demonstrated that TRIF-/- mice presented higher lung injuries due to 214 

impaired ability of lung dendritic cells to support the polarization of the immune 215 

responses to a Th1 profile (20). Previous work indicate that iNOS (nitric oxide synthase 216 

2) is absent and NO synthesis is totally impaired in TRIF deficient murine peritoneal cells 217 

stimulated with poly: IC or LPS (21). There is also evidence that TRIF participates not 218 

only with NO production, but also with the induction of reactive oxygen species (ROS) 219 

in macrophages via TLR3 receptor (22). In addition, we have observed thoroughly that 220 

the absence of this adapter molecule also leads to an impaired production of IL-12p40, 221 

TNF and important chemokines, indicating that TRIF pathway acts in the immune control 222 

of the acute phase of disease through the potentiation of specific Th1 responses, 223 

coordinated by MyD88.  224 

From these results, we decided to explore the mechanism by which N. caninum 225 

interacts with the TLR3-TRIF pathway. Despite its phylogenetic similarity with T. gondii, 226 

N. caninum has many distinct biological characteristics, especially those regarding it’s 227 

interaction with the host cell. Our results demonstrate that one of these differences 228 

consists in the ability of N. caninum to induce the innate recognition pathway dependent 229 

on the TLR3 receptor, which is well characterized for recognizing viral nucleic acids. We 230 

have shown that the RNA of the protozoan N. caninum triggers the induction of TLR3, 231 

recruiting this receptor dispersed in cytoplasm for the formation of an active agglomerate 232 

around the PV. Similar results were found by Beiting and colleagues, demonstrating that 233 

protozoan parasites are capable of inducing type I IFN responses and that N. caninum 234 

performs this activation in a higher magnitude than T. gondii (23). We also evaluated the 235 

behavior of the transcription factor IRF3 by N. caninum. Again, a similar behavior was 236 
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observed, with the concentration of IRF3 around the PV. Beiting and collaborators did 237 

demonstrate that N. caninum is also able to induce increased expression of IRF7, another 238 

transcription factor involved in antiviral responses (23). 239 

Regarding the ability of the TLR3-TRIF pathway to induce IFN-α and IFN-β, we 240 

have here confirmed this mechanism in the Neospora model. Many examples of this 241 

induction may be found in the literature: in a study that used mesothelial cells, which act 242 

as a protective barrier against invasive pathogens, it was observed that stimulation with 243 

poly I:C, a TLR3 agonist, induces the expression of IFN-β mRNA in WT cells, however, 244 

this induction was significantly reduced in TRIF deficient cells (21); In other infection 245 

models, such as the bacteria Listeria monocytogenes and Chlamydia muridarum, it has 246 

been observed that macrophages deficient in TRIF also present impaired IFN-β 247 

expression, demonstrating again the strict relation of this adapter molecule to this 248 

cytokine (24, 25). On the other hand, it is well known that the development of a suitable 249 

Th1 immune response is considered of primary importance for the protection against 250 

intracellular parasites such as N. caninum. The new information to us was the link 251 

between type I IFN production and the establishment of a robust and classical Th1 profile, 252 

mediated through the partly TLR3-TRIF-dependent production of IL-12. This Th1 253 

induction pathway is not usually assessed by the scientific community, but it has been 254 

previously shown that LPS stimulation in the absence of TRIF significantly compromises 255 

the production of proinflammatory cytokines as IL-12p40 and TNF (26). Further, we also 256 

show the direct effect of type I IFN within this context, as IFN-µ completely rescued IL-257 

12 production in TRIF-/- macrophages. Similarly, it was demonstrated that IFN-α 258 

treatment induced high levels of IL-12 secreted by these cells (27). In addition, it is known 259 

that the action of IFN-α and IL-12 together can recruit macrophages and NK cells and 260 
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elevate the levels of other proinflammatory cytokines, generating a positive feedback loop 261 

(28, 29). 262 

Together, our results shown that, unlike T. gondii, N. caninum is able to induce 263 

the activation of the TLR3-TRIF-IRF3-IFN-α/β signaling pathway, classically known to 264 

act on viral infections. In addition, we have demonstrated that TRIF is required for proper 265 

resistance against the infection induced by N. caninum, enhancing Th1 immune responses 266 

against the parasite, which confers increased survival, reduced parasite burden and 267 

decreased inflammatory lesions to the host. Based on these findings, future work should 268 

be directed to prospecting the actual TLR3 agonist contained within N. caninum, which 269 

may be used for new prophylactic and/or therapeutic approached aimed against 270 

neosporosis or other conditions that require Th1 boosting. 271 

 272 

4 Material and methods 273 

4.1 Ethics Statement 274 

 All experiments with mice were approved by the animal research ethics 275 

committee at UFU (Comitê de Ética na Utilização de Animais da Universidade Federal 276 

de Uberlândia—CEUA/UFU; protocol number 109/16) and were carried out in 277 

accordance with the recommendations in the Guiding Principles for Biomedical Research 278 

Involving Animals of the International Council for Laboratory Animal Science (ICLAS), 279 

countersigned by the Conselho Nacional de Controle de Experimentação Animal 280 

(CONCEA; Brazilian National Consul for the Control of Animal Experimentation) in its 281 

E-book (http://www.mct.gov.br/upd_blob/0238/238271.pdf). The institution’s animal 282 

facility (Centro de Bioterismo e Experimentação Animal—CBEA/UFU) is accredited by 283 

the National’s Commissions in animal experimentation (CONCEA, CIAEP: 284 

01.0105.2014) and biosecurity (CTNBio, CQB: 163/02). 285 
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 286 

4.2 Parasites  287 

N. caninum tachyzoites (Nc-Liv isolate) and T. gondii (RH strain) were 288 

maintained in confluent monolayers of HeLa cells (CCL-2, ATCC, USA) at 37°C with 289 

5% CO2, in RPMI 1640 medium supplemented with glutamine (2mM) and 290 

antibiotics/antimycotics solution (Thermo Scientific, Wilmington, EUA). Following 291 

cellular disruption, the extracellular parasites were obtained by centrifugation of the 292 

supernatant at 800 x g for 10 minutes at 4 °C. The pellet was resuspended in RPMI 1640 293 

and the tachyzoites were estimated in a Neubauer chamber for in vivo and in vitro 294 

experiments.  295 

 296 

4.3 Animals and experimental infections 297 

Wild type (WT) C57BL/6 mice, along with TLR3, TRIF and MyD88 genetically 298 

deficient (TLR3-/-, TRIF-/-, MyD88-/-) littermates, 6-8 weeks old, were obtained and 299 

maintained at CBEA/UFU, in individually ventilated cages under controlled conditions 300 

of temperature (22-25°C) and light (12h/12h), without restriction of water and food, and 301 

were submitted to acute (7 days) and chronic (30 days) infection protocols, as well as the 302 

analysis of survival after infection with N. caninum tachyzoites. 303 

 304 

4.4 Quantification of the parasite burden 305 

The parasite burden of peritoneal cells and other sampled tissues was determined 306 

by qPCR normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH), as 307 

previously described (30). Briefly, DNA was extracted from 50 mg of cells or tissue using 308 

SDS and proteinase K, and its content was estimated by 260/280 ratio (NanoDrop, 309 

Thermo Scientific, EUA). The concentration was adjusted to 40 ng/µl for qPCR assays, 310 
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which used specific primers designed for the Nc-5 sequence of N. caninum and GAPDH 311 

listed in Table 1. Parasite burden was estimated through the extrapolation of the number 312 

of Nc5 copies in the samples compared to predetermined standard curves with DNA 313 

obtained from known counts of N. caninum tachyzoites, using dedicated equipment and 314 

its software (Step One Plus, Thermo Scientific, EUA). 315 

 316 

4.5 Histological Analysis 317 

Samples of lungs, livers and brains were collected from WT and TRIF-/- mice at 318 

different stages of infection and analyzed for inflammatory infiltrates and tissue damage. 319 

For this, the samples were fixed in buffered formalin and maintained in alcohol 70% 320 

before being submitted to paraffin embedding, ultrathin sectioning and subsequent 321 

staining with hematoxylin and eosin (31). The analysis was performed using automated 322 

inverted microscope (FSX100, Olympus, Japan). 323 

 324 

4.6 Cytokine measurement 325 

For the measurement of the cytokine profile and chemokine production, spleens 326 

from WT and TRIF-/- mice infected by N. caninum (5×106 tachyzoites), were collected 327 

after 5 days of infection in RPMI medium. Cell suspensions were washed in medium and 328 

treated with lysis buffer (0.16 M NH4Cl and 0.17M Tris–HCl, pH 7.5) and resuspended 329 

in complete RPMI medium containing 10% FBS. Viable cells were adjusted to 1×107 for 330 

the cytokine array by western blotting (Proteome Profiler Array, R&D Systems, 331 

Minneapolis, USA) according to the manufacturer's instructions. In addition, the 332 

production of the main pro-inflammatory cytokines (IL-12p40, IFN-γ and TNF) was also 333 

measured individually by ELISA in peritoneal fluids and lung homogenates from WT and 334 

TRIF-/- mice, infected or not with 5x106 N. caninum tachyzoites for 7 days. 335 
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  For in vitro experiments, WT, TLR3-/-, TRIF-/- and MyD88-/- macrophages were 336 

plated in 96 well plates (2x105cells/well) and incubated for 18 hours at 37°C and 5% CO2. 337 

After incubation, the BMDMs were treated or not with recombinant cytokines IFN-α and 338 

IFN-β (R&D Systems) at 10 U/ml concentration for 6 hours, using LPS (1µg/ml) as 339 

positive control. The cells were infected with viable N. caninum MOI 0.5 (Infection 340 

Multiplicity = 1 parasite / 2 cells) tachyzoites and incubated for 24 hours. Cell culture 341 

supernatant was collected for further quantification of cytokines by ELISA.  342 

The measurement was performed using commercial ELISA kits, conducted 343 

according to the protocols recommended by the manufacturer (R&D Systems; BD 344 

Biosciences, San Diego, EUA). The final concentration of the cytokines was determined 345 

according standard curves with known concentrations of recombinant proteins and the 346 

results were expressed as pg/ml, observing the respective detection limits for each assay: 347 

IL-12p40 (15.6 pg/ml), IFN-γ (4.1 pg/ml) and TNF (3.7 pg/ml). 348 

 349 

4.7 Quantification of Nitric Oxide 350 

Quantification of Nitric Oxide (NO) was carried out in the peritoneal fluids of WT 351 

and TRIF-/- mice infected with 5x106 N. caninum tachyzoites. The assay determines the 352 

nitric oxide concentration based on the enzymatic conversion of nitrate to nitrite, followed 353 

by its colorimetric detection at 540 nm. Nitrate/nitrite concentration for each sample was 354 

estimated by a standard curve following the manufacturer's instructions (R&D Systems). 355 

Detection limit: 0.78 umol/L. 356 

 357 

4.8 Differentiation of bone marrow derived macrophages (BMDMs), production of 358 

immortalized macrophages lineage and Immunofluorescence assay 359 
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 Bone marrow derived macrophages (BMDMs) were generated from WT, TLR3-/-360 

, TRIF-/- and MyD88-/- mice, using conditioned medium, as previously described (32) and 361 

the immortalization of BMDMs was performed by the method of infection with J2 virus 362 

(33). 363 

 For cloning of murine TLR3 and IRF3, total RNA was extracted by TRIzol from 364 

brain of wild type mice and the cDNA was synthesized using the GoScript ™ Reverse 365 

Transcription System (Promega, Madison, USA), according to the manufacturer's 366 

instructions. The PCR gene amplification was performed using specific primers for TLR3 367 

and IRF3 listed in Table 1. The resulting PCR products were cloned in mammalian 368 

expression vector pcDNA 3.1(+) encoding GFP (Invitrogen-Life Technologies, USA) 369 

and the plasmid was linearized with ScaI-HF for stable transfection in 106 immortalized 370 

murine macrophages plated in 24-well plates, using LipofectamineTM 2000 (Invitrogen, 371 

Carlsbad, CA, USA). The transfection efficiency was monitored under fluorescence 372 

microscopy after 72 hours, and the positive cells were cloned and drug selected 373 

(Geneticin, G418; Hyclone Laboratories). After cloning, cells were plated at 1x106 /well 374 

in 24-well plates and then infected with N. caninum or T. gondii tachyzoites (MOI 1) for 375 

24 hours. For N. caninum labelling we performed an immunofluorescence reaction as 376 

previously described (34, 35) using as secondary antibody Alexa Fluor 546-conjugated 377 

anti-mouse (Life Technologies). For infection with T. gondii we used a RH_RFP 378 

fluorescent strain. 379 

 380 

4.9 Quantification of gene expression in macrophages 381 

After differentiation, WT and TRIF-/- BMDMs were plated in 24 well plates (106 382 

cells/well) and left at 37°C and 5% CO2 for 18 hours. After incubation, the cells were 383 

infected with N. caninum tachyzoites (MOI 0.5) and left for 6 hours before RNA 384 
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extraction, cDNA synthesis and subsequent analysis of the expression of TRIF, IFN-α 385 

and IFN-β expression by qPCR. RNA extraction was performed with Trizol (Thermo 386 

Scientific, EUA) protocol. After this procedure, the purity and yield were determined in 387 

spectrophotometer for subsequent cDNA synthesis using GoScript™ Reverse 388 

Transcription System (Promega, Madison, EUA). The gene expression assay (qPCR) was 389 

performed using SYBR green (Promega) with specific primers listed in Table 1. The 390 

gathered data were analyzed by relative gene expression, as previously described (36) 391 

using GAPDH as the housekeeping gene. The data was displayed as the fold increase in 392 

gene expression, using uninfected WT macrophages as the baseline parameter. 393 

 394 

4.10 Statistical analysis 395 

Statistical analyzes were performed using a dedicated software (Prism 6.0 396 

GraphPad Software Inc.). The results were expressed as mean ± standard error and the 397 

differences were considered statistically significant when p <0.05, as determined by two-398 

way ANOVA with multiple comparison Bonferroni post-tests, T test or Mann Whitney 399 

test, depending of the peculiarity of each experimental protocol. 400 

 401 

 402 

Acknowledgments  403 

The authors thank Ana Claudia Arantes Marquez Pajuaba, Marley Dantas 404 

Barbosa, Murilo Vieira da Silva and Zilda Mendonça da Silva Rodrigues for their 405 

technical assistance. This work was supported by Brazilian Funding Agencies (CNPq, 406 

FAPEMIG and CAPES). 407 

 408 

  409 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 22, 2018. ; https://doi.org/10.1101/327999doi: bioRxiv preprint 

https://doi.org/10.1101/327999
http://creativecommons.org/licenses/by-nc-nd/4.0/


References 410 

1. Donahoe SL, Lindsay SA, Krockenberger M, Phalen D, Slapeta J. 2015. A 411 

review of neosporosis and pathologic findings of Neospora caninum infection in 412 

wildlife. Int J Parasitol Parasites Wildl 4:216-38. 413 

2. Reichel MP, McAllister MM, Nasir A, Moore DP. 2015. A review of Neospora 414 

caninum in water buffalo (Bubalus bubalis). Vet Parasitol 212:75-9. 415 

3. Reichel MP, Alejandra Ayanegui-Alcerreca M, Gondim LF, Ellis JT. 2013. 416 

What is the global economic impact of Neospora caninum in cattle - the billion 417 

dollar question. Int J Parasitol 43:133-42. 418 

4. Rodriguez-Prados JC, Traves PG, Cuenca J, Rico D, Aragones J, Martin-Sanz P, 419 

Cascante M, Bosca L. 2010. Substrate fate in activated macrophages: a 420 

comparison between innate, classic, and alternative activation. J Immunol 421 

185:605-14. 422 

5. Schlaepfer E, Rochat MA, Duo L, Speck RF. 2014. Triggering TLR2, -3, -4, -5, 423 

and -8 reinforces the restrictive nature of M1- and M2-polarized macrophages to 424 

HIV. J Virol 88:9769-81. 425 

6. Thaiss CA, Levy M, Itav S, Elinav E. 2016. Integration of Innate Immune 426 

Signaling. Trends Immunol 37:84-101. 427 

7. Medzhitov R. 2009. Approaching the asymptote: 20 years later. Immunity 428 

30:766-75. 429 

8. Jimenez-Dalmaroni MJ, Gerswhin ME, Adamopoulos IE. 2016. The critical role 430 

of toll-like receptors--From microbial recognition to autoimmunity: A 431 

comprehensive review. Autoimmun Rev 15:1-8. 432 

9. Padwal MK, Sarma U, Saha B. 2014. Comprehensive logic based analyses of 433 

Toll-like receptor 4 signal transduction pathway. PLoS One 9:e92481. 434 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 22, 2018. ; https://doi.org/10.1101/327999doi: bioRxiv preprint 

https://doi.org/10.1101/327999
http://creativecommons.org/licenses/by-nc-nd/4.0/


10. Leichtle A, Hernandez M, Pak K, Webster NJ, Wasserman SI, Ryan AF. 2009. 435 

The toll-Like receptor adaptor TRIF contributes to otitis media pathogenesis and 436 

recovery. BMC Immunol 10:45. 437 

11. McAllister CS, Lakhdari O, Pineton de Chambrun G, Gareau MG, Broquet A, 438 

Lee GH, Shenouda S, Eckmann L, Kagnoff MF. 2013. TLR3, TRIF, and caspase 439 

8 determine double-stranded RNA-induced epithelial cell death and survival in 440 

vivo. J Immunol 190:418-27. 441 

12. Mineo TW, Benevides L, Silva NM, Silva JS. 2009. Myeloid differentiation 442 

factor 88 is required for resistance to Neospora caninum infection. Vet Res 443 

40:32. 444 

13. Goodswen SJ, Kennedy PJ, Ellis JT. 2013. A review of the infection, genetics, 445 

and evolution of Neospora caninum: from the past to the present. Infect Genet 446 

Evol 13:133-50. 447 

14. Mineo TW, Oliveira CJ, Gutierrez FR, Silva JS. 2010. Recognition by Toll-like 448 

receptor 2 induces antigen-presenting cell activation and Th1 programming 449 

during infection by Neospora caninum. Immunol Cell Biol 88:825-33. 450 

15. Jin X, Gong P, Zhang X, Li G, Zhu T, Zhang M, Li J. 2017. Activation of ERK 451 

Signaling via TLR11 Induces IL-12p40 Production in Peritoneal Macrophages 452 

Challenged by Neospora caninum. Front Microbiol 8:1393. 453 

16. Barrio L, Saez de Guinoa J, Carrasco YR. 2013. TLR4 signaling shapes B cell 454 

dynamics via MyD88-dependent pathways and Rac GTPases. J Immunol 455 

191:3867-75. 456 

17. Koga K, Mor G. 2010. Toll-like receptors at the maternal-fetal interface in 457 

normal pregnancy and pregnancy disorders. Am J Reprod Immunol 63:587-600. 458 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 22, 2018. ; https://doi.org/10.1101/327999doi: bioRxiv preprint 

https://doi.org/10.1101/327999
http://creativecommons.org/licenses/by-nc-nd/4.0/


18. Marin MS, Hecker YP, Quintana S, Perez SE, Leunda MR, Canton GJ, Cobo 459 

ER, Moore DP, Odeon AC. 2017. Toll-like receptors 3, 7 and 8 are upregulated 460 

in the placental caruncle and fetal spleen of Neospora caninum experimentally 461 

infected cattle. Vet Parasitol 236:58-61. 462 

19. Beiting DP, Peixoto L, Akopyants NS, Beverley SM, Wherry EJ, Christian DA, 463 

Hunter CA, Brodsky IE, Roos DS. 2014. Differential induction of TLR3-464 

dependent innate immune signaling by closely related parasite species. PLoS 465 

One 9:e88398. 466 

20. Hsia BJ, Whitehead GS, Thomas SY, Nakano K, Gowdy KM, Aloor JJ, Nakano 467 

H, Cook DN. 2015. Trif-dependent induction of Th17 immunity by lung 468 

dendritic cells. Mucosal Immunol 8:186-97. 469 

21. Hwang EH, Kim TH, Oh SM, Lee KB, Yang SJ, Park JH. 2016. Toll/IL-1 470 

domain-containing adaptor inducing IFN-beta (TRIF) mediates innate immune 471 

responses in murine peritoneal mesothelial cells through TLR3 and TLR4 472 

stimulation. Cytokine 77:127-34. 473 

22. Yang CS, Kim JJ, Lee SJ, Hwang JH, Lee CH, Lee MS, Jo EK. 2013. TLR3-474 

triggered reactive oxygen species contribute to inflammatory responses by 475 

activating signal transducer and activator of transcription-1. J Immunol 476 

190:6368-77. 477 

23. Beiting DP. 2014. Protozoan parasites and type I interferons: a cold case 478 

reopened. Trends Parasitol 30:491-8. 479 

24. Aubry C, Corr SC, Wienerroither S, Goulard C, Jones R, Jamieson AM, Decker 480 

T, O'Neill LA, Dussurget O, Cossart P. 2012. Both TLR2 and TRIF contribute 481 

to interferon-beta production during Listeria infection. PLoS One 7:e33299. 482 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 22, 2018. ; https://doi.org/10.1101/327999doi: bioRxiv preprint 

https://doi.org/10.1101/327999
http://creativecommons.org/licenses/by-nc-nd/4.0/


25. Prantner D, Darville T, Nagarajan UM. 2010. Stimulator of IFN gene is critical 483 

for induction of IFN-beta during Chlamydia muridarum infection. J Immunol 484 

184:2551-60. 485 

26. Yamamoto M, Sato S, Hemmi H, Uematsu S, Hoshino K, Kaisho T, Takeuchi 486 

O, Takeda K, Akira S. 2003. TRAM is specifically involved in the Toll-like 487 

receptor 4-mediated MyD88-independent signaling pathway. Nat Immunol 488 

4:1144-50. 489 

27. Song Q, Meng Y, Wang Y, Li M, Zhang J, Xin S, Wang L, Shan F. 2013. 490 

Maturation inside and outside bone marrow dendritic cells (BMDCs) modulated 491 

by interferon-alpha (IFN-alpha). Int Immunopharmacol 17:843-9. 492 

28. Hu J, Kinn J, Zirakzadeh AA, Sherif A, Norstedt G, Wikstrom AC, Winqvist O. 493 

2013. The effects of chemotherapeutic drugs on human monocyte-derived 494 

dendritic cell differentiation and antigen presentation. Clin Exp Immunol 495 

172:490-9. 496 

29. Saadoun D, Resche Rigon M, Thibault V, Longuet M, Pol S, Blanc F, Pialoux 497 

G, Karras A, Bazin-Karra D, Cazorla C, Vittecoq D, Musset L, Decaux O, Ziza 498 

JM, Lambotte O, Cacoub P. 2014. Peg-IFNalpha/ribavirin/protease inhibitor 499 

combination in hepatitis C virus associated mixed cryoglobulinemia vasculitis: 500 

results at week 24. Ann Rheum Dis 73:831-7. 501 

30. Johnson DC, 2nd, Widlanski TS. 2004. Overview of the synthesis of nucleoside 502 

phosphates and polyphosphates. Curr Protoc Nucleic Acid Chem Chapter 503 

13:Unit 13 1. 504 

 505 

 506 

 507 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 22, 2018. ; https://doi.org/10.1101/327999doi: bioRxiv preprint 

https://doi.org/10.1101/327999
http://creativecommons.org/licenses/by-nc-nd/4.0/


  508 

31. Mineo TW, Carrasco AO, Marciano JA, Werther K, Pinto AA, Machado RZ. 509 

2009. Pigeons (Columba livia) are a suitable experimental model for Neospora 510 

caninum infection in birds. Vet Parasitol 159:149-53. 511 

32. Marim FM, Silveira TN, Lima DS, Jr., Zamboni DS. 2010. A method for 512 

generation of bone marrow-derived macrophages from cryopreserved mouse 513 

bone marrow cells. PLoS One 5:e15263. 514 

33. Blasi E, Radzioch D, Merletti L, Varesio L. 1989. Generation of macrophage 515 

cell line from fresh bone marrow cells with a myc/raf recombinant retrovirus. 516 

Cancer Biochem Biophys 10:303-17. 517 

34. Davoli-Ferreira M, Fonseca DM, Mota CM, Dias MS, Lima-Junior DS, da Silva 518 

MV, Quirino GF, Zamboni DS, Silva JS, Mineo TW. 2016. Nucleotide-binding 519 

oligomerization domain-containing protein 2 prompts potent inflammatory 520 

stimuli during Neospora caninum infection. Sci Rep 6:29289. 521 

35. Ma P, Wang Z, Pflugfelder SC, Li DQ. 2010. Toll-like receptors mediate 522 

induction of peptidoglycan recognition proteins in human corneal epithelial 523 

cells. Exp Eye Res 90:130-6. 524 

36. Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data using 525 

real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 526 

25:402-8. 527 

 528 

  529 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 22, 2018. ; https://doi.org/10.1101/327999doi: bioRxiv preprint 

https://doi.org/10.1101/327999
http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1: Oligonucleotide primers used in this study 530 
 531 

Primer Oligonucleotide (5′–3′) Application 
 

TLR3 Forward ATGAAAGGGTGTTCCTCTTATC Protein expression 
TLR3 Reverse ATGTGCTGAATTCCGAGATCC Protein expression 
IRF3 Forward ATGGAAACCCCGAAACCG Protein expression 
IRF3 Reverse GATATTTCCAGTGGCCTGG Protein expression 

IFN-α Forward TGTCTGATGCAGCAGGTGG Genic expression 
IFN-α Reverse AAGACAGGGCTCTCCAGAC Genic expression 
IFN-β Forward AAGAGTTACACTGCCTTTGCCATC Genic expression 
IFN-β Reverse CACTGTCTGCTGGTGGAGTTCATC Genic expression 

GAPDH Forward CTCGTCCCGTAGACAAAATGG qPCR 
GAPDH Reverse AATCTCCACTTTGCCACTGCA qPCR 

Nc5 Forward GCTGAACACCGTATGTCGTAAA qPCR 
Nc 5 Reverse AGAGGAATGCCACATAGAAGC qPCR 

 532 
 533 

 534 

 535 
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Figure Legends 537 

Figure 1: Survival curve of WT, MyD88-/-, TLR3-/- and TRIF-/- (n = 5) mice monitored 538 

for up to 30 days after infection with 1x107 N. caninum tachyzoites. Differences between 539 

groups were compared with Kaplan Meier survival analysis, using the log-rank test, with 540 

p value representing the comparison to WT group. Values are representative of three 541 

independent experiments. 542 

 543 

Figure 2: TRIF restricts parasite growth in vivo. WT and TRIF-/- mice were infected 544 

with 5×106 tachyzoites of N. caninum and sacrificed for collection of peritoneal cells, 545 

lung, liver and brain tissue in the acute and chronic phases of the infection. The data were 546 

obtained from qPCR by amplification of Nc5 gene. Values are expressed as mean ± 547 

standard error of the mean (SEM). Data were analyzed using the Mann Whitney test. (* 548 

P <0.1 ** P <0.01, ns: not statistically significant). Values are representative of two 549 

independent experiments. 550 

 551 

Figure 3: TRIF limits pulmonary inflammation during acute N. caninum infection. 552 

Representative photomicrographs of histological sections obtained from WT and TRIF-/- 553 

(n = 5) mice infected with 5×106 tachyzoites of N. caninum. Pulmonary and hepatic tissue 554 

samples were collected with 7 days of infection and brain tissue with 30 days of infection. 555 

Black arrows indicate areas of inflammatory cellular infiltrate. The slides were stained 556 

with hematoxylin-eosin and analyzed under an optical microscope (10x magnification). 557 

Values are representative of two independent experiments. 558 

 559 

Figure 4: The absence of TRIF impairs adequate production of key cytokines and 560 

chemokines during in vivo infection. Proteome Profiler Array of lysed spleen cells 561 
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obtained from WT and TRIF-/- mice 5 days after infection by N. caninum (5×106 562 

tachyzoites), showing the expression of different cytokines and chemokines produced by 563 

innate and adaptive immune responses. 564 

 565 

Figure 5: TRIF is partially required for production of pro-inflammatory cytokines 566 

and nitric oxide in vivo. Quantification of cytokines (A- IL-12p40, B- IFN-γ and C- 567 

TNF) production and nitric oxide (D) in peritoneal fluids and lungs from WT and TRIF-568 

/- mice (n = 5), during the acute phase of infection by N. caninum (7 dpi, 5x106 569 

tachyzoites/mice). The results were expressed as mean ± standard error and were analyzed 570 

using the Two-way ANOVA test followed by Bonferroni's post-test. Values are 571 

representative of two independent experiments. (** P <0.01, *** P <0.001). 572 

 573 

Figure 6: Differential induction of TLR3 recruitment to the PV after infection with 574 

N. caninum and T. gondii. Immortalized murine macrophages transfected with a TLR3-575 

GFP construct after 24 hours of infection with N. caninum (Alexa 546) and T. gondii 576 

(RH-RFP+ strain). (A) Uninfected TLR3-GPF+ macrophages. (B) TLR3-GPF+ 577 

macrophages infected with N. caninum tachyzoites. (C) TLR3-GPF+ macrophages 578 

infected with T. gondii tachyzoites. Images are representative of three independent 579 

experiments. 580 

 581 

Figure 7: Neospora caninum RNA triggers TLR3 expression and agglomeration 582 

around the PV. Immortalized murine macrophages transfected with a TLR3-GFP 583 

construct were plated and stimulated with 1µg of N. caninum or T. gondii total RNA, with 584 
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or without transfecting reagent (lipofectamine - Lipo), for 24 hours. Images are 585 

representative of three independent experiments. 586 

 587 

Figure 8: Differential induction of IRF3 recruitment after infection with N. caninum 588 

and T. gondii. Immortalized murine macrophages transfected with plasmid encoding 589 

IRF3-GFP 24 hours post-infection with N. caninum (Alexa 546 labelled) and T. gondii 590 

(RH_RFP fluorescent strain). (A) Macrophages IRF3-GPF+ uninfected. (B) Macrophages 591 

IRF3-GPF+ infected with N. caninum (MOI 1). (C) Macrophages IRF3-GPF+ infected 592 

with T. gondii (MOI 1). 593 

 594 

Figure 9: TRIF is upregulated in macrophages after infection and coordinates the 595 

gene expression of type I IFNs. A) Quantitative TRIF expression in bone marrow 596 

derived macrophages from WT mice infected with N. caninum (MOI 0.5) or stimulated 597 

with LPS (1 ug/ml). B) IFN-α and C) IFN-β gene expression in bone marrow derived 598 

macrophages from WT and TRIF-/- mice infected with N. caninum tachyzoites (MOI 0.5) 599 

or stimulated with LPS. Data analysis was performed considering the expression results 600 

obtained by uninfected macrophages as reference values and are shown as fold change 601 

(relative increase of final value in relation to reference value). The results were expressed 602 

as mean ± standard error, were analyzed using the Two-way ANOVA test followed by 603 

Bonferroni's post-test, and were representative of three independent experiments. (*P 604 

<0.1 ** P <0.01, *** P <0.001). 605 

 606 

Figure 10: The production of IL-12 is enhanced by TLR3-TRIF-IFN-a pathway 607 

during N. caninum infection. (A) Quantification of IL-12p40 ELISA in the culture 608 

supernatants of BMDMs obtained from WT, TLR3-/-, TRIF-/- and MyD88-/- mice infected 609 
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with N. caninum tachyzoites (MOI 0.5). (B) Quantification of IL-12p40 production in the 610 

culture supernatant of BMDMs derived from WT, TLR3-/-, TRIF-/- and MyD88-/- mice 611 

treated or not with recombinant cytokines IFN-α and IFN-β (10 U/ml) and infected with 612 

N. caninum tachyzoites (MOI 0.5). Cytokine concentrations were determined after 24 613 

hours of infection. Values are expressed as mean ± standard error. (*** P <0.001, ns: not 614 

statistically significant). The data were analyzed using the Two-way ANOVA test 615 

followed by Bonferroni's post-test and the results are representative of three independent 616 

experiments. 617 
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Figure 1: Survival curve of WT, MyD88-/-, TLR3-/- and TRIF-/-  mice (n = 5), 

monitored for up to 30 days after infection with 1x107 N. caninum tachyzoites. 

Differences between groups were compared with Kaplan Meier survival analysis, using 

the log-rank test, with p value representing the comparison to WT group. Values are 

representative of three independent experiments. 
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Figure 2: TRIF restricts parasite growth in vivo. WT and TRIF-/- mice were infected 

with 5×106 tachyzoites of N. caninum and sacrificed for collection of peritoneal cells, 

lung, liver and brain tissue in the acute and chronic phases of the infection. The data were 

obtained from qPCR by amplification of Nc5 gene. Values are expressed as mean ± 

standard error of the mean (SEM). Data were analyzed using the Mann Whitney test. (* 

P <0.1 ** P <0.01, ns: not statistically significant). Values are representative of two 

independent experiments. 
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Figure 3: TRIF limits pulmonary inflammation during acute N. caninum infection. 

Representative photomicrographs of histological sections obtained from WT and TRIF-/- 

(n = 5) mice infected with 5×106 tachyzoites of N. caninum. Pulmonary and hepatic tissue 

samples were collected with 7 days of infection and brain tissue with 30 days of infection. 

Black arrows indicate areas of inflammatory cellular infiltrate. The slides were stained 

with hematoxylin-eosin and analyzed under an optical microscope (10x magnification). 

Values are representative of two independent experiments. 
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Figure 4: The absence of TRIF impairs adequate production of key cytokines and 

chemokines during in vivo infection. Proteome Profiler Array of lysed spleen cells 

obtained from WT and TRIF-/- mice 5 days after infection by N. caninum (5×106 

tachyzoites), showing the expression of different cytokines and chemokines produced by 

innate and adaptive immune responses. 
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Figure 5: TRIF is partially required for production of pro-inflammatory cytokines 

and nitric oxide in vivo. Quantification of cytokines (A- IL-12p40, B- IFN-γ and C- 

TNF) production and nitric oxide (D) in peritoneal fluids and lungs from WT and TRIF-

/- mice (n = 5), during the acute phase of infection by N. caninum (7 dpi, 5x106 

tachyzoites/mice). The results were expressed as mean ± standard error and were analyzed 

using the Two-way ANOVA test followed by Bonferroni's post-test. Values are 

representative of two independent experiments. (** P <0.01, *** P <0.001). 
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Figure 6: Differential induction of TLR3 recruitment to the PV after infection with 

N. caninum and T. gondii. Immortalized murine macrophages transfected with a TLR3-

GFP construct after 24 hours of infection with N. caninum (Alexa 546) and T. gondii 

(RH-RFP+ strain). (A) Uninfected TLR3-GPF+ macrophages. (B) TLR3-GPF+ 

macrophages infected with N. caninum tachyzoites. (C) TLR3-GPF+ macrophages 

infected with T. gondii tachyzoites. Images are representative of three independent 

experiments. 
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Figure 7: Neospora caninum RNA triggers TLR3 expression and agglomeration 

around the PV. Immortalized murine macrophages transfected with a TLR3-GFP 

construct were plated and stimulated with 1µg of N. caninum or T. gondii total RNA, with 

or without transfecting reagent (lipofectamine - Lipo), for 24 hours. Images are 

representative of two independent experiments. 
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Figure 8: Differential induction of IRF3 recruitment to the PV after infection with 

N. caninum and T. gondii. Immortalized murine macrophages transfected with a IRF3-

GFP construct after 24 hours of infection with N. caninum (Alexa 546) and T. gondii 

(RH-RFP+ strain). (A) Uninfected IRF3-GPF+ macrophages. (B) IRF3-GPF+ 

macrophages infected with N. caninum tachyzoites. (C) IRF3-GPF+ macrophages 

infected with T. gondii tachyzoites. Images are representative of two independent 

experiments. 
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Figure 9: TRIF is upregulated in macrophages after infection and coordinates the 

gene expression of type I IFNs. A) Quantitative TRIF expression in bone marrow 

derived macrophages from WT mice infected with N. caninum (MOI 0.5) or stimulated 

with LPS (1 ug/ml). B) IFN-α and C) IFN-β gene expression in bone marrow derived 

macrophages from WT and TRIF-/- mice infected with N. caninum tachyzoites (MOI 0.5) 

or stimulated with LPS. Data analysis was performed considering the expression results 

obtained by uninfected macrophages as reference values and are shown as fold change 

(relative increase of final value in relation to reference value). The results were expressed 

as mean ± standard error, were analyzed using the Two-way ANOVA test followed by 

Bonferroni's post-test, and were representative of three independent experiments. (*P 

<0.1 ** P <0.01, *** P <0.001). 
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Figure 10: The production of IL-12 is enhanced by TLR3-TRIF-IFN-a pathway 

during N. caninum infection. (A) Quantification of IL-12p40 ELISA in the culture 

supernatants of BMDMs obtained from WT, TLR3-/-, TRIF-/- and MyD88-/- mice infected 

with N. caninum tachyzoites (MOI 0.5). (B) Quantification of IL-12p40 production in the 

culture supernatant of BMDMs derived from WT, TLR3-/-, TRIF-/- and MyD88-/- mice 

treated or not with recombinant cytokines IFN-α and IFN-β (10 U/ml) and infected with 

N. caninum tachyzoites (MOI 0.5). Cytokine concentrations were determined after 24 

hours of infection. Values are expressed as mean ± standard error. (*** P <0.001, ns: not 

statistically significant). The data were analyzed using the Two-way ANOVA test 

followed by Bonferroni's post-test and the results are representative of three independent 

experiments. 
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