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Abstract

:

The control of Newcastle disease (ND) highly relies on vaccination. Immunity provided by a ND vaccine can be characterized by measuring the level of clinical protection and reduction in challenge virus shedding. The extent of shedding depends a lot on the characteristics of vaccine used and the quality of vaccination, but influenced also by the genotype of the challenge virus. We demonstrated that vaccination of SPF chicks with recombinant herpesvirus of turkey expressing the F-gene of genotype I ND virus (rHVT-ND) provided complete clinical protection against heterologous genotype VII.1.1 ND virus strain and reduced challenge virus shedding significantly. 100% of clinical protection was achieved already by 3 weeks of age, irrespective of the challenge route (intra-muscular or intra-nasal) and vaccination blocked cloacal shedding almost completely. Interestingly, oro-nasal shedding was different in the two challenge routes: less efficiently controlled following intra-nasal than intra-muscular challenge. Differences in the shedding pattern between the two challenge routes indicate that rHVT-ND vaccine induces strong systemic immunity, that is capable to control challenge virus dissemination in the body (no cloacal shedding), even when it is a heterologous strain, but less efficiently, although highly significantly (p < 0.001) suppresses the local replication of the challenge virus in the upper respiratory mucosa and consequent oro-nasal shedding.
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1. Introduction


Among viral diseases affecting poultry production Newcastle disease (ND) is one of the most common and serious one [1]. It is caused by viruses of genus Orthoavulavirus, Avian orthoavulavirus 1 species [2] formerly designated as Avian avulavirus 1, that are commonly known as Avian paramyxovirus 1 (APMV 1) or Newcastle disease viruses (NDV). The virulent forms of NDV cause a devastating disease of poultry throughout Asia, Africa, the Middle East, and Central and South America even today [3,4]. In the past decades, there has been a major shift in virulence among the velogenic NDV (vNDV) strains that have been identified as prevalent in poultry [5,6].



Based on complete genome sequences, NDV isolates were separated into two classes [7]. Further analysis of the full-length fusion (F) gene sequences defined 21 genotypes of Class II viruses so far [2]. Viruses sharing temporal, geographical or epidemiological parameters tend to fall into specific genotypes [3,8]. Today, vNDV strains associated with outbreaks in commercial poultry farms and backyard chickens in the Middle East and North Africa predominantly belong to the genotype VII.1.1 of NDV [3,8,9,10,11,12].



Control of Newcastle disease (ND), in addition to good biosecurity practices, primarily relies on preventive vaccination of flocks and culling of infected and at risk of being infected birds [13,14]. Despite the disease being caused by one single serotype of the ND virus, and thus, by definition, any NDV strain utilized to prepare a vaccine should induce protection against morbidity and mortality from any vNDV infection, the control of ND still remains difficult [13,15,16]. In endemic countries, most vaccination programs for ND include the use of both live (lentogenic NDV strains) and inactivated (killed) vaccines in order to induce a good protective immunity while producing minimal adverse effects in the birds [13,17]. Both types of vaccine have their advantages and disadvantages, but the continuous outbreaks of fatal ND in commercial poultry flocks in many parts of the world indicate that routine vaccination in the field often fails to induce sufficiently high levels of immunity to control ND [13,18,19]. The reasons for this are multiple. Apart from poor vaccination techniques and mismanagement, the presence of maternally derived antibodies (MDA) also interferes with the establishment of an early and persisting immunity after single or even repeated vaccination during the first 2–3 weeks of life [20].



Therefore, the need for the availability of more efficacious and safe ND vaccine is ever increasing. Furthermore, there is an increasing demand for better vaccination strategies so as to promote a more efficient and accurate means of delivering a uniform vaccine dose to each individual chickens. A promising approach to achieve the above goals is the use of vector vaccines [21]. Herpesvirus of turkeys (HVT) and attenuated Marek’s disease (MDV 1) viruses expressing foreign antigens related to poultry pathogens are considered as the most potent vectors [21].The envelope of NDV contains two transmembrane proteins, the haemagglutinin-neuraminidase (HN) and the fusion (F) proteins which are important for virus infectivity and pathogenicity. The HN protein is responsible for the attachment of virus to the host cells, while the F protein mediates fusion of the virion envelop with the cell membrane [22]. Both of them are considered as the major protective antigens since they induce virus neutralizing antibodies, although HN was shown to induce lower neutralizing antibody titres and lower protection. The results of experiments with recombinant turkey herpesvirus expressing either the HN or the F proteins suggest that they are independent neutralization and protective antigens, and the F protein provide better protection than the HN protein [23]. HVT as vector, which contains and expresses protective antigen of NDV, that is typically the F glycoprotein has been shown to elicit immune response and provide protection against lethal challenge with velogenic strains of NDV [24,25,26,27]. As in case of HVT itself, long term virus persistence was shown for an HVT-vectored ND (rHVT-ND) vaccine also [26]. Additionally, rHVT-ND construct appeared to be less sensitive to interference with MDA, than the conventional ND vaccines, which adds further useful characteristic to this vector vaccine [25,26,27,28].



The study reported here was designed to evaluate the efficacy of a rHVT-ND vaccine expressing the F protein of NDV, against challenge with a genotype VII.1.1 (formerly VIId) velogenic NDV strain using both the intra-nasal (mimicking the natural route of infection) and the intra-muscular routes. Criteria for efficacy evaluation were extended to include the analyses of the challenge virus excretion patterns in the two groups of chickens infected by different routes.




2. Materials and Methods


2.1. Animals


For this study, 132 day-old SPF chickens purchased from a local supplier (Biovo Kft, Mohács, Hungary) were used. They were randomly allocated into eight treatment groups that were accommodated separately in Biosafety Level 3 animal rooms at Prophyl Kft., Mohács, Hungary. They were fed adequate for the age of the birds, and water was supplied ad libitum.



The study has been conducted in compliance with the provisions of Directive 2010/63/EU, Hungarian Act No. XXVIII/1998, and the Hungarian Governmental Decree No. 40/2013. (II.14.) on the protection of animals used for scientific purposes. The animal study was undertaken after approval of the Hungarian competent authorities (permission no.: BAI/35/56-92/2017). The execution of the study was under the supervision of qualified veterinarians. Chickens showing the terminal stage of the disease were removed, euthanized and counted as mortality.




2.2. Vaccine and Vaccination


A total of 92 SPF chicks were vaccinated at day old with the rHVT-ND vaccine (Vectormune® ND, Ceva Sante Animale, Libourne, France), which contains F gene derived from a class II genotype 1 NDV strain (Figure S1, GenBank accession number: M24692). The vaccine was reconstituted in its specific diluent to contain a dose of 1500 plaque forming units/chick in 0.2 mL and was injected by the subcutaneous route under the skin of the neck. 40 hatch-mate chicks were kept as unvaccinated controls. Vaccine-take (presence of vaccine virus in vaccinated birds) was followed by detection of rHVT-ND from feather tips with pulp collected from individual birds at 7, 15, 20, and 43 days of age and spleen samples collected at 20, 36, and 43 days of age.




2.3. Serology


To monitor antibody response to vaccination, blood samples were collected at 7, 15, 20, 28, 35, and 43 days of age. The antibody level against NDV was measured by a commercial ELISA kit that is suited for monitoring the immune response to rHVT-ND vaccine (ID Screen® Newcastle Disease Indirect ELISA Kit, Product code: NDVS, IDVet, Montpellier, France) following the manufacturer’s instruction and by haemagglutination inhibition (HI) test (LaSota antigen, 4 haemagglutinating units) according to the OIE Terrestrial Manual [29]. The positivity limits for the ELISA and HI tests were above 993 ELISA titre and above 2 log2 HI titre, respectively. Post-challenge samples (samples collected 14 days after the 1st and 2nd challenge date and samples of non-challenged chickens collected at termination of 2nd challenge) were also tested with IDScreen® Newcastle Disease Nucleoprotein Indirect ELISA (code: NDVNP, IDVet, Montpellier, France).




2.4. Challenge Virus


An Egyptian velogenic viscerotropic NDV strain (NDV-B7-RLQP-CH-EG-12) isolated from a 22 days old broiler chicken and provided by NLQP, Egypt, was used in the experiment (designation used in phylogenetic tree is D3538). Phylogenetic analysis of this strain was performed based on the full F gene nucleotide sequence. Reference sequences of velogenic NDV strains were obtained from the GenBank (accession numbers are shown in the phylogenetic tree, Figure S1). Comparison of nucleotide sequences was performed with Kimura’s two-parameters method, and the phylogenetic tree was constructed by the neighbour-joining method using MEGA 7 software [30]. The positions of this challenge strain and the strain providing the F gene insert of the rHVT-ND vaccine are highlighted in the phylogenetic tree (Figure S1). The sequence of the challenge virus strain is deposited in the GenBank (accession number: MT876631).




2.5. Challenge Infections and Post-Challenge Samplings


Challenges were performed at 20 and 28 days of age in separate subgroups of chickens. We used two challenge routes on both occasions in parallel to compare the efficacy of vaccine when the challenge virus was administered either by the intra-muscular (official method of European Pharmacopoeia) or by the intra-nasal route (the latter method is to mimic natural infection). Challenge was done with a dose of 5.0 log10 ELD50/chicken (median embryo lethal dose) regardless the age of birds and challenge route used. At both dates, with both challenge routes, 20 vaccinated and 10 non-vaccinated chickens were submitted to challenge infection. A summary of study set-up is given in Table 1.



Post-challenge monitoring included daily clinical observations for two weeks. All birds that died or showed clinical signs indicative of ND were recorded as non-protected. All vaccinated birds showing ND specific clinical signs, and the ones surviving the intramuscular challenge at 3 weeks of age, were sampled for rHVT-ND detection from the spleen to check for the presence of vaccine virus.



To monitor challenge virus shedding, oro-nasal and cloacal swabs were collected at four days post-challenge (dpch) from 10 chickens per group (first 10 serial numbers out of the 20 challenged chickens in the vaccinated groups were pre-selected randomly for testing of virus shedding, while all of the 10 birds in the control groups were sampled).



At the termination of both challenges (14 days after the 1st and 2nd challenge date) blood samples were collected and tested with IDScreen® Newcastle Disease Nucleoprotein Indirect ELISA (code: NDVNP, IDVet, Montpellier, France). Non-challenged vaccinated chickens (n = 12) were also blood sampled at the termination of both challenges to serve as controls for monitoring the booster effect of the challenge on the humoral antibody level of vaccinated chickens. These birds served also to check the presence of the rHVT-ND vaccine in the spleen and feather pulp at the termination of the 2nd challenge experiment (43 days of age).




2.6. ND Challenge Virus Shedding Measurement


Challenge virus amount was quantified from the swabs using a quantitative reverse-transcription real-time PCR (qRT-PCR) that amplified a fragment of the matrix gene (TaqMan® NDV reagents and controls, one-step qRT-PCR for NDV RNA, Applied Biosystem, Foster City, CA, USA). The PCR primers and probe were designed by Wise et al. [31]. The positivity limit was set at a Ct of 36 or below, according to the manufacturer’s recommendations. The quantity of NDV in the samples was analysed by comparison of Ct values, since there was no enough data on the correlation of live NDV titre and Ct values in the 4 dpch swab samples to calculate the live virus content of the samples.




2.7. Statistical Analysis


The amount of ND challenge virus shed was compared between the vaccinated groups challenged at different ages and by different routes, and between the vaccinated and control groups challenged at the same age and via the same route. Ct values of oro-nasal and cloacal swabs were evaluated separately by using Mann–Whitney test at 95% confidence level (p < 0.05).



The effect of the challenge on the humoral antibody level was analysed by comparing the log2 HI titres or ID Screen® Newcastle Disease Indirect ELISA titres obtained in the vaccinated and challenged subgroups with the corresponding non-challenged vaccinated groupmates sampled at the same age. Evaluation was performed with Mann–Whitney test at 95% confidence level (p < 0.05).





3. Results


3.1. Vaccine-Take Detection and Humoral Immune Response to Vaccination


Vaccine virus was detectable as soon as at seven days of age in the vaccinated chickens (Table 2). Feather tip samples resulted in 90% positivity at seven days of age, which increased to 100% by 15 days of age. Similarly 100% positivity was found in the spleen samples collected at three, five, and six weeks of age. The rate of rHVT-ND detection decreased only slightly with age in the spleen samples, while there was a marked decrease after two weeks of age in the feather tip samples, resulting in only 58% positivity at six weeks of age, although from spleen of the same birds still 100% positivity was found. These results, along with the serological results, confirmed that rHVT-ND vaccine virus was taken efficiently by the vaccinated birds and replicated during the whole period tested (six weeks). However, there was a shorter age range when the presence of vaccine virus could be detected in 100% of the feather tip samples compared to the spleen samples.



Weekly serological monitoring of vaccinated birds indicated that antibody response to rHVT-ND was detectable by ELISA with partial sero-positivity starting at two weeks of age (p < 0.001 from two weeks of age onwards). From 3 weeks of age 100% positivity was found with increasing antibody level throughout the period tested (Table 3). HI test proved to be less sensitive to detect the onset of antibody response following vaccination: sero-positivity was first detected at 3 weeks of age in 55% of the birds, then with increasing titre 100% positivity was reached by 5 weeks of age (Table 3). HI titres were rather low; the mean titre at termination (at 6 weeks of age) was 4.4 log2. The results indicated that rHVT-ND vaccine induced significant antibody response to NDV reasonably fast (2–3 weeks), which could be detected earlier with ELISA (code: NDVS) than with HI test. Nucleoprotein ELISA (code: NDVNP) showed negative results in the non-challenged chickens at six weeks of age: 119 ± 92 and 179 ± 85 titre (mean ± STD) were measured in the vaccinated and the non-vaccinated control group, respectively, that were far below the positivity limit of 993.



Pre-challenge sampling of all vaccinated chickens submitted to challenge showed no significant difference in the antibody titre measured both by ELISA and HI test between the subgroups submitted to intra-muscular or intra-nasal challenge (Table S1).




3.2. Efficacy against NDV Challenge


3.2.1. Prevention of Clinical Signs and Mortality


The non-vaccinated control chickens challenged either at 20 or 28 days of age died within six days following intra-muscular challenges and within 6–7 days following intra-nasal challenges. On the other hand, 100% of vaccinated chickens was clinically protected already at 20 days of age. All vaccinated chickens survived the challenge without showing any clinical signs indicative of ND, regardless the challenge route. Similar results were obtained following challenge at four weeks of age, except that a single chicken showed neurological signs after intra-muscular challenge in the vaccinated group (95% clinical protection). Specificity of the clinical signs was verified for that single bird with the detection of ND specific histological lesions in the brain. Although this single vaccinated chicken was evaluated as non-protected, the time course of the disease (clinical signs started from 8 dpch) and the type of clinical signs (only neurological signs) indicated the presence of a developing immunity to NDV, although with some delay. Results are summarised in Figure 1.




3.2.2. Effect of the Challenge Route on Challenge Virus Shedding by Vaccinated Chickens


Following challenge, non-vaccinated control chickens shed high amount of virus both via the oro-nasal and the cloacal route after both challenge dates. Higher NDV load could be measured in the swabs after intramuscular challenge compared to the amount measured after intra-nasal challenge (Table 4; p < 0.001 and p = 0.004 for oro-nasal swabs, and p = 0.004 and p = 0.014 for cloacal swabs when the two control subgroups challenged with different routes were compared after the challenge at 20 and 28 days of age, respectively). The range of mean Ct values obtained in the controls after intramuscular challenge was 14.4–17.5 and 14.2–19.0 in the oro-nasal swabs and 16.6–22.5 and 16.6–23.9 in the cloacal swabs at 20 and 28 days of age, respectively. After the intranasal challenge, Ct values ranged 18.4–22.6 and 16.8–20.3 in oro-nasal swabs and 19.3–26.2 and 19.4–27.0 in cloacal swabs at 20 and 28 days of age, respectively.



In the vaccinated birds, regardless of the challenge route, there was a very strong suppression of the challenge virus shedding after both challenge dates. Following challenge at 20 days of age cloacal shedding was not detectable in the majority of vaccinated chickens (8 out of 10 chickens were negative in both groups) and was at low level in the remaining two birds. The effect of the challenge route on the cloacal shedding was negligible (p = 0.87). Regarding oro-nasal shedding there was remarkable difference between the vaccinated groups challenged by the two different routes (p = 0.002). While oro-nasal swabs contained no detectable amount of NDV in the great majority of chickens after intramuscular challenge (9 out of 10 chickens were negative), significant amount of NDV could be measured after intra-nasal challenge, when all samples were positive with Ct values ranging between 26.2 and 34.9 Ct (Table 4).



After the challenge at four weeks of age, cloacal shedding was not detectable in any of the vaccinated chickens regardless of the challenge routes. On the other hand oro-nasal shedding showed similar pattern to the one observed after the challenge at 20 days of age: no detectable amount of NDV in the great majority of chickens after intramuscular challenge (9 out of 10 chickens were negative), while significant amount of the challenge virus could be detected from the birds challenged by the intra-nasal route (Ct values ranging between 25.2 and 32.0 Ct), with the exception of a single chicken, in which no NDV could be detected (Table 4). The effect of the challenge route on the oro-nasal shedding was strongly significant (p < 0.001).




3.2.3. Humoral Immune Response to Challenge


Immune response to challenge could be evaluated in the vaccinated groups only since all non-vaccinated chickens succumbed to challenge. Results at the end of post-challenge observation period were compared to the results obtained at the same age in the vaccinated non-challenged chickens. There was a slight, but significant increase in both HI and ELISA (code: NDVS) titres (p ≤ 0.002 for all comparisons; Figure 2), indicating anamnestic response to the challenge infection, regardless the route of the challenge and age at challenge. At the same time nucleoprotein ELISA detected immune response to challenge infection only in a few vaccinated birds (10–15%) after the challenge at four weeks of age (Table 5).





3.3. Comparison of the Challenge Virus F Gene Sequence with F Gene Insert of rHVT-ND


Phylogenetic analysis using the phylogenetic tree of Dimitrov et al. for typing of new strains indicated that the challenge strain (NDV-B7-RLQP-CH-EG-12 strain, ref. D3538 in the phylogenetic tree) belongs to sub-genotype VII.1.1 (former genotype VIId, [2]) and clusters together with recent field isolates from Asia, Middle East and North Africa (Figure S1). The inserted F gene in rHVT-ND vaccine (originated from strain D26 of genotype I) shows only 86.1% nucleotide sequence homology to the F gene of the challenge virus.





4. Discussion


In several regions of the world poultry production continues to suffer significant economic losses due to Newcastle disease. Outbreaks have been attributed to several causes including the lack of biosecurity, inadequate vaccines and vaccination programs, antigenic variation among the field viruses, interference of maternal antibodies with live and killed vaccines and short duration of the immunity [13,32,33,34]. Unfortunately, biosecurity and vaccinations alone have not been sufficient to stop the circulation of virulent NDV strains [13,15]. Although live attenuated and killed ND vaccines have been used for many decades, these vaccines do not completely prevent infection and consequent losses due to mortality and the poor production performance of vaccinated flocks. Furthermore, these flocks will shed substantial amount of virus and contaminate the environment by which the continuous presence and spread of the disease is maintained [13]. Therefore, there has been a need to develop alternative vaccination strategies that would provide stronger and longer lasting immunity even after single vaccine application in the hatchery. Vaccines used to control poultry diseases ideally should be easily administered, safe without inducing side effects or reverting to virulence, and be capable of inducing fast, long-lasting immunity even when applied in face of MDA. Among the possible strategies to achieve some of these desired characteristics, one of the most promising is the use of recombinant HVT-vectored vaccines. Recombinant HVT expressing the F protein of NDV can easily be administered in ovo or at 1 day of age without inducing side effects, such as respiratory distress, associated with live ND vaccines. It overcomes maternal derived antibodies because it is cell associated, and it confers life-long protection because it establishes latency and periodically reactivates [24,25,26,28].



The primary objective of ND vaccination is to prevent clinical disease and mortality; however, the decrease in virulent NDV amount shed into the environment is an additional important benefit. ND vaccines available today do not provide sterilizing immunity, even well-vaccinated birds can become infected without clinical signs and shed the virus [13,15,33]. However, the level of viral shedding can be reduced very significantly depending on the characteristics of vaccine used and the quality of vaccination. Part of the difficulty in preventing viral replication and shedding following infection may be attributed to antigenic differences between the field viruses causing the outbreaks and the vaccine viruses [12,34]. The NDV strains employed most commonly as seed strains for live and inactivated vaccines (LaSota, Hitchner B1, Ulster, VG/GA, etc.,) were originally isolated 30 to 60 years ago and are classified within class II as genotypes II or I [13]. There are controversial opinions regarding the continued use of these vaccines, despite the diversity of virulent genotypes circulating worldwide. Some of the scientists arguing that because of the differences in antigenic properties of the F and HN proteins, there is a need to increase the efficacy of vaccines by matching the vaccine and the field virus [13,15,34]. Others still believe that because all NDV strains are grouped into one serotype, a vaccine made from any strain or genotype is capable of inducing immunity to prevent clinical signs and mortality against a challenge with vNDV, and the differences among vaccines regarding their efficacy to control virus shedding are mainly due to the quality of the vaccine and vaccine application [35].



In recent years, sub-genotype VII.1.1 (former VIId) viruses are the most prevalent vNDV in many parts of the world [3,4,5,8,9]. This prompted us to evaluate the efficacy of rHVT-ND vaccine for its potential to provide early protection against the clinical disease and to control virus shedding following challenge with a representative of this genetic group. The results of the presented study demonstrated that day-old vaccination with rHVT-ND vaccine was capable to provide complete protection against the challenge with genotype VII.1.1 vNDV already at three weeks of age irrespective of the challenge routes used. Since this vaccine contains the F gene of a genotype I apathogenic NDV strain (D26), the results obtained indicate that this vaccine could induce strong immunity even against a vNDV strain that belongs to a heterologous genotype. This finding is supported by previously published results against sub-genotype VII.2 [26,36] and genotype V [25].



Vaccinated chickens were highly protected against clinical disease and stopped shedding the challenge virus almost completely by the cloacal route. The control of oro-nasal replication of vNDV was less efficient, with an obvious difference between the two challenge routes. When the challenge was done by the intra-nasal route, 90–100% of the birds excreted the challenge virus by the oro-nasal route, while 90% of birds that were challenged via the intramuscular route did not shed any detectable virus. It should, however, be emphasized that the replication of the challenge virus was highly significantly suppressed by the vaccination both in the intramuscularly and the intra-nasally challenged birds. The systemic immune response induced by the rHVT-ND vaccine—that replicates primarily in lymphoid cells—resulted in a strong suppression of the challenge virus dissemination in the body (as indicated by the lack of cloacal shedding in the majority of vaccinated birds), while the suppression of the challenge virus replication on the upper respiratory mucosal surface although was highly significant (p < 0.001), but less efficient. It is assumed that after intra-nasal challenge, when the virus readily reaches the oro-nasal mucosa in a high dose, it could replicate more efficiently in the upper respiratory mucosa than after intramuscular challenge, when the virus has already been controlled by the immune system during its dissemination to reach the mucosa. This very strong suppression of the challenge virus replication is also reflected by the post-challenge serological results. Nucleoprotein ELISA (code: NDVNP)—which selectively measures antibody response to infection after rHVT-ND vaccination—detected only a very weak primary immune response to challenge (10% and 15% sero-positives and low titres in the intra-muscularly and intra-nasally infected group, respectively). Anamnestic response was significant, comparable between the two challenge routes as measured with HI test and ELISA (code: NDVS; Figure 2A). Although rHVT-ND, which expresses the F protein of NDV exclusively, does not elicit an antibody response to the HN protein, the high amount of anti-F antibodies can inhibit the haemagglutination due to steric hindrance [25], therefore the HI test measures partly the primary response to HN protein and also the secondary response to F protein in the post-challenge serum samples.



ND vaccines generally do not prevent vaccinated animals from becoming infected with a vNDV and subsequent shedding of the virus, however, there are significant differences among the vaccines how much they can decrease the amount of virus shed by vaccinated birds [15,33]. The results of the study presented here showed that rHVT-ND vaccine could very efficiently reduce the amount of virus shed (approx. 3 and 6 log10 reduction in mean RNA load in oro-nasal swabs after intranasal and intramuscular challenge, respectively; and approximately 4–5 log10 reduction in mean RNA load in cloacal swabs) or could even stop it, which could result in preventing the spread and circulation of vNDV in vaccinated flocks.




5. Conclusions


In summary the results of the studies presented in this paper support and extend previous findings regarding the efficacy of rHVT-ND vaccine in preventing the development of clinical signs, and suppressing very strongly, the challenge virus replication and shedding following infection with a genetically (antigenically?) heterologous vNDV strain. By applying this vaccine at the hatchery, controlled vaccine uptake and an efficient homogenous level of immunity can be provided to the vaccinated flocks.








Supplementary Materials


The followings are available online at https://www.mdpi.com/2076-393X/9/1/37/s1, Figure S1: Phylogenetic tree showing the genetic relatedness of the challenge virus used in the study to the vaccine insert and other Genotype VII NDV strains based on full fusion (F) gene nucleotide sequences; Table S1: Pre-challenge serological results of vaccinated chickens submitted to challenge by subgroups.





Author Contributions


Conceptualization, V.P. and A.S.; methodology, V.P., T.T.-K.; validation, V.P., T.T.-K. and B.F.; formal analysis, T.T.-K., B.F., T.M.; investigation, V.P., T.T.-K., B.F., T.M.; resources, V.P., A.S.A.A., A.S.; writing—original draft preparation, V.P.; T.T.-K., T.M.; writing—review and editing, V.P., T.T.-K., A.S.A.A., A.S.; visualization, T.-T.K., T.M.; supervision, V.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study has been conducted in compliance with the provisions of Directive 2010/63/EU, Hungarian Act No. XXVIII/1998, and the Hungarian Governmental Decree No. 40/2013. (II.14.) on the protection of animals used for scientific purposes. The animal study was undertaken after approval of the Hungarian competent authorities (permission no.: BAI/35/56-92/2017).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors except Abdel Satar A. Arafa are the employees of the company manufacturing the studied rHVT-ND vaccine.




References


	



Hines, N.L.; Miller, C.L. Avian paramyxovirus serotype-1: A review of disease distribution, clinical symptoms, and laboratory diagnostics. Vet. Med. Int. 2012, 2012, 708216. [Google Scholar] [CrossRef] [PubMed]

	



Dimitrov, K.M.; Abolnik, C.; Afonso, C.L.; Albina, E.; Bahl, J.; Berg, M.; Briand, F.-X.; Brown, I.H.; Choi, K.-S.; Chvala, I.; et al. Updated unified phylogenetic classification system and revised nomenclature for Newcastle disease virus. Infect. Genet. Evol. 2019, 74, 103917. [Google Scholar] [CrossRef] [PubMed]

	



Miller, P.J.; Haddas, R.; Simanov, L.; Lublin, A.; Rehmani, S.F.; Wajid, A.; Bibi, T.; Khan, T.A.; Yaqub, T.; Setiyaningsih, S.; et al. Identification of new sub-genotypes of virulent Newcastle disease virus with potential panzootic features. Infect. Genet. Evol. 2015, 29, 216–229. [Google Scholar] [CrossRef] [PubMed]

	



Rui, Z.; Juan, P.; Jingliang, S.; Jixun, Z.; Xiaoting, W.; Shouping, Z.; Xiaojiao, L.; Guozhong, Z. Phylogenetic characterization of Newcastle disease virus isolated in the mainland of China during 2001–2009. Vet. Microbiol. 2010, 141, 246–257. [Google Scholar] [CrossRef] [PubMed]

	



Hu, Z.; Hu, J.; Hu, S.; Liu, X.; Wang, X.; Zhu, J.; Liu, X. Strong innate immune response and cell death in chicken splenocytes infected with genotype VIId Newcastle disease virus. Virol. J. 2012, 9, 208. [Google Scholar] [CrossRef] [PubMed]

	



Zenglei, H.; Liu, X. Immune response-induced NDV pathology. Br. J. Virol. 2015, 2, 25–27. [Google Scholar]

	



Czegledi, A.; Ujvari, D.; Somogyi, E.; Wehmann, E.; Werner, O.; Lomniczi, B. Third genome size category of avian paramyxovirus serotype 1 (Newcastle disease virus) and evolutionary implications. Virus Res. 2006, 120, 36–48. [Google Scholar] [CrossRef]

	



Dimitrov, K.M.; Ramey, A.M.; Qiu, X.; Bahl, J.; Afonso, C.L. Temporal, geographic, and host distribution of avian paramyxovirus 1 (Newcastle disease virus). Infect. Genet. Evol. 2016, 39, 22–34. [Google Scholar] [CrossRef]

	



Awad, A.M.; Sedeik, M.E.; Abdelkariem, A.A. Isolation, molecular characterization and pathotyping of Newcastle disease viruses from field outbreaks among broiler flocks in Egypt from 2014–2015. Int. J. Curr. Res. 2015, 7, 12925–12934. [Google Scholar]

	



Mohamed, M.H.A.; Kumar, S.; Paldurai, A.; Samal, S.K. Sequence analysis of fusion protein gene of Newcastle disease virus isolated from outbreaks in Egypt during 2006. Virol. J. 2011, 8, 237. [Google Scholar] [CrossRef]

	



Orabi, A.; Hussein, A.; Saleh, A.A.; El-Magd, M.A.; Munir, M. Evolutionary insights into the fusion protein of Newcastle disease virus isolated from vaccinated chickens in 2016 in Egypt. Arch. Virol. 2017, 162, 3069–3079. [Google Scholar] [CrossRef] [PubMed]

	



Saad, A.M.; Samy, A.; Soliman, M.A.; Arafa, A.; Zanaty, A.; Hassan, M.K.; Sultan, A.H.; Bazid, A.I.; Hussein, A.H. Genotypic and pathogenic characterization of genotype VII Newcastle disease viruses isolated from commercial farms in Egypt and evaluation of heterologous antibody responses. Arch. Virol. 2017, 162, 1985–1994. [Google Scholar] [CrossRef] [PubMed]

	



Dimitrov, K.M.; Afonso, C.L.; Yu, Q.; Miller, P.J. Newcastle disease vaccines-A solved problem or a continuous challenge? Vet. Microbiol. 2017, 206, 126–136. [Google Scholar] [CrossRef] [PubMed]

	



Gallili, G.E.; Ben-Nathan, D. Newcastle disease vaccines. Biotechnol. Adv. 1998, 16, 343–366. [Google Scholar] [CrossRef]

	



Miller, P.J.; Estevez, C.; Yu, Q.; Suarez, D.L.; King, D.J. Comparison of viral shedding following vaccination with inactivated and live Newcastle disease vaccines formulated with wild-type and recombinant viruses. Avian Dis. 2009, 53, 39–49. [Google Scholar] [CrossRef]

	



Van Boven, M.; Bouma, A.; Fabri, T.H.; Katsma, E.; Hartog, L.; Koch, G. Herd immunity to Newcastle disease virus in poultry by vaccination. Avian Pathol. 2008, 37, 1–5. [Google Scholar] [CrossRef]

	



Meulemans, G. Control by vaccination. In Newcastle Disease; Alexander, D.J., Ed.; Kluwer Academic Publishers (Springer US): Boston, MA, USA, 1988; pp. 318–332. [Google Scholar] [CrossRef]

	



Dortmans, J.C.; Peeters, B.P.; Koch, G. Newcastle disease virus outbreaks: Vaccine mismatch or inadequate application? Vet. Microbiol. 2012, 160, 17–22. [Google Scholar] [CrossRef]

	



Dortmans, J.C.; Venema-Kemper, S.; Peeters, B.P.; Koch, G. Field vaccinated chickens with low antibody titres show equally insufficient protection against matching and non-matching genotypes of virulent Newcastle disease virus. Vet. Microbiol. 2014, 172, 100–107. [Google Scholar] [CrossRef]

	



Bennejean, G.; Guittet, M.; Picault, J.P.; Bouquet, J.F.; Devaux, B.; Gaudry, D.; Moreau, Y. Vaccination of one-day-old chicks against newcastle disease using inactivated oil adjuvant vaccine and/or live vaccine. Avian Pathol. 1978, 7, 15–27. [Google Scholar] [CrossRef]

	



Current and Future Applications of Viral-Vectored Recombinant Vaccines in Poultry. Available online: https://en.engormix.com/poultry-industry/articles/current-future-applications-viral-t39410.htm (accessed on 4 September 2020).

	



Nagai, Y.; Hamaguchi, M.; Toyoda, T. Molecular biology of Newcastle disease virus. Prog. Vet. Microbiol. Immunol. 1989, 5, 16–64. [Google Scholar]

	



Morgan, R.W.; Gelb, J., Jr.; Schreurs, C.S.; Lutticken, D.; Rosenberger, J.K.; Sondermeijer, P.J. Protection of chickens from Newcastle and Marek’s diseases with a recombinant herpesvirus of turkeys vaccine expressing the Newcastle disease virus fusion protein. Avian Dis. 1992, 36, 858–870. [Google Scholar] [CrossRef] [PubMed]

	



Esaki, M.; Godoy, A.; Rosenberger, J.K.; Rosenberger, S.C.; Gardin, Y.; Yasuda, A.; Dorsey, K.M. Protection and antibody response caused by turkey herpesvirus vector Newcastle disease vaccine. Avian Dis. 2013, 57, 750–755. [Google Scholar] [CrossRef] [PubMed]

	



Palya, V.; Kiss, I.; Tatár-Kis, T.; Mató, T.; Felföldi, B.; Gardin, Y. Advancement in vaccination against Newcastle disease: Recombinant HVT NDV provides high clinical protection and reduces challenge virus shedding with the absence of vaccine reactions. Avian Dis. 2012, 56, 282–287. [Google Scholar] [CrossRef] [PubMed]

	



Palya, V.; Tatar-Kis, T.; Mato, T.; Felfoldi, B.; Kovacs, E.; Gardin, Y. Onset and long-term duration of immunity provided by a single vaccination with a turkey herpesvirus vector ND vaccine in commercial layers. Vet. Immunol. Immunopathol. 2014, 158, 105–115. [Google Scholar] [CrossRef]

	



Rauw, F.; Gardin, Y.; Palya, V.; Anbari, S.; Lemaire, S.; Boschmans, M.; van den Berg, T.; Lambrecht, B. Improved vaccination against Newcastle disease by an in ovo recombinant HVT-ND combined with an adjuvanted live vaccine at day-old. Vaccine 2010, 28, 823–833. [Google Scholar] [CrossRef]

	



Sonoda, K.; Sakaguchi, M.; Okamura, H.; Yokogawa, K.; Tokunaga, E.; Tokiyoshi, S.; Kawaguchi, Y.; Hirai, K. Development of an effective polyvalent vaccine against both Marek’s and Newcastle diseases based on recombinant Marek’s disease virus type 1 in commercial chickens with maternal antibodies. J. Virol. 2000, 74, 3217–3226. [Google Scholar] [CrossRef]

	



Afonso, C.L.; Miller, P.J.; Grund, C.; Koch, G.; Peeters, B.; Selleck, P.W.; Srinivas, G.B. Newcastle Disease. In Manual of Diagnostic Tests and Vaccines for Terrestrial Animals; OIE: Paris, France, 2018; pp. 964–983. [Google Scholar]

	



Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets. Mol. Biol. Evol. 2016, 33, 1870–1874. [Google Scholar] [CrossRef]

	



Wise, M.G.; Suarez, D.L.; Seal, B.S.; Pedersen, J.C.; Senne, D.A.; King, D.J.; Kapczynski, D.R.; Spackman, E. Development of a Real-Time Reverse-Transcription PCR for Detection of Newcastle Disease Virus RNA in Clinical Samples. J. Clin. Microbiol. 2004, 42, 329–338. [Google Scholar] [CrossRef]

	



Cho, S.H.; Kwon, H.J.; Kim, T.E.; Kim, J.H.; Yoo, H.S.; Kim, S.J. Variation of a newcastle disease virus hemagglutinin-neuraminidase linear epitope. J. Clin. Microbiol. 2008, 46, 1541–1544. [Google Scholar] [CrossRef]

	



Kapczynski, D.R.; King, D.J. Protection of chickens against overt clinical disease and determination of viral shedding following vaccination with commercially available Newcastle disease virus vaccines upon challenge with highly virulent virus from the California 2002 exotic Newcastle disease outbreak. Vaccine 2005, 23, 3424–3433. [Google Scholar] [CrossRef]

	



Miller, P.J.; King, D.J.; Afonso, C.L.; Suarez, D.L. Antigenic differences among Newcastle disease virus strains of different genotypes used in vaccine formulation affect viral shedding after a virulent challenge. Vaccine 2007, 25, 7238–7246. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.; de Almeida, R.S.; Gil, P.; Majó, N.; Nofrarías, M.; Briand, F.-X.; Jestin, V.; Albina, E. Can genotype mismatch really affect the level of protection conferred by Newcastle disease vaccines against heterologous virulent strains? Vaccine 2018, 36, 3917–3925. [Google Scholar] [CrossRef] [PubMed]

	



Tatar-Kis, T.; Fischer, E.A.J.; Cazaban, C.; Walko-Kovacs, E.; Homonnay, Z.G.; Velkers, F.C.; Palya, V.; Stegeman, J.A. A Herpesvirus of Turkey-Based Vector Vaccine Reduces Transmission of Newcastle Disease Virus in Commercial Broiler Chickens with Maternally Derived Antibodies. Vaccines 2020, 8, 614. [Google Scholar] [CrossRef] [PubMed]








[image: Vaccines 09 00037 g001 550] 





Figure 1. Time course of disease and mortality in vaccinated and non-vaccinated SPF chickens challenged with velogenic Newcastle disease virus. (A) intramuscular challenge at 20 days of age; (B) intramuscular challenge at 28 days of age; (C) intranasal challenge at 20 days of age; (D) intranasal challenge at 28 days of age. Ratio of surviving chickens is shown with solid lines, ratio of healthy chickens, without clinical signs indicative to velogenic NDV infection is shown with dotted lines in each graph. 
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Figure 2. Booster effect of the challenge infection on the humoral immune response to vaccination as measured 14 days post-challenge. Hemagglutination Inhibition test (A) and IDScreen® ND indirect ELISA (B) results. Day-old SPF chickens were vaccinated subcutaneously and separate subgroups were submitted to velogenic NDV challenge, either by intra-muscular or intra-nasal route at 20 or 28 days of age. Mann–Whitney test was used for the comparison of post-challenge serological results with the corresponding non-challenged vaccinated group at the same age (“effect of challenge”) and for the comparison of corresponding intra-muscularly and intra-nasally challenged groups at the same age (“effect of challenge route”). Results are shown above the columns. DOA: days of age. 
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Table 1. Study design.
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Groups

	
Subgroups

	
Age

at Challenge

	
Route

of Challenge b

	
Number

of Birds






	
Vaccinated a

	
V/a

	
20 DOA c

	
Intra-muscular

	
20




	
V/b

	
20 DOA

	
Intra-nasal

	
20




	
V/c

	
28 DOA

	
Intra-muscular

	
20




	
V/d

	
28 DOA

	
Intra-nasal

	
20




	
V/Nch d

	
-

	
-

	
12




	
Control

	
C/a

	
20 DOA

	
Intra-muscular

	
10




	
C/b

	
20 DOA

	
Intra-nasal

	
10




	
C/c

	
28 DOA

	
Intra-muscular

	
10




	
C/d

	
28 DOA

	
Intra-nasal

	
10








a Chicks were vaccinated with 1 dose of rHVT-ND vaccine on the day of hatch subcutaneously. b Chickens were challenged with a dose of 5.0 log10 ELD50 regardless the route. One subgroup of the vaccinated group was kept unchallenged until the termination of the second challenge. c DOA: days of age. d Nch: non challenged.
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Table 2. Detection of vaccine-virus in feather tip pulps or spleen samples in the vaccinated group.






Table 2. Detection of vaccine-virus in feather tip pulps or spleen samples in the vaccinated group.





	
Age of Chickens (Day)

	
7

	
15

	
20

	
36

	
43






	
Sample type

	
Feather pulp

	
Feather pulp

	
spleen

	
Feather pulp

	
spleen

	
spleen

	
Feather pulp




	
Positivity a

	
90%

	
100%

	
100%

	
100%

	
100%

	
100%

	
58%




	
Positivity (positives/tested)

	
18/20

	
20/20

	
10/10

	
20/20

	
20/20

	
12/12

	
7/12




	
Ct value mean ± STD (rHVT-ND)

	
31.0 ± 3.8

	
24.8 ± 3.8

	
29.0 ± 0.9

	
29.7 ± 5.6

	
30.6 ± 1.9

	
31.6 ± 3.3

	
36.8 ± 3.6




	
Ct value mean ± STD (ovotransferrin)

	
23.1 ± 0.7

	
23.2 ± 0.9

	
18.9 ± 0.5

	
23.5 ± 0.9

	
18.9 ± 0.9

	
18.8 ± 0.6

	
24.0 ± 1.5




	
ΔCt b

	
7.9 ± 3.6

	
1.6 ± 3.8

	
10.1 ± 1.2

	
6.2 ± 5.8

	
11.7 ± 1.9

	
12.9 ± 3.2

	
12.8 ± 3.7








a all samples with Ct value below 40 was considered positive, b relative quantification of rHVT-ND (ΔCt = Ct rHVT-ND − Ctovotransferrin).
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Table 3. Humoral immune response to vaccination- ELISA and hemagglutination-inhibition test results.






Table 3. Humoral immune response to vaccination- ELISA and hemagglutination-inhibition test results.





	
Method

	
Age at Sampling (Day)

	
7

	
15

	
20

	
28

	
35

	
43




	
Parameter

	
Group






	
IDScreen® ND Indirect ELISA

	
ELISA titer mean ± STD

	
Vaccinated

	
31 ± 39

	
2516 ± 1936

	
3964 ± 1697

	
8608 ± 2215

	
9743 ± 2294

	
11,119 ± 2976




	
Control

	
NS

	
NS

	
137 ± 287

	
55 ± 105

	
86 ± 184

	
1 ± 0




	
Positivity

	
Vaccinated

	
0%

	
80%

	
100%

	
100%

	
100%

	
100%




	
Control

	
NS

	
NS

	
0%

	
0%

	
0%

	
0%




	
HI test

	
Log2 HI titer mean ± STD

	
Vaccinated

	
0.1 ± 0.2

	
0.9 ± 0.5

	
1.6 ± 0.9

	
2.5 ± 0.7

	
4.3 ± 0.8

	
4.4 ± 0.7




	
Control

	
NS

	
NS

	
0.0 ± 0.0

	
0.2 ± 0.4

	
1.9 ± 0.2

	
1.7 ± 0.4




	
Positivity

	
Vaccinated

	
0%

	
0%

	
55%

	
90%

	
100%

	
100%




	
Control

	
NS

	
NS

	
0%

	
0%

	
0%

	
0%








SPF chickens were vaccinated at day-old with rHVT-ND vaccine subcutaneously. Representative numbers of vaccinated non-challenged chickens were tested weekly to follow the development of humoral immune response to vaccination (n = 20 at 7, 15 and 20 days of age, n = 40 at 28 days of age and n = 12 at 35 and 43 days of age). In the non-vaccinated group, sero-negativity was verified from the first challenge date onwards (n = 7–10 at each sampling). Positivity limit of ELISA (code: NDVS) is above 993, positivity limit of haemagglutination inhibition (HI) test is at least 2 log2 HI titre. NS no sample collected.
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Table 4. Challenge virus shedding (measured with one-step RT-real-time PCR).
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Age at Challenge

	
Route of Challenge

	
Sub-Group

	
Oro-Nasal Swabs

	
Cloacal Swabs




	
Ct

(Mean ± STD and Range)

	
p-Value §

	
Positivity #

	
Ct

(Mean ± STD and Range)

	
p-Value §

	
Positivity #






	
20 DOA *

	
i.m.

	
V/a

(vaccinated)

	
35.0 ± 3.2

(25.8–36.0)

	
p < 0.001

	
1/10

	
34.4 ± 3.4

(26.7–36.0)



	
p < 0.001

	
2/10




	
C/a

(control)

	
16.2 ± 0.9

(14.4–17.5)

	
10/10

	
19.4 ± 1.6

(16.6–22.5)

	
10/10




	
i.n.

	
V/b

(vaccinated)

	
29.8 ± 3.2

(26.2–34.9)

	
p < 0.001

	
10/10

	
35.4 ± 1.3

(32.4–36.0)

	
p < 0.001

	
2/10




	
C/b

(control)

	
19.7 ± 1.4

(18.4–22.6)

	
10/10

	
22.3 ± 2.0

(19.3–26.2)

	
10/10




	
28 DOA

	
i.m.

	
V/c

(vaccinated)

	
35.8 ± 0.7

(33.8–36.0)

	
p < 0.001

	
1/10

	
36.0 ± 0.0

(36.0–36.0)

	
p < 0.001

	
0/10




	
C/c

(control)

	
16.7 ± 1.6

(14.2–19.0)

	
10/10

	
21.0 ± 2.6

(16.6–23.9)

	
10/10




	
i.n.

	
V/d

(vaccinated)

	
30.1 ± 4.1

(25.2–36.0)

	
p < 0.001

	
9/10

	
36.0 ± 0.0

(36.0–36.0)

	
p < 0.001

	
0/10




	
C/d

(control)

	
18.8 ± 1.0

(16.8–20.3)

	
10/10

	
23.9 ± 2.2

(19.4–27.0)

	
10/10








* DOA: days of age, # Positivity limit: Ct below 36, § Mann-Whitney test result for comparison of Ct values of vaccinated and corresponding non-vaccinated control groups.
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Table 5. Humoral immune response of vaccinated chickens to challenge—Nucleoprotein ELISA results.
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	Subgroup
	Non-Challenged
	Intra-Muscularly Challenged
	Intra-Nasally Challenged





	ELISA titre

(mean ± STD)
	119 ± 92
	621 ± 872
	590 ± 389



	Positivity
	0%
	10%
	15%







Nucleoprotein-based ELISA (code: NDVNP) was used for the selective measurement of primer immune response to challenge infection. SPF chickens were vaccinated with a rHVT-ND vaccine at day-old, challenged with velogenic NDV at 28 days of age and tested at the end of 14 days long post-challenge observation period. Corresponding non-challenged vaccinated chickens were sampled at the same age. Positivity limit of the test is 993 titre or above.
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