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Interferon gamma induction correlates with protection by DNA vaccine expressing E2 glycoprotein against classical swine fever virus infection in domestic pigs
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A c c e p t e d M a n u s c r i p t 2 Abstract Classical swine fever is a highly contagious viral infection affecting domestic and wild pigs. For CSFV, immunization with plasmids expressing different versions of glycoprotein E2 has proven an effective way to induce protection. Previously, we have also shown that immunization with DNA vaccine expressing glycoprotein E2 (DNA-E2) induced specific T helper cell responses in the absence of neutralizing antibodies. However, the role of T-cell responses in protection against CSFV is largely unknown.

Here we have extended these studies to deeply characterize the role of T-cell responses by a DNA-E2 and their correlation with protection against CSFV infection. Thus, pigs vaccinated with the DNA vaccine induced a strong cellular immune response, characterized by the specific induction IFN-gamma expressing T cells after vaccination without any detectable levels of CSFV neutralizing antibodies.

Constant levels of CSFV-specific IFN gamma producing cells observed from the beginning of the infection until 7 days after challenge in vaccinated animals might contribute to early control of CSFV replication, at least until neutralizing antibodies are developed.

Severe clinical signs of the disease, including high titters of viremia, pyrexia and virus spread to different organs, were recorded in the non vaccinated challenge animals, in comparison to the vaccinated animals where only one animal showed mild clinical signs and a short pick of viremia. Lack of complete protection in this animal correlated with a delay on the induction of neutralizing antibodies, detectable only from day 11 post-CSFV challenge. Conversely, the rest of the pigs within the group developed neutralizing antibodies as early as at day two post-challenge, correlating with sterile protection. Finally, an inverse correlation seemed to exist between early induction of IFN-alpha and the protection observed, while IL-10 seemed to be differentially regulated in vaccinated and non-vaccinated animals.

Our results support the relevance of the induction of a strong T cellular response to confer a solid protection upon DNA vaccination against CSFV. Further experiments are needed to be done in order to clarify the key cytokines playing a role in CSFV-protection and to obtain emergency vaccines capable to confer robust and fast protection.

Introduction

Classical swine fever (CSF), a highly contagious viral infection of domestic and wild pigs, is one of the more devastating porcine diseases worldwide [START_REF] Moennig | Clinical Signs and Epidemiology of Classical Swine Fever: A Review of New Knowledge[END_REF]. The disease is endemic in Asia and prevails in many Central and South American countries, as well as in Eastern Europe. Despite the stringent controls adopted in the EU from the early 1990s, CSFV has been periodically reintroduced in the EU, either via wild pigs or through external imports, with outbreaks in the 1990s in Belgium, Germany, Holland, Spain and Italy, and in the 2000s in UK, Spain and Germany [START_REF] Dong | Candidate Peptide-Vaccines Induced Immunity Against CSFV and Identified Sequential Neutralizing Determinants in Antigenic Domain A of Glycoprotein E2[END_REF]).

The etiological agent, classical swine fever virus (CSFV), is an icosahedral RNA virus with (+) polarity and a lipid envelope that integrates the genera Pestivirus along with bovine diarrhea virus (BVDV) and border disease virus (BDV), all closely related at both genomic and antigenic levels.

Clinical presentation and severity of CSF are diverse, depending largely on the virulence of the strain and the immunological status of the host. In its natural host, CSFV infection results in haemorrhage, leukocytopenia and immunosupression [START_REF] Susa | Pathogenesis of Classical Swine Fever: B-Lymphocyte Deficiency Caused by Hog Cholera Virus[END_REF]. The virus displays tropism towards immune cells such as dendritic and monocyte/macrophage lineage cells [START_REF] Carrasco | Interaction of Classical Swine Fever Virus with Dendritic Cells[END_REF], and infection of such cells is assumed to play a key role in immunosuppression, dissemination and/or viral persistence, through hitherto unknown mechanisms. Thus, reductions in circulating CD4 + and CD8 + T cells subset and granulocytes have been reported, the latter being replaced by immature precursors. The immunomodulation induced by a highly virulent strain is detected in the first day post-infection, much earlier than viremia, clinical signs or specific antibodies appear [START_REF] Torlone | Circulating Interferon Production in Pigs Infected with Hog Cholera Virus[END_REF][START_REF] Summerfield | Lymphocyte Apoptosis during Classical Swine Fever: Implication of Activation-Induced Cell Death[END_REF]. Thus, besides its basic interest, the study of the early immunomodulation induced by CSFV can lead to the future development of early diagnostic and preventive strategies [START_REF] Ganges | Recent Advances in the Development of Recombinant Vaccines Against Classical Swine Fever Virus: Cellular Responses also Play a Role in Protection[END_REF].

Glycoprotein E2 is regarded as the most immunogenic of CSFV proteins. It is mainly responsible for the induction of neutralizing antibodies and it is the only viral protein that can elicit them and it can confer protection when given alone [START_REF] Van Zijl | Live Attenuated Pseudorabies Virus Expressing Envelope Glycoprotein E1 of Hog Cholera Virus Protects Swine Against both Pseudorabies and Hog Cholera[END_REF][START_REF] Hulst | Glycoprotein E1 of Hog Cholera Virus Expressed in Insect Cells Protects Swine from Hog Cholera[END_REF][START_REF] Konig | Classical Swine Fever Virus: Independent Induction of Protective Immunity by Two Structural Glycoproteins[END_REF]. For these reasons glycoprotein E2 is an excellent antigen and potentially an ideal candidate which is using currently for the development of a different strategies of recombinant vaccines against CSFV (Reviewed in [START_REF] Dong | Marker Vaccine Strategies and Candidate CSFV Marker Vaccines[END_REF][START_REF] Ganges | Recent Advances in the Development of Recombinant Vaccines Against Classical Swine Fever Virus: Cellular Responses also Play a Role in Protection[END_REF]. Although considerable efforts towards the development of a marker vaccine, new strategies and better vaccines against CSFV are urgently needed that can confer protection at very early time after single administration, even when no neutralizing antibodies are detected. That prevent and fulfil safety requirement (Reviewed in [START_REF] Dong | Marker Vaccine Strategies and Candidate CSFV Marker Vaccines[END_REF][START_REF] Ganges | Recent Advances in the Development of Recombinant Vaccines Against Classical Swine Fever Virus: Cellular Responses also Play a Role in Protection[END_REF].

Despite the correlation between the induction of neutralizing antibodies by vaccination and protection against CSFV [START_REF] Terpstra | The Protective Value of Vaccine-Induced Neutralising Antibody Titres in Swine Fever[END_REF][START_REF] Ganges | Recent Advances in the Development of Recombinant Vaccines Against Classical Swine Fever Virus: Cellular Responses also Play a Role in Protection[END_REF], there are occasions in which this protection was conferred in the absence of detectable anti-CSFV antibodies, suggesting that other immune mechanisms, such as cellular responses against CSF antigens, might be involved in the protection observed [START_REF] Rumenapf | Structural Proteins of Hog Cholera Virus Expressed by Vaccinia Virus: Further Characterization and Induction of Protective Immunity[END_REF][START_REF] Hulst | Glycoprotein E1 of Hog Cholera Virus Expressed in Insect Cells Protects Swine from Hog Cholera[END_REF][START_REF] Suradhat | The Correlation of Virus-Specific Interferon-Gamma Production and Protection Against Classical Swine Fever Virus Infection[END_REF][START_REF] Ganges | Recent Advances in the Development of Recombinant Vaccines Against Classical Swine Fever Virus: Cellular Responses also Play a Role in Protection[END_REF].

In spite of the potential involvement of T cellular response in protection against CSFV in absence of neutralizing antibodies, its role in CSFV protection is not well defined. In particular, the role of different cytoquine such as interferon (IFN) gamma (pro-inflammatory) and in elimination and pathogenesis of the virus is poorly understood.

Previously, we have also shown that immunization with DNA-E2 induced specific T helper cell responses in the absence of neutralizing antibodies [START_REF] Ganges | Recent Advances in the Development of Recombinant Vaccines Against Classical Swine Fever Virus: Cellular Responses also Play a Role in Protection[END_REF]. Interestingly, T cell response elicited can prime an efficient B cell response, since immunized animals developed an accelerated neutralizing antibody response immediately after challenge and they were fully protected upon a severe viral challenge against CSFV [START_REF] Ganges | Recent Advances in the Development of Recombinant Vaccines Against Classical Swine Fever Virus: Cellular Responses also Play a Role in Protection[END_REF].

Our aim is to unravel the possible immunological mechanisms involved in DNA-E2 protection but not the efficacy of our experimental DNA vaccine, as it has been previously proven [START_REF] Ganges | Recent Advances in the Development of Recombinant Vaccines Against Classical Swine Fever Virus: Cellular Responses also Play a Role in Protection[END_REF]. The ultimate objective of this work was to use a DNA -E2 [START_REF] Ganges | Recent Advances in the Development of Recombinant Vaccines Against Classical Swine Fever Virus: Cellular Responses also Play a Role in Protection[END_REF] as a model to study the cellular immune response focusing on the effective role of different cytoquine as interferon (IFN) gamma (pro-inflammatory) and IL-10 (anti-inflammatory) associated with protection and CSFV infection.

A c c e p t e d M a n u s c r i p t 5

Materials and Methods

Cells and Viruses

PK-15 cell line was cultured in complete DMEM media supplemented with 10% fetal bovine serum (FBS) at 37ºC in 5% CO 2 . Cells were infected with 0.1 TCID 50 /cell in 2% FBS and virus was harvested 48 h later. Viral stocks were titrated by using peroxidase-linked assay (PLA) [START_REF] Wensvoort | Production of Monoclonal Antibodies Against Swine Fever Virus and their use in Laboratory Diagnosis[END_REF], following the statistical method described by [START_REF] Reed | A Simple Method of Estimating Fifty Percent Endpoints[END_REF]. The virulent strain Margarita used in this study was isolated in Havana in 1958, and has been used since 1965 for vaccine potency tests in Cuba [START_REF] Ganges | Antigenic, Biological and Molecular Characterization of the Cuban CSFV Isolates "Margarita[END_REF].

DNA immunization of pigs

To evaluate immune response induced by DNA-E2 [START_REF] Ganges | Recent Advances in the Development of Recombinant Vaccines Against Classical Swine Fever Virus: Cellular Responses also Play a Role in Protection[END_REF], 5 pigs (Landrace x Large white, 8 weeks old; numbered from 1 to 5) were used. As control, 5 additional pigs were inoculated with pcDNA3.1+ (numbered 6 to 10). Three doses of 400 μg of DNA were administered at 14-day intervals. In all cases, one third of the total amount of DNA was intramuscularly (i.m) injected in the femoral quadriceps, one third in the neck muscle and the last third was subcutaneously injected in the ear.

CSFV challenge

45 days after the first injection all pigs were challenged with 10 5 TCID 50 of CSFV (strain Margarita) by i.m injection in the neck. This viral dose often causes the death of injected animals after 10 to 15 days [START_REF] Ganges | Recent Advances in the Development of Recombinant Vaccines Against Classical Swine Fever Virus: Cellular Responses also Play a Role in Protection[END_REF][START_REF] Ganges | Antigenic, Biological and Molecular Characterization of the Cuban CSFV Isolates "Margarita[END_REF]. Both rectal temperature and external clinical signs of disease were scored daily (1 point: pyrexia; 2 point: pyrexia + mild clinical signs; 3 point: severe clinical signs and 4: death). After euthanized, animals were subjected to an exhaustive necropsy in which the presence of pathological signs in different organs and tissues was evaluated.

Isolation of porcine PBMC and Elispot assay for detection CSFV-specific IFN gamma and IL-10 producing cells

Pigs were bled 45 days after the first DNA immunization (Pre-challenge) and later at 7 and 14 days post challenge (p.c.). Blood was collected with 5mM EDTA and used to obtain periphery blood Mercaptoethanol (Sigma), 50 000 UI penicillin 1 -1 (Invitrogen), 50 mg streptomycin 1 -1 (Invitrogen) and50 mg gentamicin 1 -1 (Sigma). Elispot assay for detection CSFV-specific IFN gamma and IL-10 producing cells was performed as described [START_REF] Diaz | Use of ELISPOT and ELISA to Evaluate IFN-Gamma, IL-10 and IL-4 Responses in Conventional Pigs[END_REF]. Briefly, for IFN gamma ELISA plates (Costar 3590, Corning) were coated overnight with 5 μg / ml of capture antibody (P2G10, Pharmigen). For detecting we use biotinylated detection antibody (P2C11, Pharmigen). In both cases (for IL-10 and IFN gamma producing cells), 5 x10 5 live PBMC/well was plated in triplicates at 0.02 multiplicity of infection of CSFV Margarita strain. As controls, triplicate of cells were incubated in absence of virus (negative control), or with phytohaemagglutinin (PHA) (10 μg/ml). To calculate the antigen-specific frequencies of IFN gamma and IL-10 producing cells, count of spots in the media for non stimulated wells were subtracted from counts of the media for CSFV stimulates wells. Frequencies of cytokine-producing cells were expressed as responding cells in 5x10 5 PBMC.

Antibody detection

Pigs were bled weekly to follow CSFV specific neutralizing antibody induction. Serum samples were tested by neutralization peroxidase-linked assay (NPLA) [START_REF] Terpstra | The Neutralizing Peroxidase-Linked Assay for Detection of Antibody Against Swine Fever Virus[END_REF] and titers were expressed as the reciprocal dilution of serum that neutralized 100 TCID 50 of strain Margarita in 50% of the culture replicates. E2 specific antibodies were detected using an ELISA (CEDITEST; Lelystad), following manufacturer recommendations.

RT-PCR and Virus isolation

The presence of CSFV RNA in different tissues and organs was analyzed using the RT-PCR assay previously described [START_REF] Diaz De Arce | An RT-PCR Assay for the Specific Detection of Classical Swine Fever Virus in Clinical Samples[END_REF], which allows detection of 2 TCID 50 in samples from CSFV infected animals. Serum samples, nasal swabs collected at 2 and 7 days post challenge (p.c) and samples (1g) from different organs collected at necropsy were used to isolate virus after three consecutive passages in susceptible PK-15 cells [START_REF] Ganges | Recent Advances in the Development of Recombinant Vaccines Against Classical Swine Fever Virus: Cellular Responses also Play a Role in Protection[END_REF]. Anti-IFN alpha monoclonal antibodies (K9 and K17) and an IFN alpha recombinant protein (PBL Biomedical laboratories, Piscataway, New Jersey) were used in ELISA as described [START_REF] Guzylack-Piriou | Type-A CpG Oligonucleotides Activate Exclusively Porcine Natural Interferon-Producing Cells to Secrete Interferon-Alpha, Tumour Necrosis Factor-Alpha and Interleukin-12[END_REF]. TMB (3,3',5,5'tetramethylbenzidine) was from Sigma. 

DNA immunization of pigs induces IFN gamma producing cells in absence of detectable anti-CSFV antibodies.

Previously, we have shown that immunization with DNA-E2 induced specific helper T cell responses. In order to investigate whether immunization also induced IFN gamma production, an Elispot assay was performed to examine number of IFN gamma producing cells after three doses of the same vaccination design (45 days p.i). Increased number of specific CSFV IFN gamma producing cells was observed in animals vaccinated with DNA-E2, whereas control non vaccinated animals (6 to 10) showed no responses to the virus (Fig. 1). Similar to our previous work, no detectable levels of neutralizing antibodies were found in sera collected prior to the second DNA boost (day 28 p.i) and at subsequent time intervals (days 35 and 45 p.i). The absence of antibodies was further confirmed using an ELISA specific for E2 protein (data not shown).

DNA vaccine confers protection against lethal challenge with CSFV

All vaccinated and non-vaccinated animals were challenged with a lethal dose (10 5 TCID 50 ) of Margarita strain 15 days after the third dose of plasmid DNA-E2 (45 days p.i). As expected, control non vaccinated animals (pigs 6 to 10) showed pyrexia (rectal temperature above 40ºC) that appeared, in average, at day 5 p.c, with peaks reaching above 41ºC. Additional clinical signs of the disease were developed from day 5 p.c in control non vaccinated pigs, such as anorexia, conjunctivitis, constipation, fibrin accumulation in feces, abdominal petechiae, nervous disturbers and prostration (Fig. 2). Control non vaccinated animals were euthanized at day 14 p.c to avoid suffering. Post-mortem analysis of these pigs showed pathological lesions typical of CSFV infection such as: marginal spleen infarcts, hemorrhagic mesenteric and mediastinic lymph nodes, enteritis, kidney petechiae, pulmonary edema and hydrothorax (data not shown).

As we have previously shown, none of the vaccinated animal (pigs 1 to 5) developed any of the clinical signs observed in control non vaccinated pigs. These animals were euthanized at day 17 p.c and no pathological changes were observed upon post-mortem analysis. A mild clinical symptom was observed only in one of the vaccinated animals (pig 3) with transient pyrexia (with a peak of 41ºC) at days 5 to 6 p.c. This animal (pig 3) was euthanized at day 14 p.c for analysis revealing a mild congestion in mesenteric lymph nodes (data not shown).
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Protection against CSFV is associated with induction of cellular and humoral responses upon challenge

To further understand the mechanisms underlying protection against CSFV viral challenge elicited after vaccination with DNA-E2, CSFV neutralizing antibody titers were determined for both groups of animals at different days p.c. As shown in Figure 3, no specific antibodies were detected in control non vaccinated animals (pigs 6 to 10). Conversely, elevated levels of E2 specifics neutralizing antibodies were determined at 7 days post infection in vaccinated animals, reaching the highest values at day 17 p.c. One animal (pig 3) which showed transient pyrexia upon challenge, elicited low titers of neutralizing antibodies, with a peak of 1:80 at day 14 p.c (Fig. 3).

After CSFV challenge, numbers of specific CSFV IFN gamma producing cells were analyzed. Levels of IFN gamma producing cells in vaccinated animals (Fig. 4) remained in the same range than unchallenged vaccinated animals (Fig. 1). On the other hand, control non vaccinated animals showed no significant numbers of IFN gamma producing cells in response to virus challenge (Fig. 4).

Absence of CSFV in animals protected by DNA vaccine

To correlate the lack of clinical and pathological symptoms after viral challenge with virus clearance RT-PCR was used, in serum, nasal swabs and organs. CSFV RNA was amplified from serum and nasal swabs samples of 5 non vaccinated control pigs at day 7 p.c. (Table 1). Viral nucleic acid was detected in non vaccinated control animals when RNA extracted at necropsy from diverse organs such as spleen, lymph nodes and kidney were used as template for the assay (data not shown).

Consistent with the protection of pigs immunized with DNA-E2, negative results were obtained in the attempts to amplify viral RNA from serum of these animals at different days p.c (Table 1). Lack of amplification was also observed in samples from organs collected at day 17 p.c, when vaccinated pigs were euthanized. Pig 3 showed positive amplification at day 7 p.c; however no CSFV RNA was amplified from any of the organ samples collected at day 14 p.c, when this animal was euthanized (Table 1). Detection of infectious CSFV by viral isolation in tissue culture in samples collected after animal necropsy confirmed the results obtained by RT-PCR. CSFV was isolated in all organ samples from nonimmunized control pigs after a single passage in PK-15 cells. In contrast, no virus was recovered from immunized pigs even after three serial passages in this cell line (data not shown).
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Augmented levels of IFN alpha associated with CSFV infection

Presence of elevated levels of IFN alpha in serum have been reported as a response of natural interferon producing cells (NIPC) to the presence of virus [START_REF] Summerfield | High IFN-Alpha Responses Associated with Depletion of Lymphocytes and Natural IFN-Producing Cells during Classical Swine Fever[END_REF]. Systemic replication of virulent CSFV in vivo during the acute phase of infection induces type I IFN [START_REF] Torlone | Circulating Interferon Production in Pigs Infected with Hog Cholera Virus[END_REF][START_REF] Summerfield | High IFN-Alpha Responses Associated with Depletion of Lymphocytes and Natural IFN-Producing Cells during Classical Swine Fever[END_REF]. Therefore, levels of IFN alpha in serum samples obtained from vaccinated and non vaccinated animals at 2 and 7 days post challenge were measured. Only infected non vaccinated animals (6 to 10) show high amount of IFN alpha as early as day 2 until day 7 post infection (Fig. 5). In the vaccinated group, only one animal (pig number 3) showed high amounts of IFN alpha at 7 days post challenge. This response correlated very well with viral detection in serum at 7 days post infection and the mild clinical signs observed in this pig (Table 1).

Increased numbers of IL-10 producing cells after CSFV challenge

Finding high amounts of gamma IFN producing cells (pro-inflammatory cytokine) in protecting animals lead us to investigate whether the levels of other important anti-inflammatory cytokine, IL-10, were altered. After vaccination (45 p.i.), both groups (vaccinated and non vaccinated infected animals) showed similar levels of IL-10 producing cells. Surprisingly, higher amount of IL-10 producing cells specific to CSFV was observed in both groups at 7 days post infection (Fig. 6). However, vaccinated animals showed almost double levels of IL-10 producing cells specific to CSFV when compared to levels in non vaccinated infected animals, suggesting that vaccination with our DNA-E2 construct was able to modulate immune responses in those animals after viral infection. Moreover, IL-10 producing cells specific to CSFV disappeared at 10 days post infection from non-vaccinated infected animals whereas vaccinated animals recovered pre-challenge levels (fig. 6).
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Discussion

DNA immunization is a relatively new method of vaccination with promising future and several advantages over more conventional vaccines [START_REF] Rajcani | Current Developments in Viral DNA Vaccines: Shall they Solve the Unsolved?[END_REF]. During the last years, this methodology has shown successful results against various pathogens and tumor models, and many strategies have been developed to enhance its immunogenicity (Rodríguez et al. 2000;[START_REF] Belakova | DNA Vaccines: Are they Still just a Powerful Tool for the Future?[END_REF]. Nowadays, there are several DNA vaccines included in clinical trials, and four have already been licensed for animal use [START_REF] Kutzler | DNA Vaccines: Ready for Prime Time?[END_REF]. For CSFV, immunization with plasmids expressing different versions of glycoprotein E2 has proven an effective way to induce protection [START_REF] Andrew | Protection of Pigs Against Classical Swine Fever with DNA-Delivered gp55[END_REF][START_REF] Ganges | Recent Advances in the Development of Recombinant Vaccines Against Classical Swine Fever Virus: Cellular Responses also Play a Role in Protection[END_REF].

We have reported that immunization of domestic pigs with a DNA-E2 of CSFV induced specific CD4 + T cell responses against CSFV without any detectable antibodies to CSFV [START_REF] Ganges | Recent Advances in the Development of Recombinant Vaccines Against Classical Swine Fever Virus: Cellular Responses also Play a Role in Protection[END_REF]. The elicited T cell response after DNA vaccination seemed to efficiently prime B cell response, since immunized animals developed significant titers of neutralizing antibodies and they were fully protected upon a severe viral challenge [START_REF] Ganges | Recent Advances in the Development of Recombinant Vaccines Against Classical Swine Fever Virus: Cellular Responses also Play a Role in Protection[END_REF]. Thus, our previous data paved the way for further understanding the involvement in protection of the T cell responses elicited after administration of our DNA-E2. In this report, we analyzed the Th1 and Th2 cytokine profile induced by our vaccine, in particular IFN gamma and IL-10. Additionally, the induction of a key component of the innate immunity, IFN alpha, was also followed after vaccination and viral CSFV infection.

Our results clearly showed that the DNA vaccine triggered the induction of CSFV -specific IFN gamma producing cells in vaccinated animals prior to challenge with CSFV, consistently detected also after CSFV infection. In concordance with our previous results using same DNA vaccine prototype [START_REF] Ganges | Recent Advances in the Development of Recombinant Vaccines Against Classical Swine Fever Virus: Cellular Responses also Play a Role in Protection[END_REF], no neutralizing antibodies were detectable prior to challenge. Early upon challenge with a severe viral dose in the range indicated by the OIE Manual, vaccinated animals induced detectable neutralizing antibody levels and were fully protected from the clinical signs of CSFV infection. Despite being clinically protected, one vaccinated challenged animal (pig 3 immunized with DNA vaccine) developed a mild and transient peak of pyrexia (Fig. 2). Although transient viremia was detected in serum collected at day 7 p.c from this animal (Table 1) neither signs of disease were observed nor was virus recovered from the tissue samples analyzed upon necropsy.

These results pointed towards the specific IFN gamma producing T-cells, playing a role in the elicited protection against CSFV. Our findings is in agreement with previous reports showing full protection and elevated number of IFN gamma producing cells as early as 6 days after vaccination with A c c e p t e d M a n u s c r i p t 12 life CSFV vaccines [START_REF] Suradhat | The Correlation of Virus-Specific Interferon-Gamma Production and Protection Against Classical Swine Fever Virus Infection[END_REF][START_REF] Suradhat | The Kinetics of Cytokine Production and CD25 Expression by Porcine Lymphocyte Subpopulations Following Exposure to Classical Swine Fever Virus (CSFV)[END_REF]. The presence of constant levels of CSFV-specific IFN gamma producing cells from the beginning of the infection until 7 days after challenge in vaccinated animals, might contribute to the early control of CSFV replication, at least until neutralizing antibodies are developed, as it has been previously shown for other viral infectious [START_REF] Neveu | Selection of High-Avidity CD8 T Cells Correlates with Control of Hepatitis C Virus Infection[END_REF][START_REF] Savarin | Memory CD4+ T-Cell-Mediated Protection from Lethal Coronavirus Encephalomyelitis[END_REF]. Conversely, CSFV-specific IFN gamma producing cells in non vaccinated animals was below the detection level after CSFV infection, (almost zero) consistent with the fact that these animals were unprotected and so, immune-suppressed (see Table 1 and Fig. 2).

Besides IFN gamma, our results also depicted IFN alpha involvement in the resistance against CSFV. Lower level of IFN alpha was detected in the serum of DNA vaccinated challenged animals at 2 and 7 days after challenge compared to non-vaccinated challenged animals. The DNA-E2 was efficient in limiting the viremia as no virus (or viral RNA) could be detected in clinical and tissue samples obtained from protected animals. Therefore, elevated levels of serum IFN alpha in infected pigs might correlate with leucopenia caused by CSFV infection and is suggestive of a certain level of virus replication or persistence (Rau et al., 2006;[START_REF] Summerfield | High IFN-Alpha Responses Associated with Depletion of Lymphocytes and Natural IFN-Producing Cells during Classical Swine Fever[END_REF]. As consequence of virus replication detected in all non vaccinated infected animals, higher levels of IFN alpha was detecting in the serum of these animals at 2 and 7 days after challenge.

The lack of complete inhibition of virus spread in vaccinated challenged animal (pig 3 immunized with DNA-E2) correlated with high levels of IFN alpha detection at 7 days after challenge.

Anyhow, finding elevated levels of serum IFN alpha can be a good marker of the disease progression.

Our observation also supports the relevant role that neutralizing antibodies play in protection against CSFV (Tepstra and Wensvoort, 1988;van Rijn et al., 1996;Bouma et al., 1999;Moormann et al., 2000), since the only pig vaccinated with the DNA-E2 that did not result fully protected (pig 3), showed a clear delay in the induction of neutralizing antibodies, (see Fig 2 andFig 3).

The fact that both IFN gamma and IL-10 are concomitantly expressed upon CSFV challenge in protected animals suggests a possible modulation in the immune response balance (Th1 vs. Th2) might be relevant to obtain protection against CSFV. It has been suggested that emergency vaccination for foot and mouth disease virus with classical vaccines induces protecting immune responses with early expression of simultaneous presence of Th1 and Th2 like-cytokines, including IFN gamma and IL-10 ( [START_REF] Barnard | Immune Response Characteristics Following Emergency Vaccination of Pigs Against Foot-and-Mouth Disease[END_REF][START_REF] Eble | Comparison of Immune Responses After Intra-Typic Heterologous and Homologous Vaccination Against Footand-Mouth Disease Virus Infection in Pigs[END_REF]. IL-10 is a pleiotropic cytokine involved in many different events having a complex role leading to different functions in the immune system [START_REF] Li | Contextual Regulation of Inflammation: A Duet by Transforming Growth Factor-Beta and Interleukin-10[END_REF], including 2008). Taking into account IL-10 function on B cell survival, it is plausible to think that this cytokine could be involved in keeping B cell homeostasis after vaccination, by comparison with CSFV infected animals suffering from leucopenia [START_REF] Susa | Pathogenesis of Classical Swine Fever: B-Lymphocyte Deficiency Caused by Hog Cholera Virus[END_REF][START_REF] Summerfield | Pathogenesis of Granulocytopenia and Bone Marrow Atrophy during Classical Swine Fever Involves Apoptosis and Necrosis of Uninfected Cells[END_REF]. However, in CSF unvaccinated infected animals, we have described and increased number of IL-10 producing cells after challenge (Figure 6), suggesting a major role for this cytokine in CSFV infection. Additionally, it has been reported that CSFV modulates T cells for cytokines secretion, such as IL-10, which is probably a key cytokine in the immunosuppresion observed after CSFV infection [START_REF] Suradhat | The Kinetics of Cytokine Production and CD25 Expression by Porcine Lymphocyte Subpopulations Following Exposure to Classical Swine Fever Virus (CSFV)[END_REF]. Thus, we assume that the amount of IL-10 produced in the animals regulates the fine tuned balance between the protection induced and the IL-10 low secretion pattern in non-vaccinated challenged animals. IL-10 involvement in CSFV infection will be the topic of further experiments. Table 1: 

Conclusion
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  DNA immunization with a plasmid encoding full-length E2 induced a strong cellular immune response characterized by specific induction of CSFV-specific IFN gamma expressing T cells. Constant levels of CSFV-specific IFN gamma producing cells observed from the beginning of the infection until 7 days after challenge in vaccinated animals might contribute to early control of CSFV replication, at least until neutralizing antibodies are developed. The immunological profile observed in protecting animals against CSFV also was associated with high levels of specific CSFV IL-10 producing cells and low levels of IFN alpha in serum at 2 and 7 days post challenge.Further studies are necessary for continuing with the characterization of cytokine profile after different strategies of vaccination and after infection with CSFV. Understanding the immune mechanisms operating during CSFV infection and the key components mediating the immunoprotection conferred by ours experimental vaccines can be useful to develop new marker vaccines and more importantly innovative new diagnostic tools against CSFV in the future.
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Figure 1 :

 1 Figure 1: Elispot of specific CSFV IFN gamma producing cells after 3 dose of DNA vaccine (Prechallenge). Pigs numbered 1 to 5 were immunized three times with DNA-E2 (black bars). Pigs numbered 6 to 10 were inoculated three times with an empty plasmid, pCDNA3.1+ (grey bars). Specific CSFV IFN gamma producing cells were expressed as spot number per 5x10 5 PBMC.

Figure 2 :

 2 Figure 2: Clinical signs associated with CSFV. Both rectal temperature and external clinical signs of disease were scored daily (1 point: pyrexia; 2 point: pyrexia + mild clinical signs; 3 point: severe clinical signs and 4: death). Pigs numbered 1 to 5 were immunized DNA-E2 (black bars). Pigs numbered 6 to 10 were inoculated three times with an empty plasmid, pCDNA3.1+ (grey bars). Both groups were later challenged with virulent CSFV Margarita strain.

Figure 3 :

 3 Figure 3: Induction of neutralized antibodies after challenge with virulent Margarita strain of CSFV. Pigs numbered 1 to 5 were immunized DNA-E2. Pigs numbered 6 to 10 were inoculated three times with an empty plasmid, pCDNA3.1+. Both groups were later challenged with virulent Margarita strain of CSFV. Blood sampling were collected at 2, 7, 11, 14 and 17 days post challenge. Pig number 3 (vaccinated animal) and pig 6-10 were euthanized at 14 days post challenge.

Figure 4 :

 4 Figure 4: Induction of specific CSFV IFN gamma producing cells in vaccinated and non vaccinated animals at 7 days post challenge. Pigs numbered 1 to 5 were immunized DNA-E2 (black bars). Pigs numbered 6 to 10 were inoculated three times with an empty plasmid, pCDNA3.1+ (grey bars). Both groups were later challenged with virulent CSFV Margarita strain. Specific-CSFV IFN gamma producing cells were expressed as spot number per 5x10 5 PBMC.
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 56 Figure 5: IFN alpha levels in serum at 2 and 7 days post challenge with CSFV. Pigs numbered 1 to 5 were immunized DNA-E2. Pigs numbered 6 to 10 were inoculated three times with an empty plasmid, pCDNA3.1+. Both groups were later challenged with virulent CSFV Margarita strain. Black bars indicate IFN alpha levels at 2 days after challenge and grey bars indicate levels at day 7 post challenge.
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