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Mast cells play pivotal roles in the pathogenesis of influenza A virus (IAV) infections. Defective viral particles (DPs) often arise during IAV replication, which can interfere with the replication of infectious viruses and stimulate the antiviral response of host cells. Therefore, DPs are expected to have immune-protective functions in clinic. However, the potent immunogenicity and effectiveness of DPs arising in mast cells during IAV replication have not been reported. In the present study, we showed that DPs generated in the human mastocytoma cell line HMC-1 following H1N1 infection were safe to mice after vaccination. Compared with lung adenocarcinoma cells, A549, DPs generated in infected mast cells had much better immunostimulatory activity, enhancing both humoral and cellular immunity of hosts. Notably, they could significantly increase the expression of immune-associated cytokines, especially the IFN-γ. Due to the robust immunogenicity, thus DPs generated in infected mast cells could stimulate the robust protective immune reaction effectively to fight against lethal IAV re-challenge after vaccination, which result in the high survival, decreased lung injury as well as inhibition of viral replication and inflammatory response in lungs. This study is the first to illustrate and explore the safety, immunogenicity, and effectiveness of DPs arising in mast cells against influenza as favorable potential vaccination. The results provide insight into the advances of new prophylactic strategies to fight inﬂuenza by focusing on DPs generated in mast cells.
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Introduction

Influenza A virus (IAV) is a segmented negative-stranded RNA virus that can infect animals and humans. It consists of eight gene segments (PB2, PB1, PA, HA, NP, HA, M, and NS) that together encode 17 different viral proteins (1, 2). IAV is classified according to two crucial surface glycoproteins encoded by HA and NA (3). H1N1 human influenza virus can cause major epidemics in humans, which raises the perceived public health significance of influenza to a new level. Vaccination remains the most effective preventive measure against influenza viruses. Nevertheless, vaccination effectiveness may be variable from one season to another and seasonal vaccines are not effective against pandemic viruses, and new variants arise through antigenic drifts or shifts (4). Therefore, development of novel broad-spectrum prophylactic agents against IAV is becoming research hotspots in public health and medicine.

Mast cells play an important role in both the innate and adaptive immune response. They are highly granulated cells widely distributed in connective tissue and over the mucosal surface of the body. Mast cells are pivotal not only in immunoglobulin E (IgE)-dependent anaphylaxis, but also in the host’s defense against parasites and bacteria (5, 6). In addition, mast cells have important roles in certain viral infections, such as bovine respiratory syncytial virus (RSV), Newcastle disease virus, and dengue virus (7–9). During dengue virus infection, mast cells can be activated, release various cytokines, induce apoptosis, and then participate in the injury process (10). We previously demonstrate that mast cells are activated in IAV-infected mice and escalated lung injury (11). Besides, our findings highlight the remarkable tropism and infectivity of IAV to P815 cells, indicating that mast cells may be unneglectable player in the development of IAV infection (6).

Defective viral genomes (DVGs) are truncated viral genomes that are produced at the peak of full-length virus replication in various cases such as high multiplicity of infection (MOI) and prolonged infection time (12–14). Von Magnus was the first to identify that influenza virus contained DVGs are also called defective particles (DPs) (15). Compared with infectious virus particles that contain all eight of the full-length gene segments, DPs lose infectivity due to at least one truncated gene segment (16). DVGs mostly occur in PB2, PB1, and PA gene fragments which encode polymerase and M gene segments during IAV infection (17). Recently, a research shows that the HA gene segment is truncated in the H1N1 influenza strain (18). Numerous studies have shown that DVGs can be found in various IAV-infected cells, such as Madin-Darby canine kidney (MDCK) epithelial cells and the human lung adenocarcinoma cell line A549 (18, 19).

DPs have two main functions: interfering with the replication of infectious viruses and stimulating the immune response of host cells, which are considered as potential antiviral agents. The interfering activity of DPs has been reported for various viruses, such as Sendai virus (SeV), RSV, vesicular stomatitis virus (VSV), and influenza virus (13, 16, 20). In addition, DPs strongly induce interferon (IFN) expression in cells during the infection and trigger the antiviral responses to fight viral invasion (21–24). The interfering and IFN-inducing activity of DPs prompt investigating the potential of DVGs as vaccine adjuvants and broad-spectrum antivirals (20, 21, 25). Several reports demonstrate that the mice infected with influenza virus at high DVGs (HD virus) show much lessened pathological sequalae and diminished viral load (26). It can also stimulate a local or systemic immune response in the host, inducing the maturation of dendritic cells and the differentiation of T cells. In addition, DPs that carry the 244 395nt defective segment 1 RNA are found to have an immune-protective effect against influenza B virus infection, which are prepared from plasmids encoding 244 RNA and infectious A/PR/8/34 virus by transfection of 293T cells and co-cultivation with MDCK cells (27–29). These findings confirm that the presence of DPs can limit the course of infection and reduce the excessive inflammatory response, which is worth of further study for extensive application.

In the present study, we isolated and prepared DPs from human mastocytoma cell line, HMC-1 following H1N1 infection, then assessed the immune-protective function of DPs by investigating and analyzing the safety, immunogenicity, and protective effectiveness of these DPs arising in mast cells against influenza after vaccination. Compared with lung adenocarcinoma cells, A549, DPs generated in H1N1-infected HMC-1 cells were safe and could trigger a robust adaptive immunity and enhance the immune system of mice protected from lethal H1N1. This is the first study to reveal the pivotal role of DPs generated in mast cells on protecting mice from IAV infection as favorable potential vaccination. The results provide insight into the advances of new prophylactic strategies to fight inﬂuenza by focusing on DPs generated in mast cells.



Materials and Methods


Viruses and Cell Culture

The H1N1 (A/WSN/33) virus was isolated and virus titers were determined as described previously (30). The stocks used for originally infection had been purified with low content of DVGs (LD virus). The HMC-1 cells were provided by Medical College of China Three Gorges University. The A549 cells and the MDCK cells were provided by the Cell Resource Center of Peking Union Medical College (Beijing, China) and cultured as described previously (31). For LD virus preparation, the virus was propagated in MDCK cells at 37°C for 48 h, and the viral supernatant was harvested, aliquoted, and stored at −80°C. The infectivity titer of the supernatant was measured in MDCK cells following serial dilution of the stock using half-maximal tissue culture infectious dose (TCID50) assays and total titer was measured using hemagglutination assays.



Virus With High Content of DVGs (HD Virus) Isolation and Immunization

The HMC-1 cells and A549 cells were infected with H1N1 at an equal MOI of 10 for 30 and 18 h, respectively, and then the cell supernatants were collected, purified by differential centrifugation (3,000r 30min, 10,000r 30min) and DPs were detected by titer infectivity (I)/total titer (T) ratio calculation as described previously (18). Generally, the quantitative measure of the DPs can be achieved by calculating the ratio which is equal to infectious particles/total viral particles. The infectivity titers of the culture media supernatants were measured using TCID50 assays and total titers were measured using hemagglutination assays. The I/T ratios equaled to TCID50 per 25 µl/HA per 25 µl. These samples were called the HD virus that contained high content of DVGs.

For immunization, mice were anesthetized with Zotile® (Virbac, France) and intranasally infected with 10 TCID50/mouse H1N1 HD virus. The control mice were treated with PBS or Dulbecco’s modified Eagle’s medium (DMEM) alone. The serum and spleens were collected on day 14 and 21 (three mice per group each time) after immunization and stored at −80°C.



Detection of Serum Immunoglobulins

The double-antibody sandwich enzyme-linked immunosorbent assay (ELISA) was used to determine the serum titers of total IgG, IgG1, and IgG2a in accordance with the instructions of kits. The catalog numbers of Mouse IgG ELISA Kit, Mouse IgG1 ELISA Kit, and Mouse IgG2a ELISA Kit were 70-EK2712, 70-EK2722, and 70-EK2732, which were purchased from Multi Sciences Company in China. Briefly, plates were precoated with the capture antibody specific for IgG, IgG1, and IgG2a generated by immunization of mouse, respectively. Next, the serum solution is incubated with the capture antibody to facilitate binding. The plates were washed and added with substrate TMB. Then, stop solution was added to each well of the plates. The absorbance was determined at 450 nm.



Hemagglutination Inhibition (HI) Test

HI test was carried out to detect influenza virus antibodies in serum samples as previously described (32). Briefly, four hemagglutinating units (HAU) of virus were prepared according to the HA titers, then serum samples with a two-fold dilution were mixed 1:1 with 25 µl 4 HAU virus, the mixture was incubated at room temperature for 15 min, then 50 µl erythrocytes were added and incubated at room temperature for the appropriate time. The HI titer was the reciprocal of the last dilution of the serum that completely inhibits hemagglutination.



Fluorescence-Activated Cell Sorting (FACS) Analysis of T Cell Cytokine Production

Mice were sacrificed and single cell suspensions were isolated from the spleens. Then, FACS analysis was performed to determine T cell cytokine production, as described previously (33). The following antibodies were ordered from eBiosciences (San Diego, CA, USA): CY5-conjugated anti-CD4, CY5-conjugated anti-CD8, FITC-conjugated anti-IFN-γ, and FITC-conjugated anti-IL-4.



Real-Time Quantitative PCR (RT-qPCR)

The expression of viral HA genes, IFN-β, IFN-γ, ISG56, monocyte chemotactic protein 1 (MCP-1), tumor necrosis factor (TNF), and interleukin 6 (IL-6) was determined as described previously (33). The primer sequences were listed in Table S1.



The Detection of T-Cell Proliferation

Single lymphocyte suspensions were isolated from the spleens of mice in each group (n = 3) at day 21 after the immunization. The methyl thiazolyl tetrazolium (MTT) method and MTS method were used to measure T-cell proliferation as previously described (32, 34). For MTT method, single-lymphocyte suspensions were seeded into 96-well plates (1 × 106 cells/well) in 100 μl of medium for indicated time. Then, 10 μl MTT was added to each well, and cells were incubated for 4 h at 37°C. Supernatant was removed, and 100 μl DMSO was added to dissolve the formazan production. Well absorbance was read on a microplate reader. For MTS method, single-lymphocyte suspensions were incubated in triplicate in 96-well plates at 5 × 104 cells/well in RPMI-1640 containing 5% of fetal calf serum at 37℃ in a 5% CO2 incubator and stimulated for 48 h with 2 µg/ml BSA. Cells that were not added with BSA were regarded as a negative control. Following stimulation, a 20 µl mixture of (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl) -2-(4-sulfophenyl) -2H-tetrazolium inner salt)/phenazine methosulfate (MTS/PMS) reagent was added and incubated for 4 h, then the optical density values were read by a plate reader. Data were expressed as the stimulation index, calculated as the mean reading of triplicate wells of antigen stimulation divided by the mean reading of triplicate wells of the negative control.



Viral Challenge In Vivo

Female BALB/c mice aged 6–8 weeks were anesthetized with Zotile® and intranasally infected with 120 TCID50/mouse H1N1 LD virus at day 21 after the immunization. The mice were observed for 14 days after the viral challenge. Three mice in each group were sacrificed at day 3 and day 6 post infection, respectively. The lung tissues were collected and some were stored at −20°C.



Ethics Statement

Animal experiments were approved by the Animal Ethics Committee of China Agricultural University (approval number 201206078) and were performed in accordance to Regulations of Experimental Animals of Beijing Authority. Besides, experimental protocols conformed to the guidelines of the Beijing Laboratory Animal Welfare and Ethics Committee and were approved by the Beijing Association for Science and Technology (approval number SYXK-2009-0423).



Histopathological and Immunohistochemical Analysis

Tissues were fixed with 4% neutral formalin for 48 h at room temperature, embedded in paraffin, and then cut to 5 μm thickness. The detection of histopathological changes by hematoxylin and eosin (H&E) staining and immunohistochemical (IHC) staining were reported previously (33). Anti-IAV nucleoprotein (NP) mAb (Abcam) were used in IHC staining and were diluted at 1:1,000.

Pathological changes were evaluated by a veterinary pathologist and scored from 0 to 4 in a blind study. Descriptions of the scores were as follows: 0 = no microscopic lesions; 1 = extremely mild, characterized by slight hyperemia and hemorrhage; 2 = mild, characterized by hemorrhage, hyperemia, and desquamation of rare epithelial cells; 3 = moderate, characterized by hemorrhage, hyperemia, desquamation of many epithelial cells, and slight infiltration of inflammatory cells; 4 = severe, characterized by hemorrhage, hyperemia, desquamation of many epithelial cells, and greater infiltration of inflammatory cells. Detection of the IAV antigen was scored from 0 to 4 according to the number of positive cells per section. Descriptions of the scores were as follows: 0 = no positive cells; 1 = 1–10 positive cells; 2 = 11–30 positive cells; 3 = 31–50 positive cells; 4 = >50 positive cells.



Plaque Assays

The procedures of plaque assays were the same as previous described. The plaques were counted and the concentration of the initial viral suspension in plaque forming units (PFU)/ml was calculated.



Data Analysis

Data analysis was conducted using two-way analysis of variance (ANOVA) with GraphPad Prism 5.0. P < 0.05 represents statistical significance. The results were showed as the means ± standard deviations of three independent experiments.




Results


The Safety of HD Virus Immunization In Vivo

Firstly, HD viruses that contained high content of DVGs were isolated and prepared from HMC-1 cells and A549 cells following H1N1 infection, respectively. As shown in Table S2, H1N1 virus stocks that maintained a low DVGs content was regarded as LD virus. HD viruses isolated from H1N1-infected HMC-1 cells and A549 cells had the same I/T ratios, which were much lower than found in LD virus. Then, the safety and immune-protective effects of prepared HD viruses were performed in vivo. As outlined in Figure 1, mice were divided into four groups and were immunized with 10TCID50/mouse HD virus (HMC-1 cells), HD virus (A549 cells), or treated with LD virus, or DMEM as a control. At 21 days after the vaccination, mice were re-challenged with a lethal dose (120TCID50/mouse) of LD virus. In order to evaluate the safety of HD virus immunization in vivo, the clinical manifestations, body weight, and mortality were observed and recorded for 14 days after the vaccination (Figure 2). As of 14 days post-immunization, mice in the both HD virus (HMC-1 cells) group and HD virus (A549 cells) group as well as control group were active and displayed a glossy coat, which have a normal weight and 100% survival. In contrast, mice in the LD virus group displayed poor condition such as thinness, depressed activity levels, and ruffled hair, which showed the dramatically dropped body weight and high mortality at 85.7%. Here, we also detected the safety of mice treated with different doses of LD virus (10, 5, 1, 0.5, 0.1, 0.05, 0.01TCID50/mouse) and found that only LD virus at dose of 0.05TCID50/mouse or lower could not cause mice death (Table S3). Thus, the results demonstrate that these two HD viruses are safe and have no negative effect on mice during immunization and could be applied in the following experiments.




Figure 1 | Experimental design schematic. Mice were randomly divided into four groups. Mice were immunized with 10TCID50/mouse HD virus (HMC-1 cells), HD virus (A549 cells), LD virus (or DMEM) at day 0, and all the mice were challenged with 120TCID50/mouse of LD virus on day 21. The body weight and mortality of mice were observed during the whole process. Three mice from each group were sacrificed on day 14, 21, 24, and 27, serum, spleen and lung tissues were collected.






Figure 2 | The safety of HD virus immunization in vivo. (A) Weight loss and (B) survival rates of mice were recorded during HD virus immunization (N = 7). Statistical difference was analyzed by comparing each group with control group. (*P < 0.05; ***P < 0.001).





DPs Generated in H1N1-Infected Mast Cells Promote the Development of Humoral Immunity

To investigate whether DPs generated in H1N1-infected mast cells could influence the immune function of mice after immunization, ELISAs were conducted to detect the levels of immunoglobulins in serum samples. As shown in Figure 3A, IgG, IgG1, and IgG2α titers in the HD virus (HMC-1 cells) group increased significantly at 14 d after immunization, and the titers were higher than those in the HD virus (A549 cells) group, especially IgG (P < 0.001). Furthermore, HI tests were also taken to measure the levels of H1 subtype antibodies in serum. As shown in Figure 3B, there was a strong HI antibody response to H1N1 in sera taken at 14 days after immunization with HD viruses. The titers of HD virus (HMC-1 cells) group were significantly higher than that of HD virus (HMC-1 cells) group (P < 0.001). Thus, these data suggest that DPs generated in H1N1-infected HMC-1 cells can positively affect virus-related antibody production and promote the antibody response to the H1N1 hemagglutinin in the host.




Figure 3 | DPs generated in H1N1-infected mast cells promote the development of humoral immunity. Serum samples of mice were collected at 14 days after immunization. (A) The IgG, IgG1, and IgG2a titers were conducted by ELISAs. (B) Antibody levels against the H1 subtype antigen were taken by HI tests. Graphs are shown from three independent replicates (**P < 0.01; ***P < 0.001; ns, no significance).





DPs Generated in H1N1-Infected Mast Cells Trigger a Robust Cellular Immunity

To measure the role of DPs on T cell responses, we isolated the single cell suspensions from the spleens of mice after immunization. The effect of DPs on T cell cytokine production was also examined by flow cytometry (Figure 4). The expression of antigen-induced IFN-γ and IL-4 in CD4+ T cells was significantly promoted in the HD virus (HMC-1 cells) group (P < 0.05). These results suggest that HD virus (HMC-1 cells) can promote the production of both Th1 and Th2 cytokines. Besides, a higher level of CD8+ T cells that express intracellular IFN-γ was observed in mice in the HD virus (HMC-1 cells) group (P < 0.05), indicating that DPs generated in H1N1-infected HMC-1 cells may facilitate the antigen-specific cytotoxic T lymphocytes (CTLs) response. Moreover, the antiviral response was also assessed by measuring the mRNA expression profiles of IFN-β, IFN-γ, and ISG56 using RT-qPCR (Figure 5). The production of antiviral cytokines was upregulated notably in the HD virus (HMC-1 cells) group compared with the any other groups, especially for IFN-γ (P < 0.01), which were in accordance with the results of flow cytometry described above.




Figure 4 | DPs generated in H1N1-infected mast cells promote the T cell response. (A, B) T cells from the spleens were collected at 14 days after immunization, stained with different fluorescent antibodies, and analyzed by flow cytometry. Graphs are shown from three independent replicates (*P < 0.05; ns, no significance).






Figure 5 | DPs generated in H1N1-infected mast cells upregulate the production of antiviral cytokines. The spleens were collected at 14 days after immunization and the expressions of IFN-β, IFN-γ, and ISG56 were analyzed by RT-qPCR. Graphs are shown from three independent replicates (*P < 0.05; ***P < 0.001; ns, no significance).



Furthermore, T cell proliferative response was detected to deeply investigate the effects of DPs on cellular immunity. MTT results showed that the OD values in two HD virus groups were all significantly higher than that in control group (P < 0.01) (Figure 6A). Though HD virus (HMC-1 cells) group had higher values than HD virus (A549 cells) group, no significance could be found in these two groups. At the same time, MTS method was also applied to measure the T cell proliferative response (Figure 6B). The stimulated index in HD virus (HMC-1 cells) group was dramatically promoted compared with any other two groups, indicating that the T cell proliferative response was robustly enhanced in the HD virus (HMC-1 cells) group (P < 0.001). Collectively, these results support that DPs generated in H1N1-infected HMC-1 cells can positively affect the host cell-mediated immunity induced by vaccination, which triggers a robust cellular immunity.




Figure 6 | DPs generated in H1N1-infected mast cells promote the T cell proliferative response. T cells from the spleens were collected at 14 days after immunization. (A, B) The T cell proliferation was measured using MTT method and MTS method, respectively. Graphs are shown from three independent replicates (***P < 0.001; ns, no significance).





DPs Generated in H1N1-Infected Mast Cells Have a Strong Protective Efficacy on Mice to Fight Against IAV

On the basis of the robust humoral and cellular immunity of DPs generated in H1N1-infected HMC-1 cells, thus we detected whether vaccination of these DPs could provide a protection against the serious disease caused by lethal IAV infection. As mentioned above, mice were re-challenged with 120TCID50/mouse H1N1 LD virus at 21 days after the first vaccination, then the body weight and mortality were assessed for 14 days. As shown in Figure 7, after re-challenge, mice that received HD virus (HMC-1 cells) had milder clinical manifestations, slighter weight loss, and higher survival than any other group. The survival rate of the HD virus (HMC-1 cells) group was 71.4% and was lower than those of the HD virus (A549 cells) (57.1%) and control group (14.3%). Besides, we also detected the protective efficacy of LD virus at dose of 0.05 and 0.01TCID50/mouse, and found that LD virus at either of these safe doses have no protective efficacy on mice to fight against IAV (Table S3). Above all, the results suggest that DPs vaccination strategy was protective.




Figure 7 | Virus preparations with high number of DPs generated in H1N1-infected mast cells have a strong protective efficacy on mice to fight against IAV. Mice were re-challenged with 120TCID50/mouse H1N1 LD virus at 21 days after the first vaccination. (A) Weight loss and (B) survival rates of infected mice were recorded (N = 7). Statistical difference was analyzed by comparing each group with control group (**P < 0.01; ***P < 0.001).



Besides, histopathological changes in the lungs were also examined by H&E staining (Figure 8A). As expected, the lungs of mice in the control group had severe lesions, including hyperemia, hemorrhage, and desquamation of epithelial cells as well as many lymphocytes and inflammatory cells infiltration surrounded the bronchioles and blood vessels. Compared with the control group, HD virus (A549 cells) group showed the milder histopathological changes, such as fewer lymphocytes and inflammatory cells infiltration. No obvious lesions were seen in the HD virus (HMC-1 cells) group, and only slight hemorrhage was present in the alveoli. The scores of pathological changes in lungs of mice were also determined. As shown in Figure 8B, the IHC staining results by using an IAV NP antibody also showed fewer positive cells in lung of mice in the HD virus (HMC-1 cells) group and HD virus (A549 cells) group when compared to the control group, especially that in the HD virus (HMC-1 cells) group. The scores of IAV antigens in the lungs of H5N1-infected mice were determined and could further show the significant difference between these two HD virus groups. The results suggested that DPs generated in H1N1-infected HMC-1 cells can alleviate lung injury in infected mice.




Figure 8 | The immunization of virus preparations with high number of DPs generated in H1N1-infected mast cells could decrease the lung injury and viral load in infected mice. The lungs were collected at day 6 post infection. (A) Lung pathological changes were observed by H&E staining and scored in a blind study. Black arrows indicate lymphocytic infiltration. Hollow arrows indicate hemorrhage and hyperemia. Hollow triangles indicate desquamation of epithelial cells. (B) The expression of viral NP was measured using IHC staining and scored in a blind study. Black arrows indicate positive signals. Graphs are shown from three independent replicates (**P < 0.01; ***P < 0.001; ns, no significance).



To investigate the influence of vaccination on replication and viral loads of IAV in vivo, the lung tissues of mice at day 3 and day 6 post-infection were collected and examined by RT-qPCR and plaque assay. As shown in Figure 9A, HA copy numbers and PFU values in the HD virus (HMC-1 cells) group were significantly lower than those in the HD virus (A549 cells) or control group (P < 0.001). These viral titer results were in accordance with the results of IHC staining and further demonstrated that DPs generated in H1N1-infected HMC-1 cells can reduce viral replication and viral loads in infected mice.




Figure 9 | The immunization of virus preparations with high number of DPs generated in H1N1-infected mast cells could inhibit the viral replication and inflammatory response in infected mice. The lungs were collected at day 3 and day 6 post infection. (A) The HA copy numbers and viral titers were measured by RT-qPCR and plaque assay, respectively. (B) The expressions of IL-6, TNF, and MCP-1 were analyzed by RT-qPCR. Graphs are shown from three independent replicates (**P < 0.01; ***P < 0.001; ns, no significance).



As excessive levels of pro-inflammatory cytokines induce an acute mononuclear and neutrophilic inflammatory response, therefore inflammatory cytokines in the lungs of mice were determined by RT-qPCR. As shown in Figure 9B, the HD virus (HMC-1 cells) group showed the lowest expressions of inflammatory cytokines among these groups, indicating the reduced inflammatory response. In terms of IL-6, the significant differences could be found between HD virus (HMC-1 cells) group and HD virus (A549 cells) (P < 0.01) at day 6 post-infection. Collectively, these results support that DPs generated in H1N1-infected HMC-1 cells can have a strong protective efficacy on mice to fight against IAV through decreased lung injury as well as inhibition of viral replication and inflammatory response.




Discussion

Mast cells, one kind of critical immune cells, are known to have pivotal roles in both innate and protective immunity against viral infections via releasing various cytokines and chemokines (5, 35, 36). DPs can be generated in various kinds of cells and have two crucial functions: interfering with full-length virus replication and inducing antiviral responses in various cells during IAV infection, which are considered as potent vaccine adjuvants and broad-spectrum antivirals (20, 25). Previous studies have shown that DPs originated from the mouse Sendai virus can be regarded as potent immunostimulants in the process of immunization (16). These findings confirm that the presence of DPs can limit the course of infection and reduce the inflammatory response. Here, we also detected the immunostimulatory properties of IAV DPs. The object of our research was evaluating the immunogenicity and effectiveness of DPs generated in mast cells against influenza after vaccination, to further investigate whether DPs generated in H1N1-infected mast cells also have the potential immunostimulatory. Under conditions with the same content of viral titers and DPs, the vaccination of DPs generated in H1N1-infected HMC-1 cells were safe to mice, which had no negative effects such as body weight and mortality.

It is well known that the protective immunity against viral infections is correlated with antigen-specific humoral responses (37). Here, we investigated the effects of DPs generated in H1N1-infected HMC-1 cells on humoral response. We found that total IgG, IgG1, and IgG2a as well as HI serum titers were all increased at day 14 after immunization in HD virus (HMC-1 cells) group compared with those in HD virus (A549 cells). Therefore, our study is the first to confirm that DPs generated in H1N1-infected HMC-1 cells can promote the antibody production in serum and enhance the antigen-specific humoral responses in the host.

Furthermore, the protective immunity against viral infections is associated with antigen-specific cellular responses, including the expression of T cell related cytokines and the T cell proliferation (37, 38). IFN-γ, a type II IFN, has a pivotal role in regulating immunity. During viral infection, both antigen-specific humoral and cell-mediated immunity are triggered in the hosts. Mature T cells are classified into two subgroups: CD4+ T cells that recognize the exogenous antigen, and CD8+ T cells that recognize the endogenous antigen. IFN-γ is produced and secreted from both types of T cell but performs different functions in each. IFN-γ secreted from CD4+ T cells promotes the activation of T cells, while IFN-γ secreted from CD8+ T cells enhances the ability of cytotoxic T cells to kill abnormal cells. Our previous study shows that IFN-γ can also be released from mouse mast cells during IAV infection and regulate a series of pulmonary epithelial cell apoptosis (6). To date, various reports have shown that DPs can stimulate the immune response via high-level expression of type I IFN (39, 40). However, few reports have assessed the action of type II IFN in the immune response induced by DPs. Considering the crucial role of IFN-γ in the cellular response, we also detected not only antigen-induced IL-4 but also IFN-γ in CD4+ T cells and CD8+ T cells, respectively. The results showed that DPs generated in H1N1-infected HMC-1 cells could trigger a robust cellular response, especially the antigen-specific CTLs response. RT-qPCR results could further confirm the significant higher expression of IFN-γ in HD virus (HMC-1 cells) group compared with those in HD virus (A549 cells) at day 14 after immunization. Here, we provide novel data demonstrating that DPs generated in H1N1-infected HMC-1 cells could trigger a robust cellular response. In addition, T cell proliferative response was robustly enhanced in the HD virus (HMC-1 cells) group. Together, these results firstly validate that DPs generated in H1N1-infected HMC-1 cells can trigger a robust cellular immunity, including the promotion of T cell proliferation and related cytokines, especially the IFN-γ.

To further understand if the enhanced levels of the humoral and cellular responses induced by DPs generated in H1N1-infected HMC-1 cells could have the protective efficacy on mice to fight against IAV, mice were re-challenged with lethal H1N1 LD virus at 21 days after the first vaccination. After re-challenge, DPs generated in H1N1-infected HMC-1 cells could make the slighter weight loss and higher survival when compared with DPs generated in infected A549 cells. In lung lesions, decreased lung injury as well as inhibition of viral replication and inflammatory response was induced by DPs generated in H1N1-infected HMC-1 cells. Thus, DPs generated in H1N1-infected HMC-1 cells have a strong protective efficacy on mice to fight against IAV. Nigel J. Dimmock et al. demonstrates that cloned DPs, which carry the 244 395nt defective segment 1 RNA and are amplified in MDCK cells, can not only protect mice from lethal in vivo infection with IAVs from several different subtypes, but also protect in vivo against genetically unrelated interferon-sensitive respiratory viruses such as pneumonia virus of mice through inducing a protective immune response (21, 41). Thus, we speculate that these robust immune-protective effects induced by DPs generated in H1N1-infected HMC-1 cells can also have the potential to protect against various subtypes of IAVs as well as respiratory virus infections. Notably, LD virus at either of these safe doses had no protective efficacy on mice to fight against IAV, further indicating that it is the defective virus particles rather than a small portion of the infectious viruses in the HD virus samples that induced the great protection. Besides, we speculate that different immune-protection of DPs generated in H1N1-infected HMC-1 cells and A549 cells mainly because of the differences of DVGs in DPs generated in these two different kinds of cells. We consider that DPs generated in H1N1-infected HMC-1 cells contain one or some unique deleted RNA species that could not be found in DPs generated in infected A549 cells.

In summary, as shown in Figure 10, our data suggests that DPs generated in DPs generated in H1N1-infected mast cells facilitate to trigger adaptive immune responses of mice and have much better immunostimulatory activity than those generated in infected A549 cells, enhancing both humoral and cellular immunity of hosts and stimulating the robust protective immune reaction against lethal IAV re-challenge. The protection afforded by these DPs has clinical beneﬁts against diseases caused by IAV infection. The advantages of DPs as antivirals include their efﬁcacy, single dose requirement, low amounts of material, immediate effect, and protection. These observations demonstrate for the first time that DPs generated in H1N1-infected mast cells are potent novel candidate immunostimulants that should be tested in various vaccine platforms and can be beneﬁcial in the prophylaxis of IAV infection.




Figure 10 | Overview of findings.





Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

The animal study was reviewed and approved by Beijing Laboratory Animal Welfare and Ethics Committee, Beijing Association for Science and Technology.



Author Contributions

CH, JT, JC, and YH carried out experiments, analyzed data, and wrote the paper. JX, MC, SZ, HT, MW, HS, and YH designed the study and supervised the project. CH, HS, and YH assisted in the data analysis and discussion. CH and YH drew the figures. All authors contributed to the article and approved the submitted version.



Funding

Research reported in this publication was supported by the National Natural Science Foundation of China (Grant no. 31772702) and the Chinese Universities Scientific Fund (Grant no. 2018TC044) as well as the Talent Cultivation Program of China Agricultural University.



Acknowledgments

The authors appreciate all staffs of the Key Laboratory of Animal Epidemiology of Ministry of Agriculture, China.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.585254/full#supplementary-material



References

1. Bouvier, NM, and Palese, P. The biology of influenza viruses. Vaccine (2008) 26 Suppl 4:D49–53. doi: 10.1016/j.vaccine.2008.07.039

2. Horne, RW, Waterson, AP, Wildy, P, and Farnham, AE. The structure and composition of the myxoviruses. I. Electron microscope studies of the structure of myxovirus particles by negative staining techniques. Virology (1960) 11:79–98. doi: 10.1016/0042-6822(60)90056-8

3. Olsen, B, Munster, VJ, Wallensten, A, Waldenstrom, J, Osterhaus, AD, and Fouchier, RA. Global patterns of influenza a virus in wild birds. Science (2006) 312(5772):384–8. doi: 10.1126/science.1122438

4. Chen, LH, Leder, K, and Wilson, ME. Closing the gap in travel medicine: reframing research questions for a new era. J Travel Med (2017) 24(4):1–9. doi: 10.1093/jtm/tax001

5. Marshall, JS. Mast-cell responses to pathogens. Nat Rev Immunol (2004) 4(10):787–99. doi: 10.1038/nri1460

6. Meng, D, Huo, C, Wang, M, Xiao, J, Liu, B, Wei, T, et al. Influenza A Viruses Replicate Productively in Mouse Mastocytoma Cells (P815) and Trigger Pro-inflammatory Cytokine and Chemokine Production through TLR3 Signaling Pathway. Front Microbiol (2016) 7:2130. doi: 10.3389/fmicb.2016.02130

7. King, CA, Marshall, JS, Alshurafa, H, and Anderson, R. Release of vasoactive cytokines by antibody-enhanced dengue virus infection of a human mast cell/basophil line. J Virol (2000) 74(15):7146–50. doi: 10.1128/JVI.74.15.7146-7150.2000

8. Jolly, S, Detilleux, J, and Desmecht, D. Extensive mast cell degranulation in bovine respiratory syncytial virus-associated paroxystic respiratory distress syndrome. Vet Immunol Immunopathol (2004) 97(3-4):125–36. doi: 10.1016/j.vetimm.2003.08.014

9. Sun, Q, Li, W, She, R, Wang, D, Han, D, Li, R, et al. Evidence for a role of mast cells in the mucosal injury induced by Newcastle disease virus. Poult Sci (2009) 88(3):554–61. doi: 10.3382/ps.2008-00468

10. Brown, MG, Huang, YY, Marshall, JS, King, CA, Hoskin, DW, and Anderson, R. Dramatic caspase-dependent apoptosis in antibody-enhanced dengue virus infection of human mast cells. J Leukocyte Biol (2009) 85(1):71–80. doi: 10.1189/jlb.0308167

11. Hu, Y, Jin, Y, Han, D, Zhang, G, Cao, S, Xie, J, et al. Mast cell-induced lung injury in mice infected with H5N1 influenza virus. J Virol (2012) 86(6):3347–56. doi: 10.1128/JVI.06053-11

12. Lazzarini, RA, Keene, JD, and Schubert, M. The origins of defective interfering particles of the negative-strand RNA viruses. Cell (1981) 26(2 Pt 2):145–54. doi: 10.1016/0092-8674(81)90298-1

13. Sun, Y, Jain, D, Koziol-White, CJ, Genoyer, E, Gilbert, M, Tapia, K, et al. Immunostimulatory Defective Viral Genomes from Respiratory Syncytial Virus Promote a Strong Innate Antiviral Response during Infection in Mice and Humans. PloS Pathog (2015) 11(9):e1005122. doi: 10.1371/journal.ppat.1005122

14. van den Hoogen, BG, van Boheemen, S, de Rijck, J, van Nieuwkoop, S, Smith, DJ, Laksono, B, et al. Excessive production and extreme editing of human metapneumovirus defective interfering RNA is associated with type I IFN induction. J Gen Virol (2014) 95(Pt 8):1625–33. doi: 10.1099/vir.0.066100-0

15. Von Magnus, P. Propagation of the PR8 strain of influenza A virus in chick embryos. III. Properties of the incomplete virus produced in serial passages of undiluted virus. Acta Pathol Microbiol Scand (1951) 29(2):157–81. doi: 10.1111/j.1699-0463.1951.tb00114.x

16. Mercado-Lopez, X, Cotter, CR, Kim, WK, Sun, Y, Munoz, L, Tapia, K, et al. Highly immunostimulatory RNA derived from a Sendai virus defective viral genome. Vaccine (2013) 31(48):5713–21. doi: 10.1016/j.vaccine.2013.09.040

17. Laske, T, Heldt, FS, Hoffmann, H, Frensing, T, and Reichl, U. Modeling the intracellular replication of influenza A virus in the presence of defective interfering RNAs. Virus Res (2016) 213:90–9. doi: 10.1016/j.virusres.2015.11.016

18. Xue, J, Chambers, BS, Hensley, SE, and Lopez, CB. Propagation and Characterization of Influenza Virus Stocks That Lack High Levels of Defective Viral Genomes and Hemagglutinin Mutations. Front Microbiol (2016) 7:326. doi: 10.3389/fmicb.2016.00326

19. Frensing, T, Pflugmacher, A, Bachmann, M, Peschel, B, and Reichl, U. Impact of defective interfering particles on virus replication and antiviral host response in cell culture-based influenza vaccine production. Appl Microbiol Biotechnol (2014) 98(21):8999–9008. doi: 10.1007/s00253-014-5933-y

20. Tapia, K, Kim, WK, Sun, Y, Mercado-Lopez, X, Dunay, E, Wise, M, et al. Defective viral genomes arising in vivo provide critical danger signals for the triggering of lung antiviral immunity. PloS Pathog (2013) 9(10):e1003703. doi: 10.1371/journal.ppat.1003703

21. Easton, AJ, Scott, PD, Edworthy, NL, Meng, B, Marriott, AC, and Dimmock, NJ. A novel broad-spectrum treatment for respiratory virus infections: influenza-based defective interfering virus provides protection against pneumovirus infection in vivo. Vaccine (2011) 29(15):2777–84. doi: 10.1016/j.vaccine.2011.01.102

22. Lopez, CB, and Hermesh, T. Systemic responses during local viral infections: type I IFNs sound the alarm. Curr Opin Immunol (2011) 23(4):495–9. doi: 10.1016/j.coi.2011.06.003

23. Yoneyama, M, Onomoto, K, Jogi, M, Akaboshi, T, and Fujita, T. Viral RNA detection by RIG-I-like receptors. Curr Opin Immunol (2015) 32:48–53. doi: 10.1016/j.coi.2014.12.012

24. Kell, AM, and Gale, M Jr. RIG-I in RNA virus recognition. Virology (2015) 479-480:110–21. doi: 10.1016/j.virol.2015.02.017

25. Zhao, H, To, KKW, Chu, H, Ding, Q, Zhao, X, Li, C, et al. Dual-functional peptide with defective interfering genes effectively protects mice against avian and seasonal influenza. Nat Commun (2018) 9(1):2358. doi: 10.1038/s41467-018-04792-7

26. Ngunjiri, JM, Buchek, GM, Mohni, KN, Sekellick, MJ, and Marcus, PI. Influenza virus subpopulations: exchange of lethal H5N1 virus NS for H1N1 virus NS triggers de novo generation of defective-interfering particles and enhances interferon-inducing particle efficiency. J Interferon Cytokine Res (2013) 33(3):99–107. doi: 10.1089/jir.2012.0070

27. Scott, PD, Meng, B, Marriott, AC, Easton, AJ, and Dimmock, NJ. Defective interfering influenza A virus protects in vivo against disease caused by a heterologous influenza B virus. J Gen Virol (2011) 92(Pt 9):2122–32. doi: 10.1099/vir.0.034132-0

28. Dimmock, NJ, Rainsford, EW, Scott, PD, and Marriott, AC. Influenza virus protecting RNA: an effective prophylactic and therapeutic antiviral. J Virol (2008) 82(17):8570–8. doi: 10.1128/JVI.00743-08

29. Duhaut, SD, and Dimmock, NJ. Defective segment 1 RNAs that interfere with production of infectious influenza A virus require at least 150 nucleotides of 5’ sequence: evidence from a plasmid-driven system. J Gen Virol (2002) 83(Pt 2):403–11. doi: 10.1099/0022-1317-83-2-403

30. Huo, C, Xiao, K, Zhang, S, Tang, Y, Wang, M, Qi, P, et al. H5N1 Influenza a Virus Replicates Productively in Pancreatic Cells and Induces Apoptosis and Pro-Inflammatory Cytokine Response. Front Cell Infect Microbiol (2018) 8:386. doi: 10.3389/fcimb.2018.00386

31. Xie, J, Zhang, S, Hu, Y, Li, D, Cui, J, Xue, J, et al. Regulatory roles of c-jun in H5N1 influenza virus replication and host inflammation. Biochim Biophys Acta (2014) 1842(12 Pt A):2479–88. doi: 10.1016/j.bbadis.2014.04.017

32. Meng, D, Hu, Y, Xiao, C, Wei, T, Zou, Q, and Wang, M. Chronic heat stress inhibits immune responses to H5N1 vaccination through regulating CD4(+) CD25(+) Foxp3(+) Tregs. BioMed Res Int (2013) 2013:160859. doi: 10.1155/2013/160859

33. Huo, C, Xiao, J, Xiao, K, Zou, S, Wang, M, Qi, P, et al. Pre-Treatment with Zirconia Nanoparticles Reduces Inflammation Induced by the Pathogenic H5N1 Influenza Virus. Int J Nanomed (2020) 15:661–74. doi: 10.2147/IJN.S221667

34. Xin, Y, Cai, H, Lu, T, Zhang, Y, Yang, Y, and Cui, Y. miR-20b Inhibits T Cell Proliferation and Activation via NFAT Signaling Pathway in Thymoma-Associated Myasthenia Gravis. BioMed Res Int (2016) 2016:9595718. doi: 10.1155/2016/9595718

35. Galli, SJ, Kalesnikoff, J, Grimbaldeston, MA, Piliponsky, AM, Williams, CM, and Tsai, M. Mast cells as “tunable” effector and immunoregulatory cells: recent advances. Annu Rev Immunol (2005) 23:749–86. doi: 10.1146/annurev.immunol.21.120601.141025

36. Boyce, JA. Mast cells and eicosanoid mediators: a system of reciprocal paracrine and autocrine regulation. Immunol Rev (2007) 217:168–85. doi: 10.1111/j.1600-065X.2007.00512.x

37. Xiao, C, Jin, H, Hu, Y, Kang, Y, Wang, J, Du, X, et al. Enhanced protective efficacy and reduced viral load of foot-and-mouth disease DNA vaccine with co-stimulatory molecules as the molecular adjuvants. Antiviral Res (2007) 76(1):11–20. doi: 10.1016/j.antiviral.2007.04.002

38. Garcia-Briones, MM, Blanco, E, Chiva, C, Andreu, D, Ley, V, and Sobrino, F. Immunogenicity and T cell recognition in swine of foot-and-mouth disease virus polymerase 3D. Virology (2004) 322(2):264–75. doi: 10.1016/j.virol.2004.01.027

39. Lee, J, Park, JH, and Min, JY. A naturally truncated NS1 protein of influenza A virus impairs its interferon-antagonizing activity and thereby confers attenuation in vitro. Arch Virol (2017) 162(1):13–21. doi: 10.1007/s00705-016-2966-9

40. Boergeling, Y, Rozhdestvensky, TS, Schmolke, M, Resa-Infante, P, Robeck, T, Randau, G, et al. Evidence for a Novel Mechanism of Influenza Virus-Induced Type I Interferon Expression by a Defective RNA-Encoded Protein. PloS Pathog (2015) 11(5):e1004924. doi: 10.1371/journal.ppat.1004924

41. Scott, PD, Meng, B, Marriott, AC, Easton, AJ, and Dimmock, NJ. Defective interfering virus protects elderly mice from influenza. Virol J (2011) 8:212. doi: 10.1186/1743-422X-8-212



Conflict of Interest: Author JX was employed by the company Zhongmu Institutes of China Animal Husbandry Industry Co., Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Huo, Tian, Cheng, Xiao, Chen, Zou, Tian, Wang, Sun and Hu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-11-585254-g007.jpg
FEHD yires (HC 1 oo
= HD virus ( A845 cells )
=~ Control

Body weight (g)

mn 2 4 6 8 10 12 14 16 18
Days postinection

100

3

550

H

i 2

7 4 & & 10 12 14 16 18
D sostiiiation





OEBPS/Images/fimmu-11-585254-g002.jpg
 HD virus ( HMC-1 cells )
« HD virus ( A84S cells )
~ LD virus

% ~ Control
15

s

10

b 2z 4 & & 0 12 4
Days postimmunization

100
g
3 50
3
3 25

2 4 6 8 10 12 14
Days postimmunization





OEBPS/Images/fimmu-11-585254-g010.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Safety, Immunogenicity, and Effectiveness of Defective Viral Particles Arising in Mast Cells Against Influenza in Mice

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Viruses and Cell Culture

          



          		

            Virus With High Content of DVGs (HD Virus) Isolation and Immunization

          



          		

            Detection of Serum Immunoglobulins

          



          		

            Hemagglutination Inhibition (HI) Test

          



          		

            Fluorescence-Activated Cell Sorting (FACS) Analysis of T Cell Cytokine Production

          



          		

            Real-Time Quantitative PCR (RT-qPCR)

          



          		

            The Detection of T-Cell Proliferation

          



          		

            Viral Challenge In Vivo

          



          		

            Ethics Statement

          



          		

            Histopathological and Immunohistochemical Analysis

          



          		

            Plaque Assays

          



          		

            Data Analysis

          



        



        



        		

          Results

        

          		

            The Safety of HD Virus Immunization In Vivo

          



          		

            DPs Generated in H1N1-Infected Mast Cells Promote the Development of Humoral Immunity

          



          		

            DPs Generated in H1N1-Infected Mast Cells Trigger a Robust Cellular Immunity

          



          		

            DPs Generated in H1N1-Infected Mast Cells Have a Strong Protective Efficacy on Mice to Fight Against IAV

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-11-585254-g004.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-11-585254-g008.jpg
=

HD virus (HMC-1 :elw P ‘['_Hq vim’s_ !;.Asns cells) |

Aot

Tt T o






OEBPS/Images/fimmu-11-585254-g006.jpg
OD value

PRFS

Stimulated Index

24d

HD virus ( HMC-1 cells )
HD virus ( A549 cells )
& Control





OEBPS/Images/fimmu-11-585254-g001.jpg
aplsapl  radpi

 immunizston OMEM as acont Vi chatenge
o AR T i T RS T





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-11-585254-g009.jpg
HO virus (HMC-1 cells)
0 e {1840 coe)

dpi edpi.






OEBPS/Images/fimmu.2020.585254_cover.jpg
’ frontiers
in Immunology

Safety, Immunogenicity, and
Effectiveness of Defective Viral
Particles Arising in Mast Cells
Against Influenza in Mice





OEBPS/Images/fimmu-11-585254-g003.jpg
15, O] HD virus (HMC- celis)
B HD virus ( AS49 cells )
% 1 Control
Ero
g
g s
o
. PR o4, w =
T3 go.:
X _ b _
&4 : Bos .
o 14d 00 14d
i — 4D vinie 1 Huet clfsu)sl
Virus (A543 cel
& 5 Control
B 6
)
54
=
=2
o






OEBPS/Images/fimmu-11-585254-g005.jpg
RNA fold change

‘RNA fold change

12

O] HD virus ( HMC-1 cells )
I HD virus ( A549 cells )

B control
14d
e
- 5
8
£2
3
e
b
g
= o






