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Abstract

:

Vaccine batches must pass routine quality control to confirm that their ability to induce protection against disease is consistent with batches of proven efficacy from development studies. For poultry vaccines, these tests are often performed in laboratory chickens by vaccination-challenge trials or serological assays. The aim of this study was to investigate innate immune responses against inactivated poultry vaccines and identify candidate immune parameters for in vitro quality tests as alternatives for animal-based quality tests. For this purpose, we set up assays to measure nitric oxide production and phagocytosis by the macrophage-like cell line HD11, upon stimulation with inactivated poultry vaccines for infectious bronchitis virus (IBV), Newcastle disease virus (NDV), and egg drop syndrome virus (EDSV). In both assays, macrophages became activated after stimulation with various toll-like receptor agonists. Inactivated poultry vaccines stimulated HD11 cells to produce nitric oxide due to the presence of mineral oil adjuvant. Moreover, inactivated poultry vaccines were found to enhance Fc receptor-mediated phagocytosis due to the presence of allantoic fluid in the vaccine antigen preparations. We showed that inactivated poultry vaccines stimulated nitric oxide production and Fc receptor-mediated phagocytosis by chicken macrophages. Similar to antigen quantification methods, the cell-based assays described here can be used for future assessment of vaccine batch-to-batch consistency. The ability of the assays to determine the immunopotentiating properties of inactivated poultry vaccines provides an additional step in the replacement of current in vivo batch-release quality tests.






Keywords:


chicken; inactivated vaccines; macrophages; HD11 cell line; phagocytosis; nitric oxide; CHIR-AB1; vaccine quality control












1. Introduction


Infectious diseases are a major problem for the poultry industry and lead to economic losses. Therefore, vaccination is essential to prevent disease outbreaks and maintain flock health. Early in life, starting before, or soon after hatch, chickens are vaccinated frequently with live attenuated vaccines to induce protective immunity. Before the first laying period, layers receive several booster vaccinations to maintain this protective immunity during their egg production phase. These may include inactivated multivalent vaccines against a combination of pathogens, such as infectious bronchitis virus (IBV), Newcastle disease virus (NDV), egg drop syndrome virus (EDSV), and infectious bursal disease virus (IBDV), and are often formulated as water-in-oil (w/o) emulsions using mineral oil adjuvants to potentiate the immune response [1].



Since vaccines are complex biological products, each batch requires routine quality control (QC) testing to ensure that it meets the established requirements to induce protection against disease. Quality testing for the potency of inactivated poultry vaccines used to be performed with vaccination-challenge tests, which have nowadays largely been replaced with vaccination-serology tests [2,3]. However, for many infectious diseases of poultry, the correlates of protection are still unknown and serological assays may not always be the best method to monitor vaccine potency. Moreover, there is a growing global intent to further reduce the number of laboratory animals used for routine quality control of vaccine batches [4]. As a consequence of the implementation of the 3Rs (replacement, reduction, and refinement) in European law, animal testing in the EU is only allowed when no non-animal alternatives are available [5]. The growing availability of physicochemical and cell-based alternatives has created opportunities to replace animal-based tests by methods that provide cost-effective and ethically attractive alternatives.



One strategy to ensure the quality of vaccines is the consistency approach, which implies that batch-to-batch variation of vaccines can be controlled by well-defined production processes and analysis of intermediate and final products by in vitro methods [6,7,8]. This approach requires a battery of methods to create a product profile that provides sufficient information to replace current animal-based tests. To assess antigen quantity, an important quality parameter of vaccines, a method like enzyme-linked immunosorbent assay (ELISA) can be used, which is in place for inactivated NDV vaccines [3,9,10] Moreover, such methods have been developed for inactivated IBV and IBDV vaccines [10,11], although they are not yet used for QC testing [3]. However, vaccine quality is usually not dependent on antigen quantity alone. Usually, additional vaccine components, like adjuvants, are required to stimulate the immune system, which is why antigen quantification methods should be complemented with other QC tests that assess the immunogenicity of these additives.



Pathogen-associated molecular patterns (PAMPs), like bacterial cell wall components or viral nucleic acids, activate innate immune cells via pattern recognition receptors (PRRs) [12,13]. Similarly, vaccine excipients, including adjuvants, can augment the immunogenicity of vaccines by activation of innate immune cells, either directly or by inflicting tissue damage, resulting in the release of endogenous danger signals, such as extracellular DNA, ATP, or heat-shock proteins, collectively called damage-associated molecular patterns (DAMPs) [14,15]. It is currently unknown whether inactivated viral poultry vaccines contain PAMPs or other constituents leading to DAMPs that augment immune responsiveness by the activation of innate immune cells. Immunopotentiating effects of vaccine constituents on innate immune cells can be addressed in vitro with cell-based assays. For poultry vaccines, a good candidate for such assays is the chicken macrophage-like cell line HD11, which shows broad expression of PRRs, including toll-like receptors (TLRs) [16]. The HD11 cell line has already been employed to explore the immune-activating or immunomodulatory properties of TLR agonists [17,18,19], liposomes [20], host defense peptides [21], cytokines [22,23,24], bacteria [17,21,25], and replicating viruses [26,27,28], using nitric oxide production as a functional readout of macrophage activation. Macrophages produce nitric oxide using the enzyme-inducible nitric oxide synthase (iNOS), which is expressed upon stimulation of PRRs and downstream activation of transcription factor nuclear factor kappa B (NF-κB) [17]. In addition, the HD11 macrophage-like cell line expresses a high-affinity Fc receptor for immunoglobulin Y (IgY), the chicken Ig-like receptor AB1 (CHIR-AB1) [29], and has been used before to study phagocytosis [30,31]. In vivo, macrophages are strategically located at the entry sites of lymphoid tissues and are able to react to PAMPs and DAMPs in the blood lymph fluid [32,33]. Moreover, macrophages have been shown to augment immune responses after vaccination, due to their ability to produce nitric oxide and perform Fc receptor-mediated phagocytosis [34,35,36].



In this study, we stimulated the chicken macrophage-like cell line HD11 with inactivated poultry vaccines and intermediary vaccine products, including antigenic fractions and mineral oil adjuvant, to study their effects on nitric oxide production and phagocytosis and to contribute to a better understanding of their effects on the chicken innate immune system. Moreover, we explored the potential of nitric oxide production and phagocytosis as biomarkers of vaccine-induced immune activation, for future use in in vitro vaccine QC tests.




2. Materials and Methods


2.1. HD11 Cell Culture and Stimulation


The chicken macrophage-like cell line HD11 [37], stored at −140 °C in complete Roswell Park Memorial Institute (RPMI)-1640 medium with 50% Fetal Bovine Serum (FBS) and 10% dimethyl sulfoxide (DMSO), was thawed and used after 3 to 20 passages. The cells were maintained in complete RPMI-1640 cell culture medium supplemented with GlutaMAX-I, phenol red, HEPES, 10% fetal bovine serum (FBS), 200 U/mL penicillin, and 200 U/mL streptomycin (all Gibco, Life Technologies Limited, Paisley, UK) in Corning 75-cm2 cell culture flasks (Sigma-Aldrich, Saint Louis, MO, USA) at 37 °C, 5% CO2, and passaged twice weekly. For experiments, HD11 cells were harvested from 75-cm2 cell culture flasks when they were at ~90% confluency using a 0.25% trypsin/EDTA solution supplemented with phenol red (Gibco, Life Technologies Limited, Paisley, UK). Subsequently, the cells were counted and resuspended at a concentration of 200,000 cells/mL. The cells were seeded at 1 mL/well complete RPMI medium in Corning Costar 24-well cell culture plates (Sigma-Aldrich, Saint Louis, MO, USA) and cultured overnight at 37 °C and 5% CO2.



After overnight incubation, the HD11 cells were exposed to various stimuli to assess their activation using either nitric oxide production or phagocytosis as a readout. Stimuli included 100–300 ng/mL lipopolysaccharides (LPSs) from E. coli O127:B8 (Sigma-Aldrich, Saint Louis, MO, USA) to target TLR4, 100–500 ng/mL CpG oligonucleotides (ODNs) 2006 to target TLR21, 10 μg/mL resiquimod (R848) to target TLR7, 10 ng/mL Pam3CSK4 to target the TLR2/1 heterodimer, and 5 μg/mL zymosan from S. cerevisiae (all InvivoGen, San Diego, CA, USA) to target the TLR2/6 heterodimer. In addition, HD11 cells were stimulated with established inactivated poultry vaccines and/or their antigenic fractions, which were kindly provided by three pharmaceutical companies that are part of the VAC2VAC consortium (http://www.vac2vac.eu/), hereafter referred to as companies A, B, and C. The inactivated poultry vaccines used in this study contained mineral oil adjuvants in w/o formulation and included inactivated monovalent IBV (company B), inactivated bivalent IBV + NDV (companies A, B, and C), and inactivated trivalent IBV + NDV + EDSV (company A) vaccines. The inactivated poultry vaccines from companies A, B, and C were prepared in such a way that a single chicken vaccination dose corresponds to, respectively, 0.5, 0.5, and 0.3 mL. The antigenic fractions, hereafter referred to as antigens, comprised whole inactivated IBV (companies A, B, and C) and NDV (company B), which were propagated on embryonated chicken eggs, harvested from the allantoic cavity, and inactivated using either formaldehyde or β-propiolactone. Allantoic fluid without virus (company A), mineral oil (company A), and an “empty vaccine” consisting of allantoic fluid without virus formulated with mineral oil (company B) were included as controls




2.2. Griess Assay to Measure Nitric Oxide Production by HD11 Cells


Nitric oxide production by HD11 cells was measured by the Griess assay [38] 48 h after stimulation. First, 50 μL of supernatants were harvested from triplicate wells and transferred to a 96-well flat-bottom plate (Corning B.V. Life Sciences, Amsterdam, The Netherlands) to measure the nitrite concentration. A 3.13–200 μM NaNO2 nitrite standard dilution series (Sigma-Aldrich, Merck, St. Louis, MO, USA) was included to generate a standard curve. Griess assay reagents were made by dissolving N-(1-naphtyl)ethylenediamine at 3 g/L and sulfanilamide at 10 g/L (both from Sigma-Aldrich, Merck, St. Louis, MO, USA) in 2.5% phosphoric acid (Supelco, Merck, St. Louis, MO, USA). The Griess reagents were mixed 1:1 and 50 μL was added to the wells with cell culture supernatants and standards. The Griess reagents mixture turned purple upon reaction with nitrite ions in the cell culture supernatant. The optical density (OD) at 540 nm of each well was measured using a FLUOstar Omega microplate reader (BMG Labtech, Ortenberg, Germany) to determine the nitrite concentration of each sample according to the nitrite standard curve.




2.3. Phagocytosis of IgY-Opsonized Beads by HD11 Cells


2.3.1. IgY-Opsonization of Fluorescent Beads


The phagocytosis assay was performed with chicken IgY-opsonized fluorescent beads, which were prepared by mixing 1 μm crimson carboxylate-modified FluoSpheres (Invitrogen, Life Technologies Europe BV, Bleiswijk, The Netherlands) at a final concentration of 7.2 × 109/mL with an egg yolk IgY fraction (Agrisera AB, Vännäs, Sweden) at a final concentration of 14.4 mg/mL in a glass tube, followed by overnight mixing in an orbital rotator at 4 °C. The next day, the beads were washed twice by adding 10 mL Dulbecco’s phosphate-buffered saline without calcium and magnesium (DPBS−/−; Lonza, Basel, Switzerland) and centrifugated at 3000× g for 20 min between washes. Finally, the beads were resuspended in DPBS−/− at a concentration of 3.5 × 109 beads/mL. Coupling of IgY was confirmed by staining the beads with 0.5 μg/mL R-phycoerythrin (PE)-labeled mouse anti-chicken monoclonal antibodies (SouthernBiotech, Birmingham, AL, USA) in fluorescence-activated cell sorting (FACS) buffer containing DPBS−/− + 0.5% bovine serum albumin and 0.005% sodium azide (both from Sigma-Aldrich, Saint Louis, MO, USA) and analysis using a CytoFLEX LX flow cytometer and 375-, 561-, and 638-nm lasers (Beckman Coulter Inc., Brea, CA, USA) (Supplementary Materials Figure S1).




2.3.2. Phagocytosis by HD11 Cells


Phagocytosis of IgY-opsonized beads was measured 24 h after stimulation of the HD11 cells. First, three wells of a 24-well plate with HD11 cells were harvested using DPBS−/− supplemented with 5 mM UltraPure EDTA (Invitrogen, Life Technologies Europe BV, Bleiswijk, The Netherlands) to determine the cell counts per well, which ranged between 0.5 and 1.0 × 106 cells. IgY-opsonized beads were added at a 1:1 bead-to-cell ratio to the HD11 cells of the remaining wells followed by a 4-h incubation at 37 °C, 5% CO2 to allow the cells to phagocytose the beads. Next, the cells were harvested using DPBS−/− supplemented with 5 mM UltraPure EDTA and centrifuged at 400× g for 3 min. The cells were transferred to 96-well V-bottom plates (Greiner Bio-One B.V., Alphen aan den Rijn, The Netherlands), washed in DPBS−/−, and stained for cell viability in 50 μL DPBS−/− with 1:400 Zombie Aqua Fixable Viability Dye (BioLegend Inc., San Diego, CA, USA) for 20 min at 4 °C. Subsequently, the cells were washed twice and fixed in 200 μL DPBS−/− with 2% paraformaldehyde (Alfa Aesar, Haverhill, MA, USA) for 10 min at room temperature (RT). Finally, the cells were washed once more in FACS buffer and resuspended in 200 μL of FACS buffer. Up to 50,000 cells were analyzed using the CytoFLEX LX flow cytometer.



Data analysis was performed using FlowJo Software v. 10.6 (FlowJo LCC, Ashland, OR, USA) and Prism 8.4 (Graphpad Software Inc., San Diego, CA, USA). The viability of the cells was expressed as the percentage of HD11 cells negative for Zombie Aqua Fixable Viability Dye. Only samples with ≥100 viable cells in the live gate (Figure 2b) were included in the analysis of changes in bead uptake. The fluorescent content of HD11 cells measured using a 660/10-nm bandpass filter after excitation with the 638-nm laser was directly proportional to the number of beads engulfed. Furthermore, the HD11 containing a single bead were visible as the first positive peak in a histogram showing the fluorescent intensity at 660/10 nm. From this, the average bead uptake by each sample was calculated by:


   b e a d s / c e l l =   M F  I  t o t a l       M F  I  1   b e a d / c e l l     ,   



(1)




with MFItotal for the mean fluorescent intensity (MFI) at 660/10 nm of each sample MFI1 bead/cell for the MFI at 660/10 nm of cells containing 1 bead/cell (see also Figure 1a). Next, the fold change in bead uptake by HD11 cells after stimulation was calculated by:


   f o l d c h a n g e =   b e a d s / c e l  l  s t i m u l a t e d       b e a d s / c e l  l  u n s t i m u l a t e d     .   



(2)








2.3.3. Flow Cytometric Side Scatter to Determine Vaccine Decomposition


An accumulation of vacuoles was observed in HD11 cells exposed to inactivated poultry vaccines or the empty vaccine control (without viral antigens), which was captured by light microscopy using an an EVOS FL microscope (AMG, Mill Creek, Washington, DC, USA). The vacuoles were considered to be vaccine-derived lipid droplets, since they were only observed in the presence of inactivated poultry vaccines containing emulsified mineral oil adjuvant. The accumulation of lipid droplets was considered as a surrogate marker for vaccine decomposition and quantified by measuring the average side scatter (SSC) of HD11 cells by flow cytometry, in accordance with a previous study [39].




2.3.4. Involvement of the Fc Receptor CHIR-AB1 in IgY-Opsonized Bead Uptake by HD11 Cells


HD11 cells stimulated for 24 h with different concentrations of LPS or inactivated IBV antigen (company B) were assessed for expression of CHIR-AB1 by subsequently staining the cells in 50 μL of FACS buffer with 1:20-diluted hybridoma supernatant containing mouse-anti-chicken CHIR-AB1 (clone 8D12, mouse IgG2b, gift from Thomas W. Göbel, LMU Munich, Munich, Germany) and 0.1 μg/mL allophycocyanin (APC)-labeled goat-anti-mouse IgG2a (SouthernBiotech, Birmingham, AL, USA) for 20 min at 4 °C, with two washing steps in FACS buffer in between. Next, the cells were washed once in FACS buffer and once in DPBS−/− followed by staining in 50 μL of DPBS−/− with 1:400 Zombie Aqua Fixable Viability Dye (BioLegend Inc., San Diego, CA, USA) for 20 min at 4 °C. Finally, the cells were washed once more in FACS buffer and resuspended in 200 μL of FACS buffer for analysis using the CytoFLEX LX flow cytometer.



To determine the involvement of CHIR-AB1 in the uptake of IgY-opsonized beads, different concentrations of mouse-anti-chicken CHIR-AB1 were administered to HD11 cells 10 min before addition of the beads to block interactions between CHIR-AB1 and IgY-opsonized beads. Subsequent steps were according to the phagocytosis assay as described.





2.4. Confocal Microscopy to Assess Internalization of IgY-Opsonized Beads by HD11 Cells


HD11 cells were prepared for confocal microscopy to confirm the internalization of IgY-opsonized beads. Ethanol-cleaned 12-mm glass coverslips (Waldemar Knittel Glasbearbeitungs GmbH, Brunswick, Germany) were added to the 24-well cell culture plates before HD11 cells were seeded and subjected to the phagocytosis assay as described. After 4 h of incubation with IgY-beads, the cells were washed twice with cold DPBS with calcium and magnesium (DPBS+/+; Lonza, Basel, Switzerland) before staining in DPBS+/+ with 2 μg/mL wheat germ agglutinin (WGA)-Alexa Fluor 488 (Invitrogen, Life Technologies Europe BV, Bleiswijk, The Netherlands) for 20 min at 4 °C. Subsequently, the cells were washed thrice with cold DPBS+/+ and fixed in DPBS+/+ with 4% paraformaldehyde at RT for 30 min. Next, the cells were washed three times with DPBS−/− + 10 mM glycine (Merck Millipore, Burlington, MA, USA) to quench the remaining paraformaldehyde. The cells were washed once more in distilled water before the coverslips with HD11 cells were mounted on Polysine microscope slides (Menzel Glazer GmbH & Co KG, Braunschweig, Germany) using Fluorsave Reagent (Calbiochem, Merck Millipore, Burlington, MA, USA). The cells were captured, and bead internalization was analyzed using a TCS-SPE-II confocal microscope (Leica Microsystems B.V., Amsterdam, The Netherlands) and 488- and 635-nm diode lasers. Microscopic images were further processed using Fiji software [40].




2.5. Statistical Analysis


Statistical analysis was performed using GraphPad Prism 8.4 software. When the assumptions of normally distributed data and residuals were met, a one-way ANOVA with Holm–Sidak’s multiple comparisons test was used to test for statistically significant differences between stimulated and unstimulated control samples. When the assumptions of normality were not met, a non-parametric Kruskal–Wallis test with Dunn’s multiple comparisons test was used instead. A p-value of <0.05 was considered statistically significant.





3. Results


3.1. High Concentrations of Inactivated Poultry Vaccines Induce Nitric Oxide Production by HD11 Cells


Production of nitric oxide by HD11 cells stimulated with TLR agonists, used as positive controls, was determined by the Griess assay. Stimulation with LPS resulted in 106.1 ± 2.2 μM, CpG in 115.2 ± 4.2 μM, and R848 in 84.4 ± 1.4 μM nitric oxide in the culture supernatant (Figure 1a). Stimulation of HD11 cells with dose ranges of inactivated IBV and NDV antigens provided by different companies did not result in nitric oxide production (Figure 1b). In contrast, nitric oxide was produced at low quantities when HD11 cells were stimulated with an inactivated monovalent IBV vaccine from company B (4.8 ± 0.5 μM) and inactivated bivalent IBV + NDV vaccines from companies A (4.2 ± 0.3 μM) and B (4.9 ± 0.5 μM) (Figure 1c). An “empty vaccine” without inactivated viral antigens also induced the production of low quantities of nitric oxide (4.9 ± 0.2 μM). All vaccines contained a mineral oil adjuvant and were formulated as water-in-oil emulsions. Nitric oxide production was not significantly different from unstimulated HD11 cells when non-emulsified mineral oil was added to the HD11 cells (respictively 2.0 ± 0.3 μM and 2.6 ± 0.1 μM). Taken together, small amounts of nitric oxide were produced by HD11 cells upon exposure to the inactivated poultry vaccines, which may be induced by the presence of emulsified mineral oil.




3.2. Phagocytosis of IgY-Opsonized Beads by HD11 Cells Is Enhanced upon Stimulation with TLR Agonists


The ability of HD11 cells to phagocytose IgY-opsonized beads after 24 h of stimulation with TLR agonists was assessed by a 4-h co-incubation (Figure 2a and Supplementary Materials Video S1). HD11 cells showed increased uptake of IgY-opsonized beads upon stimulation with LPS (2.18 ± 0.05-fold), CpG (1.99 ± 0.12-fold), R848 (1.66 ± 0.04-fold), Pam3CSK4 (1.87 ± 0.08-fold), and zymosan (1.59 ± 0.07-fold) compared to unstimulated cells (Figure 2b,c). The viability of HD11 remained unaffected by stimulation with zymosan and was only slightly affected by LPS, CpG, R848, or Pam3CSK4 (Supplementary Materials Figure S2).




3.3. Allantoic Fluid-Containing Inactivated IBV and NDV Antigens Enhance Phagocytosis by HD11 Cells


Next, the effects of inactivated IBV and NDV antigens on phagocytosis by HD11 cells were determined. IBV antigen from company B (maximum fold change 3.54 ± 0.19 at 10 μL/mL) led to a higher induction of bead uptake, at a lower dose, than IBV antigens from companies A (maximum fold change 2.69 ± 0.35 at 18 μL/mL) or C (maximum fold change 2.81 ± 0.36 at 30 μL/mL) (Figure 3a). Inactivated NDV antigens from company B (maximum fold change 3.81 ± 0.29 at 10 μL/mL) also enhanced phagocytosis by HD11 cells. Beyond the doses inducing a maximum bead uptake, increasing doses of IBV and NDV antigen led to a decrease in phagocytosis (Figure 3a), concurrent with decreased cell viability (Figure 3b).



IBV and NDV antigens both contained viruses that were whole inactivated after propagation in embryonated chicken eggs and harvest from the allantoic cavity. For this reason, allantoic fluid from non-inoculated eggs was tested for its ability to stimulate phagocytosis and found to enhance phagocytosis by 3.06 ± 0.21-fold (Figure 3c). Similar to the IBV and NDV antigens, increasing doses of allantoic fluid also led to a decrease in cell viability (Figure 3d).




3.4. Inactivated IBV and NDV Vaccines Can Enhance Phagocytosis by HD11 Cells


Five inactivated vaccines, all containing a mineral oil adjuvant in a w/o formulation, were used to stimulate HD11 cells and included a monovalent IBV vaccine (company B), three bivalent IBV + NDV vaccines (companies A, B, and C), and a trivalent IBV + NDV + EDSV vaccine (company A). Both bi- (2.60 ± 0.35-fold) and trivalent (1.95 ± 0.10-fold) vaccines from company A led to a clear increase in the uptake of IgY-opsonized beads (Figure 4a). The bivalent vaccine from company C resulted in maximal uptake at 10μL/mL (1.49 ± 0.06). The vaccines from company B did not enhance phagocytosis. Vaccine doses beyond those inducing a maximum increase of phagocytosis resulted in decreased bead uptake, concurrent with decreased cell viability (Figure 4a and Supplementary Materials Figure S3). An increasing dose of bivalent vaccine from company B also led to a decrease in cell viability without any enhancement of phagocytosis.



The mineral oil adjuvant of the vaccines acts as a slowly decomposing depot [41], resulting in a gradual release of vaccine components, such as antigen, allantoic fluid, and mineral oil. We hypothesized that the decomposition rate of an emulsified vaccine affects its release of allantoic fluid and thus its effect on phagocytosis. Light microscopy showed the intracellular accumulation of vacuoles in HD11 cells exposed to the vaccines (Figure 4b), suggesting that HD11 cells engulfed emulsified mineral oil released by the decomposing vaccines and stored this into lipid droplets. Because of this finding, we aimed to use flow cytometric SSC to quantify the accumulation of lipid droplets as a readout for vaccine decomposition. SSC can be used as a readout for engulfed particle content, as demonstrated by the high correlation between the SSC and the number of fluorescent IgY beads after the phagocytosis assay in unstimulated HD11 cells (r2 = 0.996) (Figure 4c). Next, SSC was found to become higher with increasing doses of the empty vaccine control from company B until saturation was reached (r2 = 0.972) (Figure 4d), demonstrating that SSC could indeed be used to quantify vaccine decomposition. The SSC of HD11 cells upon exposure to the vaccines was analyzed to determine whether there was a relationship between the vaccine decomposition rate and bead uptake. For the bi- and trivalent vaccines from company A, bead uptake increased simultaneously with SSC, suggesting that the increase in bead uptake correlated with vaccine decomposition (Figure 4a,e). HD11 cells were saturated with lipid droplets after exposure to 30 μL/mL bivalent vaccine from company A, which is the dose at which phagocytosis was found to be maximally enhanced (Figure 4a,e). The SSC also increased with increasing concentrations of the mono- and bivalent vaccines from companies B and C, but this did not result in similar changes in bead uptake. This indicates that differences between the vaccines in their capacity to induce phagocytosis cannot solely be explained by different decomposition rates.




3.5. Fc Receptor CHIR-AB1 Is Responsible for the Enhancement of IgY-Opsonized Bead Uptake by HD11 Cells upon Exposure to Inactivated IBV Antigen


Since we chose to use IgY-opsonized beads, we investigated whether the increase in phagocytosis was dependent on the high-affinity IgY Fc receptor CHIR-AB1. Its expression increased upon 24 h of stimulation with LPS (maximum 2.79 ± 0.09-fold change in gMFI) or inactivated IBV antigen (maximum 2.23 ± 0.19-fold change in gMFI) (Figure 5a,b). For IBV antigen, CHIR-AB1 expression reached its peak after stimulation with a dose of 10 μL/mL and decreased at higher doses, concurrent with the previously described cytotoxicity of the antigen (Figure 3b). Next, HD11 cells were incubated with a CHIR-AB1 blocking antibody before performing the phagocytosis assay. The increased bead uptake upon exposure to an IBV antigen diminished with increasing concentrations of the blocking antibody (from 1.83 ± 0.23 beads/cell to 0.32 ± 0.04 beads/cell) (Figure 5d). In contrast, bead uptake in unstimulated or LPS-stimulated HD11 cells was less affected by CHIR-AB1 blocking (Unst: from 0.67 ± 0.05 beads/cell to 0.50 ± 0.04 beads/cell; LPS: from 1.35 ± 0.15 beads/cell to 0.89 ± 0.05 beads/cell).





4. Discussion


In the present study, putative activating properties of inactivated poultry vaccines and their constituents on innate immune cells were assessed through measurement of nitric oxide production and phagocytosis by the chicken macrophage-like cell line HD11, as potential biomarkers for in vitro assessment of batch-to-batch consistency of vaccines. Small amounts of nitric oxide were produced in the presence of inactivated IBV and NDV vaccines or an empty vaccine without viral antigens. In contrast, nitric oxide was not produced in the presence of inactivated IBV or NDV antigens or non-emulsified mineral oil. These findings indicate that nitric oxide was produced by HD11 cells due to stimulation with the mineral oil adjuvant in its emulsified form.



The absence of nitric oxide production in the presence of viral antigens was unexpected, since HD11 cells do express TLR7 [42] and TLR21 [43], PRRs for viral single-stranded RNA and double-stranded DNA, respectively. Moreover, TLR7 agonist R848 and TLR21 agonist CpG were able to induce high amounts of nitric oxide production. One hypothesis is that the nucleic acids from the inactivated viral antigens did not end up in the endosomes where these TLRs are present [42]. Alternatively, the recognition of the viral nucleic acids could be impaired by chemical modification, as a result of viral inactivation, or degradation. It has been shown for H5N1 influenza vaccines that TLR7 is involved in the generation of an effective adaptive immune response and that TLR7 activation is severely reduced after inactivation of the antigen with formalin or β-propiolactone [44,45].



The phagocytosis assays showed that both inactivated poultry vaccines and antigens enhanced the phagocytosis of IgY-opsonized beads by HD11 cells. Moreover, allantoic fluid without antigens stimulated HD11 cells to enhance phagocytosis, similar to allantoic fluid containing inactivated IBV and NDV antigens. These results indicate that allantoic fluid, present in both the vaccines and antigen preparations, was responsible for the enhancement of phagocytosis. Allantois fluid contains a high concentration of uric acid, which may form monosodium urate crystals [46,47]. Previous studies have shown that uric acid is released from cells damaged by aluminum salt adjuvants and may form monosodium urate crystals that act as immunostimulatory DAMPs [47]. The stimulatory effects of allantoic fluid on phagocytosis may therefore be caused by the presence of uric acid precipitates. Vaccination studies in mice have shown that DAMPs stimulate antigen uptake by macrophages in vitro and enhance antibody titers in vivo [48,49,50]. Whether allantoic fluid stimulates phagocytosis and enhances antibody titers in chickens in vivo will be of interest for further investigation.



Stimulation with inactivated IBV antigens from different sources induced different outcomes of the phagocytosis assay, both in terms of the dose at which the highest bead uptake was observed and the maximal bead uptake, whereas no differences were observed between IBV and NDV antigens from the same source. Similarly, vaccines from different courses resulted in different outcomes. However, this does not affect the feasibility of assessing vaccine batch quality under the consistency approach, which aims to select a number of parameters for individual vaccines or intermediate products to prove batch-to-batch consistency.



Besides antigens, the inactivated poultry vaccines in this study contained mineral oil adjuvants in w/o formulation, which has been shown to form a depot with a low decomposition rate in vivo, leading to slow release kinetics of the antigen [51,52]. In our study, some vaccines enhanced bead uptake by HD11 cells, whereas other vaccines did not, depending on the manufacturer of the vaccines. These results may be explained by differences in the antigen dose or release kinetics of the different products, which depends on the product ingredients and the manufacturing process. Light microscopy showed the accumulation of lipid droplets in HD11 cells upon stimulation with emulsified mineral oil or vaccines containing emulsified mineral oil. We used flow cytometric SSC, which measured cell contents and granularity [39], to assess quantitative differences in the accumulation of lipid droplets as a read-out for decomposition of the vaccines. Although, SSC increased upon incubation with higher concentrations of the individual vaccines, this did not always result in increased bead uptake. This suggests that the variation in phagocytosis between the vaccines cannot solely be explained by differences in decomposition rates. Therefore, phagocytosis may be affected by other determinants of the vaccine formulation, including differences in antigen content, the immunostimulatory capacity of the allantoic fluid, or cytotoxicity.



Since CHIR-AB1 is known as a high-affinity chicken IgY Fc receptor that signals through Fc ε receptor I gamma chain (FcεRIγ) upon interaction with heat-aggregated IgY [29], we investigated its involvement in the uptake of IgY-opsonized beads by HD11 cells upon stimulation. We observed increased CHIR-AB1 expression on HD11 cells upon stimulation with LPS and inactivated IBV antigen. In addition, blocking CHIR-AB1 diminished the increase in phagocytosis as a result of stimulation. Hence, it must be concluded that inactivated IBV antigen led to an increase in phagocytosis due to an increase in the expression of CHIR-AB1. The increase in phagocytosis was therefore Fc receptor dependent. In a previous study, LPS was not found to affect CHIR-AB1 expression by primary macrophages, which contrasts to our findings in the HD11 cell line [29]. The difference may also be explained by the use of another type of LPS.



The nitric oxide production assay and the phagocytosis assay presented in this study showed different levels of macrophage activity upon stimulation with individual inactivated poultry vaccines. Based on our results, nitric oxide production by HD11 cells seemed to be induced by the mineral oil adjuvant, when present in a water-in-oil formulation. Fc receptor-mediated phagocytosis by HD11 cells was found to be induced by allantoic fluid, which is present in inactivated IBV and NDV antigens of poultry vaccines. Nitric oxide production was not induced by allantoic fluid, as demonstrated by the absence of nitric oxide after exposure to IBV and NDV antigens containing allantoic fluid. In this exploratory study, these two assays were able to show different immunopotentiating properties of the vaccines and hence may be used in the future as complementary assays to test for immunostimulatory properties of vaccines. Allantoic fluid might function as an inherent adjuvant and facilitate the immune response, although this remains to be confirmed with in vivo experiments. Finally, the assays used in this study may be applied in the future as quality control tests for inactivated poultry vaccines. Future studies will be needed to address the capacity of these cell-based assays to evaluate vaccine batch-to-batch consistency and detect non-conforming batches, as compared to the animal-based quality control tests that are currently in place as gold standards. Obviously, the capacity of inactivated poultry vaccines to induce antigen-specific immunity requires additional assessments, like antigen quantification or stability, to ensure vaccine quality. The nitric oxide production and phagocytosis assays with HD11 cells might contribute to future efforts to replace current in vivo vaccine batch-release quality tests for in vitro alternatives.




5. Conclusions


In this exploratory study we demonstrated that inactivated poultry vaccines are able to activate chicken innate immune cells in vitro. Stimulation of the chicken macrophage-like cell line HD11 with the inactivated poultry vaccines resulted in the production of nitric oxide due the presence of mineral oil adjuvant. Furthermore, inactivated poultry vaccines enhanced Fc receptor-mediated phagocytosis due to the presence of allantoic fluid in the vaccine antigen preparations. Taken together, these two in vitro assays were able to show different immunopotentiating properties of the vaccines and hence may be used in the future as complementary assays to test for immunostimulatory properties of vaccines.








Supplementary Materials


The following are available online at https://www.mdpi.com/2076-393X/8/2/332/s1, Figure S1: A major part of the beads used for the phagocytosis assay were coupled to IgY, Figure S2: Stimulation with TLR agonists showed little effects on HD11 cell viability, Figure S3: The viability of HD11 cells was affected by various inactivating poultry vaccines to different extents, Video S1: A 3D model of IgY-opsonized beads engulfed by HD11 cells.





Author Contributions


Conceptualization, R.H.G.A.v.d.B. and C.A.J.; Formal analysis, R.H.G.A.v.d.B.; Funding acquisition, W.v.E. and C.A.J.; Investigation, R.H.G.A.v.d.B.; Methodology, R.H.G.A.v.d.B. and C.A.J.; Supervision, W.v.E., V.P.M.G.R. and C.A.J.; Writing—original draft, R.H.G.A.v.d.B.; Writing—review and editing, R.H.G.A.v.d.B., W.v.E., V.P.M.G.R. and C.A.J. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Innovative Medicines Initiative 2 Joint Undertaking under grant agreement No 115924 (VAC2VAC). This Joint Undertaking receives support from the European Union’s Horizon 2020 research and innovation program and EFPIA. The contents of this article represent the authors’ scientific conclusions and neither IMI nor the European Union, EFPIA, or any Associated Partners are responsible for any use that may be made of the information contained therein.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study, in the collection, analyses, or interpretation of data. in the writing of the manuscript, or in the decision to publish the results.




References


	



Coffman, R.L.; Sher, A.; Seder, R.A. Vaccine adjuvants: Putting innate immunity to work. Immunity 2010, 33, 492–503. [Google Scholar] [CrossRef]

	



Goddard, R.D.; Nicholas, R.A.J.; Luff, P.R. Serology-based potency test for inactivated Newcastle disease vaccines. Vaccine 1988, 6, 530–532. [Google Scholar] [CrossRef]

	



EDQM. European Pharmacopoeia, 10th ed.; European Department for the Quality of Medicines: Strasbourgh, France, 2020. [Google Scholar]

	



Schutte, K.; Szczepanska, A.; Halder, M.; Cussler, K.; Sauer, U.G.; Stirling, C.; Uhlrich, S.; Wilk-Zasadna, I.; John, D.; Bopst, M.; et al. Modern science for better quality control of medicinal products “Towards global harmonization of 3Rs in biologicals”: The report of an EPAA workshop. Biologicals 2017, 48, 55–65. [Google Scholar] [CrossRef] [PubMed]

	



The European Parliament and the Council of the European Union. DIRECTIVE 2010/63/EU on the protection of animals used for scientific purposes. Off. J. Eur. Union 2010, 276, 33–79. [Google Scholar]

	



Hendriksen, C.; Arciniega, J.L.; Bruckner, L.; Chevalier, M.; Coppens, E.; Descamps, J.; Duchêne, M.; Dusek, D.M.; Halder, M.; Kreeftenberg, H.; et al. The consistency approach for the quality control of vaccines. Biologicals 2008, 36, 73–77. [Google Scholar] [CrossRef]

	



Hendriksen, C.F. Replacement, reduction and refinement alternatives to animal use in vaccine potency measurement. Expert Rev. Vaccines 2009, 8, 313–322. [Google Scholar] [CrossRef] [PubMed]

	



Bruysters, M.W.P.; Schiffelers, M.J.; Hoonakker, M.; Jungbaeck, C.; Ragan, I.; Rommel, E.; van der Stappen, T.; Viviani, L.; Hessel, E.V.; Akkermans, A.M.; et al. Drivers and barriers in the consistency approach for vaccine batch release testing: Report of an international workshop. In Biologicals; Academic Press: Cambridge, MA, USA, 2017; pp. 1–5. [Google Scholar]

	



Claassen, I.; Maas, R.; Oei, H.; Daas, A.; Milne, C. Validation study to evaluate the reproducibility of a candidate in vitro potency assay of newcastle disease vaccines and to establish the suitability of a candidate biological reference preparation. Pharmeuropa Bio 2004, 2004, 1–15. [Google Scholar]

	



Maas, P.A.; de Winter, M.P.M.; Venema, S.; Oei, H.L.; Claassen, I.J.T.M. Antigen quantification as in vitro alternative for potency testing of inactivated viral poultry vaccines. Vet. Q. 2000, 4, 223–227. [Google Scholar] [CrossRef]

	



Maas, R.; Venema, S.; Kant, A.; Oei, H.; Claassen, I. Quantification of infectious bursal disease viral proteins 2 and 3 in inactivated vaccines as an indicator of serological response and measure of potency. Avian Pathol. 2004, 33, 126–132. [Google Scholar] [CrossRef]

	



Stoel, M.; Pool, J.; de Vries-Idema, J.; Zaaraoui-Boutahar, F.; Bijl, M.; Andeweg, A.C.; Wilschut, J.; Huckriede, A. Innate responses induced by whole inactivated virus or subunit influenza vaccines in cultured dendritic cells correlate with immune responses in vivo. PLoS ONE 2015, 10, e0125228. [Google Scholar] [CrossRef]

	



Hoonakker, M.E.; Verhagen, L.M.; Hendriksen, C.F.M.; van Els, C.A.C.M.; Vandebriel, R.J.; Sloots, A.; Han, W.G.H. In vitro innate immune cell based models to assess whole cell Bordetella pertussis vaccine quality: A proof of principle. Biologicals 2015, 43, 100–109. [Google Scholar] [CrossRef] [PubMed]

	



Marichal, T.; Ohata, K.; Bedoret, D.; Mesnil, C.; Sabatel, C.; Kobiyama, K.; Lekeux, P.; Coban, C.; Akira, S.; Ishii, K.J.; et al. DNA released from dying host cells mediates aluminum adjuvant activity. Nat. Med. 2011, 17, 996–1002. [Google Scholar] [CrossRef] [PubMed]

	



Hayashi, T.; Momota, M.; Kuroda, E.; Kusakabe, T.; Kobari, S.; Makisaka, K.; Ohno, Y.; Suzuki, Y.; Nakagawa, F.; Lee, M.S.J.; et al. DAMP-inducing adjuvant and PAMP adjuvants parallelly enhance protective type-2 and type-1 immune responses to influenza split vaccination. Front. Immunol. 2018, 9, 02619. [Google Scholar] [CrossRef] [PubMed]

	



Iqbal, M.; Philbin, V.J.; Smith, A.L. Expression patterns of chicken Toll-like receptor mRNA in tissues, immune cell subsets and cell lines. Vet. Immunol. Immunopathol. 2005, 104, 117–127. [Google Scholar] [CrossRef] [PubMed]

	



Crippen, T.L. The selective inhibition of nitric oxide production in the avian macrophage cell line HD11. Vet. Immunol. Immunopathol. 2006, 109, 127–137. [Google Scholar] [CrossRef]

	



He, H.; Genovese, K.J.; Nisbet, D.J.; Kogut, M.H. Synergy of CpG oligodeoxynucleotide and double-stranded RNA (poly I:C) on nitric oxide induction in chicken peripheral blood monocytes. Mol. Immunol. 2007, 44, 3234–3242. [Google Scholar] [CrossRef]

	



Peroval, M.Y.; Boyd, A.C.; Young, J.R.; Smith, A.L.; Muller, M. A Critical Role for MAPK Signalling Pathways in the Transcriptional Regulation of Toll Like Receptors. PLoS ONE 2013, 8, e51243. [Google Scholar] [CrossRef]

	



Lin, Y.F.; Deng, M.C.; Tseng, L.P.; Jiang, P.R.; Jan, T.R.; Hsieh, F.I.; Liu, D.Z. Adjuvant effect of liposome in chicken result from induction of nitric oxide. Biomed. Mater. 2011, 6, 015011. [Google Scholar] [CrossRef]

	



van Dijk, A.; van Eldik, M.; Veldhuizen, E.J.A.; Tjeerdsma-van Bokhoven, H.L.M.; de Zoete, M.R.; Bikker, F.J.; Haagsman, H.P. Immunomodulatory and Anti-Inflammatory Activities of Chicken Cathelicidin-2 Derived Peptides. PLoS ONE 2016, 11, e0147919. [Google Scholar] [CrossRef]

	



He, H.; Genovese, K.J.; Kogut, M.H. Modulation of chicken macrophage effector function by T(H)1/T(H)2 cytokines. Cytokine 2011, 53, 363–369. [Google Scholar] [CrossRef]

	



Haq, K.; Elawadli, I.; Parvizi, P.; Mallick, A.I.; Behboudi, S.; Sharif, S. Interferon-γ influences immunity elicited by vaccines against very virulent Marek’s disease virus. Antivir. Res. 2011, 90, 218–226. [Google Scholar] [CrossRef] [PubMed]

	



Sekellick, M.J.; Lowenthal, J.W.; O’Neil, T.E.; Marcus, P.I. Chicken interferon types I and II enhance synergistically the antiviral state and nitric oxide secretion. J. Interf. Cytokine Res. 1998, 18, 407–414. [Google Scholar] [CrossRef]

	



He, H.; Genovese, K.J.; Swaggerty, C.L.; Nisbet, D.J.; Kogut, M.H. A Comparative Study on Invasion, Survival, Modulation of Oxidative Burst, and Nitric Oxide Responses of Macrophages (HD11), and Systemic Infection in Chickens by Prevalent Poultry Salmonella Serovars. Foodborne Pathog. Dis. 2012, 9, 1104–1110. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, P.; Ding, Z.; Liu, X.; Chen, Y.; Li, J.; Tao, Z.; Fei, Y.; Xue, C.; Qian, J.; Wang, X.; et al. Enhanced replication of virulent Newcastle disease virus in chicken macrophages is due to polarized activation of cells by inhibition of TLR7. Front. Immunol. 2018, 9, 366. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.-C.; Wu, C.C.; Lin, T.L. Role of chicken melanoma differentiation-associated gene 5 in induction and activation of innate and adaptive immune responses to infectious bursal disease virus in cultured macrophages. Arch. Virol. 2015, 160, 3021–3035. [Google Scholar] [CrossRef]

	



Qi, X.; Liu, C.; Li, R.; Zhang, H.; Xu, X.; Wang, J. Modulation of the innate immune-related genes expression in H9N2 avian influenza virus-infected chicken macrophage-like cells (HD11) in response to Escherichia coli LPS stimulation. Res. Vet. Sci. 2017, 111, 36–42. [Google Scholar] [CrossRef] [PubMed]

	



Viertlboeck, B.C.; Schweinsberg, S.; Hanczaruk, M.A.; Schmitt, R.; Du Pasquier, L.; Herberg, F.W.; Göbel, T.W. The chicken leukocyte receptor complex encodes a primordial, activating, high-affinity IgY Fc receptor. Proc. Natl. Acad. Sci. USA 2007, 104, 11718–11723. [Google Scholar] [CrossRef]

	



de Geus, E.D.; Jansen, C.A.; Vervelde, L. Uptake of particulate antigens in a nonmammalian lung: Phenotypic and functional characterization of avian respiratory phagocytes using bacterial or viral antigens. J. Immunol. 2012, 188, 4516–4526. [Google Scholar] [CrossRef]

	



Naghizadeh, M.; Wattrang, E.; Kjærup, R.B.; Bakke, M.; Shih, S.; Dalgaard, T.S. In vitro phagocytosis of opsonized latex beads by HD11 cells as a method to assess the general opsonization potential of chicken serum. Avian Pathol. 2018, 47, 479–488. [Google Scholar] [CrossRef]

	



Grabowska, J.; Lopez-Venegas, M.A.; Affandi, A.J.; Den Haan, J.M.M. CD169+ macrophages capture and dendritic cells instruct: The interplay of the gatekeeper and the general of the immune system. Front. Immunol. 2018, 9, 2472. [Google Scholar] [CrossRef]

	



de Geus, E.D.; Vervelde, L. Regulation of macrophage and dendritic cell function by pathogens and through immunomodulation in the avian mucosa. Dev. Comp. Immunol. 2013, 41, 341–351. [Google Scholar] [CrossRef] [PubMed]

	



Canthaboo, C.; Xing, D.; Wei, X.Q.; Corbel, M.J. Investigation of role of nitric oxide in protection from Bordetella pertussis respiratory challenge. Infect. Immun. 2002, 70, 679–684. [Google Scholar] [CrossRef] [PubMed]

	



Quattrocchi, V.; Langellotti, C.; Pappalardo, J.S.; Olivera, V.; Di Giacomo, S.; van Rooijen, N.; Mongini, C.; Waldner, C.; Zamorano, P.I. Role of macrophages in early protective immune responses induced by two vaccines against foot and mouth disease. Antivir. Res. 2011, 92, 262–270. [Google Scholar] [CrossRef] [PubMed]

	



He, W.; Chen, C.J.; Mullarkey, C.E.; Hamilton, J.R.; Wong, C.K.; Leon, P.E.; Uccellini, M.B.; Chromikova, V.; Henry, C.; Hoffman, K.W.; et al. Alveolar macrophages are critical for broadly-reactive antibody-mediated protection against influenza A virus in mice. Nat. Commun. 2017, 8, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Beug, H.; von Kirchbach, A.; Döderlein, G.; Conscience, J.-F.; Graf, T. Chicken hematopoietic cells transformed by seven strains of defective avian leukemia viruses display three distinct phenotypes of differentiation. Cell 1979, 18, 375–390. [Google Scholar] [CrossRef]

	



Ariaans, M.P.; Matthijs, M.G.R.; van Haarlem, D.; van de Haar, P.; van Eck, J.H.H.; Hensen, E.J.; Vervelde, L. The role of phagocytic cells in enhanced susceptibility of broilers to colibacillosis after Infectious Bronchitis Virus infection. Vet. Immunol. Immunopathol. 2008, 123, 240–250. [Google Scholar] [CrossRef]

	



Stringer, B.; Imrich, A.; Kobzik, L. Flow cytometric assay of lung macrophage uptake of environmental particulates. Cytometry 1995, 20, 23–32. [Google Scholar] [CrossRef] [PubMed]

	



Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [Google Scholar] [CrossRef]

	



Stils, H.F. Adjuvants and Antibody Production: Dispelling the Myths Associated with Freund’s Complete and Other Adjuvants. ILAR J. 2005, 46, 280–293. [Google Scholar] [CrossRef]

	



Philbin, V.J.; Iqbal, M.; Boyd, Y.; Goodchild, M.J.; Beal, R.K.; Bumstead, N.; Young, J.; Smith, A.L. Identification and characterization of a functional, alternatively spliced Toll-like receptor 7 (TLR7) and genomic disruption of TLR8 in chickens. Immunology 2005, 114, 507–521. [Google Scholar] [CrossRef]

	



Brownlie, R.; Zhu, J.; Allan, B.; Mutwiri, G.K.; Babiuk, L.A.; Potter, A.; Griebel, P. Chicken TLR21 acts as a functional homologue to mammalian TLR9 in the recognition of CpG oligodeoxynucleotides. Mol. Immunol. 2009, 46, 3163–3170. [Google Scholar] [CrossRef]

	



Herrera-Rodriguez, J.; Signorazzi, A.; Holtrop, M.; de Vries-Idema, J.; Huckriede, A. Inactivated or damaged? Comparing the effect of inactivation methods on influenza virions to optimize vaccine production. Vaccine 2019, 37, 1630–1637. [Google Scholar] [CrossRef] [PubMed]

	



Geeraedts, F.; Goutagny, N.; Hornung, V.; Severa, M.; de Haan, A.; Pool, J.; Wilschut, J.; Fitzgerald, K.A.; Huckriede, A. Superior Immunogenicity of Inactivated Whole Virus H5N1 Influenza Vaccine is Primarily Controlled by Toll-like Receptor Signalling. PLoS Pathog. 2008, 4, e1000138. [Google Scholar] [CrossRef] [PubMed]

	



Bolin, G.; Burggren, W.W. Metanephric kidney development in the chicken embryo: Glomerular numbers, characteristics and perfusion. Comp. Biochem. Physiol A Mol. Integr. Physiol. 2013, 166, 343–350. [Google Scholar] [CrossRef] [PubMed]

	



Marrack, P.; McKee, A.S.; Munks, M.W. Towards an understanding of the adjuvant action of aluminium. Nat. Rev. Immunol. 2009, 9, 287–293. [Google Scholar] [CrossRef] [PubMed]

	



Depelsenaire, A.C.I.; Meliga, S.C.; McNeilly, C.L.; Pearson, F.E.; Coffey, J.W.; Haigh, O.L.; Flaim, C.J.; Frazer, I.H.; Kendall, M.A.F. Colocalization of cell death with antigen deposition in skin enhances vaccine immunogenicity. J. Investig. Dermatol. 2014, 134, 2361–2370. [Google Scholar] [CrossRef]

	



Yang, Y.-W.; Shen, S.-S. Enhanced antigen delivery via cell death induced by the vaccine adjuvants. Vaccine 2007, 25, 7763–7772. [Google Scholar] [CrossRef]

	



Behrens, M.D.; Wagner, W.M.; Krco, C.J.; Erskine, C.L.; Kalli, K.R.; Krempski, J.; Gad, E.A.; Disis, M.L.; Knutson, K.L. The endogenous danger signal, crystalline uric acid, signals for enhanced antibody immunity. Blood 2008, 111, 1472–1479. [Google Scholar] [CrossRef]

	



Droual, R.; Bickford, A.A.; Charlton, B.R.; Kuney, D.R. Investigation of problems associated with intramuscular breast injection of oil-adjuvanted killed vaccines in chickens. Avian Dis. 1990, 34, 473–478. [Google Scholar] [CrossRef]

	



Yamanaka, M.; Okabe, T.; Nakai, M.; Goto, N. Local pathological reactions and immune response of chickens to ISA-70 and other adjuvants containing Newcastle disease virus antigen. Avian Dis. 1993, 37, 459–466. [Google Scholar] [CrossRef]








[image: Vaccines 08 00332 g001 550] 





Figure 1. Inactivated poultry vaccines induced nitric oxide production by HD11 cells, whereas inactivated IBV and NDV antigens did not. (a) Nitric oxide production by HD11 cells was assessed upon stimulation with TLR agonists, i.e., 100 ng/mL LPS, 100 ng/mL CpG, and 10 μg/mL R848. (b) In addition, HD11 cells were exposed to inactivated IBV and NDV antigens (companies A and B) in doses ranging from 0.1–10 μL/mL. (c) Finally, HD11 cells were exposed to vaccines, an “empty vaccine” containing allantoic fluid without inactivated viruses, and mineral oil in doses ranging from 1–100 μL/mL. Three independent experiments were performed, and the experimental conditions of each independent experiment were tested in triplicate. Error bars represent the standard error of the mean (SEM). The experimental groups were tested for statistically significant increases in nitric oxide production as compared to unstimulated HD11 cells using a Kruskal–Wallis test and Dunn’s multiple comparisons test. Statistical significance is indicated by * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 2. TLR agonists stimulated the uptake of IgY-opsonized beads by HD11 cells. (a) Confocal microscopy confirmed the uptake of IgY-opsonized beads by HD11 cells. The surface of unstimulated HD11 cells was made visible by WGA-Alexa Fluor 488 shown in green and IgY-opsonized beads are shown in red. A corresponding video showing the 3-D model of this composition can be found in Supplementary Materials Video S1. (b) Bead uptake by HD11 cells was quantified by flow cytometry. HD11 cells were gated for their scatter profile (FSC/SSC) and viability (zombie aqua live/dead staining). Moreover, HD11 cells with 1 bead/cell were gated to determine the fluorescence of a single bead, from which the average beads/cell for all HD11 cells could be calculated. (c) HD11 cells were stimulated with 300 ng/mL LPS, 500 ng/mL CpG, 10 µg/mL R848, 10 ng/mL Pam3CSK4 (Pam), 5 µg/mL zymosan (Zymo), or left unstimulated (Unst). The results are expressed as fold changes in bead uptake after stimulation in comparison to unstimulated controls. Three independent experiments were performed, and the experimental conditions of each independent experiment were tested in triplicate. Error bars represent the standard error of the mean (SEM). The experimental groups were tested for statistically significant differences in bead uptake between stimulated and unstimulated groups using a one-way ANOVA and Holm–Sidak’s multiple comparisons test. Statistical significance is indicated by *** p < 0.001. 






Figure 2. TLR agonists stimulated the uptake of IgY-opsonized beads by HD11 cells. (a) Confocal microscopy confirmed the uptake of IgY-opsonized beads by HD11 cells. The surface of unstimulated HD11 cells was made visible by WGA-Alexa Fluor 488 shown in green and IgY-opsonized beads are shown in red. A corresponding video showing the 3-D model of this composition can be found in Supplementary Materials Video S1. (b) Bead uptake by HD11 cells was quantified by flow cytometry. HD11 cells were gated for their scatter profile (FSC/SSC) and viability (zombie aqua live/dead staining). Moreover, HD11 cells with 1 bead/cell were gated to determine the fluorescence of a single bead, from which the average beads/cell for all HD11 cells could be calculated. (c) HD11 cells were stimulated with 300 ng/mL LPS, 500 ng/mL CpG, 10 µg/mL R848, 10 ng/mL Pam3CSK4 (Pam), 5 µg/mL zymosan (Zymo), or left unstimulated (Unst). The results are expressed as fold changes in bead uptake after stimulation in comparison to unstimulated controls. Three independent experiments were performed, and the experimental conditions of each independent experiment were tested in triplicate. Error bars represent the standard error of the mean (SEM). The experimental groups were tested for statistically significant differences in bead uptake between stimulated and unstimulated groups using a one-way ANOVA and Holm–Sidak’s multiple comparisons test. Statistical significance is indicated by *** p < 0.001.



[image: Vaccines 08 00332 g002]







[image: Vaccines 08 00332 g003 550] 





Figure 3. Phagocytosis of IgY-opsonized beads by HD11 cells is increased upon exposure to inactivated IBV and NDV antigens. (a) Differences in bead uptake upon exposure to IBV and NDV antigens are expressed as fold changes compared to unstimulated controls. (b) The effects of IBV and NDV antigens on HD11 cell viability, as determined by Zombie Aqua Fixable Viability Dye, is expressed as the percentage of living cells (% alive). Inactivated IBV antigens were provided by three different companies (A–C) and inactivated NDV antigen was provided by one company (B). In addition, the effects of allantoic fluid without virus (provided by company A) on HD11 cell phagocytosis capacity (c) and cell viability (d) were determined. The x-axis shows the titrated doses at which IBV antigens, NDV antigens, or allantoic fluid without antigens were added, expressed as μL dose, added to 1 mL of cell culture medium. Three independent experiments were performed, and the experimental conditions of each independent experiment were tested in duplicate. Error bars represent the SEM. The experimental groups were tested for statistically significant differences in bead uptake and viability between stimulated and unstimulated groups using Kruskal–Wallis tests and Dunn’s multiple comparisons tests. Statistical significance is indicated by * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 4. Phagocytosis capacity of HD11 cells can be increased upon exposure to inactivated viral w/o vaccines. (a) The fold change in bead uptake by HD11 cells upon stimulation with vaccines is compared to unstimulated controls. The x-axis shows the graded doses at which the vaccines have been added, expressed as μL dose, added to 1 mL of cell culture medium. † indicates that datapoints were missing because the threshold of ≥100 viable cells was not reached. (b) Light microscopy photos show unstimulated HD11 cells (top), HD11 cells exposed to 10 μL/mL inactivated bivalent vaccine B (middle), and 100 μL/mL inactivated bivalent vaccine B (top). (c) A linear correlation curve shows the relationship between the average flow cytometric SSC and number of IgY-opsonized beads/cell for HD11 cells containing 0–4 beads/cell. (d) A non-linear saturation curve shows the relationship between the average SSC and different doses of empty vaccine (without viral antigens) from company B. (e) The flow cytometric SSC of HD11 cells is shown for graded doses of the different vaccines. Three independent experiments were performed, and the experimental conditions of each independent experiment were tested in duplicate. Error bars represent the SEM. The experimental groups were tested for statistically significant differences in bead uptake and SSC between stimulated and unstimulated groups using Kruskal–Wallis tests and Dunn’s multiple comparisons tests. Statistical significance is indicated by * p < 0.05. For figure (e), all data was found to be statistically different from the unstimulated sample with p < 0.001. 
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Figure 5. The induction of phagocytosis after exposure to inactivated IBV antigen is dependent on the IgY Fc receptor CHIR-AB1. (a) Representative histograms show CHIR-AB1 expression by HD11 cells after 24 h without stimulation, stimulation with 100 ng/mL LPS, or stimulation with 10 μL/mL IBV antigen. (b,c) CHIR-AB1 surface expression by HD11 cells was quantified and expressed as the geometric mean fluorescent intensity (gMFI) after 24 h stimulation with different concentrations of LPS (b) and IBV antigen (c). (d) Unstimulated HD11 cells and HD11 cells stimulated with LPS or inactivated IBV antigen for 24 h received the blocking antibody 8D12 specific for chicken CHIR-AB1 10 min before the addition of IgY-opsonized beads. The average number of phagocytosed beads per HD11 cell is shown for different concentrations of blocking antibody. Three independent experiments were performed, and the experimental conditions of each independent experiment were tested in duplicate. Error bars represent the SEM. The experimental groups were tested for statistically significant differences in CHIR-AB1 expression or bead uptake between stimulated and unstimulated groups using one-way ANOVA tests and Holm–Sidak’s multiple comparisons tests. Statistical significance is indicated by * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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