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Pigs are important livestock and comprehensive understanding of their immune responses in infections is critical to improve vaccines and therapies. Moreover, similarities between human and swine physiology suggest that pigs are a superior animal model for immunological studies. However, paucity of experimental tools for a systematic analysis of the immune responses in pigs represent a major disadvantage. To evaluate the pig as a biomedical model and additionally expand the knowledge of rare immune cell populations in swine, we established a multicolor flow cytometry analysis platform of surface marker expression and cellular responses for porcine invariant Natural Killer T cells (iNKT). In humans, iNKT cells are among the first line defenders in various tissues, respond to CD1d-restricted antigens and become rapidly activated. Naïve porcine iNKT cells were CD3+/CD4−/CD8+ or CD3+/CD4−/CD8− and displayed an effector- or memory-like phenotype (CD25+/ICOS+/CD5hi/CD45RA−/CCR7 ± /CD27+). Based on their expression of the transcription factors T bet and the iNKT cell-specific promyelocytic leukemia zinc finger protein (PLZF), porcine iNKT cells were differentiated into functional subsets. Analogous to human iNKT cells, in vitro stimulation of porcine leukocytes with the CD1d ligand α-galactosylceramide resulted in rapid iNKT cell proliferation, evidenced by an increase in frequency and Ki-67 expression. Moreover, this approach revealed CD25, CD5, ICOS, and the major histocompatibility complex class II (MHC II) as activation markers on porcine iNKT cells. Activated iNKT cells also expressed interferon-γ, upregulated perforin expression, and displayed degranulation. In steady state, iNKT cell frequency was highest in newborn piglets and decreased with age. Upon infection with two viruses of high relevance to swine and humans, iNKT cells expanded. Animals infected with African swine fever virus displayed an increase of iNKT cell frequency in peripheral blood, regional lymph nodes, and lungs. During Influenza A virus infection, iNKT cell percentage increased in blood, lung lymph nodes, and broncho-alveolar lavage. Our in-depth characterization of porcine iNKT cells contributes to a better understanding of porcine immune responses, thereby facilitating the design of innovative interventions against infectious diseases. Moreover, we provide new evidence that endorses the suitability of the pig as a biomedical model for iNKT cell research.
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INTRODUCTION

Biomedical research is in need of large animal models that reflect human infectious diseases better than current rodent models (1, 2). Because of the striking resemblances between porcine and human immune system and physiology, pigs could be a superior model species (3–10). In order to establish pigs as a new biomedical model species, a more detailed understanding of porcine immune responses and leukocyte subsets is strongly needed.

Leukocytes at systemic and peripheral sites are eminently important for control of microbial colonization and defense against infections by induction of protective immunity (11). One of those leukocyte subsets are invariant Natural Killer T (iNKT) cells. These cells bridge and orchestrate both untargeted innate and specific adaptive responses, which are crucial for pathogen clearance and survival. In contrast to the vast heterogeneity of T cell receptors (TCR) among conventional CD3+ T cells (cTC), iNKT cells possess a semi-invariant TCR. This TCR is restricted to the non-classical major histocompatibility complex (MHC) class I-related CD1d, presenting lipid or glycolipid antigens. iNKT cells can be activated antigen-dependently with glycolipids derived from microbes or the host by TCR-CD1d interactions or antigen-independently via cytokines, mainly interleukin-(IL-)12 and IL-18 or type I interferons (IFN). The induction of cytokine expression in iNKT cells does not require classical co-stimulation, whereas iNKT cell proliferation depends on co-stimulatory signals by B7/CD28 or CD40/CD40L (12). Additionally, effector cytokines are present as immediately available preformed mRNA transcripts in iNKT cells (13). Therefore, iNKT cells rapidly proliferate and secrete effector molecules like IFNγ, IL-17 or granulocyte-macrophage colony-stimulating factor after activation (14). Moreover, they are able to lyse infected cells by perforin and Fas/FasL interaction (15–18). iNKT cells also augment B cell responses, class switching and affinity maturation independently of classical helper cells (19, 20). Several iNKT cell subsets have been identified by their expression of different transcription factors, like promyelocytic leukemia zinc finger protein (PLZF) and T-bet, most notably in mice, where they are primarily differentiated into iNKT1 (T-bet+/PLZF+), iNKT2 (T-bet−/PLZFhi), and iNKT17 (T-bet−/PLZFlo) (21–26). Differentiated subsets of human iNKT cells are not as well-defined as in mice (27).

At present, most studies focusing on porcine iNKT cells investigated the potential use of the cognate CD1d ligand α-galactosyl-C16-ceramide (αGC) as an adjuvant for vaccines against Influenza A virus (IAV) and other infectious diseases (28–32). Knowledge about phenotype, response kinetics, and functional aspects of iNKT cell responses in pigs is scarce. The antigen presentation molecules of the CD1 family are of particular importance for iNKT cells. In addition to CD1d, there are four other members in the CD1 family, CD1a, CD1b, CD1c, and CD1e. All of these molecules are expressed in pigs as well as in humans, while mice lack proteins other than CD1d (33). It has been shown that expression of CD1d on thymocytes is required for iNKT cell development, in mice (34) as well as in pigs (35). Murine CD1d tetramers loaded with the αGC analog PBS57 have been shown to detect porcine iNKT cells (7, 36). Their frequency is typically between 0.01 and 1% among CD3+ T cells, thereby resembling human iNKT cell frequencies (7, 28). Porcine iNKT cells are CD8α+ or CD8α− but lack expression of CD4 in most tissues (28, 29, 37). In contrast to human and murine iNKT cells, naïve porcine iNKT cells express high levels of CD44, as most lymphocytes in swine (38, 39). Moreover, the iNKT cell-specific transcription factor PLZF is highly expressed in porcine iNKT cells (36). Some evidence indicates that iNKT cells expand upon stimulation of porcine PBMC with αGC (29, 36). Using next generation sequencing, it has recently been shown that porcine iNKT cells predominantly use Vα and Jα segments homologous to the Vα24-Jα18 and Vα14-Jα18 rearrangements used in humans and mice, respectively (40). Moreover, molecular investigations demonstrated that the antigen-binding domain of the invariant α-chain, CDR1α, is conserved between pigs and humans (40). This indicates that responses of porcine iNKT cells mimic responses of human iNKT cells, thereby further underlining the suitability of the pig as a biomedical model species for human iNKT cells.

In order to comprehensively understand porcine iNKT cells and advance research, we investigated their phenotype, dynamics and functional responses in-depth in steady state and during IAV and African swine fever virus (ASFV) infection.

MATERIALS AND METHODS

Pigs and Biological Samples

In total 13 German landrace pigs for IAV and 12 for ASFV experiments were obtained from a commercial breeding unit (BHZP-Basiszuchtbetrieb Garlitz-Langenheide, Germany) with high biosecurity standards and hygiene (free of IAV and Porcine reproductive and respiratory syndrome virus among others). Samples for the investigation of age-dependent changes in iNKT cell frequency were obtained during routine veterinary check-ups from the same commercial breeding unit (BHZP-Basiszuchtbetrieb Garlitz-Langenheide, Germany). Swine (Danish landrace/Danish Large White/Danish Duroc hybrid) used for in vitro experiments involving PBMC, were kept at the Friedrich-Loeffler-Institut (FLI), Greifswald-Insel Riems under conventional conditions.

Viruses and Infection Experiments

Influenza virus A/Bayern/74/2009 was propagated on Madin-Darby canine kidney cells (MDCKII) cells in MEM supplemented with 0.56% bovine serum albumin, 100 U/ml Penicillin, 100 μg/ml Streptomycin and 2 μg/ml L-1-Tosylamide-2-phenylethyl chloromethyl ketone (TPCK)-treated trypsin (Sigma-Aldrich, USA). For viral titration by TCID50 assay, serial 10-fold dilutions of virus suspensions were prepared, added to MDCKII cells in 96-well plates, and incubated for 3 days at 37°C and 5% CO2. Cytopathic effect was microscopically evaluated. Titers were calculated according to Spearman-Kärber (41, 42). Four-week-old piglets were obtained from a commercial breeding facility directly after weaning. Absence of acute IAV infection of pigs used for the IAV study was confirmed by real-time PCR (AgPath.IDTM One-Step RT-PCR Kit, Applied Biosystems, USA) of nasal swabs prior to transport to the FLI (modified from Spackman et al. (43)). IAV infection was performed 3 weeks after transport to our facility by intranasal administration of 2 ml virus suspension (106 TCID50/ml) using mucosal atomization devices (Wolfe Tory Medical, USA).

ASFV Armenia08 was propagated and titrated using mature porcine PBMC-derived macrophages as previously described (44). For back titration, virus hemadsorption test was performed by endpoint titration of the diluted inoculation virus. In brief, 100 μl virus dilution were incubated for 24 h on PBMC-derived macrophages in 96-well plates. Thereafter, 20 μl of a 1% homolog erythrocyte suspension were added and hemadsorption read after 24 and 48 h. All samples were tested in quadruplicates. Hemadsorbing units (HAU) were used for read-out. For infection, 2 ml macrophage culture supernatant containing 106.25 HAU ASFV Armenia08 were inoculated oro-nasally. All work involving ASFV was done in the high containment facility (L3+) at the Friedrich-Loeffler-Institut.

Cell Isolation and Culture

For isolation of peripheral blood mononuclear cells (PBMC), whole blood was separated by density gradient centrifugation using Pancoll (PAN-Biotech, Germany). PBMC were collected and washed with PBS-EDTA (1 mM; used for all analyses). Cell count was determined using Neubauer improved haemocytometer. Single cell suspensions from spleen and lymph nodes were prepared by mechanically disrupting tissue with a sieve. Lymphocytes from liver were isolated following a modified protocol previously described (45). In brief, liver samples were perfused with ice-cold PBS-EDTA. Perfused regions were minced with sterile scissors, resuspended in PBS-EDTA supplemented with 100 μM CaCl2, and digested with Collagenase D (1 mg/ml; Sigma-Aldrich) for 40 min at 37°C. Remaining tissue was removed by short centrifugation. Cell pellet was resuspended in PBS-EDTA and used for flow cytometry. Lymphocytes from lung tissue were isolated by mincing non-perfused lung tissue, followed by enzymatic digestion as described for liver samples. Lung tissue was additionally mashed through a cell strainer with the plunger of a syringe after digestion. Unless otherwise stated, cells were cultured in Ham's F12/IMDM (1:1), supplemented with 10% fetal calf serum (FCS), 2-mercaptoethanol (50 μM), 100 U/ml penicillin, and 100 μg/ml streptomycin.

Cell Stimulation

For iNKT cell stimulation, freshly isolated PBMC were seed into round-bottom 96-well plates at a density of 107 PBMC/ml. αGC (Toronto Research Chemicals, Canada) dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich, USA) or DMSO as vehicle control diluted in cell culture media were added. αGC was used at 0.1 μg/ml (low-dose) and 1 μg/ml (high-dose). Cells were incubated at 38.5°C, 5% CO2 for the indicated time. After incubation, cells were harvested, washed with PBS-EDTA, and analyzed by flow cytometry.

For detection of IFNγ and perforin, cells were stimulated as previously described (46). After 4 days, fresh medium with αGC in the corresponding concentrations was added to the cells. After another 2 h incubation, Brefeldin A (10 μg/ml, Biolegend, USA) was added to enable intracellular accumulation of target proteins. Cells were incubated for 4 h and then stained and analyzed by flow cytometry.

For analysis of CD107a surface expression as a marker of degranulation, cells were treated as previously described (47). Briefly, freshly isolated PBMC were seed into 96-well plates at a density of 107 PBMC/ml and rested overnight. For antigenic stimulation, αGC was added for a final concentration of 0.1 μg/ml or 1 μg/ml. As unspecific inducers, Phorbol-12-myristat-13-acetat (PMA; Sigma-Aldrich, USA) and ionomycin (Sigma-Aldrich, USA) were added for final concentrations of 50 ng/ml and 1 μg/ml, respectively. The cells were stimulated in the presence of anti-CD107a antibodies (clone 4E9/11, Bio-Rad, USA; 4 μg/ml). After 1 h incubation, Brefeldin A (10 μg/ml), and Monensin (4 μM, Biolegend, USA) were added and the cells were incubated for another 5 h and then stained and analyzed by flow cytometry. Specific degranulation was calculated as the difference in surface expression of stimulated and control cells and is given as ΔCD107a.

For in vitro activation assays, porcine CD172a+ cells were purified using monoclonal antibodies (cone 74-22-15) and magnetic anti-mouse IgG1 beads (BD Bioscience, USA). CD172a+ cells were infected with IAV (MOI 1) or ASFV (MOI 0.1) for 48 h. Then, supernatants were collected, cleared of debris by centrifugation, and stored at −80°C until further use. Freshly isolated porcine PBMC were stimulated with the respective supernatants or 1 μg/ml αGC as a positive control for 4 days and then stained and analyzed by flow cytometry.

Cell Proliferation Assay

Freshly isolated PBMC were stained using Tag-it Violet Proliferation and Cell Tracking Dye (Biolegend, USA) according to the manufacturer's instructions. Briefly, total PBMC were adjusted to 1 × 107 cells/ml in PBS and incubated with the Tag-it Violet Proliferation and Cell Tracking Dye at a concentration of 5 μM. Cells were incubated for 20 min at 37°C in the dark. Quenching was done by addition of cell culture media supplemented with 10% FCS. After washing, stained cells were used for visualization of iNKT cell proliferation after stimulation with αGC.

Flow Cytometry

Stainings for flow cytometry were performed using either single cell suspensions or whole blood. All incubation steps were carried out for 15 min at 4°C in the dark, unless otherwise stated. Antibodies used for flow cytometry are shown in Supplementary Table 1. For iNKT cell staining, first tetramers were added at the predetermined concentration (1:500) and incubated at room temperature in the dark for 30 min. Antibodies for staining of additional surface markers were added without washing and incubated with the tetramers for another 15 min. After washing, antibody staining was proceeded. Unconjugated antibodies were detected by isotype-specific fluorochrome-conjugated secondary antibodies. When whole blood or tissue samples containing erythrocytes were stained, erythrocytes were lysed after surface staining prior to fixation by lysis buffer (1.55 M NH4Cl, 100 mM KHCO3, 12.7 mM Na4EDTA, pH 7.4, in A.dest.). For intracellular staining, cells were fixed after surface staining using the True-Nuclear Transcription Factor Buffer Set (Biolegend, USA) according to the manufacturer's instructions. Murine CD1d tetramers, empty or loaded with PBS57, were obtained from the NIH Tetramer Core Facility.

Doublets were excluded by consecutive gating FSC-W/FSC-H and SSC-W/SSC-H. Living lymphocytes were gated based on their forward-scatter (FSC) and side-scatter (SSC) properties. Live, single lymphocytes were further separated in conventional T cells (cTC; CD3+/CD1d-Tet−) and iNKT cells (CD3+/CD1d-Tet+) for subsequent analysis.

Per sample, at least 1 × 105 single cTC were recorded. BD FACS Canto II or BD LSRFortessa with FACS DIVA Software (all BD Bioscience, USA) and FlowJo V10 (Treestar, USA) were used for all analyses.

Statistical Analysis

GraphPad Prism 7 (Graphpad Software Inc., USA) was used for statistical analysis and graph creation. Normality was tested with the Shapiro-Wilk normality test. Subsequent analysis was performed with either parametric tests for normally distributed data sets or non-parametric tests for non-normally distributed data sets. For analysis of data sets with three or more groups, Repeated-measures one-way ANOVA was used to investigate statistically significant differences between the groups. Multiple comparisons were performed for differences between iNKT cells and cTC subsets, respectively. No statistical analyses were performed for differences between iNKT cells and cTC. Holm-Sidak's post-hoc test was used for correction of multiple comparisons. For analysis of data from the IAV and ASFV trial, ordinary one-way ANOVA with Holm-Sidak's post-hoc test for correction of multiple comparisons was used. For analysis of data sets of two groups, paired t-tests were used. Unless indicated otherwise, data is shown as mean (SD). Statistical significance was defined as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

RESULTS

Naïve Peripheral Porcine iNKT Cells Are Mostly CD8α+ and Display an Effector- and Memory-Like Phenotype

To investigate porcine iNKT cells in peripheral blood by flow cytometry, we used murine CD1d tetramers loaded with the αGC analog PBS57 (PBS57 Tet) as previously described (7, 36). After exclusion of doublet cells, live cTC were gated as CD3+/PBS57 Tet− cells and iNKT cells were defined as CD3+/PBS57 Tet+ among the lymphocyte gate [Figure 1A (48)]. In healthy animals, the average iNKT cell frequency was 0.5%, comparable to frequencies in blood published earlier (36, 37). Most naïve iNKT cells expressed CD8α, while only a small amount was CD4+, although a considerable proportion of iNKT cells expressed low levels of CD4 (Figures 1B,C). Thereby, we confirmed previous findings showing similar results (36, 37). iNKT cells expressed neither CD8β nor γδTCR (Figure 1B). For differentiation of iNKT cell subsets, expression of the classical T cell markers CD8α and CD4 was analyzed. The subsets were gated according to the respective expression of these markers on cTC. The major subset of peripheral iNKT cells in swine was CD8α+/CD4− (73.7 ± 11.9%; Figure 1C). There was no distinct CD4+ population; however, a minor fraction of iNKT cells was CD8α+/CD4lo (DP; 3.6 ± 1.9%). Moreover, there was a considerable CD8−/CD4− (DN) population (21.5 ± 10.8%).
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FIGURE 1. Identification and phenotype of naïve peripheral porcine iNKT cells. Expression of surface markers was analyzed by flow cytometry. (A) Doublets were excluded by SSC-W vs. SSC-H gates, followed by FSC-W vs. FSC-H gates. Live lymphocytes were identified according to their FSC/SSC characteristics. All T cells were identified using antibodies against CD3. CD3+ T cells stained with the PBS57-loaded CD1d tetramer (left plot) were defined as invariant Natural Killer T cells (iNKT; blue), tetramer-negative cells were defined as conventional T cells (cTC; orange). Unloaded tetramers served as control (right plot). Frequency of iNKT cells in peripheral blood among CD3+ lymphocytes shown as Tukey box plot (n = 19). (B) Evaluation of expression of CD8α, CD4, γδTCR, and CD8β on iNKT cells and cTC. Representative plots of at least four experiments are shown. (C) Representative plots of CD8α and CD4 co-expression by cTC and iNKT cells. CD8α−/CD4− (DN; light blue), CD8α+/CD4− (CD8α+, blue), and CD8α+/CD4+ (DP; dark blue) subsets among iNKT cells were identified according to their expression pattern in cTC. Frequency of iNKT cell subsets shown as Tukey box plots (n = 7).



For further differentiation, we investigated steady state expression of surface markers that are frequently associated with an effector phenotype in mice and humans, i.e., CD5 (49), CD25 [IL-2Rα (50)], CD278 [Inducible T-cell co-stimulator, ICOS (51)], and the major histocompatibility complex class II [MHC II (52)] in naïve iNKT cells and cTC. All iNKT cells were positive for CD5 whereas only around 60% of cTC showed CD5 expression (Figure 2A). Around half of all iNKT cells expressed CD25 at low levels on their surface, while cTC displayed only a minor CD25hi fraction (Figure 2A). ICOS was expressed on virtually all iNKT cells, while only on a minor fraction of cTC (Figure 2A). MHC II was expressed on most iNKT cells at medium or high levels (Figure 2A). In contrast, cTC were mostly MHC II− but the MHC II+ fraction expressed it at comparable levels (Figure 2A). Because CD25 and MHC II were not expressed by all iNKT cells, we investigated which iNKT cell subset expressed the proteins (Figure 2B). Differential staining with CD8α revealed that both proteins were predominantly expressed on CD8α+ iNKT cells. DN iNKT cells showed no or low expression of CD25 and MHC II.
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FIGURE 2. Expression of effector and memory cell-associated markers on naïve porcine iNKT cells. Expression of surface markers associated with effector functions and memory status on naïve peripheral iNKT cells was analyzed by flow cytometry. (A) Representative flow cytometric plots of CD5, CD25, MHC II, and ICOS expression by iNKT cells (blue) and cTC (orange). Summarized data show frequencies of iNKT cells or cTC expressing CD5, CD25, MHC II, and ICOS (mean (SD), n = 6). (B) Representative flow cytometric plots showing differential expression of CD8a and CD25 or MHC II on iNKT cells. (C) Expression of CD45RA (left) on iNKT cells and cTC. CD45RA− cTC (middle) and iNKT cells (right) were further investigated for expression of CD27 and CCR7 and divided into CD27+/CCR7+ central memory cells, CD27+/CCR7− transitional memory cells, CD27−/CCR7− effector memory cells, and CD27−/CCR7+ activated effector memory cells. (D) Differential expression of CD8α and CCR7 or CD27. Representative plots and histograms of at least three experiments are shown. ***p < 0.001, ****p < 0.0001, paired t-test.



To investigate the functional differentiation of porcine iNKT cells, we analyzed the expression of markers regularly associated with antigen experience and memory status, CD45RA, C-C chemokine receptor type 7 (CCR7), and CD27 (53–56). cTC displayed a minor fraction of naïve CD45RA+ cells, while the larger fraction consisted of antigen-experienced CD45RA− cells (Figure 2C). CD45RA− cTC were further divided into CD27+/CCR7+ central memory cells, CD27+/CCR7− transitional memory cells and CD27−/CCR7− effector memory cells. There was only a minor population of CD27−/CCR7+ activated effector memory cells (Figure 2C). All iNKT cells were CD45RA− and thus displayed an antigen-experienced phenotype. Most iNKT cells were CD27+/CCR7+, resembling central memory cells. A second major fraction expressed CD27 but was CCR7−, similar to transitional memory cells. About a third of iNKT cells was CD27− and could further be divided into equal fractions of CCR7− and CCR7+, thereby differentiating subsets comparable to resting and activated effector memory cells, respectively (Figure 2C). Expression of CD27 and CCR7 was also investigated for co-expression with CD8α+. Most CD8α+ iNKT cells expressed CCR7 as well as CD27 (Figure 2D). DN iNKT cells were negative for CD27 while a fraction expressed CCR7 (Figure 2D).

In mice, intracellular staining of transcription factors, including T-bet and PLZF, is used to define functional iNKT cell subsets iNKT1 (T-bet+/PLZF+), iNKT2 (T-bet−/PLZFhi), and iNKT17 (T-bet−/PLZFlo) resembling the T-helper cell populations Th1, Th2, and Th17, respectively (21–26). Currently, there is no such differentiation available for porcine iNKT cells. Therefore, we investigated the expression of T-bet and PLZF in porcine iNKT cells. We confirmed that porcine iNKT cells express higher levels of PLZF than cTC (Figure 3A). Moreover, we detected expression of T-bet in a subset of porcine iNKT cells (Figure 3A). Co-expression of T-bet and PLZF was used to define iNKT cell subsets corresponding to the ones described in other species (Figures 3B–E). In naïve swine, the largest iNKT cell subset had a T-bet+/PLZF+ phenotype and was therefore defined as iNKT1 (49.8 ± 14.8%). The second major group was T-bet−/PLZFhi, thereby resembling iNKT2 (41.7 ± 13.3%). A small fraction was T-bet−/PLZFlo (3.1 ± 1.2%) and was defined as non-iNKT1/non-iNKT2 (non-iNKT1/2) because additional differentiating markers were not available. Appropriate differentiation was confirmed by analysis of T-bet and PLZF expression levels in the iNKT cell subsets. T-bet expression in iNKT1 was significantly higher than in iNKT2 and non-iNKT1/2 (Figure 3D). PLZF expression level was the highest in iNKT2 and the lowest in non-iNKT1/2 (Figure 3D).
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FIGURE 3. Differential profiling of naïve porcine iNKT cells. Peripheral iNKT cells were differentiated by flow cytometry according to their expression of the transcription factors PLZF and T-bet. (A) Representative flow cytometric histograms of PLZF (left) and T-bet (right) expression in iNKT cells (blue) and cTC (orange). Control stainings are shown in gray. (B) Representative flow cytometric plot showing co-expression of T-bet and PLZF in iNKT cells and cTC. (C) Differential gating of iNKT cells according to their T-bet and PLZF expression. iNKT1 were defined as T-bet+/PLZF+ (light blue), iNKT2 as T-bet−/PLZFhi (blue), and non-iNKT1/2 as T-bet−/PLZFlo (dark blue). (D) Expression profiles of T-bet and PLZF in iNKT1 (light blue), iNKT2 (blue), and non-iNKT1/2 (dark blue) (n = 6). (E) Frequency of iNKT subsets in naïve swine shown as Tukey box plots (n = 6). *p < 0.05, **p < 0.01, repeated-measures one-way ANOVA with Holm-Sidak's post-hoc test for multiple comparisons.



Taken together, we confirmed the phenotype of naïve iNKT cells from peripheral blood of healthy pigs to be predominantly CD3+/CD4−/CD8+ or CD3+/DN. All iNKT cells expressed the αβTCR but not the CD8 β-chain. Moreover, we showed that naïve porcine iNKT cells display an effector-like (CD5hi/CD25+/MHC II+/ICOS+) and memory-like phenotype (CD45RA−/CCR7+/CD27+). The CD8α subset expressed higher levels of CD25 and MHC II, as well as higher levels of CCR7 and CD27. Additionally, analogous to classifications in rodents, we were able to divide peripheral iNKT cells into three subsets, iNKT1, iNKT2, and non-iNKT1/2, according to their respective T-bet and PLZF expression.

Antigenic Activation Induces Strong Proliferation in Porcine iNKT Cells

A major feature of iNKT cells is their ability to proliferate rapidly upon activation. For porcine iNKT cells, data regarding responses after antigenic activation is limited. Therefore, we investigated the proliferative ability by quantifying iNKT frequency among CD3+ lymphocytes and expression of the proliferation marker Ki-67 after stimulation of porcine PBMC with low-dose (0.1 μg/ml) and high-dose (1 μg/ml) αGC or DMSO as vehicle control for 4 days. We also visualized cell divisions by staining with a fluorescent cell tracking dye. Upon stimulation with αGC, iNKT cell frequency among CD3+ lymphocytes strikingly increased. After 4 days of stimulation with low-dose αGC, iNKT cells accounted for about 9.7 ± 7.9% of CD3+ T cells, a 20-fold increase. High-dose αGC stimulation resulted in a 30-fold increase, leading to an iNKT cell frequency of 16.9 ± 9% among CD3+ lymphocytes (Figure 4A). To verify that this increase was due to proliferation, we investigated the expression of Ki-67, a widely used marker specific for proliferating cells (57). Most iNKT cells were Ki-67+ after stimulation (85.3 ± 10.6% and 91.7 ± 8.7% after low- and high-dose αGC stimulation, respectively), thereby demonstrating that the majority of iNKT cells were proliferating (Figure 4B). Expression of Ki-67 in cTC remained on a low level of background activation, proving the specific activation of iNKT cells by αGC (Figure 4B). Staining of PBMC with a fluorescent cell tracking dye (Tag-it Violet) before stimulation allows for detection of single proliferation steps upon activation. Again, nearly all iNKT cells were in a highly proliferative state and up to seven proliferation steps were detectable (Figure 4C). There was no detectable difference between both αGC doses. cTC demonstrated no proliferation over background level upon αGC stimulation.
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FIGURE 4. Proliferative activity of porcine iNKT cells upon antigenic activation. (A) PBMC were cultivated in the presence of 0.1 μg/ml (gray) or 1 μg/ml (black) αGC or DMSO as vehicle control (white) for 4 days. Proliferation measured as iNKT cell frequency among CD3+ lymphocytes shown as Tukey box plots (n = 17). (B) Cell proliferation was investigated by measuring Ki-67 expression in cTC and iNKT cells. Representative histograms showing expression of Ki-67 in cTC (left) and iNKT cells (right). Dotted lines indicate the threshold according to the control staining. Frequency of proliferating, Ki-67+ iNKT cells and cTC (n = 6). (C) Porcine PBMC were stained with Tag-it Violet and cultivated in the presence of 0.1 μg/ml (gray) or 1 μg/ml (black) αGC or DMSO as vehicle control (white) for 4 days. Proliferating cells were defined as Tag-it Violetlo. Representative histograms showing proliferating, Tag-it Violetlo cells in cTC and iNKT cells. Dotted lines indicate the threshold according to the control staining. Numbers indicate individual proliferation steps. Frequency of proliferating, Tag-it Violetlo cTC and iNKT cells (mean (SD), n = 3). **p < 0.01, ***p < 0.001, ****p < 0.0001, repeated-measures one-way ANOVA with Holm-Sidak's post-hoc test for multiple comparisons.



Taken together, we demonstrated the rapid proliferative abilities of peripheral porcine iNKT cells in response to antigenic stimulation.

Porcine iNKT Cells Upregulate Expression of CD25, MHC II, ICOS, and CD5 and Differentiate Into iNKT1 Upon Antigenic Stimulation

Whereas several iNKT cell activation markers are known in mice and humans, for porcine iNKT cells, no markers have been described to investigate their immune response or differentiation status. We therefore analyzed low- and high-dose αGC-stimulated porcine PBMC for activation-dependent changes in expression of multiple surface and intracellular markers. Among the established activation markers used for human and murine T cells are CD25 (50), MHC II (52), ICOS (51), and CD5 (49). Multicolor flow cytometry revealed that the expression of these markers on the surface of cTC did not change significantly irrespective of stimulus or dose. In contrast, upon activation, iNKT cells significantly upregulated the expression of all investigated surface markers. Since most naïve iNKT cells were already positive for MHC II, ICOS, and CD5, the percentage of cells positive for the respective markers did not change. Only the frequency of CD25+ iNKT cells increased significantly after stimulation. However, the expression level of all markers on the surface of iNKT cells increased significantly upon αGC stimulation, as evidenced by heightened MFI. CD25 expression (Figure 5A) increased from controls (MFI: 591 ± 106) to low-dose and high-dose αGC-stimulated iNKT cells (MFI: 15,427 ± 3,717; 13,593 ± 2,568, respectively). MHC II (Figure 5B) was markedly upregulated between controls (MFI: 2,341 ± 1,248) to low-dose (MFI: 9,653 ± 1,527) and high-dose αGC-stimulated iNKT cells (MFI: 8,159 ± 1,215). ICOS expression (Figure 5C) rose from controls (MFI: 849 ± 678) to low-dose (MFI: 35,309 ± 2,548) and high-dose αGC-stimulated iNKT cells (MFI: 31,366 ± 4,013). Expression levels of CD5 (Figure 5D) increased from controls (MFI: 1,776 ± 294) to low-dose (MFI: 2,626 ± 170) and high-dose αGC-stimulated iNKT cells (MFI: 2,448 ± 59). There were no significant differences in the expression levels of CD25, MHC II, ICOS, and CD5 on cTC after stimulation with low or high concentrations of αGC.
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FIGURE 5. Changes in surface marker expression on porcine iNKT cells upon antigenic activation. Porcine PBMC were incubated in the presence of 0.1 μg/ml or 1 μg/ml αGC or DMSO as vehicle control for 4 days. Representative flow cytometric plots showing expression of (A) CD25, (B) MHC II, (C) ICOS, and (D) CD5 on cTC (orange) and iNKT cells (blue). Expression level of control cells (white) and cells stimulated with 0.1 μg/ml (gray) and 1 μg/ml αGC (black) are shown (n = 3-4). Dotted lines show threshold according to marker expression by cTC. Data shown as mean (SD), ***p < 0.001, ****p < 0.0001, repeated-measures one-way ANOVA with Holm-Sidak's post-hoc test for multiple comparisons.



In mice, activated iNKT cells have been shown to regulate the expression of T-bet and PLZF, depending on the type of activating stimulus (21–26). Comparable data for swine is missing. To investigate the differentiation status of αGC-activated porcine iNKT cells, we used the differential staining of T-bet and PLZF established in this study. While PLZF expression was not regulated in iNKT cells (Figure 6A), T-bet expression increased in iNKT cells after stimulation with low- and high-dose αGC (Figure 6A). Co-expression analysis revealed that all αGC-activated iNKT cells were T-bet+/PLZF+ iNKT1 (Figure 6B). There was no difference between low- and high-dose stimulated iNKT cells.
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FIGURE 6. Differentiation of activated porcine iNKT cells. Porcine PBMC were cultivated in the presence of αGC or DMSO as vehicle control. Intracellular expression of T-bet and PLZF was analyzed by flow cytometry after stimulation for 4 days. (A) Representative plots of T-bet/PLZF co-expression in untreated control iNKT cells (left) and iNKT cells stimulated with 0.1 μg/ml (middle) or 1 μg/ml (right) αGC. (B) Frequency of iNKT1, iNKT2, and non-iNKT1/2 upon stimulation with 0.1 μg/ml (gray) or 1 μg/ml (black) αGC or DMSO as vehicle control (white) (n = 6). Data shown as mean (SD), ****p < 0.0001, repeated-measures one-way ANOVA with Holm-Sidak's post-hoc test for multiple comparisons.



In short, we established a stimulation protocol for porcine iNKT cells. Activation by αGC results in strong upregulation of CD5, CD25, ICOS, and MHC II on iNKT cells and differentiation into T-bet+/PLZF+ iNKT1.

Porcine iNKT Cells Upregulate CD8 and CD4 Expression Upon Antigenic Stimulation

Naïve porcine iNKT cells were mostly CD8α+ or DN and did not display a distinct CD4+ population. However, after stimulation with αGC, frequencies of iNKT cell subsets changed significantly: DN iNKT decreased from 21.5 ± 10.8% in controls to 4.1 ± 3.6% in low-dose and 4.0 ± 2.8% in high-dose αGC-stimulated samples (Figures 7A,B). At the same time, the frequency of CD8α+ iNKT cells increased from 73.7 ± 11.9% in controls to 84.1 ± 6.5% in low-dose and 79.6 ± 6.2% in high-dose stimulated samples (Figures 7A,B). Stimulation of porcine iNKT cells with αGC resulted in a significant increase of DP iNKT cells. In controls, only 3.6 ± 1.9% of all iNKT cells were DP. Stimulated iNKT cells upregulated CD4 expression, resulting in 11.2 ± 4.4% DP iNKT cells in low-dose and 15.5 ± 5.2% DP iNKT cells in high-dose αGC-stimulated samples (Figures 7A,B). Whether these subsets have functional implications was analyzed by investigation of CD25, ICOS, and MHC II expression on DN, CD8α+ and DP iNKT cells. All three proteins tended to be expressed in higher levels on CD8α+ and DP iNKT cells, while expression levels on DN iNKT cells were always the lowest (Figure 7C). However, this was statistically significant only for ICOS expression.
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FIGURE 7. Changes in iNKT cell subset frequency upon antigenic activation. Porcine PBMC were incubated in the presence of of 0.1 μg/ml or 1 μg/ml αGC or DMSO as vehicle control for 4 days. (A) Expression of CD8α and CD4 on iNKT cells was investigated. Representative flow cytometric plots of controls (left plot), low-dose (middle plot), and high-dose αGC (right plot) stimulated iNKT cells are shown. CD8α−/CD4− (DN), CD8α+/CD4− (CD8α+), and CD8α+/CD4+ (DP) subsets in iNKT cells were identified as previously shown. Numbers in the plot show the frequencies of the respective gate. (B) Frequency of iNKT cell subsets in controls (white) and after stimulation with 0.1 μg/ml (gray) or 1 μg/ml αGC (black) shown as Tukey box plots (n = 7). (C) Expression level of CD25 (left graph), ICOS (middle graph), and MHC II (right graph) on DN (empty bars), CD8α+ (diagonal black hatching), and DP (vertical black stripes) iNKT cells was investigated in control cells (white) and cells stimulated with 0.1 μg/ml (gray) or 1 μg/ml (black) αGC (mean (SD), n = 4). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, repeated-measures one-way ANOVA with Holm-Sidak's post-hoc test for multiple comparisons.



Porcine iNKT Cells Express IFNγ, Upregulate Perforin, and Display Fast Degranulation Upon Antigenic Activation

Among the effector mechanisms of iNKT cells are the secretion of effector cytokines and cytotoxicity. Porcine iNKT cells have been shown to secrete IFNγ upon unspecific stimulation with phorbol myristate acetate (PMA) and ionomycin (36, 37). Knowledge about antigen-specific induction of effector molecule production in porcine iNKT cells is missing. Therefore, we investigated expression of IFNγ and perforin and the cytolytic capacities of cTC and iNKT cells after stimulation of porcine PBMC with αGC.

iNKT cells showed a dose-dependent increase of IFNγ expression. Treatment of PBMC with low-dose αGC resulted in 8.4% IFNγ+ iNKT cells, while high-dose αGC resulted in 15.9% IFNγ+ iNKT cells (Figure 8A). Perforin expression (Figure 8B) increased significantly in iNKT cells upon treatment with both low- and high-dose αGC (MFI: 822.3 ± 280.3 vs. 1,095 ± 175, respectively) in contrast to naïve cells (MFI: 294 ± 33). In contrast, cTC did not express IFNγ (Figure 8A) after stimulation with low- and high-dose αGC. There was, however, an increased frequency of perforin+ cTC (Figure 8B) after stimulation with αGC. Porcine iNKT cells also displayed cytolytic capacities in response to αGC stimulation. While low-dose αGC did not result in significant changes in CD107a expression on iNKT cells or cTC, high-dose αGC resulted in a significantly higher frequency of CD107a+ iNKT cells (Figure 8C). Unspecific stimulation with PMA/ionomycin resulted in an even higher frequency of CD107a+ iNKT cells. However, cTC did not show significant changes of CD107a expression. Thus, we demonstrated antigen-specific induction of the effector molecules IFNγ and perforin and degranulation of porcine iNKT cells.
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FIGURE 8. Expression of IFNγ and perforin and degranulation of activated porcine iNKT cells upon antigenic activation. Porcine PBMC were cultivated in the presence of 0.1 μg/ml (gray) or 1 μg/ml αGC (black) or DMSO (white) as a control for 4 days. At day 4, the cells were restimulated with medium containing the respective treatment. 2 h later, Brefeldin A was added and the cells were incubated for another 4 h. Intracellular expression of IFNg and perforin in iNKT cells (blue) and cTC (orange) was analyzed by flow cytometry. (A) Representative flow cytometric plots showing IFNγ expression in iNKT cells and cTC (vertical line indicates threshold based on expression level in controls). Frequency of IFNγ-expressing iNKT cells and cTC in controls and after stimulation with 0.1 μg/ml or 1 μg/ml αGC (n = 5-7). (B) Representative flow cytometric plots showing perforin expression (vertical line indicates threshold based on expression level in controls). Expression level of perforin in iNKT cells and cTC in controls and after antigenic stimulation. Perforin+ iNKT cells and cTC after antigenic stimulation (n = 4). (C) CD107a surface expression on iNKT cells and cTC after stimulation with 0.1 μg/ml or 1 μg/ml αGC and PMA/ionomycin. Specific degranulation was calculated as the difference in surface expression of stimulated and control cells and is given as ΔCD107a (n = 4). Data shown as mean (SD), *p < 0.05, ***p < 0.001, ****p < 0.0001, repeated-measures one-way ANOVA with Holm-Sidak's post-hoc test for multiple comparisons.



iNKT Cell Frequency in Swine Decreases With Age

Previous studies in humans indicated an important role for iNKT cells in early stages of life, evidenced by a higher percentage of iNKT cells in young individuals. To investigate whether the iNKT cell frequency in swine is also age-dependent, we analyzed the percentage of CD3+ cells among lymphocytes (Figure 9A) and iNKT cells among CD3+ lymphocytes (Figure 9B) in blood of healthy pigs two-weeks, four-weeks, 10-12-weeks, 16-weeks, and 25-weeks of age. There was no difference in the frequency of CD3+ cells among the different groups. In contrast, we found the frequency of iNKT cells in 2-week-old piglets (1.1% ± 0.19) to be significantly higher than in all other groups. iNKT cell frequency declined rapidly with increasing age. Four-week-old piglets still displayed significantly higher proportions of iNKT cells (0.48% ± 0.25) than older animals. The frequency of iNKT cells was still elevated, but not statistically significant, in 10–12 week-old pigs (0.24% ± 0.1) compared to older animals. In comparison to 2-week-old piglets, iNKT cell frequency was markedly reduced. In 16-week-old and 25-week-old pigs, iNKT cell frequency remained on a comparable low level (0.09% ± 0.06, 0.08% ± 0.04, respectively).
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FIGURE 9. Age-dependent changes in iNKT cell frequency. Whole blood from swine of the indicated age (n = 5) was investigated for the frequencies of iNKT cells and cTC among CD3+ lymphocytes. Box plots showing the frequency of (A) CD3+ cells among lymphocytes and (B) iNKT cells among CD3+ cells. **p < 0.01, ****p < 0.0001, ordinary one-way ANOVA with Holm-Sidak's post-hoc test for multiple comparisons.



Virus-Infected Swine Display Increasing Frequencies of iNKT Cells in Disease-Related Tissues

iNKT cells are among the first responders after microbial infection. In pigs, iNKT cell dynamics upon infection have not been investigated so far. Hence, we measured iNKT cell frequency in viral infections of either high zoonotic potential, i.e., IAV (H1N1; Figure 10A), or of high veterinary and economic importance, i.e., ASFV strain Armenia08 (Figure 10B). Over the course of the study, IAV-infected animals showed no clinical signs of disease. However, during subclinical IAV infection (Figure 10A), we found a significant increase in iNKT cell frequency in lung lymph nodes (Nodus lymphaticus tracheobronchales inferiores) at 4 days post infection (dpi), which decreased until 7 dpi to levels still higher than in control animals. In line with this finding, iNKT cell frequencies tended to increase non-significantly in peripheral blood, broncho-alveolar lavage (BAL), and lung at 4 dpi, which returned to control levels at 7 dpi in all tissues. In spleen, iNKT cell frequency peaked at 7 dpi. There were no changes in iNKT cell frequency in the gut. In contrast to IAV, ASFV-infected swine showed typical clinical signs of severe disease. ASFV infection was fatal in all animals in this study. During ASFV infection, we detected a significant increase in iNKT cell frequency in blood and lung at 5 dpi. In the lung, frequency dropped to control levels at 7 dpi, while they remained elevated, although not significantly, in blood. iNKT cell frequency was also increased in liver and one of the liver lymph nodes (Nodi lymphatici hepatici) 5 dpi but was on control levels again at 7 dpi. We therefore described the first iNKT cell dynamics in virus-infected swine.
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FIGURE 10. In vivo dynamics of porcine iNKT cells during viral infections. Pigs were experimentally infected with (A) IAV (n = 3-5) or (B) ASFV (n = 4). At the indicated time after infection, animals were euthanized and lymphocytes of the indicated tissues were isolated. Frequency of iNKT among CD3+ lymphocytes was then investigated using flow cytometry. Open circles show uninfected control animals (Co). Closed circles show infected animals at the indicated time post infection. Each symbol represents an individual animal with a line indicating mean. BAL, Broncho alveolar lavage. Lung LN, lung lymph node (Nodi lymphatici tracheobronchales inferiores). Liver LN, liver lymph node (Nodi lymphatici hepatici). *p < 0.05, **p < 0.01, ordinary one-way ANOVA with Holm-Sidak's post-hoc test for multiple comparisons.



To further evaluate the role of porcine iNKT cells in the aforementioned viral infections and to test our findings with the synthetic CD1d ligand αGC, we stimulated porcine PBMC with supernatant of CD172a+ cells infected with IAV or ASFV. We found a small but significant increase of CD25+, ICOS+, and Ki-67+ iNKT cells after stimulation with IAV-conditioned supernatant (Figure 11A). For ASFV, there was no detectable activation of iNKT cells (Figure 11B).
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FIGURE 11. In vitro activation of porcine iNKT cells during viral infections. Freshly isolated porcine PBMC were incubated without stimulation (white bars) or in the presence of supernatant of purified CD172a+ cells infected with (A) IAV (MOI 1; gray) or (B) ASFV (MOI 0.1; gray), or 1 μg/ml αGC (black) for 4 days. Frequencies of iNKT cells (blue circles) and cTC (orange circles) positive for CD25, ICOS, and Ki-67 are shown. Pooled data of two experiments with six individual pigs for IAV and three individual pigs for ASFV shown as mean (SD), *p < 0.05, ****p < 0.0001, ordinary one-way ANOVA with Holm-Sidak's post-hoc test for multiple comparisons.



DISCUSSION

iNKT cells are a subset of innate lymphocytes located at potential pathogen entry sites at mucosal surfaces and lymphoid tissues. Even though they are a rare population in the vast pool of lymphocytes, they are pivotal orchestrators of innate and adaptive responses (58–60). Because of this central role in immunity, iNKT cells and their cellular responses have been investigated extensively in mice and humans. However, a large animal model for immunological research in general and iNKT cell research in specific is still needed. Because of their physiological and immunological similarities with humans, pigs exhibit high potential as a biomedical model for infectious diseases (3–10). Moreover, because pigs are of high veterinary and economic importance, understanding of their immune system has an invaluable relevance exceeding mere scientific modeling.

We comprehensively characterized peripheral porcine iNKT cells and provided evidence for similarities with their human and murine counterparts. Naïve peripheral iNKT cells in swine were predominantly CD8α+ and did not display a distinct CD4+ population, which confirms earlier data (36, 37). These characteristics are comparable to human peripheral iNKT cells, which are predominantly CD8α+ or DN, and in contrast to murine iNKT cells, which are mostly CD4+ and lack CD8 surface expression (61). CD8α+ iNKT cells in swine and humans are principally CD8αα+ but do not express the CD8 β-chain (61). Differences in the study design in various species may hamper accurate comparative analysis of iNKT. Human and murine iNKT are often expanded in vitro before experimental investigations, resulting in significant changes of the subset distribution (61, 62). Therefore, some authors question the reliability of functional classifications of CD4/CD8 subsets in iNKT. We investigated freshly isolated iNKT. Hence, the described characteristics of iNKT subsets in this study are largely unaffected by ex vivo sample processing.

Porcine iNKT cells displayed an antigen-experienced phenotype, indicated by lack of CD45RA expression on the cell surface. Applying the characterization of human memory T cells to swine, porcine CCR7+/CD27+ iNKT cells represent a subset functionally similar to central memory cells, while CCR−/CD27+ and CCR−/CD27− iNKT cells resemble transitional memory cells and effector memory cells, respectively (56). Upon activation, central memory cells produce IL-2 and rapidly proliferate. After differentiation into effector memory cells, they express cytokines, including IFNγ (55). An elevated fraction of CD27−/CCR7+ iNKT cells, probably representing activated effector cells with de novo expression of CCR7 (63), further strengthens our hypothesis that iNKT cells exhibit a preactivated phenotype in naïve animals. A comparable phenotype has been shown in human and murine iNKT cells as well (13, 64–66). This preactivation is discussed as the result of a lower activation threshold of iNKT cells in comparison to cTC (67) or exposition to endogenous ligands (68). Either way, preactivation of iNKT cells in vivo, in line with preformed cytokine mRNA (13), additionally emphasizes the ability of iNKT cells to respond immediately to stimuli (66). About half of all porcine iNKT cells expressed CCR7, which is critical for T cell extravasation and migration into T cell areas of secondary lymphoid tissues (69). CCR7 expression on porcine peripheral iNKT cells could therefore also explain the significant in vivo increases of iNKT cell frequencies in regional lymph nodes during infection with IAV (H1N1) as well as with ASFV strain Armenia08. Functional CCR7 expression, i.e., chemotactic migration to CCR7 ligands, has been shown for peripheral murine and human iNKT cells (70, 71). Moreover, CCR7 seems to be pivotal for the differentiation into effector subsets in the periphery (71). This indicates that porcine CCR7+ iNKT cells are licensed to early migration from peripheral blood to secondary lymphoid tissues as well. Additionally, we found high levels of CD27 on porcine CD8α+ iNKT cells but not on DN iNKT cells. CD27 is essential for survival of CD8+ effector cells, especially after multiple rounds of cell division (72, 73). Ligand-binding of CD27 on CD8+ cells induces proliferation even in the absence of bona fide stimuli such as IL-2 (74). Cumulatively, our results emphasize that porcine iNKT cells display an effector-memory phenotype and that activation of porcine CD8α+ iNKT cells may occur in the absence of co-stimulation by other cells.

Our phenotypic characterization further indicated the presence of two main iNKT subsets, iNKT1 and iNKT2, and a minor subset, non-iNKT1/2. According to studies in mice, these subsets differ not only phenotypically but also functionally. iNKT1 exhibit properties associated with Th1 cells, like production of IFNγ, while iNKT2 produce the Th2 cytokine IL-4. The non-iNKT1/2 fraction may contain several other iNKT cell subsets, which at present cannot be further investigated in swine due to lack of detection systems. Among the possible iNKT subsets are iNKT17, producing IL-17, and regulatory and follicular helper iNKT cells. Different regulatory iNKT cells have been identified by the expression of FoxP3 or E4BP4 in mice (75, 76), follicular helper iNKT have been described as Bcl-6+ (19). A recent study has provided evidence indicating that porcine iNKT cells also provide non-cognate B cell help (32), indicating that follicular helper iNKT cells exist in pigs as well. In humans, CD4+ iNKT cells are the most efficient B cell helpers (77). Upregulation of CD4 and MHC II in activated porcine iNKT cells suggests that CD4+ iNKT cells in swine have similar functions. MHC II expression by human cTC and iNKT cells is also upregulated upon activation during viral infections (78, 79). Both cell types may act as effective Antigen-presenting cells (APC) (52). Expression of MHC II on the surface of T lymphocytes has also been shown for a variety of other species, including rats, canine, bovine, and equine (52). Murine T cells, unlike cells from other mammals, do not express MHC II on their own but rather acquire it from other cells (52). We found that activation of porcine iNKT cells with αGC leads to abundant cell surface expression of MHC II. Thus, porcine iNKT cells reflect human iNKT cells better than murine iNKT cells. However, the role of MHC II+ iNKT cells is not entirely understood. Earlier studies indicated that interaction of MHC II and CD4 on CD4+ iNKT cells could boost previous TCR-dependent activation by trans-interaction of MHC II+ and CD4+ iNKT cells, respectively (80). Upregulation of CD4 as well as MHC II by activated porcine iNKT cells indicates that such a process may occur in swine as well.

Human as well as murine iNKT cells primarily display an effector phenotype (61). We showed that porcine iNKT cells have similar characteristics. Naïve porcine iNKT cells abundantly expressed CD5 and were positive for CD25, MHC II, and ICOS. These markers are associated with effector cells (49–52). Expression of CD25 on naïve iNKT cells has also been shown in humans and mice (81, 82), ensuring prompt iNKT cell responsiveness (83). Expression of CD5 is upregulated by human cTC upon activation (49). We observed a corresponding increase of CD5 on the surface of activated porcine iNKT cells, thereby demonstrating highly activated cells (49). However, the role of CD5 on cTC and iNKT cells is not entirely understood. Molecular studies with human CD5 indicate that homophilic interactions with CD5 on other T cells or APC in trans or on the same cell in cis are needed for the regulation of T cell immunity (84). CD5 could also be used for regulation of iNKT cell responses, because expression of CD5 has been shown to inhibit TCR-dependent cell activation (49). Therefore, the high levels of CD5 on activated iNKT cells could limit further activation and possible immunopathology. Responses of iNKT cells are further regulated by ICOS. Interaction of ICOS with ICOSL, expressed exclusively on APC (85), is essential for homeostasis, activation, and survival of iNKT cells (51, 86, 87). Expression of ICOS, along with the receptors for IL-12 and IL-18, is induced by PLFZ, thereby shaping the ability of iNKT cells to respond to stimuli (88). This underlines the importance of ICOS for iNKT cell functionality. Some studies indicate that ICOS expression is associated with a Th1-based response, because ICOS expression on iNKT cells correlates with a pro-inflammatory phenotype and expression of IFNγ (86, 87). Other studies suggest that ICOS is not linked to a certain Th-subset differentiation but rather identifies cells in an effector state (89). Thus, ICOS expression on porcine iNKT cells does not necessarily indicate differentiation of iNKT cells into iNKT1. However, in context with the expression of other markers, such as CD25 or CD5, their shift to a T-bet+ iNKT1 phenotype, and their expression of IFNγ and perforin, it seems accurate that αGC-stimulated porcine iNKT cells differentiate primarily into Th1/iNKT1.

In this study, we observed a higher expression of activation and effector markers, like CD25 and MHC II, on CD8α+ iNKT cells than on CD8α− iNKT cells. Moreover, CD8α+ iNKT cells were the primary subset we detected during Th1-biased iNKT cell responses. Comparable results have been described in earlier studies, where CD8α+ iNKT cells produced higher amounts of IFNγ during unspecific activation with PMA/ionomycin (37). CD8α has also been described as an activation marker on another population of unconventional porcine lymphocytes, γδ T cells (90). This indicates that CD8α also acts as a marker of maturation and effector functions on porcine iNKT cells. Additionally, since activation resulted in a loss of DN iNKT cells and an increase of DP and CD8α+ iNKT cells, both with a significantly higher ICOS expression than DN iNKT cells, CD8α+ and DP iNKT cells might represent highly differentiated effector subsets. The high expression of effector markers even in steady state indicates that porcine iNKT cells are also licensed for rapid responses. Overall, porcine iNKT cells phenotypically mimic human iNKT cells significantly better than murine iNKT cells.

Porcine iNKT cells upregulated perforin expression and displayed degranulation as shown by increased CD107a surface expression upon antigenic stimulation. This feature is shared with iNKT cells in mice and humans (17, 91–93). Cytotoxicity, including perforin production, is induced independent of TCR stimulation by pro-inflammatory cytokines like IL-12 or IL-18 secreted by APC (91, 94). How iNKT cells precisely mediate cytotoxicity is still under discussion. Perforin-mediated lysis was described in viral infections and cancer models (15, 16, 91), while other studies suggested rather Fas/FasL-dependent lysis of target cells by iNKT cells (18, 94). Both pathways are CD1d-dependent, although CD1d-independent lysis mediated by NKG2D has also been described (95). Which of these pathways prevails in a specific context likely depends on the activation mode and availability of relevant molecules on the surface of target cells (14). Deciphering activation and mode of porcine iNKT cell cytotoxicity require in-depth analysis. Our phenotypic and functional characterization paves ways for such studies. The increase of perforin-expressing cTC we saw in our studies is likely due to direct and indirect effects on cTC during iNKT cell activation. IFNγ, highly expressed by activated iNKT cells, is known to enhance the cytotoxic activity of T cells by autocrine and paracrine stimulation (96). Moreover, IFNγ has been shown to induce the expression of the high-affinity IL-12 receptor (97). This enables cTC to react to IL-12, secreted by APC during αGC stimulation. IL-12 in turn is known to enhance perforin responses (98). This bystander activation provides further protection during ongoing immune responses and demonstrates the linkage of both early iNKT cell and subsequent cTC responses.

Interestingly, we only saw significant differences between the effects of the two concentrations of αGC in three cases. High-dose αGC resulted in heightened proliferation, increased perforin expression, and increased frequencies of IFNγ-producing iNKT cells. As iNKT cells do not require co-stimulation for cytokine-production (12, 13), dose-dependent effects are explained by interaction loops between APC and iNKT cells. Activated iNKT cells readily produce cytokines, like IFNγ, and induce maturation of dendritic cells, which in turn increase production of iNKT cell-stimulating cytokines, like IL-12 (99). Notably, αGC is a highly potent antigen with a high affinity to the iNKT cell TCR and a long half-life (100). Therefore, αGC likely induces stronger responses in iNKT cells than activation with natural ligands (27). The distinctive phenotype of in vitro-stimulated porcine iNKT cells requires in vitro verification with other CD1d ligands or bacterial/viral antigens and, most importantly, in vivo validation in infection studies.

We found a rapid age-dependent decrease in iNKT cell percentage during the first 12 weeks of life. In animals older than 12 weeks, iNKT cells maintained the same abundance. Since the frequency of CD3+ lymphocytes did not change, the drop in iNKT cell frequency cannot be explained by changes in the overall T cell frequency. The high iNKT cell frequencies in young individuals indicate that iNKT cells play a critical role for immunological responses in the first weeks of life. Similar age-dependent decreases are known in humans as well (101, 102). The frequency of iNKT cells in swine investigated for age-related changes was lower than in swine investigated in other experiments. This might be explained by different housing conditions of the pigs used for different experiments. The samples for investigation of age-dependent iNKT cell frequency were obtained from a pig farm with strict biosafety standards, limiting contact with pathogenic microorganisms. In contrast, animals for other experiments were kept at our institute under conventional conditions, enabling microbial colonization. In mice, iNKT cell frequencies decrease if animals are kept under germ-free conditions (103, 104). This indicates that iNKT cell homeostasis in swine is also at least partially dependent on the microbiome of the respective animal.

We described the first iNKT cell kinetics in pigs in two viral infections, IAV and ASFV. We observed increases in iNKT cell frequency in blood and mucosal tissues at early time points during both infections, in line with the well-documented relevance of this lymphocyte population at the onset of infection (58, 105). However, iNKT cell dynamics changed at later stages of infection and their frequencies decreased over time. Moreover, we detected small but significant activation of iNKT cells in in vitro assays using IAV-conditioned supernatant. A host-beneficial expansion of iNKT cells with antiviral properties during IAV infection has been described in other species as well [reviewed in Crosby and Kronenberg (27)]. Mechanistically, iNKT cells act in various ways during IAV infection. Via secreted IFNγ, iNKT cells activate multiple bystander cells and induce protective adaptive responses. Moreover, iNKT cells facilitate conventional antiviral CD8+ T cell responses (106), inhibit immunosuppression by myeloid-derived suppressor cells (107), and produce cytokines critical for mucosal immunity and integrity, like IL-22 (108). The iNKT cell influx during IAV infection in swine peaked significantly in the lung lymph nodes and non-significantly in lung and broncho-alveolar lavage in our study. Comparable expansions of iNKT populations in these tissues were shown during IAV infection in humans (27). This, in connection with our in vitro data, indicates that iNKT cells in swine may play a similar role during respiratory infections as in humans. Future studies will clarify precisely how iNKT cells are involved in antiviral immunity against IAV in swine. In response to ASFV infections, CD8+ T cells seem to play a major role (109). Moreover, higher IFNγ production correlated with higher protection from ASFV challenge (110). A role for iNKT cell-like cells in the immunity against ASFV infection has been discussed earlier, as cells with a NKT-like phenotype (CD3+/CD4−/CD8+/CD5±/CD6−/CD11b+/CD16+) expanded after co-culture of porcine PBMC with ASFV in vitro (110). However, as others and we showed, the phenotype of these cells resembled real iNKT cells only rudimentarily. It is therefore questionable whether the described expansion and effects are attributable to iNKT cells. Contrary to the changes in vivo, we did not see any ASFV-induced iNKT cell activation in vitro. This might be explained by immune evasion mechanisms used by pathogenic ASFV strains, that were recently been shown to block type I IFN responses in infected cells (111). Since type I IFN are potent inductors of iNKT cell activation (14), blockage of type I IFN expression would impair iNKT cell activation. However, these evasion mechanisms might at least partially be counteracted in vivo, which cannot be simulated in vitro. Our in vivo data still indicates that iNKT cells are involved in the immune response against ASFV because the iNKT cell frequency increased locally in affected tissues and systemically in peripheral blood. However, an immunopathological role of iNKT cells during ASFV infection cannot be excluded. Overactivation of iNKT cells may result in a cytokine storm, which further weakens the animals and contributes to morbidity (112, 113). Furthermore, excessive local responses result in immunopathology, like liver damage (114, 115), as typically seen in animals succumbed to ASFV infection. The role of porcine iNKT cells in ASFV infections has to be evaluated in future studies.

iNKT cells are increasingly coming to the fore as target cells for novel vaccine adjuvants. New and more effective vaccines against infectious diseases are needed for swine as well as for humans. This is especially true for zoonotic diseases, like IAV, for which humans and swine are susceptible. αGC or αGC-analogs have been shown to induce high IgG and IgA titers against co-administered proteins in mice (116) as well as in swine (28, 29, 31). Expression of IFNγ by iNKT cells is crucial for B cell help and induction of class switch (20). We observed IFNγ expression by porcine iNKT cells upon antigenic stimulation, which indicates that pathways similar to those in mice are used by porcine iNKT cells to help B cells. αGC-adjuvanted vaccines also prime and potentiate cytotoxic CD8 T cell responses in mice (116, 117) and non-human primates (118). Targeting iNKT cells during vaccination represents a promising new way to increase vaccine efficacy. However, cellular and molecular interactions of porcine iNKT cells with effector cells of the adaptive immune system need further evaluation.

Taken together, we established a multicolor flow cytometry platform for analysis of porcine iNKT cells. Our study pioneered detailed phenotyping and differentiation of porcine iNKT cells and their effector molecules. Moreover, we provided first insights into the relevance of iNKT cells in viral diseases in pigs. We demonstrated that porcine iNKT cells display striking phenotypic and functional similarities to human but less to murine iNKT cells. Therefore, pigs were shown to be a valuable large animal model for immunological studies, especially for, but not limited to, iNKT cell research.
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