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Abstract

:

Marek’s disease virus (MDV) infection results in Marek’s disease (MD) in chickens, a lymphoproliferative and oncogenic deadly disease, leading to severe economic losses. The spleen and bursa are the most important lymphoid and major target organs for MDV replication. The immune response elicited by MDV replication in the spleen and bursa is critical for the formation of latent MDV infection and reactivation. However, the mechanism of the host immune response induced by MDV in these key lymphoid organs during the latent and reactivation infection phases is not well understood. In the study, we focused on the replication dynamics of a vaccine MDV strain MDV/CVI988 and a very virulent MDV strain MDV/RB1B in the spleen and bursa in the latent and reactivation infection phases (7–28 days post-inoculation [dpi]), as well as the expression of some previously characterized immune-related molecules. The results showed that the replication ability of MDV/RB1B was significantly stronger than that of MDV/CVI988 within 28 days post-infection, and the replication levels of both MDV strains in the spleen were significantly higher than those in the bursa. During the latent and reactivation phase of MDV infection (7–28 dpi), the transcriptional upregulation of chicken IL-1β, IL6, IL-8L1 IFN-γ and PML in the spleen and bursa induced by MDV/RB1B infection was overall stronger than that of MDV/CVI988. However, compared to MDV/RB1Binfection, MDV/CVI988 infection resulted in a more effective transcriptional activation of CCL4 in the latent infection phase (7–14 dpi), which may be a characteristic distinguishing MDV vaccine strain from the very virulent strain.
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1. Introduction


Marek’s disease (MD), caused by Marek’s disease virus (MDV) in chickens, is a lymphoproliferative, oncogenic disease [1]. MDV infection leads to oncogenic immunosuppression, which seriously affects the production performance of the poultry industry and results in huge economic losses [2]. MDV replicates in lymphoid tissues, resulting in lymphocytosis, which shows many considerable biological similarities with lymphoid neoplasms related to the Epstein-Barr virus and contributes substantially to the understanding of herpes virus-associated oncogenicity [3]. MDV infection is caused by the inhalation of mature virions attached to dust and dander, which are continuously shed from the feather follicle epithelium of infected chickens. After reaching the respiratory epithelium, macrophages transport MDV to the bursa, spleen, and other lymphoid organs for replication [4]. During the early cytolytic stages of MDV infection (2–7 days post-inoculation [dpi]), B lymphocytes are primarily targeted by infected cells, which subsequently infect activated CD4 T lymphocytes. The latent infection phase occurs at 7–10 dpi, and lymphocytes harboring the MDV genome show restricted expression of some latent-related genes. At approximately 14–21 dpi, the reactivation of MDV in CD4+ T cells initiates a late phase of cytolysis and immunosuppression, and thus, the second cytolytic infection occurs. After 28 dpi, lymphocytes infected with MDV migrate to the visceral organs and peripheral nerves to generate T-cell lymphomas and immunosuppression, resulting in blindness, paralysis, and death [5]. Thus, lymphocytes are the main target cells for viral replication and systemic spread within the host during early and latent MDV infections [6].



Over the last few decades, MDV has progressively become more pathogenic, ranging from mild to virulent (v), very virulent (vv), and very virulent+ (vv+) [7]. As a result, this has necessitated the introduction of increasingly effective vaccine strains to prevent MD outbreaks with the increasing virulence of wild MDV [8]. CVI988/Rispens is one of the most effective commercially available MDV vaccines, which can induce lifelong immune protection in chickens [9]. Moreover, the recombinant MDV CVI988 prepared by bacterial artificial chromosome technology has the characteristics of efficient replication and strong immune protection, which offers MDV/CVI988 high commercial value for the development of a virus vaccine vector [10]. As a very virulent strain, MDV/RB1B can cause MD in susceptible chickens, but not in those that are MDV/CVI988-vaccinated [11,12]. Notably, although vaccination protects against MD after infection with virulent MDV strains, vaccine-induced immunity fails to induce sterilizing immunity to eliminate the virus, resulting in its further spread via feather and dander [5]. This may be due to MDV Meq oncoprotein amino acid mutations, which alter the virulence of the virus, as reported by Conradie et al., and are associated with allowing the virus to overcome vaccinal protection [13]. On the other hand, the intense invasiveness and virulence of vvMDV makes it possible to break through the protection of vaccine-induced immunity [14]. However, studies on how attenuated MDV vaccines activate host-protective immune responses against vvMDV strains are still scarce.



Our previous study reported that MDV/CVI988 and MDV/RB1B (a vvMDV strain) elicited different host immune responses in early cytolytic infection phase (5 dpi) in vivo experiments. In particular, the transcription level of some cytokines in the splenic lymphocytes, including IL-1β, IL-6, IL-8L1, and CCL4, which are related to B cell activation and antigenic signal transduction to T cells, were significantly upregulated by MDV/CVI988 infection compared with MDV/RB1B infection [15]. Considering the different pathological responses of the host after infection with the MDV vaccine strain and virulent strain, we speculate that the replication and immune activation status of MDV with different virulence levels also differ during the latent infection and reactivation phases. Here, we investigated the viral replication curves of the vaccine strain and vvMDV strain in the host spleen and bursa during the latent and reactivation phases. In addition, the mRNA levels of interferons and cytokines related to immune activation and inflammatory responses in chickens within 28 dpi with the vaccine MDV strain CVI988 and very virulent MDV strain RB1B were detected and analyzed for the first time. Our results demonstrated that the replication ability of the vvMDV strain was stronger than that of the vaccine strain, and the cytokine responses induced by different strains were positively associated with the immune status and the establishment of latent infection by the virulent strain.




2. Materials and Methods


2.1. Ethics Statement


We carried out the animal experiments in strict accordance with the requirements of the Laboratory Animal Requirements of Environment and Housing Facilities (GB14925-2010, National Laboratory Animal Standardization Technical Committee) and the Chinese Regulations of Laboratory Animals Guidelines (Ministry of Science and Technology of People’s Republic of China). The experimental procedures were approved and audited by Beijing Academy of Agricultural and Forestry Sciences animal welfare committee (15 December 2017, license number 2017-0039, ID: SYXK(Jing)).




2.2. Viruses, Experimental Animals, and Design


Very virulent MDV strain MDV/RB1B (passage 10) was preserved in our laboratory. MDV vaccine strain MDV/CVI988 (passage 45) was purchased from Linyv Avian Health Co., Ltd., Beijing, China. Animal experiments were conducted in specific pathogen-free (SPF) chicken isolators in a temperature-controlled animal house. The SPF chickens (White Leghorn lines) used in this study were purchased from Beijing Boehringer Ingelheim Vitao Biotechnology Co., Ltd., Beijing, China. Seventy-two one-day-old SPF chickens (mixed-sex) were randomly divided into 3 groups, and each group (24 chickens) was separately reared. The MDV-infected chickens were subcutaneously injected in the neck with 5000 plaque-forming units (pfu) of MDV/RB1B or MDV/CVI988 in 0.2 mL. The mock-treated chickens in the control group were injected with 105 chicken embryo fibroblast cell (0.2 mL) in the same way. Bursas and spleens were sampled from the euthanized chickens of 3 experimental groups (control, MDV/CVI988, MDV/RB1B) at 7, 14, 21, and 28 dpi. Six chickens were taken from each experimental group at each time point.




2.3. RNA and DNA Isolation from Bursa and Spleen


The tissue samples of the bursas and spleens collected from the inoculated and uninoculated chickens were ground after freezing in liquid nitrogen. The total DNA used for quantification using real-time PCR was extracted with 20 mg per sample using the DNeasy Blood & Tissue Kit (Qiagen, The Netherland), and each sample was eluted with 40 µL of deionized H2O. Then, 2 µL of each sample DNA was taken for absolute qPCR. The total RNA was extracted with 20mg per sample using the RNeasy Mini Kit (Qiagen, Netherland). Then, cDNA was obtained by reverse transcription using the SuperScript™ III First-Strand Synthesis System (Invitrogen, Waltham, MA, USA, USA), utilizing the RNA as a template. The cDNA concentration of each sample was quantified using the NanoDrop spectrophotometer (ThermoFisher, Waltham, MA, USA) and adjusted to 100 ng/µL. Then, 2 µL of each sample cDNA was taken for a relative qPCR.




2.4. Absolute Quantitation of MDV Copies


Serial dilutions ranging from 108 to 101 copies/2 µL of MDV/CVI988-BAC (bacterial artificial chromosome DNA of MDV) [16] were used as standard control samples to quantify the Meq gene copies. The Meq gene primers designed for both MDV/CVI988 and MDV/RB1B were presented in Table 1. The quantitative PCR (qPCR) was performed using CFX96 Real-Time system (Bio-Rad, Hercules, CA, USA) with 20 µL of reaction volume (2 µL of DNA, 0.6 µL of each primer in 10 µM, 10 µL of Bio-Rad iTaq Universal SYBR Green Supermix and 6.8 µL of H2O) under the following conditions: pre-incubated at 95 °C for 2 min, and then 40 cycles of 95 °C for 15 s and 58.6 °C for 1 min. The copy number of each standard control and the corresponding CT value were used to establish a standard linear regression curve, and then the copies of the Meq gene were calculated based on the CT value of each sample. The Meq copies presented in Figure 1 are the copies per 1 mg of tissue.




2.5. Relative Quantification of Cytokine Expression Levels


The cDNA of the cytokines obtained above was used for the relative qPCR. Each cytokine expression level was normalized by the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene. The primer sequences used to detect the target genes and GAPDH are listed in Table 1.The qPCR was also performed using the CFX96 Real-Time system (Bio-Rad, USA) with 20 µL of reaction volume (2 µL of DNA, 0.6 µL of each primer in 10 µM, 10 µL of Bio-Rad iTaq Universal SYBR Green Supermix and 6.8 µL of H2O) with the following conditions: initial denaturation at 95 °C for 1 min; 40 cycles of 95 °C for 15 s and 60 °C for 1 min; and finally, a melting curve analysis.




2.6. Statistical Analysis


The data were statistically analyzed using SPSS software and GraphPad Prism. The statistical results of the data are presented as mean ± SD in the figures. The significance of the difference between the experimental groups was analyzed by a t-test. (***) indicates statistically significant differences (p < 0.001); (**) indicates statistically significant differences (p < 0.01); (*) indicates statistically significant differences (p < 0.05); and (ns) indicates no significant differences.





3. Results


3.1. Differences in MDV Load between Vaccine and Virulent Strain in Spleen and Bursa


To detect the replication kinetics of the vaccine strain and vvMDV strain during the latent and reactivation infection phases, the DNA of the spleen and bursa of chickens infected with MDV/CVI988 or MDV/RB1B at 7, 14, 21, and 28 dpi were extracted. The MDV copies in the spleen and bursa were detected based on the Meq gene. The results showed that, within 28 dpi, the MDV/RB1B copy number was significantly higher than that of MDV/CVI988 in both the spleen and bursa, indicating that MDV/RB1B was more capable of replication in vivo (Figure 1A,B). Meanwhile, our results signified that both MDV/CVI988 and MDV/RB1B copy numbers in the spleen were higher than that in the bursa (Figure 1C,D), which suggests that the target cell composition and internal environment of the spleen may be more suitable for MDV proliferation during the latent and reactivation infection phases.




3.2. Effects of MDV Replication on Interferon and PML Expression in the Spleen and Bursa


To determine the interferon productions induced by MDV infection in the spleen and bursa, IFN-β, IFN-γ, and PML mRNA levels were analyzed using RT-qPCR assays. The level of IFN-β mRNA was significantly upregulated in both the spleen and bursa of chickens infected with MDV/CVI988 and MDV/RB1B in the early stage of infection (7 dpi), but it was inhibited to different degrees thereafter in the MDV/RB1B experimental group (Figure 2 and Figure 3). Compared with MDV/CVI988, MDV/RB1B infection induced more significant transcriptional upregulation of IFN-β in the spleen at 7 dpi. However, at 14, 21 and 28 dpi, MDV/RB1B infection resulted in more severe suppression of IFN-β expression in the spleen than that of MDV/CVI988 infection (Figure 2A). Unlike IFN-β, the changes of IFN-γ transcription in the spleen were significantly upregulated by MDV/RB1B or MDV/CVI988 infections. The upregulation of IFN-γ triggered by MDV/RB1B infection persisted until 21 dpi in the spleen, whereas that triggered by MDV/CVI988 infection only lasted until 14 dpi (Figure 2B). This suggests that MDV/RB1B infection induces a stronger interferon type II response in the spleen than MDV/CVI988. As the core component of PML-NBs, PML is an important host-defense molecule that inhibits early herpes virus infection and favors the establishment of latent infection. It is also an interferon stimulator positively regulated by IFN-γ. The results of our investigation showed that the transcription levels of PML in the spleen were upregulated at 7 and 14 dpi after MDV/RB1B infection, but for CVI988 infection, they were only upregulated at 7 dpi. Moreover, there was no significant difference in PML mRNA levels in the spleens of the two MDV-infected groups and the control group at 21 dpi (Figure 2C).



IFN-β transcription in the bursa of chickens infected with MDV/CVI988 or MDV/RB1B was significantly upregulated at 7 dpi. However, in contrast to the results detected in spleens, there was no significant difference in the upregulation of IFN-β mRNA in the bursa induced by infection with these two MDV strains at 7 dpi. MDV/RB1B infection induced a more effective suppression of IFN-β expression than MDV/CVI988 in the bursa at 14–21 dpi (Figure 3A). The IFN-γ transcription levels in the bursa of chickens infected with MDV/RB1B or MDV/CVI988 increased significantly at 7 and 14 dpi. Consistent with the results in the spleen, MDV/RB1B infection also induced more vigorous IFN-γ transcriptional activation in the bursa compared with MDV/CVI988 (Figure 3B). After MDV infection, the changes of PML transcription in the bursa also occurred at 7 and 14 dpi. MDV/RB1B infection resulted in a six-fold increase in PML mRNA levels at 7 dpi and a three-fold increase at 14 dpi, whereas PML mRNA levels in the bursa upregulated by MDV/CVI988 infection less than two-fold at 7 and 14 dpi (Figure 3C).




3.3. Effects of MDV Replication on and Chemokine Expression in the Spleen and Bursa


Chickens infected with MDV/RB1B or MDV/CVI988 had significantly increased mRNA levels of IL-1β in the spleen compared with the mock chickens at 7, 14, 21, and 28 dpi. The mRNA levels of IL-1β induced by MDV/RB1B and MDV/CVI988 were not significantly different at 7, 14, and 21dpi, while MDV/RB1B induced higher IL-1β expression at 28 dpi (Figure 4A). MDV/CVI988 infection increased IL-6 mRNA levels in chicken spleens by up to six-fold at 7 dpi and four-fold at 14 dpi. Nonetheless, it had no obvious effect on IL-6 expression at 21 and 28 dpi in the spleen. The IL-6 mRNA levels in chickens infected with MDV/RB1B increased at all four time points post-inoculation, ranging from five-fold at 7 dpi to almost ten-fold at 28 dpi. In addition, the transcriptional activation of IL-6 in the spleen, induced by MDV/RB1B, was higher than that induced by MDV/CVI988 at 14, 21, and 28 dpi (Figure 4B). The transcription of IL-8L1 in the spleen was inhibited by MDV/RB1B or MDV/CVI988 infection in chickens at 7 dpi but was upregulated thereafter, particularly MDV/RB1B infection at 21 and 28 dpi (Figure 4C). MDV/CVI988 infection resulted in a substantial upregulation of CCL4 mRNA in the spleen of chickens, up to thirty-fold compared with uninfected chickens at 7 and 14 dpi. Although MDV/RB1B infection also positively regulated CCL4 transcription, the extent of upregulation was significantly less than that of MDV/CVI988 at 7 and 14 dpi. At 21 dpi, both MDV/RB1B and MDV/CVI988 increased the mRNA levels of CCL4 in the spleen, and there was no significant difference between the two MDV strains (Figure 4D).



Likewise, chickens infected with MDV/CVI988 at 7 and 14 dpi showed significantly increased levels of IL-1β in the bursa compared with the uninfected control chickens, but the MDV/RB1B infection-induced upregulation of IL-1β transcription lasted from 7 to 28 dpi (Figure 5A). The mRNA levels of IL-6 in the bursa were significantly upregulated at 7, 14, 21, and 28 dpi by either MDV/RB1B or MDV/CVI988 infection, and there was no significant difference between the two strains, which was inconsistent with the results in the spleen (Figure 5B). The transcription of IL-8L1 in the bursa of MDV/CVI988- or MDV/RB1B-infected chickens were both inhibited at 7 dpi, but then, the transcription levels began to increase. The mRNA level of IL-8L1 in the bursa of the MDV/CVI infection group was higher than that in the control group at 14, 21, and 28 dpi. In the MDV/RB1B infection group, the IL-8L1 transcription level was higher than that in the control group at 21 and 28 dpi (Figure 5C). The bursa CCL4 mRNA levels in chickens infected with MDV/CVI988 increased by 14-fold compared with those in the control group at 7 dpi and were significantly higher than that of the MDV/RB1B-infected group. However, there was no significant difference among all experimental groups at 14, 21, and 28 dpi (Figure 5D).





4. Discussion


As an oncogenic herpes virus, the infection of MDV comprises the early cytolytic phase, latency, reactivation, and transformation phases [17]. The initial cytolysis phase after MDV infection occurs around 2–7 dpi when B lymphocytes in the spleen and bursa are the main target cells of MDV proliferation [18]. Then, MDV infection enters the latency phase at around 7–10 dpi; the main target cells in this infection phase are CD4+ T cells [19,20]. The late reactivation and immunosuppressive phases are also initiated in CD4+ T cells at approximately 18 dpi, and the final transformation phase is characterized by multiple organ tumors originating from CD4+ T cell lymphoma at approximately 28 dpi [21]. Especially in susceptible chickens, a second wave of productive infection and cytolysis begins 14–21 dpi after MDV infection, which is known as the reactivation or late cytolytic phase [21]. MDV infections result in alterations in the infiltration and proliferation of B cells and CD4+ T cells. As main lymphoid organs in chickens, both the spleen and bursa not only support MDV replication, but also play an important role in immune response [15,22,23]. Moreover, the spleen mainly contains B and T lymphocytes, which are dominant target cells of MDV. As the main site of B lymphocyte maturation and development, the bursa is the main target organ during the early stages of MDV infection. Moreover, the virus continues to replicate in the bursa within 5 weeks of MDV infection, causing varying degrees of bursa atrophy depending on the strain [24].



In this study, we examined the viral loads of MDV vaccine strain MDV/CVI988 and vv strain MDV/RB1B as a measure of the kinetics of replication, as well as interferon and inflammatory cytokines, in the spleen and bursa of chickens. The MDV viral load in the spleen and bursa show that MDV/RB1B has a significantly stronger replication ability than MDV/CVI988. Earlier studies by our group showed that MDV/RB1B replication was significantly stronger than that of CVI988 in the bursa and spleen at 5 dpi [15]. Combined with the results of this study, the replication ability of MDV/RB1B was also significantly stronger than that of MDV/CVI988 in the latent and reactivation infection phases (7–28 dpi) in vivo. We speculate that MDV strains with stronger virulence are more capable of replicating in chickens, which is consistent with the results of Jarosinski et al. showing that the vv+ MDV strain, RK-1, is significantly more capable of replicating in vivo than the virulent strain, JM-16, within 14 days after infection [25]. The bursa plays an immune function in chickens until 60 days of age and undergoes gradual involution after 14 days of age, whereas non-bursal tissue gradually take over its role [26]. Our results showed that viral loads in the spleen after infection with the MDV vaccine strain and vvMDV strain were higher than those in the bursa, which was consistent with the results of Baigent et al. on MDV/CVI988 replication in vivo [27]. This may be because lymphoid organs are the dominant sites for MDV replication and the spleen is the peripheral lymphoid organ that aggregates more T cells than the bursa, facilitating MDV reactivation from latent infection [28]. Therefore, we hypothesized that the higher replication level of MDV/RB1B in the spleen at 21 and 28 dpi than that of MDV/CVI988 might be related to more transformed T cells in the spleen, which support the productive replication of MDV. It has been demonstrated that the respective specific cleavage patterns of MDV/CVI988 and MDV/RB1B after infecting host cells are important factors affecting viral pathogenicity and replication [29,30]. We present that the differential replication between MDV/CVI988 and MDV/RB1B in spleens and bursas may be related to the strain-specific splicing mode of MDV in different cells. In addition, due to the different microenvironment of tissues, the replication ability of MDV varies in each tissue, which agrees with the result in the study of Haq et al. that MDV/RB1B replication ability is stronger in the feather follicle than in the spleen [31].



Although type I interferons did not prevent multiorgan tumors caused by vMDV infection, they were shown to inhibit MDV replication and alleviate clinical symptoms [32]. In our study, the expression of IFN-β at 7 dpi in the spleen and bursa of chickens infected with MDV/CVI988 and MDV/RB1B increased; however, different extents of expression inhibition were observed at 14, 21, and 28 dpi, and the downregulation of IFN-β transcription caused by the MDV/RB1B strain was more obvious. Once the pathogen was detected, pattern recognition receptors initiated the innate immune response and then triggered the production of type I interferon [33]. Therefore, the upregulation of IFN-β transcription at 7 dpi is an inevitable result of the innate immune response activation caused by virus proliferation. However, it has been reported that MDV inhibits the innate immune response by restraining the cGAS-STING DNA-sensing pathway in vitro and in vivo [34]. As the viral load of MDV is relatively low in the early infection phase, the host’s innate immune response is dominant. With the increase in viral load and viral protein expression, the type I IFN response of the host no longer dominates, and IFN-β transcription is inhibited from 14 dpi. The inhibitory effects of MDV/RB1B on IFN-β were stronger than those of MDV/CVI988, likely due to the higher RB1B viral load in the spleen and bursa, which may also be caused by the higher virulence of RB1B to immune cells, resulting in impaired immune responses by virus-induced apoptosis [35].



IFN-γ is thought to play a crucial role in the anti-MDV immune response and can directly or indirectly resist MDV replication through the induction of nitric oxide [36,37,38]. The results of the study indicated that the expression of IFN-γ in the two lymphoid organs was upregulated by MDV infection, and the vv strain MDV/RB1B induced stronger IFN-γ transcriptional upregulation than MDV/CVI988 at 7, 14, and 21 dpi, which showed a trend similar to that reported by Bavananthasivam et al. [39]. As previous studies have reported that MDV activates NK cells through Meq, which in turn upregulates IFN-γ transcription, this may be due to the higher MDV/RB1B replication in the spleen and bursa inducing a greater number of activated NK cells and T-cells [40]. It is coincident with the evidence that the mRNA level of IFN-γ is significantly increased at 5 and 7 dpi following RB1B strain MDV infection [15,41]. Furthermore, we found that PML expression was up-regulated by both MDV strains prior to 14 dpi, and MDV/RB1B infection showed a higher efficiency than that of MDV/CVI988 infection (Figure 2C and Figure 3C). As a core component of the PML nucleosome, PML plays a major role in facilitating the establishment of a latent state for herpes viruses such as HSV-1 [42,43]. PML expression is positively regulated by IFN-γ and has been shown to inhibit herpes virus DNA replication and transcription [44,45]. Moreover, PML plays a major role in composing PML-NBs, which favor the establishment of a latent state for herpes viruses such as HSV-1 through a PML NB/Histone H3.3/H3.3 Chaperone Axis [42,46]. Considering the role of PML in the process of latent infection with the herpes virus, these early high levels of IFN-γ and PML expression in chickens infected with MDV/RB1B could drive latent infection to occur earlier [47]. These findings suggest that, unlike MDV/CVI988 immunization, MDV/RB1B infection might prolong the latent infection, leading to CD4+ T cell transformation.



IL-1β, IL-6, IL8L1, and CCL4 are associated with B cell activation as well as antigenic signal transduction to T cells [48,49,50]. IL-1β is an important pro-inflammatory cytokine indispensable for tissue repair and cellular defense [51,52]. The transcriptional upregulation of IL-1β is thought to be related to the occurrence of tumors, including lung, colon, and breast cancers, and it is also related with poorer prognosis [53]. We found that IL-1β was highly expressed in the spleen and bursa of chickens at 7 and 14 after MDV/CVI988 infection (Figure 4A and Figure 5A), and the expression level gradually decreased with time, which was consistent with the data reported previously on N2a strain chickens infected with the MDV JM-6 strain [25]. However, infection with the MDV/RB1B strain resulted in persistently high levels of IL-1β transcription in both the spleen and bursa. It has been confirmed that the up-regulation of IL-1β is positively associated with morbidity caused by HSV-1 infection [54]. Therefore, we speculated that this phenomenon of increased viral load and a continuous transcriptional up-regulation of IL-1β caused by MDV/RB1B infection may be related to its pathological damage to lymphoid organs and CD4+ T cell transformation due to viral replication, but the specific mechanism requires further study. Pro-inflammatory cytokine IL-6 is elevated in susceptible chickens during MDV infections [55]. Mohamed et al. also found that the expression of IL-6 in the spleen of RB1B-infected unvaccinated chickens was higher than that in vaccine-immunized chickens [56]. Combined with our experimental findings that MDV/RB1B infection induced a higher level of IL-6 mRNA in the spleen at 14, 21, and 28 dpi than MDV/CVI988, we speculated that the persistently high levels of IL-6 expression in lymphoid organs might be a differential marker between vvMDV strain infection and MDV/CVI988 immunization. The transcriptional expression of IL-6 and IL-8 is rapidly induced by many herpes virus infections, including HSV-1, HCMV, and VZV, which represent the activation of pro-inflammatory cytokines [57,58,59]. However, IL-8L1 is only encoded in chickens and is believed to function as an IL-8. In addition, it may have similar functions to MDV viral IL8 (vIL-8) in the hinge of infection from B to T lymphocytes, which promotes lymphoma formation through the subsequent recruitment of CD4+ T cells [60]. The IL-8L1 mRNA level of the spleen and bursa induced by MDV/RB1B was higher than that induced by MDV/CVI988 at 21 and 28 dpi (Figure 4C and Figure 5C). This implies that MDV/RB1B infection initiates a more dramatic inflammatory response compared to MDV/CVI988 immunization. CCL4, highly expressed by effector CD8+ T cells, has been proven to play a crucial role in immune response, cellular recruitment, and direct anti-viral activity against HSV-1 [61]. Our results demonstrated that vaccine strain MDV/CVI988 infection resulted in high levels of CCL4 expression in the key lymphoid organs of the chicken, particularly in the bursa infected at 7 dpi and the spleen within 21 days after infection (Figure 4D and Figure 5D). Considering the positive role of CCL4 in the suppression of herpes virus infection, we speculated that the up-regulation of CCL4 expression after MDV/CVI988 vaccination may be the outcome of the CD8+ CTL response, and it is expected to play a significant role in the defense against vvMDV infection [62].




5. Conclusions


In this study, we found that the replication ability of very virulent MDV/RB1B was significantly stronger than that of MDV/CVI988 within 28 days post-infection, and the replication levels of both MDV strains in the spleen were significantly higher than those in the bursa. During the latent and reactivation phase of MDV infection (7–28 dpi), the transcriptional upregulation of chicken IL-1β, IL6, IL-8L1, IFN-γ, and PML in the spleen and bursa induced by MDV/RB1B infection was overall stronger than that of MDV/CVI988. However, compared to MDV/RB1B infection, MDV/CVI988 infection resulted in a more effective transcriptional activation of CCL4 in the latent infection phase (7–14 dpi), which may be a characteristic distinguishing the vaccine MDV strain from the vvMDV strain. This study provides new insights with which to explore the mechanisms of MDV immunity and pathogenesis.
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Figure 1. MDV/CVI988 and MDV/RB1B DNA replication in spleen and bursa. (A): MDV/CVI988 and MDV/RB1B DNA replication in spleen; (B): MDV/CVI988 and MDV/RB1B DNA replication in bursa; (C): MDV/RB1B DNA replication in spleen and bursa; (D): MDV/CVI988 DNA replication in spleen and bursa. The statistical results are shown as the means ± SD of each experimental group. Statistical significance between experimental groups was assessed by t-test (* p < 0.05; ** p < 0.01; *** p < 0.001; ns, no significance). 
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Figure 2. IFN-β, IFN-γ, and PML transcripts in the spleen inoculated with MDV/CVI988 and MDV/RB1B. (A): Specific IFN-β transcripts in the spleen; (B): specific IFN-γ transcripts in the spleen; (C): specific PML transcripts in the spleen. The statistical results are shown as the means ±SD of each experimental group. Statistical significance between each two experimental groups (CVI988 vs. MOCK, RB1B vs. MOCK, CVI988 vs. RB1B) was assessed by t-test (* p < 0.05; ** p < 0.01; *** p < 0.001; ns, no significance). 
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Figure 3. IFN-β, IFN-γ, and PML transcripts in the bursa inoculated with MDV/CVI988 and MDV/RB1B. (A): Specific IFN-β transcripts in the bursa; (B): specific IFN-γ transcripts in the bursa; (C): specific PML transcripts in the bursa. The statistical results are shown as the means ± SD of each experimental group. Statistical significance between each two experimental groups (CVI988 vs. MOCK, RB1B vs. MOCK, CVI988 vs. RB1B) was assessed by t-test (* p < 0.05; ** p < 0.01; *** p < 0.001; ns, no significance). 
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Figure 4. IL-1β, IL-6, IL-8L1, andCCL4 transcripts in the spleen inoculated with MDV/CVI988 and MDV/RB1B. (A): Specific IL-1β transcripts in the spleen; (B): specific IL-6 transcripts in the spleen; (C): specific IL-8L1 transcripts in the spleen; (D): specific CCL4 transcripts in the spleen. The statistical results are shown as the means ± SD of each experimental group. Statistical significance between each two experimental groups (CVI988 vs. MOCK, RB1B vs. MOCK, CVI988 vs. RB1B) was assessed by t-test (* p < 0.05; ** p < 0.01; *** p < 0.001; ns, no significance). 
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Figure 5. IL-1β, IL-6, IL-8L1, andCCL4 transcripts in the bursa inoculated with MDV/CVI988 and MDV/RB1B. (A) Specific IL-1β transcripts in the bursa; (B) specific IL-6 transcripts in the bursa; (C) specific IL-8L1 transcripts in the bursa; (D) specific CCL4 transcripts in the bursa. The statistical results are shown as the means ± SD of each experimental group. Statistical significance between each two experimental groups (CVI988 vs. MOCK, RB1B vs. MOCK, CVI988 vs. RB1B) was assessed by t-test (* p < 0.05; ** p < 0.01; *** p < 0.001; ns, no significance). 
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Table 1. Primers for qPCR in this study.
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	Name
	Sequence (5′-3′)
	Name
	Sequence (5′-3′)





	Meq-F
	CCCAACAGCCCCTCCAAACAC
	Meq-R
	CTTCATGGAGTTTGTCTACA



	ChIFN-β-F
	CCTCAACCAGATCCAGCATTAC
	ChIFN-β-R
	CCCAGGTACAAGCACTGTAGTT



	ChIFN-γ-F
	GCCGCACATCAAACACATATCTG
	ChIFN-γ-R
	GCGCTGGATTCTCAAGTCGTTC



	ChPML-F
	TCTACCGGCGCATTGTCAG
	ChPML-R
	TGGGTCTCGAAGCACTTTGT



	IL-1β-F
	CCCGCTTCATCTTCTACCGC
	IL-1β-R
	GCTTGTAGGTGGCGATGTTG



	IL-6-F
	AAATCCCTCCTCGCCAATCT
	IL-6-R
	CCCTCACGGTCTTCTCCATAAA



	IL8L1-F
	CCTTCAGCTTTGTGGCAGAC
	IL8L1-R
	GGAGGAGGTAGGACGTTTTTG



	CCL4-F
	CCAGAATGCTGGTAATCGACG
	CCL4-R
	GGTGATGAACACAACACCAGC



	GAPDH-F
	AGAACATCATCCCAGCGT
	GAPDH-R
	AGCCTTCACTACCCTCTTG







* F: Forward primer; R: Reverse primer.
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