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Intraperitoneal inoculation with live influenza A virus confers protection against intranasal infections in mice and ferrets. However, the responses of peritoneal cells to influenza A virus have not been investigated. Here we show that intraperitoneal inoculation with A/WSN/1933 (H1N1) virus induced virus-reactive IgG production in the peritoneal cavity in mice. The infection resulted in substantial but transient B cell and macrophage depletion along with massive neutrophil infiltration, but virus growth was not detected. Influenza A viruses bound to α-2,6-linked sialic acids of B cells and macrophages and induced apoptotic death of peritoneal cavity cells. However, re-infection with A/WSN/1933 virus did not have adverse effects on immune cells most likely because of the neutralizing antibodies produced in response to the first exposure. Infection of BALB/c mice with A/WSN/1933 induced cross-protection against an otherwise lethal intraperitoneal dose of A/Hongkong/4801/2014 (H3N2) virus. This information suggests that immunological responses in the peritoneal cavity can induce effective defense against future virus infection. Considering the unexpected potent immunoregulatory activity of the peritoneal cells against influenza viruses, we suggest that comparative studies on various immune reactions after infection through different routes may contribute to better selection of vaccination routes in development of efficacious influenza vaccines.
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INTRODUCTION

Influenza viruses are one of the most significant causes of morbidity and mortality among all respiratory tract infections. Frequent endemic and pandemic outbreaks of influenza A virus infection have claimed thousands of lives, mostly those of infants, the elderly and immunosuppressed individuals (1–3). The presence of a segmented genome allows the virus to undergo reassortment, resulting in genotypically and phenotypically different subtypes and the rapid variation poses a notoriously difficult obstacle to sustainable vaccine development.

For successful development of vaccines targeting influenza A virus, a better understanding of the immune responses in the early stage of vaccination and optimization of the vaccination protocol based on the information is required. In particular, there can be immunological differences depending on the route of vaccination (4–9). Current human influenza vaccines are administered intramuscularly or intranasally. Research on intranasal administration has gained attention recently due to effective induction of protective immunity by triggering mucosal responses (10–12). However, research on influenza vaccine development in mice has preferentially utilized the intraperitoneal route of immunization because of the experimental convenience and empirical effectiveness (13–15). In fact, intraperitoneal inoculation of live influenza virus has been shown to confer protection against intranasal infections in mice and ferrets (16–19).

Cellular and immune responses to intranasal infection of influenza virus have been studied (20–23). Intranasal infection of mice with influenza A virus induces pulmonary disease and results in an impaired immune system, with effects such as severe depletion of blood lymphocytes, bone marrow cells, and lung B cells (20–23). Influenza A virus has been shown to not be directly involved in the attrition of lymphocytes, but virus-induced cytokines such as tumor necrosis factor-α (TNF-α) and lymphotoxin-α (LT-α) are crucial in this phenomenon (20). The interaction of the B cell receptor with hemagglutinin (HA) has been shown to induce depletion of B cells in the lung after influenza A virus infection (23). Additionally, the hypothalamic–pituitary axis and sympathetic nervous responses were credited with the substantial loss of B cells upon infection with the H9N2 avian influenza virus (24). However, the response of peritoneal cells to intraperitoneal inoculation of influenza A virus has not been investigated. Therefore, investigating the immune response against influenza A virus infection in the peritoneal cavity in mice could provide novel information that might aid in human influenza vaccine development.

Here, we have studied the immune response of peritoneal cells to influenza A virus infection using the BALB/c mouse model, which expresses both α-2,3-linked and α-2,6-linked sialic acid receptors (25–27) essential for influenza A virus binding to epithelial cells. We used a mouse-adapted influenza A virus strain A/WSN/1933 (H1N1, WSN) in this study and found that intraperitoneal inoculation of A/WSN/1933 virus modulated immune cell populations and induced robust production of influenza A virus-reactive antibody. Furthermore, we observed that intraperitoneal inoculation with A/WSN/1933 virus induced a protective effect against lethal A/Hongkong/4801/2014 (H3N2) exposure. These results suggest that immunological responses in the peritoneal cavity are crucially effective upon influenza A virus infection. This information might be very useful for future development of effective vaccines.

MATERIALS AND METHODS

Cell Line and Virus

Madin-Darby canine kidney (MDCK) cell lines were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA) and maintained in minimum essential medium (MEM) containing 10% fetal bovine serum (FBS) and antibiotics (100 μg/ml streptomycin and 100 U/ml penicillin). The influenza virus strains used in this experiment are A/WSN/1933 (WSN, mouse adapted H1N1), A/Hongkong/4801/2014 (non-mouse-adapted H3N2), rIETR CVV (H5N1), and modified NIBRG-268M (H7N9). rIETR candidate vaccine virus (CVV) (H5N1) with low pathogenic HA and NA genes from A/chicken/Korea/IS/2006 (IS06; a highly pathogenic avian influenza H5N1 virus isolated in Korea, clade 2.2) and internal genes from A/PR/9/34(H1N1) virus was generated by reverse genetics (28). NIBRG-268M (H7N9) was generated by reverse genetics based on NIBRG-268 candidate vaccine virus with HA and NA genes from A/Anhui/1/2013 (H7N9) and internal genes from PR8 backbone virus. Viruses were produced either by inoculation into specific-pathogen-free (SPF) embryonated chicken eggs or by infecting MDCK cell lines. Biosafety level 2 conditions were strictly maintained during the virus preparation and cell culture procedure.

Plaque Assay

Viruses were quantified by a plaque assay. MDCK cells were seeded at 7 × 105 cells per well in six-well plates and incubated at 37 °C. After culturing to a confluent monolayer, the cells were washed twice with PBS and infected with tenfold serial dilutions of influenza virus suspension. Following 1 h incubation with shaking at 15-20 min intervals, the suspensions were removed by suction, and the cells were overlaid with 2 ml of DMEM/F12 media containing 2 mM glutamine, 4% BSA, 10 mM HEPES, 2.5% sodium bicarbonate, 50 mg/ml DEAE dextran, 1 μg/ml L-tosylamide-2-phenylethyl chloromethyl ketone (TPCK)-treated trypsin, 100 U/ml penicillin, 100 μg/ml streptomycin and 0.6% immunodiffusion-grade agar. After 72 h incubation at 37 °C, the plates were stained with crystal violet (0.1% crystal violet in 20% methanol) for 1 h. Plaques were enumerated, and the virus titers were determined.

Virus Inactivation by Ultraviolet Irradiation

A/WSN/1933 virus was inactivated by exposure to 254 nm UV light with 1,500 mM/s/cm2 UV for 15 min from a height of 5 cm. Inactivation was confirmed by a plaque assay as described previously (29). The absence of any visible plaques assured virus inactivation.

Ethics Statement

All animal procedures performed in this study are in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Veterinary Research & Quarantine Service of Korea. This study was approved by the Institutional Animal Care and Use Committee of Hallym University (Permit Number: Hallym2015-54 and 2017-41). Mice were anesthetized by 1-2% isoflurane inhalation (JW Pharmaceutical, Seoul, Korea) to minimize pain. Mice were euthanized by CO2 inhalation if they lost 25% of their baseline adult body weight or if they revealed evidence of debilitation, pain or distress such as hunched posture, rough hair coat, reduced food consumption, emaciation, inactivity, ambulation difficulty, and respiratory problems. After the experiments were terminated, the mice were sacrificed by CO2 inhalation, and all efforts were made to minimize suffering.

Mice and Infection of Virus

Eight-week-old BALB/c (H-2b) mice were purchased from Nara Biotech, Inc. (Seoul, Korea) and maintained under SPF conditions. All virus infection animal experiments were carried out under stringent animal biosafety level 2 conditions. A/WSN/1933 virus or UV-inactivated A/WSN/1933 (UV-WSN) was intraperitoneally infected at a dose of 5 × 106 pfu per mouse. When necessary, the infected mice were reinfected intraperitoneally with A/WSN/1933 virus at a dose of 5 × 106 pfu per mouse 5, 7, or 14 days after the first infection.

ELISA

Ninety-six-well immunoplates (NuncTM, Roskilde, Denmark) were coated with influenza A viruses for quantitation of influenza A virus-reactive IgG or IgM, respectively. The coated plates were incubated overnight at 4°C. The plates were then washed three times with PBST (0.1% Tween-20 in PBS) and blocked with 1% BSA for 1 h. The plates were loaded with threefold dilutions of sera or peritoneal cavity fluids in PBST and then incubated for 2 h at room temperature. After the plates were washed three times with PBST, horseradish peroxidase (HRP)-labeled goat anti-mouse IgG/IgG1/IgG2a/IgG2b/IgG3/IgM antibodies (Catalog No: 5300-05, Southern Biotechnology Associates, Inc., Birmingham, AL, USA) (1:500 dilution) were used for the detection of total or subclass- and isotype-specific antibodies. After incubation for 1 h at room temperature, the plates were washed three times with PBST, and colorimetrically developed using TMB (3,3′,5,5′-tetramethylbenzidine) substrate solution (Kirkegaard and Perry Laboratories, Gaithersburg, MD, USA). Absorbance was measured using a SpectraMax 250 microplate reader (Molecular Devices, Sunnyvale, CA, USA) at 450 nm.

Analysis of Cell Populations

Mice were anesthetized, sacrificed, and peritoneal cells, splenocytes and bone marrow cells were harvested using RPMI 1640 media containing 5% FBS as described previously (30, 31). Cells were centrifuged at 1,200 rpm for 5 min. The peritoneal cavity fluids were collected for ELISA. Bone marrow cells and splenocytes were treated with 5 ml RBC lysis buffer (20 mM Tris HCl, 140 mM NH4Cl) for 5 min. We pre-gated peritoneal cells, bone marrow cells, splenocytes (FSClowSSClow or FSClowSSChigh) for the enriched lymphoid and myeloid population and then checked specific cell population. Total cell numbers of peritoneal cavity, spleen, and bone marrow were counted and analyses of cell populations were performed as described elsewhere (32, 33). Cells were resuspended in RPMI and then washed with FACS buffer (1% FBS in PBS) and treated with 10 μg/ml anti-FcγRII/III antibody (Catalog No: 553142, BD Biosciences, San Jose, CA, USA) for 20 min at 4 °C to block the Fc receptors. Cells were then incubated with rat anti-mouse fluorescent antibodies to characterize the lymphoid and myeloid populations. For the lymphoid population, the antibodies used were PerCP Cy5.5-conjugated anti-CD3 (Catalog No: 551163, BD Biosciences), APC-conjugated anti-CD4 (Catalog No: 553051, BD Biosciences), FITC-conjugated anti-CD8 (Catalog No: 553031, BD Biosciences), FITC-conjugated anti-B220 (Catalog No: 553088, BD Biosciences), BV421-conjugated anti-CD19 (Catalog No: 562701, BD Biosciences), PE-conjugated anti-CD23 (Catalog No: 12-0232-81, eBioscience, San Diego, CA, USA). For the myeloid population, the antibodies used were PE-conjugated anti-CD11c (Catalog No: 557401, BD Biosciences), APC-conjugated anti-CD11b (Catalog No: 553312, BD Biosciences), APCeF780-conjugated anti-Ly6G (Catalog No: 47-5931-82, eBioscience), and FITC-conjugated anti-F4/80 (Catalog No: 11-4801-85, eBioscience). For the IgG+ and IgM+ population, the antibodies used were FITC-conjugated anti-IgM (Catalog No: 553437, BD Biosciences), Biotin-conjugated anti-IgG1 (Catalog No: 553441), APC-conjugated Streptavidin (Catalog No: SA1005, Thermo Fisher Scientific, Waltham, MA, USA). To exclude dead cells, cells were incubated with 7AAD (Catalog No: 51-68981E, BD Biosciences). After 1 h incubation at 4°C, the cells were washed with FACS buffer and analyzed with a FACSCantoTM II (Becton Dickinson, Franklin Lakes, NJ, USA).

Annexin V Staining

Peritoneal cells were harvested from BALB/c mice. Analyses of apoptosis were performed as described elsewhere (34). The cells were then plated in 24-well plates at a density of 1 × 106 cells per well. If necessary, SNA (10 μg/ml) pretreatment was applied. A/WSN/1933 virus or UV-WSN virus was added to each well at a 1 × 106 pfu. After incubation at 37°C for different time periods, cells were harvested and stained with anti-FcγRII/III (Fc receptor blocker) before being stained with APCef780-conjugated anti-CD19 (Catalog No: 47-0193-80, eBioscience), PE-conjugated anti-CD23 (Catalog No: 12-0232-81, eBioscience), FITC-conjugated anti-B220 (Catalog No: 553088, BD Biosciences), FITC-conjugated anti-F4/80 (eBioscience), and BV421-conjugated anti-CD11b antibodies (Catalog No: 48-0112-80; eBioscience). After 1 h incubation at 4 °C, cells were washed with FACS buffer and stained with APC-conjugated Annexin V (Catalog No: 17-8007-74, eBioscience) for 15 min at room temperature. To exclude dead cells, stained cells were incubated with 10 μg/mL of PI (eBioscience, San Diego, CA, USA) or 7AAD (Catalog No: 51-68981E, BD Biosciences). The cells were analyzed with a FACSCantoTM II.

Western Blotting

Peritoneal cells (1 × 106 cells per well) were plated in 24-well plates. The cells were treated with SNA (10 μg/ml) and/or infected either with A/WSN/1933 virus or UV-WSN virus (1 × 106 pfu) and incubated at 37 °C. At different time intervals, cells were harvested and lysed with Triton X-100 lysis buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100). The lysates were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the apoptotic proteins were analyzed by western blotting. We obtained rabbit polyclonal anti-PARP (Catalog No: 9542S, Cell Signaling Technology, Danvers, MA, USA) and anti-cleaved Caspase-3 (Catalog No: 9661S, Cell Signaling Technology) antibodies from Cell Signaling Technology, rabbit polyclonal anti-Bcl-2 antibody from Delta Biolabs (Catalog No: GTX100064, Campbell, CA, USA) and mouse anti-β-actin antibody from Sigma-Aldrich (Catalog No: A5316, St. Louis, MO, USA). Viral protein samples were prepared by mixing influenza A viruses with SDS sample buffer and boiling for 10 min. Gradient SDS-PAGE (4–12%) (Thermo Fisher Scientific) and western blotting analysis was carried out as mentioned elsewhere (35). Viral proteins were detected by western blotting using peritoneal cavity fluids (1:10 dilution in PBS), which were harvested from BALB/c mice after 14 days of A/WSN/1933 virus inoculation.

Lectin Staining

Peritoneal cells were harvested from BALB/c mice and incubated with A/WSN/1933 virus or UV-WSN virus for 1 h at 4 °C. The cells were then stained for 1 h at 4°C with fluorescein-conjugated Sambucus nigra agglutinin (SNA), which was obtained from Vector Laboratories (Burlingame, CA, USA). The cells were analyzed by flow cytometry (BD FACSCaliburTM, BD Biosciences).

Hemagglutination Inhibition (HI) Assay

Ninety-six-well V-bottom plates (Costar, Corning, NY, USA) were used for the HI assay. Peritoneal cavity fluids from PBS-injected or A/WSN/1933 virus-infected BALB/c mice were serially diluted two-fold with PBS and then incubated with an equal volume of 4 hemagglutination units (4HA) of each influenza A virus for 30 min. After incubation, an equal volume of 0.5% chicken red blood cells were added to the wells and incubated for 30 min at room temperature, and HI titers were measured.

Virus Neutralization Assay

The peritoneal cavity fluids of A/WSN/1933 virus-infected BALB/c were serially diluted twofold with PBS and then incubated with approximately 100 pfu/ml of A/WSN/1933, A/Hongkong/4801/2014 (H3N2), rIETR CVV (H5N1), NIBRG-268M (H7N9) at 37°C for 1 h. The samples were added to a confluent monolayer of MDCK cells in MEM supplemented with 10% FBS and TPCK-treated trypsin, and a plaque assay was performed as described above. The neutralization percentage was measured by the following equation: neutralization (%, percent inhibition) = [(plaque number with virus only – plaque number with serially diluted peritoneal cavity fluids mixed with virus) / plaque number with virus only] x 100.

Virus Superinfection

Eight-week-old BALB/c (H-2b) mice (n = 10) were injected intraperitoneally with A/WSN/1933 virus at a dose of 5 × 106 pfu per mouse. After 7 days, the mice were intraperitoneally challenged with 1 × 108 pfu of wt A/Hong Kong/4801/2014 (H3N2) virus, and then the mice were observed for 14 days to monitor their clinical signs and body weight. To analyze the cell population in the virus-infected mice, we prepared cells from the peritoneal cavity and bone marrow of the mice at 5 days after a single intraperitoneal challenge with 1 × 108 pfu of H3N2 virus or from mice that were inoculated with A/WSN/1933 virus (5 × 106 pfu) and then inoculated 7 days later with H3N2 virus (1 × 108 pfu); 5 days after the second inoculation, the cells were stained with PerCP Cy5.5-conjugated anti-CD3, BV421-conjugated anti-CD19 and then analyzed with a FACSCantoTM II.

Statistical Analysis

The results are shown as the mean ± standard deviation. The statistical significance of differences between two samples was evaluated using Student's t-test; P < 0.05 was considered statistically significant.

RESULTS

A/WSN/1933 Virus Efficiently Induces Antibody Production in the Peritoneal Cavity

It was previously reported that the live A/WSN/1933 virus is more immunogenic and protective than the inactivated virus when administered intramuscularly (8). It was also proved in a research comparing live and inactivated A2/Hong Kong influenza A virus vaccines when administered intranasally (36). To clarify this issue in the peritoneal cavity, we first examined virus-induced antibody production. To this end, we inoculated BALB/c mice intraperitoneally with untreated A/WSN/1933 virus or UV-WSN virus and antibody production in the peritoneal cavity fluids was measured by ELISA on days 5, 7, and 14 post-infection. In contrast to A/WSN/1933 virus-infected mice that exhibited a steady increase in A/WSN/1933 virus-reactive IgG levels from 5 to 14 days post-infection in peritoneal cavity fluid (Figure 1B), A/WSN/1933 virus-reactive IgG levels in UV-WSN-infected mice increased from 5 to 7 days and then plateaued (Figure 1A) and the IgG production was virus-dosage dependent (Figure S1). In the serum of the UV-WSN virus-infected mice, A/WSN/1933 virus-reactive IgG levels increased until 7 days post-infection and then decreased at 14 days post-infection (Figure 1C). IgG levels in the serum of A/WSN/1933 virus-infected mice (Figure 1D) showed the same trend as in the peritoneal cavity fluids (Figure 1B). The levels of A/WSN/1933 virus-reactive IgM in the peritoneal cavity fluids (Figure 1E) and serum (Figure 1F) of A/WSN/1933 virus-infected mice decreased gradually from 5 to 14 days post infection. The same tendency was also found in the UV-WSN virus-infected mice. The concentrations of A/WSN/1933 virus-reactive IgG in both serum and peritoneal cavity fluids of A/WSN/1933 virus-infected mice were markedly higher than those of UV-WSN virus-infected mice (The scale of A/WSN/1933 data is tenfold higher than UV-WSN data in Figures 1A–D). The levels of A/WSN/1933 virus-reactive IgM in the peritoneal cavity were also substantially higher in A/WSN/1933 virus-infected mice than those of UV-WSN virus-infected mice (Figure 1E). However, the difference of IgM concentrations was much milder in the serum (Figure 1F). Robust production at early time points and followed decrease of A/WSN/1933 virus-reactive IgM and consistent increase of A/WSN/1933 virus-reactive IgG over time suggests class switching of B cells producing virus-reactive antibodies. Taken together, these results show that A/WSN/1933 virus is more efficient than UV-WSN virus in inducing A/WSN/1933 virus-reactive antibody production in the peritoneal cavity and serum when administered intraperitoneally.
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FIGURE 1. Antibody production in BALB/c mice following intraperitoneal challenge with A/WSN/1933 virus or UV-inactivated A/WSN/1933 virus. BALB/c mice (n = 5/group) were anesthetized at 5, 7, and 14 days after intraperitoneal challenge with 5 × 106 pfu of live A/WSN/1933 virus (WSN) or UV-inactivated A/WSN/1933 virus (UV-WSN), and samples of peritoneal cavity fluid and serum were collected. (A,B) The amounts of A/WSN/1933 virus-reactive IgG and IgG subclasses in the peritoneal cavity fluids following UV-WSN virus (A) and A/WSN/1933 virus (B) challenge were quantified. Please note the different scales used for the y-axes of graphs (A,B). (C, D) A/WSN/1933 virus-reactive IgG and IgG subclasses in the serum were quantified following UV-WSN virus (C) and A/WSN/1933 virus (D) challenge. Please note the different scales used for the y-axes of graphs (C,D). (E,F) IgM concentrations in the peritoneal cavity fluids (E) and the serum (F) were measured. (G) Cells from the peritoneal cavity, bone marrow, spleen, and mesenteric lymph nodes (1 × 106 cells) were obtained from BALB/c mice 14 days after intraperitoneal A/WSN/1933 virus infection (in vivo: WSN) and then cultured in RPMI 1640 medium containing 10% FBS and antibiotics for indicated time intervals. Antibody concentrations of the cell culture supernatants were determined by ELISA. These data are representative of three independent experiments. ns, not significant. *p < 0.05, **p < 0.005, ***p < 0.0005.



To identify the cellular origin of influenza A virus-reactive antibodies, cells from the peritoneal cavity, bone marrow, spleen, and mesenteric lymph nodes of mice were collected 14 days after intraperitoneal inoculation with PBS or A/WSN/1933 virus and cultured in vitro. Culture supernatants were separated at different time points and ELISA were carried out to determine the quantity of IgG. We observed that A/WSN/1933 virus-reactive antibody was produced by cells of the peritoneal cavity, bone marrow and spleen, but not by cells of the mesenteric lymph nodes in vitro.

Lymphocyte Populations Exhibit Changes Following Intraperitoneal Challenge With A/WSN/1933 Virus

To analyze any changes in lymphocyte cell populations following intraperitoneal inoculation of BALB/c mice with A/WSN/1933 virus or UV-WSN virus, we performed flow cytometric analysis on peritoneal cells, bone marrow cells and splenocytes. We sorted the lymphocyte populations (FSClowSSClow) into CD3- and CD19-expressing subpopulations. Following intraperitoneal inoculation with A/WSN/1933 virus, a 7-fold and 15-fold depletion of B cells (CD19 positive populations) was observed at 5 days post-infection in the peritoneal cavity (Figure 2A, Figure S2A) and bone marrow (Figure 2B, Figure S2B), followed by partial recovery at 7 days and restoration to near-normal levels at 14 days post-infection in bone marrow. In the peritoneal cavity, increase in the numbers of B cells (1.4 fold) and B-1 cells (1.4 fold) was observed at 14 days post-infection compared to normal mice (Figures S2A, S3A). Furthermore, IgG+ B-1 cells and IgG+ B-2 cells were increased at 14 days post-infection (Figure S4). Notably, B-1 cell population was the major population of B cells in the peritoneal cavity and bone marrow during the experimental periods (Figures S3, S4).
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FIGURE 2. Analysis of cell populations following intraperitoneal challenge with A/WSN/1933 virus or UV-inactivated A/WSN/1933 virus. BALB/c mice (n = 5/group) were sacrificed at 12 h, 5, 7, and 14 days after intraperitoneal challenge with 5 × 106 pfu of A/WSN/1933 virus (WSN) or UV-inactivated A/WSN/1933 virus (UV-WSN). Peritoneal cells, bone marrow cells and splenocytes were harvested, counted, and stained with fluorescence-conjugated antibodies and analyzed by flow cytometry. Cells from control mice at 14 days after intraperitoneal injection of PBS were used as an uninfected control. (A-C) FSClowSSClow cells of peritoneal cells, bone marrow cells, splenocytes were gated, and lymphocyte populations of the peritoneal cavity (A), bone marrow (B), and spleen (C) were sorted into CD3 and CD19 subsets. (D,E) Peritoneal cells (FSClowSSChigh) were gated, and two populations, F4/80highCD11bhigh (macrophages) and F4/80lowCD11blow (non-macrophages) were analyzed. (D) Peritoneal macrophages (F4/80highCD11bhigh) were sorted for F4/80 and CD11b double-positive phenotype. (E) The dendritic cell and neutrophil populations of the peritoneal cavity were sorted from F4/80lowCD11blow population using CD11c and Ly6G markers. Right panel showed the indicated cell population (%) among FSClowSSClow cells (A-C) and FSClowSSChigh cells (D,E). Each figure is representative of three independent experiments. **p < 0.005, ***p < 0.0005.



The peritoneal cavity was heavily infiltrated with T cells (CD3-positive populations) at 5 days post-infection, and CD3-positive populations slowly declined toward normal values at 14 days post-infection (Figure 2A). Total cell numbers of T cells, CD4+ and CD8+ T cells increased at 5 to 14 days post-infection in the peritoneal cavity (Figures S2A, S5). Splenic B cells displayed a transient decrease at 5 days post-infection; the extent of B cell reduction in levels was much less severe in comparison to peritoneal and bone marrow B cells (Figure 2C, Figure S2C). We also noted an apparent reduction in splenic T cells at 5 days post-infection (Figure 2C, Figure S2C). Additionally, macrophage populations (F4/80 and CD11b double positive) in the peritoneal cavity were nearly completely depleted at 12 h post-infection and partially recovered at 5 days with gradually restoration to normal levels by 14 days (Figure 2D, Figure S2A). Peritoneal neutrophils populations (Ly6G-positive), on the other hand, remarkably increased 12 h after A/WSN/1933 virus infection and returned to normal levels at 5 days (Figure 2E, Figure S2A). CD11c-positive dendritic cell populations increased at 5 days and then gradually decreased in the peritoneal cavity of A/WSN/1933 virus-infected mice (Figure 2E). UV-WSN virus inoculation had little or no effect on lymphocyte populations. Interestingly, we did not observe any mortality or morbidity in the mice intraperitoneally infected with live or UV-irradiated virus, suggesting that the altered lymphocyte and macrophage populations were not associated with any overt adverse effects at the time points studied.

Cells of the Peritoneal Cavity Undergo Apoptosis Following A/WSN/1933 Virus Inoculation

To investigate whether the B cells and macrophages depletion observed in mice following A/WSN/1933 virus infection was due to apoptosis, we cultured peritoneal cells harvested from untreated BALB/c mice in the presence of PBS, A/WSN/1933 virus, or UV-WSN virus and stained them with Annexin V that binds to phosphatidylserine, a marker of apoptosis. While in vitro infection with A/WSN/1933 virus induced a time-dependent and dosage-dependent increase in Annexin V-stained populations of B cells (Figures 3A,B, Figure S6A) and macrophages (Figure 3C, Figure S6B), infection with UV-WSN virus did not induce any changes in the numbers of Annexin V-stained peritoneal cells (Figures 3A–C). As shown in Figure 3B, about 37% of B cells were subjected to apoptosis in response to A/WSN/1933 virus infection. About 20 % of B-1 cells and 50% of B-2 cells were apoptotic suggesting that B-1 cells are more resistant to apoptosis than B-2 cells. About 55% of macrophages showed apoptosis after infection (Figure 3C). Additionally, in vitro infection with A/WSN/1933 virus, but not UV-WSN virus, resulted in apoptotic death in the mouse macrophage cell line RAW 264.7 (Figure S6C). These results suggested that A/WSN/1933 virus induces apoptotic cell death specifically in the peritoneal cavity and RAW264.7 can be a model cell line to study this phenomenon. Considering these results together with Figure 1, peritoneal B cells survived after viral infection are major contributor to A/WSN/1933 virus-reactive antibody production in the peritoneal cavity of A/WSN/1933 virus-infected mice. To verify whether apoptosis was the plausible cause of peritoneal cell depletion, we carried out western blot analysis of proteins involved in apoptosis. The expression of cleaved PARP and cleaved Caspase-3 was increased by A/WSN/1933 virus infection in a time-dependent manner, while the expression of anti-apoptotic Bcl-2 was decreased (Figure 3D). These results demonstrated that live A/WSN/1933 virus induced apoptotic death of mouse peritoneal cells in vitro.
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FIGURE 3. Peritoneal cells undergo apoptosis after A/WSN/1933 virus infection. (A) BALB/c mice (n = 3/group) were sacrificed, and peritoneal cells were harvested. The cells (1 × 106) were seeded into 24-well plates containing RPMI 1640 complete media, and then treated with 1 × 106 pfu of A/WSN/1933 virus (WSN) or UV-WSN virus (UV-WSN). After incubation for 24, 48, or 72 h, the cells were stained with fluorescence-conjugated antibodies (CD19, B220) and Annexin V. After washing, PI detection kit was used to discard dead cells and then analyzed by flow cytometry. Annexin V-positive B cells are represented in histograms. (B) Peritoneal cells (1 × 106) were treated with 1 x 106 pfu of A/WSN/1933 virus (WSN) or UV-WSN virus (UV-WSN) for 72 h, the cells were stained with fluorescence-conjugated antibodies (CD19, B220, CD23, 7AAD) and Annexin V. Annexin V-positive B cells are represented in histograms. Each right panel of (B) shows the % of annexin V-positive B cells, B-1 cells, and B-2 cells. (C) Peritoneal cells (1 × 106) were treated with 1 x 106 pfu of A/WSN/1933 virus (WSN) or UV-WSN virus (UV-WSN). After incubation for 24, 48, or 72 h, the cells were stained with fluorescence-conjugated antibodies (CD11b, F4/80) and Annexin V. After washing, PI detection kit was used to discard dead cells and then analyzed by flow cytometry. Annexin V-positive macrophages are represented in histograms. Lower panel of (C) shows the % of annexin V-positive macrophages. (D) Time-dependent expression of Bcl-2, cleaved Caspase-3 and cleaved PARP was determined by western blotting. Each figure is representative of three independent experiments. ***P < 0.0005.



Peritoneal Cells Possess Specific Receptors for Influenza A Virus

To investigate whether the A/WSN/1933 virus-induced apoptosis of peritoneal cells is caused by direct binding of the viruses, we decided to check the cellular receptors for influenza viruses. Following intranasal administration, influenza A virus initiates pathogenesis in the host by binding to specific sialic acid receptors on host cells (37). We first incubated A/WSN/1933 virus with media control or peritoneal cells for 1 h, and then the supernatants after centrifugation were used for infection of MDCK cells. Binding of the virus to the peritoneal cells would result in a reduction in viral particles in the supernatant and, therefore, a reduction in the subsequent MDCK infection as measured by plaque numbers. Indeed, infection of MDCK cells with peritoneal cell-treated viral supernatant resulted in significant reduction of plaque numbers compared to cells infected directly with virus. A slight decrease in plaque numbers was also observed upon incubation of the virus with culture medium alone; however, this was not statistically significant (Figure 4A). These results indicated that the A/WSN/1933 virus binds to peritoneal cells, at least transiently.
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FIGURE 4. A/WSN/1933 virus binds to peritoneal cells. (A) Peritoneal cells were harvested from BALB/c mice (n = 3) and seeded into 5 ml round-bottom tubes (1 × 106 cells in 1 ml). The tubes were treated with PBS or A/WSN/1933 virus (WSN, 3 × 103 pfu). After 1 h of incubation at 4°C, the supernatant was separated by centrifugation and 100 μl of the supernatant was seeded along with MDCK cells in 6-well plates, incubated for 72 h, and stained with crystal violet, and plaques were counted. ns, not significant. **P < 0.005. (B) Competitive binding of A/WSN/1933 virus and SNA to α-2,6-linked sialic acids of peritoneal cells. Peritoneal cells (1 × 106) were incubated with 1 × 106 pfu of A/WSN/1933 virus or UV-WSN virus for 1 h at 4°C and then treated with fluorescein-conjugated SNA for 1 h at 4°C. The cells were stained with fluorescence-conjugated antibodies (CD19 and B220 for lymphoid cells, CD11b for F4/80 myeloid cells) and then analyzed by flow cytometry. (C) Peritoneal cells were incubated in 24-well plates with SNA for 1 h at 37 °C and then treated with PBS (SNA+PBS), or 1 × 106 pfu of A/WSN/1933 virus (SNA+WSN) for 72 h. Peritoneal cells treated with PBS only or A/WSN/1933 virus plus PBS were used as controls. The cells were stained with fluorescence-conjugated antibodies (CD19 and B220 for lymphoid cells, CD11b and F4/80 for myeloid cells) and Annexin V and then analyzed by flow cytometry. Triplicate experiments were carried out. (D) Expression of apoptotic proteins (cleaved Caspase-3 and cleaved PARP) in the PBS-treated control and SNA-treated peritoneal cells was determined by western blotting.



It is well-established that human influenza A virus binds to sialic acids linked to the penultimate galactose residue of cellular glycoproteins via α-2,6 glycosidic bonds (26). The presence of α-2,3-Gal and α-2,6-Gal sialic acid residues in the peritoneal cavity B cells of BALB/c mice has been reported (38). However, the role of peritoneal cavity-based sialic acids in relation to influenza virus infection has not been investigated. Using FITC-conjugated lectin staining with Sambucus nigra agglutinin (SNA) and Maackia Amurensis Lectin II (MAL II), which specifically recognize α-2,6-linked and α-2,3-linked sialic acids, respectively, we confirmed the occurrence of both α-2,6-linked and α-2,3-linked sialic acids in the lymphocytes and macrophages of the peritoneal cavity (Figures S7A,B) and spleen (Figures S7C,D) by flow cytometry. To determine whether A/WSN/1933 virus was able to bind to these sialic acids, we pre-incubated peritoneal cells with A/WSN/1933 virus or UV-WSN virus before treatment with FITC-conjugated SNA. We observed diminished binding of SNA to peritoneal cells in the presence of virus (Figure 4B), with UV-WSN virus inhibiting SNA binding much less efficiently than A/WSN/1933 virus, suggesting structural alterations during UV irradiation. These findings confirmed that A/WSN/1933 virus binds to α-2,6 sialic acids present on the cells of the peritoneal cavity.

Next, to determine whether SNA-induced blocking of A/WSN/1933 virus binding to cells reduces cell death, we pre-incubated peritoneal cells with SNA and then infected them with A/WSN/1933 virus. Surprisingly, enumeration of Annexin V-stained cells revealed that SNA itself induced apoptosis of both B cells and macrophages (Figure 4C), and infection with the virus compounded the effect (Figure 4C). The expression of cleaved PARP and caspase-3 in peritoneal cells was increased by SNA treatment (Figure 4D). SNA-induced apoptosis was also observed in the mouse macrophage cell line RAW 264.7 (Figure S8A). However, in vitro infection of spleen B cells and T cells with A/WSN/1933 virus or treatment of these cells with SNA did not induce any significant changes in the numbers of Annexin V-stained cells (Figure S8B). These results demonstrated that the interaction of α-2,6 sialic acids with SNA and/or A/WSN/1933 virus specifically promoted apoptosis of peritoneal cells and RAW 264.7 cells.

Repeated Infection Boosts Antibody Production With Limited B Cell Depletion

Following primary intraperitoneal inoculation of A/WSN/1933 virus, we observed a marked reduction of peritoneal and bone marrow B cells 5 days post-infection, with gradual recovery to normal levels 14 days post-infection (Figure 2). To examine the effect of repeated infection on B cells in vivo, we reinoculated BALB/c mice with A/WSN/1933 virus using two schedules; reinoculation 7 days after the first infection followed by mice sacrifice 7 days later (7D/7D) and reinoculation 14 days after the first infection followed by mice sacrifice 5 days later (14D/5D). In both schedules, flow cytometric analysis (FSClowSSClow) showed a significant increase in T cells (CD3 positive populations: from 6.58% to 21.3% and 25.4%) but comparatively mild decrease in B cells (CD19 positive populations: (from 84.9% to 65.0% and 55.5%) in the peritoneal cavity (Figure 5A). Total B cell number was recovered to normal level in the experimental group 14D/5D (Figure S9A). In bone marrow, the population of T cells was increased in the experimental group 7D/7D (3.01% to 5.55%) but there was no prominent change in B cells (Figure 5B). Total B cell number was increased in the experimental group 7D/7D (Figure S9B). In spleen, the cell population was almost similar to those of the uninfected control mice (Figure 5C, Figure S9C). These results indicate that the second intraperitoneal inoculation does not induce cell depletion to the same extent as the first inoculation. This protection from the second inoculation might be provided by the neutralizing antibodies produced in the peritoneal cavity during the primary exposure to the virus. A/WSN/1933 virus-reactive total IgG and subclasses (IgG1, IgG2a, IgG2b, and IgG3) in both the peritoneal cavity (Figures 5D,E) and the serum (Figures 5F,G) were significantly higher in the 14D/5D set than in the 7D/7D set, with IgG3 being the major subclass produced. In conclusion, repeated intraperitoneal infection of mice with the same virus induced significantly increased amounts of virus-reactive IgG in the peritoneal cavity as well as in the serum without drastic change of B cell population. This protection from the second inoculation might be provided by the neutralizing antibodies produced in the peritoneal cavity during the primary exposure to the virus.
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FIGURE 5. Re-infection with A/WSN/1933 virus limits B cell death and induces antibody production. (A) Schematic diagram of the experimental procedure. BALB/c mice (n = 5/group) were sacrificed after repeated intraperitoneal inoculation with PBS or 5 × 106 pfu of A/WSN/1933 virus. 7D/7D represents a procedure consisting of a first infection, a second infection after 7 days, and then sacrifice after another 7 days. 14D/5D represents a procedure of first infection, second infection after 14 days, and then sacrifice after another 5 days. Peritoneal cavity cells (B), bone marrow cells (C), and splenocytes (D) (FSClowSSClow) were gated, and stained with fluorescence-conjugated antibodies (CD19, B220) and then analyzed by flow cytometry. (E–H) Peritoneal cavity fluids and sera were collected from the mice and the amounts of total IgG (E,G) and IgG subclasses (F,H) in the peritoneal cavity (E,F) and serum (G,H) were quantified by ELISA. Figures are representative of three replicate experiments.



A/WSN/1933 Virus-Reactive Antibodies Exhibit Cross-Reactivity Against Other Influenza A Viruses

In order to examine the degree of protection conferred by A/WSN/1933 virus-induced antibodies in the peritoneal cavity, we analyzed the reactivity of peritoneal cavity fluid to A/WSN/1933 virus as well as its cross-reactivity to three other influenza A viruses: wt A/Hongkong/4801/2014 (H3N2), rIETR CVV (H5N1), NIBRG-268M (H7N9). ELISA revealed that A/WSN/1933 virus-reactive IgG in the peritoneal cavity fluids (Figure 6A) and serum (Figure 6B) obtained 14 days after infection bound to A/WSN/1933 virus with the highest efficiency, and with less efficiency to the other influenza viruses. In addition, western blot analysis revealed that the peritoneal cavity fluids of A/WSN/1933 virus-infected mice recognized multiple protein bands presumably corresponding to the influenza proteins of all viruses under study (Figure 6C). In contrast, the peritoneal cavity fluids from the PBS-injected mice didn't recognize the protein bands. Furthermore, the peritoneal cavity fluids of A/WSN/1933 virus-infected mice could inhibit hemagglutination mediated by all influenza A viruses, except NIBRG-268M (H7N9) virus (Figure 6D). However, the peritoneal cavity fluids neutralized the plaque-forming ability of A/WSN/1933 virus and A/Hongkong/4801/2014 (H3N2) virus, but not that of rIETR CVV (H5N1) virus and NIBRG-268M (H7N9) virus on MDCK cells (Figure 6E).
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FIGURE 6. Cross reactivity of A/WSN/1933 virus-induced antibody to other influenza A viruses. Peritoneal cavity fluids and sera were collected from BALB/c mice (n = 5/group) 14 days after intraperitoneal inoculation with 5 × 106 pfu of A/WSN/1933 virus. (A,B) Amounts of IgG cross-reactive against other influenza A viruses in peritoneal cavity fluids (A) and sera (B) obtained from A/WSN/1933 virus-inoculated mice were quantified by ELISA. ***p < 0.0005. (C) Identification of cross-reactivity by western blotting. Influenza protein samples from influenza A viruses were separated by SDS-PAGE and then examined by western blot analysis with the peritoneal cavity fluids of A/WSN/1933 virus-inoculated (WSN PC sup) or PBS-inoculated (PBS PC sup) mice. (D) Identification of cross reactivity by a hemagglutination inhibition (HI) assay. HI titers of the peritoneal cavity fluids from A/WSN/1933 virus-injected BALB/c were performed with 4 hemagglutination units (4HA) of each influenza A virus. (E) Identification of cross-reactivity by virus neutralization assay. The ability of the peritoneal cavity fluids of A/WSN/1933 virus-inoculated mice to neutralize the plaque forming ability of each influenza A virus was determined by counting plaques and calculating the neutralization percentage. (F,G) PBS-injected peritoneal cavity fluids (PBS PC Sup), A/WSN/1933 virus-inoculated peritoneal cavity fluids (WSN PC Sup), or mouse normal IgG (nIgG) were incubated with the indicated influenza A viruses for 1 h and then incubated with peritoneal cells. (F) After 72 h of incubation, the cells were stained with fluorescence-conjugated antibodies (CD19, B220) and Annexin V and then analyzed by flow cytometry. Annexin V-positive B cells are represented in histograms. (G) After 72 h of incubation, the cells were stained with fluorescence-conjugated antibodies (CD11b, F4/80) and Annexin V and then analyzed by flow cytometry. Annexin V-positive macrophages are represented in histograms. PC Sup, Peritoneal cavity fluids. WSN, A/WSN/1933 (H1N1). H3N2, A/Hongkong/4801/2014 (H3N2). H5N1, rIETR CVV (H5N1). H7N9, NIBRG-268M (H7N9).



We hypothesized that peritoneal cavity fluids from A/WSN/1933 virus-infected mice could neutralize apoptosis, therefore we determined the effect of peritoneal cavity fluids from A/WSN/1933 virus-infected mice on apoptosis induced by A/WSN/1933 virus and the other influenza A viruses. For this purpose, peritoneal cells that were pre-incubated with peritoneal cavity fluids from A/WSN/1933 virus-infected mice were incubated with each influenza A virus. Flow cytometric analysis of Annexin V stained-peritoneal cells revealed neutralization of A/WSN/1933 virus-, rIETR CVV (H5N1) virus- and A/Hongkong/4801/2014 (H3N2) virus-, but not NIBRG-268M (H7N9) virus-induced apoptosis of B cells (Figure 6F) and macrophages (Figure 6G), which is likely to be mediated by virus-reactive antibodies in the peritoneal cavity fluid. In contrast, preincubation of each virus with peritoneal cavity fluids from PBS-injected mice or normal mouse IgG (nIgG) had no effect on virus-induced apoptosis (Figures 6F,G). Our results suggest that while the antibody against one influenza A virus can broadly bind to other influenza strains, its functional responses, such as hemagglutination inhibition, plaque neutralization and apoptosis inhibition, may be restricted to fewer viruses.

A/WSN/1933 Virus Infection Induces Cross-Protection Against A/Hongkong/4801/2014 (H3N2) Virus

Since peritoneal cavity fluids obtained from A/WSN/1933 virus-infected mice inhibited hemagglutination (Figure 6D), plaque formation (Figure 6E), and apoptosis (Figures 6F,G) mediated by the A/Hongkong/4801/2014 (H3N2) strain, we decided to investigate the protective effect of A/WSN/1933 virus inoculation on A/Hongkong/4801/2014 (H3N2) virus infection in vivo. For this purpose, we first injected BALB/c mice intraperitoneally with different doses of H3N2 virus to determine the optimal dose for the infection following A/WSN/1933 virus inoculation. We observed 50% mortality 5 days after challenge with A/Hongkong/4801/2014 (H3N2) at the highest dose tested (1 × 108 pfu), whereas infection with lower doses resulted in 100% survival (Figure S10). As with A/WSN/1933 virus infection (Figures 2A,B), massive loss of peritoneal cavity B cells (Figure 7A) and bone marrow B cells (Figure 7B) was observed at day 5 post-infection in mice that survived the high-dose A/Hongkong/4801/2014 (H3N2) virus infection. Marked infiltration of T cells in the peritoneal cavity was also found (Figure 7A). Next, to examine the protective effect of A/WSN/1933 virus infection, BALB/c mice intraperitoneally infected with A/WSN/1933 virus were intraperitoneally inoculated with a high dose of A/Hongkong/4801/2014 (H3N2) virus 7 days later and sacrificed after 5 days to test for any changes in B cell populations in the peritoneal cavity and bone marrow. Subsequent exposure to A/Hongkong/4801/2014 (H3N2) virus had comparatively mild or minor effect on B cell populations in the peritoneal cavity (from 83.0 to 54.1%, Figure 7C) or the bone marrow (69.6 to 81.8%, Figure 7D). We found that while mice infected only with A/Hongkong/4801/2014 (H3N2) virus exhibited only 50% survival within 5 days, the mice initially inoculated with A/WSN/1933 virus and then exposed to the A/Hongkong/4801/2014 (H3N2) virus exhibited 100% survival for up to 14 days after A/Hongkong/4801/2014 (H3N2) virus infection (Figure 7E). These results suggest that A/WSN/1933 virus infection can protect against future infection with a fatal dose of the A/Hongkong/4801/2014 (H3N2) virus.
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FIGURE 7. Cross-protection of A/WSN/1933 virus inoculation against lethal dose of A/Hongkong/4801/2014 (H3N2) virus. (A,B) BALB/c mice (n = 5) were sacrificed 5 days after a single intraperitoneal challenge with 1 × 108 pfu of wt A/Hong Kong/4801/2014 (H3N2) virus, and the populations of peritoneal cavity B cells (A) and bone marrow B cells (B) were analyzed by flow cytometry. (C,D) BALB/c mice (n = 10) were first inoculated with A/WSN/1933 virus (5 × 106 pfu) and then inoculated with A/Hongkong/4801/2014 (H3N2) (1 × 108 pfu) after 7 days, followed by sacrifice 5 days after the second challenge. The B cell populations of the peritoneal cavity (C) and bone marrow (D) were characterized by flow cytometry. (E) BALB/c mice (n = 10) were first inoculated with A/WSN/1933 virus (5 x 106 pfu), and a second inoculation with A/Hongkong/4801/2014 (H3N2) (1 × 108 pfu) was performed after 7 days. The mice were monitored for 14 days, and survival percentages of the mice were measured. (F) BALB/c mice were infected intraperitoneally with 5 × 106 pfu of A/WSN/1933 virus (n = 5/group). After 24 h, 5 days and 14 days, A/WSN/1933 virus titers in the indicated organs (pfu/g), blood and peritoneal fluids (pfu/ml) were determined by plaque assay. (G,H) BALB/c mice were infected intraperitoneally with 1 x 108 pfu of A/Hongkong/4801/2014 (H3N2) virus (n = 15/group). After 24 h (n = 5), virus titers in the indicated organs (pfu/g) and peritoneal fluids (pfu/ml) were determined by plaque assay (G). After 5 days, virus titers in the indicated organs (pfu/g) and peritoneal fluids (pfu/ml) of A/Hongkong/4801/2014 (H3N2) virus-infected mice (live mice, n = 5) were determined by plaque assay (H). (I) BALB/c mice (n = 5) were first intraperitoneally inoculated with A/WSN/1933 virus (5 × 106 pfu), and a second inoculation with A/Hongkong/4801/2014 (H3N2) (1 × 108 pfu) was performed after 7 days. After another 5 days, virus titers in the indicated organs (pfu/g) and peritoneal fluids (pfu/ml) were determined by plaque assay. WSN, A/WSN/1933 virus. H3N2, A/Hongkong/4801/2014 (H3N2) virus.



We examined the presence of A/WSN/1933 virus following intraperitoneal inoculation. There was no sign of replication of influenza virus in the peritoneal cells. In early time points after virus inoculation (5 × 106 pfu/mouse, 24 h), the presence of A/WSN/1933 virus was confirmed by plaque assays in the spleen and peritoneal cavity. However, we could not detect the virus in any of these organs from infected mice when we examined at 5 to 14 days post-infection (Figure 7F). Furthermore, we tried virus infection in vitro in cells of the peritoneal cavity. However, we could not detect the virus amplification. Next, we measured virus titers in the peritoneal cavity, liver, lung, kidney, and spleen after intraperitoneal infection of H3N2 (1 × 108 pfu/mouse). After 24 h, the viruses were found in all the examined organs (Figure 7G). However, we could not detect viruses anywhere 5 days after infection (Figure 7H). Therefore, it is likely that H3N2 influenza viruses don't replicate in mice, either. When the mice were infected first with A/WSN/1933 virus and then superinfected with H3N2 later, there were no viruses found in the examined organs (Figure 7I). Considering these data, we speculate that the A/WSN/1933 virus infection induces immune responses which can protect mice against A/Hongkong/4801/2014 (H3N2) virus infection independently of virus replication.

DISCUSSION

In development of vaccines against viral diseases, the route of infection or vaccination is an important issue because there can be immunological differences depending on the routes (4–9). Previously, other investigators showed that intraperitoneal inoculation of live influenza A virus induced protection against intranasal infections in mouse and ferret models (16–19). Here, we investigated immune responses in the mouse peritoneal cavity after intraperitoneal infection with influenza A virus in detail and found a possibility that the immune responses in the peritoneal cavity is unique and effective in terms of antibody production and its cross-reactivity. As we are focusing on immune responses in the peritoneal cavity here, we used intraperitoneal infection rather than intranasal infection in this study to assess protection conferred by intraperitoneal immunization.

It was previously reported that live influenza viruses are more powerful than inactivated vaccines when administered intramuscularly or intranasally (8, 36). Here, we compared the immunogenicity of live and inactivated A/WSN/1933 virus after intraperitoneal inoculation and found that the amounts of virus-reactive antibodies at various time points remained significantly higher (approximately 6~10 fold) in the live A/WSN/1933 virus-infected mice than in the mice infected with UV-inactivated A/WSN/1933 virus, supporting the superior effect of the live virus.

Since the influenza A virus has been detected in the lungs, heart, blood, kidney, brain, spleen and bone marrow by hemagglutination assays and plaque assays after intranasal inoculation (9), we examined the presence of A/WSN/1933 virus following intraperitoneal inoculation in these tissues along with peritoneal cells and fluids. There was no sign of replication of influenza virus in the peritoneal cells. In early time points after virus inoculation, the presence of A/WSN/1933 virus was confirmed by plaque assays in in the lungs, heart, blood, kidney, spleen and bone marrow. However, we could not detect the virus in any of these organs from infected mice when we examined at 5 to 14 days post-infection. These results suggest that immune responses to influenza A virus in the peritoneal cavity result in virus-reactive antibody production and these antibodies efficiently block the viruses in peritoneal cavity as well as in other organs.

B-1 cells produce natural IgM antibody against infection in the infected region. In the respiratory tract influenza virus infection, it was reported that B-1 cells produce natural IgM antibody in the airway space (39, 40). In contrast, there is no report regarding production of natural influenza-binding IgM by B-1 cells in response to intramuscular infection of influenza A virus till now. In this study, we also found increased production of A/WSN/1933-binding IgM in response to inoculation of A/WSN/1933 virus in the peritoneal cavity at early time points. CD4+ T cell-independent B cell response might occur frequently in case of peritoneal infection because B-1 cells are dominant population in the peritoneal cavity. Therefore, it can be an advantageous factor that can explain the potent activity of peritoneal cells. As we didn't directly compare immune responses of intraperitoneal infection with those of intranasal or intramuscular infection, we can't define the importance of B-1 cells population ratio at this time.

Intranasal infection of mice with influenza A virus induces severe loss of blood lymphocytes, bone marrow cells and lung B cells resulting in malfunction of the immune system (20–23). Apoptosis has been attributed as the cause of bone marrow and spleen B cell death following virus infections (20–24). Influenza A virus has also been reported to induce apoptosis of human airway epithelial cells (41). Consistent with these reports, we show that intraperitoneal infection with A/WSN/1933 virus resulted in massive but transient peritoneal and bone marrow B cell depletion. In vitro infection of peritoneal cells with A/WSN/1933 virus increased the populations of Annexin V-stained B cells and macrophages. Furthermore, apoptotic death of peritoneal cells was associated with increased expression of leaved PARP and Caspase-3 along with reduced levels of Bcl-2. This is consistent with previously reported inhibition of influenza A virus-induced apoptosis in MDCK cells by Bcl-2 (42). The mouse macrophage cell line RAW 264.7, that can be infected by influenza A virus (43), also underwent apoptosis upon infection with A/WSN/1933 A virus. These results suggest that apoptosis is responsible for the depletion of B cells and macrophages in the peritoneal cavity. Importantly, the peritoneal cavity including the antiviral IgG inhibited the influenza A virus-induced apoptosis of peritoneal B cells and macrophages.

Even though the peritoneal cavity cells were subjected to apoptosis, production of A/WSN/1933 virus-reactive IgM and IgG decreased and increased over time, respectively, suggesting class switching of antibody producing B cells. As B-1 cells are more resistant to apoptosis induced by A/WSN/1933 virus infection than B-2 cells, B-1 cells may be involved in the CD4+ T cell-independent antibody response at early stage and CD4+ T cell-dependent antibody responses may occur later. When we analyzed populations of B cells in the peritoneal cavity at 14 days post-infection, we observed increase in the numbers of B cells and B-1 cells compared to control mice. We also observed increase of IgG+ B-1 and IgG+ B-2 cells at 14 days post-infection. From our results, major key population producing virus-reactive antibodies is still unclear. Therefore, the contribution of B-1 and B-2 cells to production of A/WSN/1933-reactive antibodies is to be determined.

A prior study revealed the accumulation of macrophages and neutrophils in the lung soon after intranasal inoculation with A/WSN/1933 virus (44). An increase in neutrophil infiltration and its protective role during influenza A virus infection following intranasal infection has been described (45). We found that intraperitoneal challenge with A/WSN/1933 virus led to marked depletion of macrophages from the peritoneal cavity at 12 h post-inoculation, while immense neutrophil infiltration occurred. These findings suggest that neutrophils may be important in the immunological responses and protection that follow intraperitoneal challenge with A/WSN/1933 virus.

Human influenza virus binds to α-2,6-linked sialic acids and avian influenza virus to α-2,3-linked sialic acids (46). Macrophage galactose-type receptors and mannose receptors are also involved in the binding of influenza A virus (43). Recently, the sialic acid receptors have been detected in the peritoneal cavity cells of mice (38). Here, we demonstrated the interaction between peritoneal cells and influenza A virus and confirmed the occurrence of both α-2,6-linked and α-2,3-linked sialic acids in B cells and macrophages of the peritoneal cavity. The existence of dual α-2,6-linked and α-2,3-linked sialic acids has been reported previously in alveolar macrophages (47). We suggest that following intraperitoneal infection, A/WSN/1933 virus binds to α-2,6-linked sialic acids and then induces apoptotic death of macrophages and B cells in the peritoneal cavity. Considering that splenic B cells also express α-2,6 sialic acid but apoptosis of splenic B cells was not induced by A/WSN/1933, it is likely that there can be some differential signaling after A/WSN/1933 binding. The difference between the splenic B cells and peritoneal cells has to be investigated in future work.

Next, we noticed that repeated infection with A/WSN/1933 virus did not have adverse effects on B cells or macrophages; we attributed this to the neutralizing antibodies produced in response to the first exposure. We also perceived a significant increase in the A/WSN/1933 virus-reactive IgG production following repeated infection with A/WSN/1933 virus. The proliferation of A/WSN/1933 virus-reactive B cells may be responsible for the higher antibody response and therefore increased protection after re-infection. Conversely, repeated intranasal infection with low-dose influenza virus results in severe disease in mice (48). These results suggest that the immune responses against influenza A virus operate differently in the peritoneal cavity and the lung airway. We speculate that while extensive depletion of immune cells occurs in response to virus infection, A/WSN/1933 virus-reactive immune cell populations are selected and expanded in the peritoneal cavity.

It has been reported that cross-protection against pandemic H1N1 virus can be induced by seasonal H1N1 virus infection via a CD8+ T cell-independent, B cell-dependent mechanism (49). Similarly, the intranasal administration of gamma-irradiated A/PR8/H1N1 virus preparation was protective against seasonal and avian H5N1 influenza virus infections (50). Here, we found that the antibodies produced by challenge with intraperitoneal inoculation with A/WSN/1933 virus were poly-reactive to various influenza viruses, such as A/Hongkong/4801/2014 (H3N2) virus, rIETR CVV (H5N1) virus, and NIBRG-268M (H7N9) virus, explaining the cross-reactive protection by the influenza vaccines. However, our further finding that peritoneal cavity fluid inhibited hemagglutination of only A/Hongkong/4801/2014 (H3N2) virus and rIETR CVV (H5N1) virus and plaque formation by only A/Hongkong/4801/2014 (H3N2) virus may account for the limited function of influenza vaccines in terms of cross-reactivity. This phenomenon can be understood in the context that influenza viruses have different antigenic sites and glycosylation sites in the neighboring region of receptor binding domains and different amino acid sequences in the receptor binding domains of HA. Functional inhibition of the antibody against influenza infection may need more specific blocking of the receptor binding domain and neighboring region of receptor binding domains of the viruses than simple binding reaction. Even though the antibody cannot neutralize rIETR CVV (H5N1) virus in MDCK cells, the antibody protects apoptosis of B cells in response to rIETR CVV (H5N1) virus. It suggests that blocking of infection needs more accurate or potent structural complementarity than blocking of apoptosis.

Previously, H3N2 was reported not to cause severe disease or death in BALB/c mice with dose of 105 pfu (51–54). Interestingly, we found that intraperitoneal infection at a high dose of A/Hongkong/4801/2014 (H3N2) virus (1 × 108 pfu) induced the death of BALB/c mice without sign of virus replication. We expect that this phenomenon may have resulted from severe microvascular endothelial leakage of organs associated within the peritoneal cavity as previously reported (55, 56). It is also possible that there are other reasons unidentified. Therefore, further investigation of the detailed mechanism involved in the death of mice is necessary.

We observed that A/WSN/1933 virus infection induced immunity against lethal intraperitoneal A/Hongkong/4801/2014 (H3N2) virus exposure in BALB/c mice. This protection might be provided by A/WSN/1933 virus-reactive IgG in the peritoneal cavity, as explained by our in vitro assays. Given the role of increased magnitude of CD8+ T cell memory in response to sequential priming or reinfection (57, 58) and our results regarding the increased T cell population after A/WSN/1933 virus infection, repeated A/WSN/1933 virus infection may further enhance generation of immunological memory in our system. Therefore, this issue must be pursued in future studies to better understand the effect of vaccination.

In short, this is the first report showing the responses of peritoneal cells to intraperitoneal inoculation of influenza A virus. Our results suggest that the immunological responses in the peritoneal cavity can be greatly effective in response to virus infection in mice. It is unclear how we can apply this information to human system. However, we can postulate a possibility that there can be a route of choice for vaccination against influenza virus in humans; therefore, further studies on the effects of different vaccination routes are required. We have also shown that reinfection can induce increasingly powerful and cross-protective immune responses possibly through influenza A virus-induced antibody production. Considering that the influenza viruses undergo reassortment and evolve pathogenically, our results may provide a strategy for efficacious vaccine development against the continuous threat of new influenza A viruses.
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