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Abstract

:

Influenza vaccination often results in a large percentage of low responders, especially in high-risk groups. As a first line of defense, natural killer (NK) cells play a crucial role in the fight against infections. However, their implication with regard to vaccine responsiveness is insufficiently assessed. Therefore, this study aimed at the validation of essential NK cell features potentially associated with differential vaccine responsiveness with a special focus on NKG2C- and/or CD57-expressing NK cells considered to harbor memory-like functions. To this end, 16 healthy volunteers were vaccinated with an adjuvanted pandemic influenza vaccine. Vaccine responders and low responders were classified according to their hemagglutination inhibition antibody titers. A majority of responders displayed enhanced frequencies of NKG2C-expressing NK cells 7- or 14-days post-vaccination as compared to low responders, whereas the expression of CD57 was not differentially modulated. The NK cell cytotoxic potential was found to be confined to CD56dimCD16+ NKG2C-expressing NK cells in the responders but not in the low responders, which was further confirmed by stochastic neighbor embedding analysis. The presented study is the first of its kind that ascribes CD56dimCD16+ NKG2C-expressing NK cells a crucial role in biasing adaptive immune responses upon influenza vaccination and suggests NKG2C as a potential biomarker in predicting pandemic influenza vaccine responsiveness.
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1. Introduction


Acute respiratory infections caused by the influenza virus are one of the major public health problems leading to high mortality rates worldwide, and consequently, to a large societal economic burden [1]. Occasionally, a novel virus arises, leading to worldwide spread and a pandemic. In the last decade, a number of pandemic influenza vaccines have received marketing authorization [2]. An increase in hemagglutination inhibition (HAI) antibody titer is commonly used to measure the response to the vaccine. However, antibody responses may be restricted in high-risk groups (i.e., the very young and the elderly, individuals with co-morbidities), resulting in a large percentage of low responders [3,4].



The generation of protective immunity requires the interplay between innate and adaptive immune cells. NK cells are described as crucial innate immune cells in the fight against influenza infections [5]. Recent findings in NK cell biology provide further evidence on specific functional features of NK cells, which highlight a formerly underestimated role during infection. Several studies revealed unexpected NK cell characteristics, like their continuous differentiation process and the impact of the education status on the magnitude of NK cell functionality [6,7,8,9]. Likewise, it was discovered that NK cells display adaptive immune features similar to T cells, including the generation of memory-like NK cells [10,11]. Several reports highlighted the occurrence of murine memory-like NK cells by (i) hapten-induced contact hypersensitivity, (ii) murine cytomegalovirus infection (MCMV) and (iii) cytokine stimulation [12,13,14,15]. Human memory-like NK cells were first described in vivo as a unique subset of NK cells expressing CD57 and NKG2C detected in a cohort of individuals infected with the human cytomegalovirus (HCMV) [16,17,18]. Subsequently, it was also demonstrated that human memory-like NK cells, characterized by the expression of NKG2C, could be induced in vitro by cytokine stimulation [19,20]. The CD94-NKG2C activating NK cell receptor binds to HLA-E and acts via the ITAM-bearing DAP12 signaling pathway [21]. CD57 is mainly expressed by terminally differentiated NK cells, which are suggested to have undergone clonal expansion following infection. CD57+ NK cells are described to harbor a lower proliferative capacity and to be less cytotoxic in response to cytokine stimulation, but show higher CD16-induced cytotoxicity [22].



Next to their newly discovered functional features, NK cells are well known to interact directly and indirectly with adaptive immune cells. Thus, it can be hypothesized that NK cells might be considered as relevant players in the initiation of adaptive immunity following influenza vaccination. Supporting evidence comes from a recent study, in which NK cell responsiveness following influenza vaccination was investigated. The results of this study demonstrated that NK cells with an intracellular immune memory, characterized by enhanced IFNγ secretion following antigen-specific re-stimulation, are generated following vaccination [23]. These NK cells displayed an increased internalization of the NKp46 receptor, which is known to interact with the influenza surface protein hemagglutinin (HA). However, despite this fragmentary evidence, there is still a considerable paucity of knowledge in this field. In this regard, NK cell subsets expressing CD57 and NKG2C have yet to be addressed. Thus, in the present study, the impact of the H1N1 vaccination on phenotypic and functional changes of NK cells expressing CD57 and NKG2C and their reciprocal influence on the vaccination efficacy was investigated.




2. Materials and Methods


2.1. Study Design


Sixteen healthy volunteers (health care workers (HCWs)) were vaccinated with the pandemic influenza vaccine Pandemrix® (split virion, inactivated; A/California/07/2009 (H1N1)v-like strain (X-179A), GlaxoSmithKline, Brentford, UK), adjuvanted with AS03 as part of a large clinical trial. Fourteen of the participants were female and two were male (one normal and one low-responder), and they were born between 1951 and 1987 with a median birth year of 1974 and 1969 for normal- and low-responders, respectively. Other than three participants (normal responders), all participants received previous seasonal influenza vaccines. All participants provided written informed consent before inclusion in the study, which had ethical (Regional Committee for Medical Research Ethics (ethical approval number is 2009/1224, issued by REC west), Western Norway (REK Vest)) and regulatory (Norwegian Medicines Agency) approval and is registered at the National Institute for Health Database Clinical trials.gov (NCT01003288). Human subject rights were protected during the trial and the data analysis. Blood (clotted and Cell Preparation Tubes (CPTs)) was collected prior and 7-, 14-, 21- and 180-days post-vaccination [24]. Peripheral blood mononuclear cells (PBMCs) were isolated from CPT tubes according to the manufacturer’s instructions and cryo-preserved in 90% fetal bovine serum (FBS)/10% dimethyl sulfoxide (DMSO) until further analysis.




2.2. Humoral Immune Responses


The HAI titers in serum samples pre-vaccination and 7-, 14-, 21-, 90- and 180-days post-vaccination were determined by a HAI assay using the X179A virus. The assay was performed with 0.7% turkey red blood cells, as described previously [24]. The titers analyzed at days 0 and 90 were used to define responders and low responders. Vaccinees with a 4-fold seroconversion or a titer increase >40 were considered as responders. Human cytomegalovirus (CMV)-specific IgG antibodies were assessed using the Alinity i instrument (Abbott).




2.3. Cellular Immune Responses


PBMCs were thawed and 1 × 106 to 4 × 106 cells/sample were re-stimulated for 16 h in complete RPMI 1640 (Gibco, supplemented with 10% FCS, 5% Penicillin/Streptomycin and 5% Glutamine) containing the vaccine formulation with a final concentration of 4 µg hemagglutinin (HA)/mL split virus vaccine (kindly provided by GlaxoSmithKline, Belgium). Unstimulated samples were incubated for the same time in complete RPMI without the vaccine formulation. Brefeldin A and monensin were added to all samples after 5 h of incubation. Cells were collected and stained for flow cytometric analysis. Surface marker staining was performed for 20 min at 4 °C. The following antibodies were used diluted in PBS: CD56 (PE-Cy7, clone B159, BD, Franklin Lakes, NJ, USA), CD3 (V450, clone UCHT1, BD), CD14 (Pacific Blue, clone M5E2, BD), CD19 (V450, clone HIB19, BD Horizon), CD16 (APC-H7, clone 3G8, BD Pharmingen), NKG2C (PE, clone 134591, R&D Systems, Minneapolis, MN, USA), CD57 (APC, clone HCD57, BioLegend, San Diego, CA, USA), Live/Dead (Fixable Blue, Invitrogen, Carlsbad, CA, USA). The expression of CD107a was used as a correlate of degranulation. To this end, the anti-CD107a antibody (PE-Cy5, clone eBioH4A3, eBioscience, San Diego, CA, USA) was added to the culture. The secretion of IFNγ (Alexa Fluor 700, clone B27, BioLegend) was detected by intracellular staining using Cytofix/Cytoperm solution (BD Biosciences). Samples were acquired at a BD Fortessa flow cytometer and analyzed using FlowJo (FlowJo, LLC, Ashland, OR, USA). Unstained, single stained (one antibody/sample) as well as fluorescence-minus-one (FMO) samples were used as controls for the acquisition as well as the subsequent analysis. Statistical differences were determined by the GraphPad Prism software.




2.4. Stochastic Neighbor Embedding (SNE) Analysis


Flow cytometry data of responders and low responders derived pre- and 7-days post-vaccination were imported into FlowJo (version 9) and compensation channel values were extracted for the following parameters: CD56, CD16, NKG2C, CD57, CD107a and IFNγ. Up to 10,000 values were extracted per vaccinee and time point and then pooled for responders and low responders. By using the R package “tsne”, a t-distributed SNE analysis using Barnes–Hut implementation was performed and the resulting data were plotted with intensities for the depicted markers (RStudio version 3.2.1, RStudio, Inc., Boston, MA, USA), as described earlier [25,26].




2.5. Statistical Analysis


GraphPad Prism (version 6.0 for Windows, GraphPad Software, La Jolla, CA, USA) was used for the statistical assessment (unpaired low-parametric Mann–Whitney or Kruskal–Wallis test and Spearman correlation). Values of p ≤ 0.05 were considered significant.





3. Results


3.1. Influenza Vaccination Leads to Enhanced Frequencies of NKG2C-Expressing NK Cells


NK cells are characterized by the intensity of CD56 expression and the co-expression of CD16 and can be thereby divided into different functional subsets (see gating strategy, Figure S1). The impact of pandemic vaccination on the distribution of blood NK cell subsets was assessed by flow cytometry at various time points. A slightly reduced frequency of total NK cells in vaccinated individuals was observed during the first 14 days after vaccination (≈6% at day 0 to ≈5.4% at day 7 and 4.5% at day 14) (Figure 1a). The marginally diminished frequency remained relatively stable over the observation period until day 180 post-vaccination (≈5% at day 21 and ≈4.8% at day 180). The division of NK cells into primarily cytokine secreting CD56bright and highly cytotoxic CD56dim subsets revealed a decrease in the CD56dim NK cell frequencies, especially of CD56dimCD16+ cells (≈48% at day 0 to ≈34% at day 7), whereas CD56bright NK cell frequencies were not affected (Figure 1b). These data suggest that vaccination-induced modulation mainly affects CD56dimCD16+ NK cells, which are described to hold a higher cytotoxic but lower cytokine secreting capability as compared to CD56bright NK cells [27]. Human memory-like NK cells based either on the expression of CD57 and NKG2C or NKG2C alone were recently described to exert amplified recall responses upon CMV infection or to be induced after cytokine stimulation (IL-12, IL-15 and IL-18), respectively [13,17,20]. The analysis of CD56dimCD16+ NK cells with regard to CD57 and NKG2C expression after pandemic vaccination revealed that the changes in NK cell frequencies were mainly restricted to the NKG2C-expressing subsets. Increased frequencies of both CD57−NKG2C+ (from ≈2% at day 0–9% at day 7 and ≈8% at day 14) and CD57+NKG2C+ NK cell subsets (from ≈1% at day 0–4% at day 7 and ≈7% at day 14) were detected at days 7 and 14 post-vaccination (orange and red) in samples derived from 8 out of 10 vaccine responders (marked with an arrow, Figure 1c). The most striking differences were observed at day 7 and 14 post-vaccination, with significantly elevated levels of both CD57−NKG2C+ and CD57+NKG2C+ NK cells, whereas the frequency of CD57+NKG2C− NK cells was not affected (Figure 1d). Within the NKG2C-expressing subsets, high ratios comparing post- and pre-vaccination values were detected (≥1.5, red data points) while the CD57+NKG2C− NK cell subset showed ratios > 1 (blue data points), but not ≥1.5. The analysis of NK cells either expressing NKG2C or CD57 confirmed the increased frequency of NKG2C but not CD57 expression (Figure 1e). The data suggest that adjuvanted pandemic vaccination induces changes in the subset of NKG2C-expressing NK cells, which in turn can be potentially involved in determining the outcome of vaccination. While the frequency of NKG2C-expressing NK cells is described to be connected with CMV sero-positivity, no such correlation was found here (Figure S2a) [16,17]. Furthermore, no differences between the mean CMV titer of low and normal responders was observed (Figure S2b). The correlation analysis of the CMV titer and the fold change of the HAI titer or the age of the participants also did not yield any significant relation (Figure S2c). Likewise, the fold change of the HAI titer did not correlate with the age of the vaccinees (Figure S2d). However, in normal but not in low responders, the frequency of NKG2C+CD57+ NK cells at day 7 post-vaccination showed a significant negative correlation with the age of the vaccinees (Figure S2e). These findings highlight that the hypothesized relation between NKG2C+ NK cells and the vaccination outcome is not dependent on the CMV sero-status, thus supporting publications stating that CMV infections do not affect influenza vaccine efficacy [28].




3.2. NK Cells of Influenza Vaccination Responders and Low Responders Display Differences in NKG2C and CD57 Expression


The inefficacy of influenza vaccines, characterized by the varying occurrence of low responders, is a persisting problem. To classify normal and low responders following pandemic vaccination, the HAI titer of each vaccinee was evaluated at days 0 and 90 post-vaccination (Figure S3). The total frequencies of NK cells derived from normal and low responders were compared, as well as the expression of CD57 and NKG2C. Reduced frequencies of CD56dimCD16+ NK cells were observed in both response groups at 7-days post-vaccination, as compared to day 0. However, the decrease was less profound in normal responders (≈30% reduction for responders and ≈46% reduction for low responders) (Figure 2a). These findings were consistent with the assessed ratios of NK cell frequencies (day 7/day 0). The assessment of CD57 expression prior to vaccination demonstrated differences in its basal expression by NK cells derived from normal and low responders (day 0). However, the ratio of CD56dimCD16+CD57+ NK cell frequencies (day 7/day 0) revealed no vaccine-induced effect on CD57 expression (ratios ≈1 for both responders and low responders (Figure 2b). The analysis of CD56dimCD16+NKG2C+ NK cells revealed an increased frequency at day 7 post-vaccination in normal responders that was not observed in low responders (Figure 2c). The ratio of CD56dimCD16+NKG2C+ NK cell frequencies (day 7/day 0) supports this finding by displaying a higher ratio for normal responders (≈6) as compared to low responders (≈1). This difference is further highlighted by ratios mainly ≥1.5 (red dots) detected for NKG2C-expression by CD16+ NK cells derived from normal responders. This indicates that responders show increased frequencies of NKG2C+ expression at day 7 post-vaccination as compared to day 0, whereas NKG2C expression in low responders remains largely unaffected. To address whether the observed increased frequency of NKG2C+ NK cells is due to the specific antigen (HA) re-stimulation, an individual analysis of single donors was performed. These data revealed that a significant number of responders displayed an HA-induced surface expression of NKG2C that was not observed in the group of low responders (Figure 2d, ratio (HA/unstimulated (NS)) >1 = blue, ≥1.5 = red). Interestingly, the individuals responding to HA re-stimulation with enhanced expression of NKG2C already displayed a higher basal expression. With regard to the HA-induced surface expression of CD57, neither vaccine responders nor low responders displayed a strong modulation, as indicated by ratios (HA/unstimulated) >1 but not ≥1.5 (Figure 2e). These findings suggest that NKG2C-expressing NK cells bias vaccine responsiveness and might serve as a determinant of responsiveness towards influenza vaccination.




3.3. CD107a Expression Is Confined to CD56dimCD16+NKG2C-Expressing NK Cells in Responders but Not in Low Responders


To dissect whether, in addition to the phenotypic alterations, the functionality of CD56dim NK cells in normal and low responders also differs, CD16 expression, CD107a expression and IFNγ secretion were addressed ex vivo. Independently of the responsiveness to vaccination, differences in the functionality of CD16− and CD16+ NK cells within the CD56dim subset were detected (Figure 3a,b). The analysis of the NK cell degranulation capacity revealed that within the group of responders, CD56dimCD16− NK cells showed no changes in the frequency of CD107a-expressing cells after vaccination (Figure 3a). In contrast, CD56dimCD16+ NK cells derived from responders exhibited an enhanced expression of CD107a peaking at day 7 post-vaccination. Low responders showed similar functional differences between CD56dimCD16− and CD16+ NK cells (Figure 3a). CD56dimCD16+ NK cells showed a higher frequency of CD107a-expressing cells at day 7 post-vaccination as compared to day 0. The comparison of normal and low responders further revealed that responders harbor a lower frequency of CD56dimCD16+CD107a+ NK cells at day 7 post-vaccination (≈4%) as compared to low responders (≈12%) (Figure 3a).



The analysis of IFNγ-expressing CD56dim NK cell subsets derived from responders revealed that vaccination differentially impacts CD16− and CD16+ NK cells only at day 7 post-vaccination as compared to all other investigated time points (day 0, 14, 21 and 180 post-vaccination) (Figure 3b). Normal responders harbored a lower frequency of CD56dimCD16+IFNγ+ NK cells at day 7 post-vaccination (≈5%) as compared to low responders (≈17%) (Figure 3b).



An investigation of the NK cell functionality depending on CD57 and NKG2C expression revealed elevated levels in the expression of CD107a in normal and low responders. Interestingly, within the subset of CD57−NKG2C+ NK cells, low responders showed a 22-fold higher CD107a expression as compared to responders at day 7 (Figure 3c). Within the subset of CD57+NKG2C+ NK cells, the comparison of normal and low responders showed less profound differences (3.5 fold increase) (Figure 3d). CD107a expression within the CD57+NKG2C− NK cell subset showed marginal changes in responders (≈1.5-fold), whereas low responders displayed a six-fold increase at day 7 post-vaccination (Figure 3e).



The analysis of individual responders highlights distinct, donor specific differences within the groups of normal and low responders. Thus, five out of 10 responders (R1, R2, R5, R8, and R9) showed enhanced frequencies of both NKG2C-expressing NK cell subsets at day 7 or 14 after vaccination as compared to day 0 (Figure 3f). This increase appears to be associated with an elevated level of CD107a as well as a decreased frequency of CD57+NKG2C− NK cells. Interestingly, the CD57+NKG2C+ subset seems to be strongly associated with the expression of CD107a as compared to the CD57-NKG2C+ subset in six out of 10 normal responders (Figure 3f). On the other hand, five out of six low responders (NR1, NR2, NR3, NR5, and NR6) did not show this correlation. These results suggest that the functionality of NK cells derived from responders is confined within both NKG2C-expressing subpopulations.




3.4. Elevated NKG2C-Expression Correlates with a Higher Expression of CD107a


A correlation analysis of the frequency of CD56dimCD16+CD57+NKG2C+ NK cells on day 0/7 post-vaccination and the degranulation capacity of CD56dimCD16+ NK cells (frequency of CD107a+ NK cells) on day 7 revealed a substantial positive correlation for NK cells derived from normal responders (Figure 4a). Within the group of low responders, no significant correlation between the frequency of CD56dimCD16+CD57+NKG2C+ NK cells and their CD107a expression at days 0 or 7 post-vaccination was found (Figure 4b). An SNE analysis confirmed that CD56dimCD16+ NK cells derived from normal responders prior and 7-days post-vaccination overlap with regard to the expression of NKG2C and CD107a as detected by flow cytometry. Interestingly, this overlap was not detected for low responders (Figure 4c). The obtained data suggest that CD107a expression within the CD56dimCD16+NKG2C+ NK cell subset might represent an early correlate of vaccine responsiveness.





4. Discussion


NK cells represent an innate immune cell population that acts as a first line of defense by killing viral infected cells and regulating cells of the adaptive immune system by means of secreted cytokines. This renders NK cells as promising immune players to be considered for the development of vaccination strategies against viral pathogens. The few studies investigating NK cells following the vaccination of healthy adults revealed their beneficial effect against a variety of pathogens. Enhanced frequencies of IFNγ-secreting NK cells upon malaria vaccination were associated with antigen-specific IL-2 secretion and considered as a marker for antigen-specific T cell activation [29]. Vaccination against the rabies virus demonstrated a significant impact of NK cell activation for vaccine-induced effector as well as recall responses [30]. Furthermore, reduced viral loads upon vaccination with live attenuated yellow fever vaccine correlated with enhanced NK cell functionality, such as activation and degranulation [31]. Influenza vaccines were reported to induce changes in NK cell receptor repertoires and to promote increased IFNγ secretion [32]. A reduced CD16 expression by NK cells was also described in the context of a robust influenza-specific IgG response [33]. However, there is a paucity of knowledge concerning the potential implications of NK cells in responsiveness to influenza vaccines. To the best of our knowledge, this is the first study aiming at the validation of phenotypic and functional differences of NK cells isolated from vaccine responders and low responders.



The analysis of peripheral blood NK cell frequencies upon immunization with the adjuvanted pandemic H1N1 vaccine revealed a slight decrease over time. The observed decrease might result from activation and subsequent migration to secondary lymphoid organs. Interestingly, at day 7 post-vaccination, increased frequencies of CD56dimCD16+NKG2C+ NK cells were detected within the group of vaccine responders as compared to low responders. The increased expression of NKG2C upon influenza vaccination was observed regardless of CD57 expression. NKG2C-expressing NK cells were demonstrated to respond in vitro to cytokine stimulation [20]. Beneficial implications for NKG2C+ NK cells in natural infections with HIV, HBV, Hanta and Chikungunya viruses were recently shown by other groups [34,35,36]. However, few studies addressed the effect of vaccination on NKG2C-expressing NK cells. The vaccination of healthy volunteers with a low-adjuvanted split influenza vaccine or with a low-adjuvanted dendritic cell-based HIV vaccine revealed no major changes in the frequency of NKG2C- and/or CD57-expressing NK cells [23,37]. These findings might suggest that the observed increase in NKG2C-expressing NK cells upon pandemic influenza vaccination is due to adjuvantation with AS03. However, the immunization of macaques with a live attenuated SIV vaccine and a subsequent challenge was found to result in elevated frequencies of NKG2C-expressing circulating T cells in vaccinated but not unvaccinated animals [38]. Another study with SIV-infected rhesus macaques demonstrated the NK cell-mediated killing of antigen-pulsed DCs in a NKG2C-dependent manner [39].



The gain of CD57 expression is associated with immune cell maturation and senescence [21,40,41]. In the present study, responders displayed a higher basal level of CD57+ NK cells compared to low responders. However, the influenza vaccination itself did not result in any further changes. The functional analysis of CD56dimCD16+ NK cells at day 7 post-vaccination pointed to both responders and low < responders displaying enhanced IFNγ secretion and CD107a expression. This is in agreement with a previous study showing increased IFNγ-secretion following seasonal influenza vaccination [32]. The present work revealed that NK cells derived from responders secrete less IFNγ and show a reduced degree of degranulation as compared to low responders. Recent reports describe that NK cells activated by immunization or viral infections can lyse activated T cells, and thus prevent the efficient formation of a memory T cell pool required for long-term protective immunity [42,43,44]. This might explain, at least in part, the reduced humoral immune response defining low responders. Therefore, an enhanced NK cell functionality might result in a decreased memory T cell pool, and thus a reduced vaccine efficacy.



Taking into consideration the expression of CD57 and NKG2C, the analysis of the degranulation capacity revealed a correlation between CD107a expression in CD57−NKG2C+ and CD57+NKG2C+ NK cell populations and the overall responsiveness to vaccination. Recent studies described the generation of highly degranulating and IFNγ-secreting NKG2C+ NK cells upon CD16 cross-linking or by the activation of natural cytotoxicity receptors [36,45]. Furthermore, CD57+ NK cells are reported to exhibit a high basal cytotoxic potential [41]. Thus, the observed high basal level of CD57+ NK cells in responders might contribute to influenza vaccine responsiveness. In this regard, the significant correlation of CD56dimCD16+CD57+NKG2C+ frequencies pre-vaccination with the NK cell degranulation capacity found in responders but not for low responders suggests that the NK cell status at basal level and early upon vaccination might contribute to the overall vaccine responsiveness. The tSNE analysis confirmed the positive correlation and a two-dimensional overlap of degranulation and NKG2C-expressing NK cells that was not observed for low responders. In murine studies, degranulating NK cells were described to harbor immune-regulatory functions as well as to imprint adaptive immune responses [42]. Thus, NK cell-mediated antiviral activity via cytotoxicity was shown to promote early CD8 T cell responses [43]. Furthermore, NK cells can contribute to improved antigen-presentation by killing infected cells, thereby resulting in antigen-specific CD4 T helper cell responses and subsequent stimulation of humoral immunity [46]. Therefore, CD107a+NKG2C-expressing NK cells might bias vaccine responsiveness. A seasonal influenza vaccine study revealed enhanced frequencies of CD107a NK cells induced by increased IL-2 levels and immune complexes [47]. Interestingly, in the present study, responders displayed enhanced numbers of IL-2 secreting T cells as compared to low responders. Thus, the increased amount of IL-2 might affect the NK cell degranulating capacity (data not shown).



Although, CD56dimCD16+ NK cells displayed differences in the level of IFNγ secretion in responders and low responders, no correlation to either CD57 or NKG2C expression was detected (data not shown). A similar functional dichotomy of NKG2C+ NK cells was observed in patients suffering from chronic HCV infection in which an altered phenotype defined by enhanced frequencies of NKG2C+ NK cells was associated with enhanced expression of CD107a but not increased secretion of IFNγ [48]. Thus, a differential activation of degranulating or cytokine-secreting NKG2C+ NK cells might be similarly induced by the adjuvanted influenza vaccine.



Interestingly, human NKG2C-expressing NK cells are described to show memory-like features (e.g., clonal expansion) and enhanced specific recall responses such as proliferation and cytokine secretion [13,18,49,50]. Thus, the observed increased expression of NKG2C in responders might suggest a vaccine-induced generation of an NK cell pool with memory-like features. A previous influenza infection or immunization might have contributed to the formation of antigen-specific NKG2C-expressing NK cells, which can rapidly be activated after vaccination. The increased expression of NKG2C at days 7 and 14 post-vaccination in a few responders following HA re-stimulation supports this hypothesis. In a murine model, the generation of influenza-specific memory-like NK cells characterized by the expression of CXCR6 was reported [12]. It is known that the human receptor NKp46 binds specifically to influenza HA on the surface of infected cells [51]. Recent studies described NKp46-internalization as a distinct feature of influenza-specific memory-like NK cells [23]. In line with the concept of memory-like NK cells, antigen-specific recall responses were also reported for NK cells isolated from SIV-infected macaques, as well as in cells from human pleural fluid derived from tuberculosis patients upon re-stimulation with the Bacillus Calmette-Guérin vaccine [39,52]. These findings support a crucial role of CD56dimCD16+NKG2C+ NK cells for determining the outcome of vaccination. Interestingly, the phenotype of memory-like NK cell populations in humans is not consistent in the different models investigated to date. For example, CMV-induced memory-like NK cells express both NKG2C and CD57, whereas in vitro cytokine-induced memory-like NK cells are defined by the expression of NKG2C, amongst other markers, but the lack of CD57 expression [16,19,20]. The enhanced basal frequencies of CD57+NKG2C+-expressing NK cells in CMV-positive individuals [53] might raise concerns about whether our findings are due to an underlying chronic CMV infection. However, the increased expression of NKG2C at days 7 and 14 ex vivo and upon HA re-stimulation strongly argues for an influenza vaccination-induced effect. With regard to demographic information of the participants, no correlation explaining a vaccine bias could be detected. Furthermore, it should be noted that a small number of participants was involved in the presented study arm (n = 16). Additional, more extensive studies will be needed to confirm the presented data and to consider including NK cell targeting in future vaccination strategies.



The differentiation status of CD56dimCD16+ NK cells, defined by the expression of NKG2A, KIR and CD57, dictates their functionality [7,8]. The efficacy of the yellow fever vaccination was associated with a less differentiated NK cell phenotype defined by lack of CD57. However, it seems that vaccination with an adjuvanted pandemic vaccine does not affect NK cell differentiation at the analyzed time points (data not shown). This is consistent with another study, which investigated the effect of a seasonal influenza vaccination on NK cell differentiation and functionality [32].



Natural killer T (NKT) cells are described to bridge the innate and adaptive immune system by expressing surface markers characteristic for NK as well as for T cells, e.g., CD3 and CD56. Although in the murine system they were described to improve influenza-specific innate as well as adaptive immune responses, their impact in the human system is insufficiently studied [54,55]. Activation of NKT cells by the lipid antigen α-galactosylceramide or its analogs is discussed in the context of novel vaccination strategies [56,57]. They are further known to directly impact NK cell functionality via the secretion of activating (e.g., IFNγ and TNFα) as well as inhibitory cytokines (e.g., IL-4 and IL-10). Therefore, assessing the specific impact of NKT cells in the course of influenza infection or vaccination in future studies in the human system will help to further elucidate potential innate immune mechanisms affecting vaccine responsiveness.



The vaccine formulation used in this study contains the oil-in-water emulsion-based adjuvant system 03 (AS03). In accordance with earlier reports, the adjuvant contributes to enhanced antigen loading and presentation by antigen-presenting cells (APCs) and the generation of chemokine and cytokine gradients recruiting inflammatory cells to the site of injection [58,59]. NK cells are directly activated by binding of influenza-induced ligands, e.g., on infected DCs, to NKG2D and NKp46 (recognizing the viral HA) [60]. These interactions, as well as HA-recognition by co-stimulating molecules, such as 2B4 and NTB-A, lead to the elimination of infected cells by NK cell cytotoxicity [61]. Furthermore, the binding of CD16, expressed by NK cells, to the Fc region of surface-bound antibodies against viral proteins leads to the activation of antibody-dependent cellular cytotoxicity mediated by NK cell-derived granzyme B and perforin [62]. The AS03-enhanced antigen-presentation and cytokine secretion, e.g., by DCs, macrophages, monocytes, and neutrophils might thereby indirectly affect the phenotype of human NK cells and correspondingly increase their functionality. Nevertheless, regardless of the specific formulation, the data presented here clearly demonstrated the impact of vaccination on NK cell population composition and functionality, as well as the fact that changes in NK cell phenotype and functionally correlate with vaccine responsiveness. Therefore, acquisition of NKG2C might represent one potential early determinant to differentiate between responders and low responders, as well as be a driving force to promote efficacious adaptive responses post-vaccination.








Supplementary Materials


The following are available online at https://www.mdpi.com/2076-393X/8/2/281/s1, Figure S1: Gating Strategy; Figure S2: Correlation analyses; Figure S3: Classification of vaccine responders and non-responders.





Author Contributions


Conceptualization, P.R., R.D.P., R.J.C. and C.A.G.; Formal analysis, P.R., S.T. and F.K.; Funding acquisition, R.J.C. and C.A.G.; Investigation, P.R., S.T. and R.D.P.; Methodology, R.J.C.; Resources, R.J.C.; Supervision, R.J.C. and C.A.G.; Visualization, P.R. and S.T.; Writing—original draft, P.R. and S.T.; Writing—review & editing, F.K., R.J.C. and C.A.G. All authors have read and agreed to the published version of the manuscript.




Funding


The study was in part funded intramurally by the Influenza Centre at the University of Bergen, the Bergen Clinical Vaccine Consortium and by iMed–the Helmholtz Association’s Cross Program Initiative on Personalized Medicine. The Influenza Centre is funded by the Ministry of Health and Care Services, Norway, the Norwegian Research Council Globvac program (220670/H10), the European Union (Univax 601738 and EU IMI115672, FLUCOP), Helse Vest and the K.G. Jebsen Centre for Influenza Vaccine Research.




Acknowledgments


We especially thank all the HCWs who participated in this study, Marianne Sævik and Jane Kristin Nøstbakken for invaluable technical and logistical assistance, and GlaxoSmithKline for kindly providing the split virus antigen.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



WHO. Fact Sheet: Influenza (Seasonal). Available online: https://www.who.int/news-room/fact-sheets/detail/influenza-(seasonal) (accessed on 17 January 2020).

	



EMA. Vaccines for Pandemic Influenza. Available online: https://www.ema.europa.eu/en/human-regulatory/overview/public-health-threats/pandemic-influenza/vaccines-pandemic-influenza (accessed on 17 January 2020).

	



De Jong, J.C.; Palache, A.M.; Beyer, W.E.P.; Rimmelzwaan, G.F.; Boon, A.C.M.; Osterhaus, A.D.M.E. Haemagglutination-inhibiting antibody to influenza virus. Dev. Biol. 2003, 115, 63–73. [Google Scholar]

	



Beyer, W.E.; Palache, A.M.; Lüchters, G.; Nauta, J.; Osterhaus, A.D.M.E. Seroprotection rate, mean fold increase, seroconversion rate: Which parameter adequately expresses seroresponse to influenza vaccination? Virus Res. 2004, 103, 125–132. [Google Scholar] [CrossRef] [PubMed]

	



Schultz-Cherry, S. Role of NK cells in influenza infection. Curr. Top. Microbiol. Immunol. 2015, 386, 109–120. [Google Scholar] [PubMed]

	



Freud, A.G.; Yokohama, A.; Becknell, B.; Lee, M.T.; Mao, H.C.; Ferketich, A.K.; Caligiuri, M.A. Evidence for discrete stages of human natural killer cell differentiation in vivo. J. Exp. Med. 2006, 203, 1033–1043. [Google Scholar] [CrossRef] [PubMed]

	



Björkström, N.K.; Riese, P.; Heuts, F.; Andersson, S.; Fauriat, C.; Ivarsson, M.A.; Björklund, A.T.; Flodström-Tullberg, M.; Michaelsson, J.; Rottenberg, M.E.; et al. Expression patterns of NKG2A, KIR, and CD57 define a process of CD56dim NK-cell differentiation uncoupled from NK-cell education. Blood 2010, 116, 3853–3864. [Google Scholar] [CrossRef]

	



Luetke-Eversloh, M.; Killig, M.; Romagnani, C. Signatures of human NK cell development and terminal differentiation. Front. Immunol. 2013, 4, 499. [Google Scholar] [CrossRef]

	



Fauriat, C.; Ivarsson, M.A.; Ljunggren, H.G.; Malmberg, K.J.; Michaelsson, J. Education of human natural killer cells by activating killer cell immunoglobulin-like receptors. Blood 2010, 115, 1166–1174. [Google Scholar] [CrossRef]

	



Wagner, J.A.; Fehniger, T.A. Human Adaptive Natural Killer Cells: Beyond NKG2C. Trends Immunol. 2016, 37, 351–353. [Google Scholar] [CrossRef]

	



Gabrielli, S.; Ortolani, C.; Del Zotto, G.; Luchetti, F.; Canonico, B.; Buccella, F.; Artico, M.; Papa, S.; Zamai, L. The Memories of NK Cells: Innate-Adaptive Immune Intrinsic Crosstalk. J. Immunol. Res. 2016, 2016, 1376595. [Google Scholar] [CrossRef]

	



Paust, S.; Gill, H.S.; Wang, B.Z.; Flynn, M.P.; Moseman, E.A.; Senman, B.; Szczepanik, M.; Telenti, A.; Askenase, P.W.; Compans, R.W.; et al. Critical role for the chemokine receptor CXCR6 in NK cell-mediated antigen-specific memory of haptens and viruses. Nat. Immunol. 2010, 11, 1127–1135. [Google Scholar] [CrossRef]

	



Marcus, A.; Raulet, D.H. Evidence for natural killer cell memory. Curr. Biol. 2013, 23, R817–R820. [Google Scholar] [CrossRef] [PubMed]

	



Min-Oo, G.; Lanier, L.L. Cytomegalovirus generates long-lived antigen-specific NK cells with diminished bystander activation to heterologous infection. J. Exp. Med. 2014, 211, 2669–2680. [Google Scholar] [CrossRef] [PubMed]

	



Cooper, M.A.; Elliott, J.M.; Keyel, P.A.; Yang, L.; Carrero, J.A.; Yokoyama, W.M. Cytokine-induced memory-like natural killer cells. Proc. Natl. Acad. Sci. USA 2009, 106, 1915–1919. [Google Scholar] [CrossRef] [PubMed]

	



Gumá, M.; Angulo, A.; Vilches, C.; Gómez-Lozano, N.; Malats, N.; López-Botet, M. Imprint of human cytomegalovirus infection on the NK cell receptor repertoire. Blood 2004, 104, 3664–3671. [Google Scholar] [CrossRef] [PubMed]

	



Lopez-Verges, S.; Milush, J.M.; Schwarzt, B.S.; Pando, M.J.; Jarjoura, J.; York, V.A.; Houchins, J.P.; Miller, S.; Kang, S.M.; Norris, P.J.; et al. Expansion of a unique CD57(+)NKG2Chi natural killer cell subset during acute human cytomegalovirus infection. Proc. Natl. Acad. Sci. USA 2011, 108, 14725–14732. [Google Scholar] [CrossRef] [PubMed]

	



Foley, B.; Cooley, S.; Verneris, M.R.; Curtsinger, J.; Luo, X.; Waller, E.K.; Anasetti, C.; Weisdorf, D.; Miller, J.S. Human cytomegalovirus (CMV)-induced memory-like NKG2C(+) NK cells are transplantable and expand in vivo in response to recipient CMV antigen. J. Immunol. 2012, 189, 5082–5088. [Google Scholar] [CrossRef]

	



Romee, R.; Schneider, S.E.; Leong, J.W.; Chase, J.M.; Keppel, C.R.; Sullivan, R.P.; Cooper, M.A.; Fehniger, T.A. Cytokine activation induces human memory-like NK cells. Blood 2012, 120, 4751–4760. [Google Scholar] [CrossRef]

	



Berrien-Elliott, M.M.; Wagner, J.A.; Fehniger, T.A. Human Cytokine-Induced Memory-Like Natural Killer Cells. J. Innate Immun. 2015, 7, 563–571. [Google Scholar] [CrossRef]

	



Lanier, L.L.; Corliss, B.; Wu, J.; Phillips, J.H. Association of DAP12 with activating CD94/NKG2C NK cell receptors. Immunity 1998, 8, 693–701. [Google Scholar] [CrossRef]

	



Lopez-Vergès, S.; Milush, J.M.; Pandey, S.; York, V.A.; Arakawa-Hoyt, J.; Pircher, H.; Norris, P.J.; Nixon, D.F.; Lanier, L.L. CD57 defines a functionally distinct population of mature NK cells in the human CD56dimCD16+ NK-cell subset. Blood 2010, 116, 3865–3874. [Google Scholar] [CrossRef]

	



Dou, Y.; Fu, B.; Sun, R.; Li, W.; Hu, W.; Tian, Z.; Wei, H. Influenza vaccine induces intracellular immune memory of human NK cells. PLoS ONE 2015, 10, e0121258. [Google Scholar] [CrossRef] [PubMed]

	



Madhun, A.S.; Akselsen, P.E.; Sjursen, H.; Pedersen, G.; Svindland, S.; Nostbakken, J.K.; Nilsen, M.; Mohn, K.; Jul-Larsen, A.; Smith, I.; et al. An adjuvanted pandemic influenza H1N1 vaccine provides early and long term protection in health care workers. Vaccine 2010, 29, 266–273. [Google Scholar] [CrossRef] [PubMed]

	



Hengst, J.; Theorell, J.; Deterding, K.; Potthoff, A.; Dettmer, A.; Lunggren, H.G.; Wedemeyer, H.; Björkström, N.K. High-resolution determination of human immune cell signatures from fine-needle liver aspirates. Eur. J. Immunol. 2015, 45, 2154–2157. [Google Scholar] [CrossRef] [PubMed]

	



Amir el, A.D.; Davis, K.L.; Tadmor, M.D.; Simonds, E.F.; Levine, J.H.; Bendall, S.C.; Shenfeld, D.K.; Krishnaswamy, S.; Nolan, G.P.; Pe’er, D. viSNE enables visualization of high dimensional single-cell data and reveals phenotypic heterogeneity of leukemia. Nat. Biotechnol. 2013, 31, 545–552. [Google Scholar] [CrossRef] [PubMed]

	



Poli, A.; Michel, T.; Thérésine, M.; Andrès, E.; Hentges, F.; Zimmer, J. CD56bright natural killer (NK) cells: An important NK cell subset. Immunology 2009, 126, 458–465. [Google Scholar] [CrossRef]

	



Den Elzen, W.P.; Vossen, A.C.M.T.; Cools, H.J.M.; Westendorp, R.G.J.; Kroes, A.C.M.; Gussekloo, J. Cytomegalovirus infection and responsiveness to influenza vaccination in elderly residents of long-term care facilities. Vaccine 2011, 29, 4869–4874. [Google Scholar] [CrossRef]

	



Horowitz, A.; Hafalla, J.C.R.; King, E.; Lusingu, J.; Dekker, D.; Leach, A.; Moris, P.; Cohen, J.; Vekemans, J.; Villafana, T.; et al. Antigen-specific IL-2 secretion correlates with NK cell responses after immunization of Tanzanian children with the RTS, S/AS01 malaria vaccine. J. Immunol. 2012, 188, 5054–5062. [Google Scholar] [CrossRef]

	



Horowitz, A.; Behrens, R.H.; Okell, L.; Fooks, A.R.; Riley, E.M. NK cells as effectors of acquired immune responses: Effector CD4+ T cell-dependent activation of NK cells following vaccination. J. Immunol. 2010, 185, 2808–2818. [Google Scholar] [CrossRef]

	



Marquardt, N.; Ivarsson, M.A.; Blom, K.; Gonzales, V.D.; Braun, M.; Falconer, K.; Gustafsson, R.; Fogdell-Hahn, A.; Sandberg, J.K.; Michaelsson, J. The Human NK Cell Response to Yellow Fever Virus 17D Is Primarily Governed by NK Cell Differentiation Independently of NK Cell Education. J. Immunol. 2015, 195, 3262–3272. [Google Scholar] [CrossRef]

	



Long, B.R.; Michaelsson, J.; Loo, C.P.; Ballan, W.M.; Vu, B.A.N.; Hecht, F.M.; Lanier, L.L.; Chapman, J.M.; Nixon, D.F. Elevated frequency of gamma interferon-producing NK cells in healthy adults vaccinated against influenza virus. Clin. Vaccine Immunol. 2008, 15, 120–130. [Google Scholar] [CrossRef]

	



Goodier, M.R.; Lusa, C.; Sherratt, S.; Rodriguez-Galan, A.; Behrens, R.; Riley, E.M. Sustained Immune Complex-Mediated Reduction in CD16 Expression after Vaccination Regulates NK Cell Function. Front. Immunol. 2016, 7, 384. [Google Scholar] [CrossRef] [PubMed]

	



Petitdemange, C.; Becquart, P.; Wauquier, N.; Béziat, V.; Debré, P.; Leroy, E.M.; Vieillard, V. Unconventional repertoire profile is imprinted during acute chikungunya infection for natural killer cells polarization toward cytotoxicity. PLoS Pathog. 2011, 7, e1002268. [Google Scholar] [CrossRef] [PubMed]

	



Brunetta, E.; Fogli, M.; Varchetta, S.; Bozzo, L.; Hudspeth, K.L.; Marcenaro, E.; Moretta, A.; Mavilio, D. Chronic HIV-1 viremia reverses NKG2A/NKG2C ratio on natural killer cells in patients with human cytomegalovirus co-infection. AIDS 2010, 24, 27–34. [Google Scholar] [CrossRef] [PubMed]

	



Beziat, V.; Dalgard, O.; Asselah, T.; Halfon, P.; Bedossa, P.; Boudifa, A.; Hervier, B.; Theodoroi, I.; Martinot, M.; Debré, P.; et al. CMV drives clonal expansion of NKG2C+ NK cells expressing self-specific KIRs in chronic hepatitis patients. Eur. J. Immunol. 2012, 42, 447–457. [Google Scholar] [CrossRef]

	



Pena, J.; Frías, M.; Castro-Orgaz, L.; Gonzáles, R.; García, F.; Gallart, T.; Gatell, J.M.; Plana, M. Dc2-Manon07 Vaccine Research Group Effects on innate immunity of a therapeutic dendritic cell-based vaccine for HIV-1 infection. Viral Immunol. 2012, 25, 37–44. [Google Scholar] [CrossRef]

	



Hodara, V.L.; Parodi, L.M.; Keckler, M.S.; Giavedoni, L.D. Increases in NKG2C Expression on T Cells and Higher Levels of Circulating CD8+ B Cells Are Associated with Sterilizing Immunity Provided by a Live Attenuated SIV Vaccine. AIDS Res. Hum. Retroviruses 2016, 32, 1125–1134. [Google Scholar] [CrossRef] [PubMed]

	



Reeves, R.K.; Li, H.; Jost, S.; Blass, E.; Li, H.; Schafer, J.L.; Varner, V.; Manickam, C.; Eslamizar, L.; Altfeld, M.; et al. Antigen-specific NK cell memory in rhesus macaques. Nat. Immunol. 2015, 16, 927–932. [Google Scholar] [CrossRef] [PubMed]

	



Della Chiesa, M.; Sivori, S.; Carlomagno, S.; Moretta, L.; Moretta, A. Activating KIRs and NKG2C in Viral Infections: Toward NK Cell Memory? Front. Immunol. 2015, 6, 573. [Google Scholar] [CrossRef] [PubMed]

	



Nielsen, C.M.; White, M.J.; Goodier, M.R.; Riley, E.M. Functional Significance of CD57 Expression on Human NK Cells and Relevance to Disease. Front. Immunol. 2013, 4, 422. [Google Scholar] [CrossRef]

	



Cook, K.D.; Waggoner, S.N.; Whitmire, J.K. NK cells and their ability to modulate T cells during virus infections. Crit. Rev. Immunol. 2014, 34, 359–388. [Google Scholar] [CrossRef]

	



Crouse, J.; Xu, H.C.; Lang, P.A.; Oxenius, A. NK cells regulating T cell responses: Mechanisms and outcome. Trends Immunol. 2015, 36, 49–58. [Google Scholar] [CrossRef] [PubMed]

	



Welsh, R.M.; Waggoner, S.N. NK cells controlling virus-specific T cells: Rheostats for acute vs. persistent infections. Virology 2013, 435, 37–45. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Z.; Sinzger, C.; Frascaroli, G.; Reichel, J.; Bayer, C.; Wang, L.; Schirmbeck, R.; Mertens, T. Human cytomegalovirus-induced NKG2C(hi) CD57(hi) natural killer cells are effectors dependent on humoral antiviral immunity. J. Virol. 2013, 87, 7717–7725. [Google Scholar] [CrossRef] [PubMed]

	



Krebs, P.; Barnes, M.J.; Lampe, K.; Whitley, K.; Bahjat, K.S.; Beutler, B.; Janssen, E.; Hoebe, K. NK-cell-mediated killing of target cells triggers robust antigen-specific T-cell-mediated and humoral responses. Blood 2009, 113, 6593–6602. [Google Scholar] [CrossRef]

	



Goodier, M.R.; Rodrigues-Galan, A.; Lusa, C.; Nielsen, C.M.; Darboe, A.; Moldoveanu, A.L.; White, M.J.; Behrens, R.; Riley, E.M. Influenza Vaccination Generates Cytokine-Induced Memory-like NK Cells: Impact of Human Cytomegalovirus Infection. J. Immunol. 2016, 197, 313–325. [Google Scholar] [CrossRef]

	



Ahlenstiel, G.; Titerence, R.H.; Koh, C.; Edlich, B.; Feld, J.J.; Rotman, Y.; Ghany, M.G.; Hoofnagle, J.H.; Liang, T.J.; Heller, T.; et al. Natural killer cells are polarized toward cytotoxicity in chronic hepatitis C in an interferon-alfa-dependent manner. Gastroenterology 2010, 138, 325–335.e2. [Google Scholar] [CrossRef]

	



Rolle, A.; Pollmann, J.; Cerwenka, A. Memory of infections: An emerging role for natural killer cells. PLoS Pathog. 2013, 9, e1003548. [Google Scholar] [CrossRef]

	



Cerwenka, A.; Lanier, L.L. Natural killer cell memory in infection, inflammation and cancer. Nat. Rev. Immunol. 2016, 16, 112–123. [Google Scholar] [CrossRef]

	



Mandelboim, O.; Lieberman, N.; Lev, M.; Paul, L.; Arnon, T.I.; Bushkin, Y.; Davis, D.M.; Strominger, J.L.; Yewdell, J.W.; Porgador, A. Recognition of haemagglutinins on virus-infected cells by NKp46 activates lysis by human NK cells. Nature 2001, 409, 1055–1060. [Google Scholar] [CrossRef]

	



Fu, X.; Yu, S.; Yang, B.; Lao, S.; Li, B.; Wu, C. Memory-Like Antigen-Specific Human NK Cells from TB Pleural Fluids Produced IL-22 in Response to IL-15 or Mycobacterium tuberculosis Antigens. PLoS ONE 2016, 11, e0151721. [Google Scholar] [CrossRef]

	



Malmberg, K.J.; Beziat, V.; Ljunggren, H.G. Spotlight on NKG2C and the human NK-cell response to CMV infection. Eur. J. Immunol. 2012, 42, 3141–3145. [Google Scholar] [CrossRef] [PubMed]

	



De Santo, C.; Salio, M.; Masri, S.H.; Lee, L.Y.H.; Dong, T.; Speak, A.O.; Porubsky, S.; Booth, S.; Veerapen, N.; Besra, G.S.; et al. Invariant NKT cells reduce the immunosuppressive activity of influenza A virus-induced myeloid-derived suppressor cells in mice and humans. J. Clin. Investig. 2008, 118, 4036–4048. [Google Scholar] [CrossRef] [PubMed]

	



Ho, L.P.; Denney, L.; Luhn, K.; Teoh, D.; Clelland, C.; McMichael, A.J. Activation of invariant NKT cells enhances the innate immune response and improves the disease course in influenza A virus infection. Eur. J. Immunol. 2008, 38, 1913–1922. [Google Scholar] [CrossRef]

	



Feng, H.; Nakajima, N.; Wu, L.; Yamashita, M.; Lopes, T.J.S.; Tsuji, M.; Hasegawa, H.; Watanabe, T.; Kawaoka, Y. A Glycolipid Adjuvant, 7DW8-5, Enhances the Protective Immune Response to the Current Split Influenza Vaccine in Mice. Front. Microbiol. 2019, 10, 2157. [Google Scholar] [CrossRef] [PubMed]

	



Artiaga, B.L.; Yang, G.; Hackmann, T.J.; Liu, Q.; Richt, J.A.; Salek-Ardakani, S.; Castleman, W.L.; Lednicky, J.A.; Driver, J.P. alpha-Galactosylceramide protects swine against influenza infection when administered as a vaccine adjuvant. Sci. Rep. 2016, 6, 23593. [Google Scholar] [CrossRef]

	



Garcon, N.; Vaughn, D.W.; Didierlaurent, A.M. Development and evaluation of AS03, an Adjuvant System containing alpha-tocopherol and squalene in an oil-in-water emulsion. Expert Rev. Vaccines 2012, 11, 349–366. [Google Scholar] [CrossRef]

	



Morel, S.; Didierlaurent, A.; Bourguignon, P.; Delhaye, S.; Baras, B.; Jacob, V.; Planty, C.; Elouahabi, A.; Harvengt, P.; Carlsen, H.; et al. Adjuvant System AS03 containing alpha-tocopherol modulates innate immune response and leads to improved adaptive immunity. Vaccine 2011, 29, 2461–2473. [Google Scholar] [CrossRef]

	



Draghi, M.; Pashine, A.; Sanjanwala, B.; Gendzekhadze, K.; Cantoni, C.; Cosman, D.; Moretta, A.; Valiante, N.M.; Parham, P. NKp46 and NKG2D recognition of infected dendritic cells is necessary for NK cell activation in the human response to influenza infection. J. Immunol. 2007, 178, 2688–2698. [Google Scholar] [CrossRef]

	



Duev-Cohen, A.; Bar-On, Y.; Glasner, A.; Berhani, O.; Ophir, Y.; Levi-Schaffer, F.; Mandelboim, M.; Mandelboim, O. The human 2B4 and NTB-A receptors bind the influenza viral hemagglutinin and co-stimulate NK cell cytotoxicity. Oncotarget 2016, 7, 13093–13105. [Google Scholar] [CrossRef]

	



Jegaskanda, S.; Reading, P.C.; Kent, S.J. Influenza-specific antibody-dependent cellular cytotoxicity: Toward a universal influenza vaccine. J. Immunol. 2014, 193, 469–475. [Google Scholar] [CrossRef]








[image: Vaccines 08 00281 g001a 550][image: Vaccines 08 00281 g001b 550] 





Figure 1. Influenza vaccination affects the frequency of NKG2C-expressing natural killer (NK) cells. Peripheral blood mononuclear cells (PBMCs) isolated from vaccinated individuals prior to vaccination and at the indicated time points post-vaccination (dpv = days post-vaccination) were stained for the surface markers CD56, CD3, CD16, NKG2C and CD57. (a) Frequencies of total CD3−CD56+ NK cells and (b) of CD3−CD56bright, CD3−CD56dim and CD3−CD56dimCD16+ NK cell subpopulations. Diagrams show the connected column mean with 95% confidence interval. (c) Frequencies of NK cell populations characterized by the expression of CD57 and NKG2C. Columns represent individual data points. (d) CD57- and NKG2C-expressing CD56dimCD16+ subpopulations depicted as the ratio of cell frequencies detected at the indicated time points post-vaccination and the frequencies detected prior vaccination (day 0). Diagrams are depicted as scatter plots with bars of individual assigned data points. (e) CD56dimCD16+NKG2C+ and CD56dimCD16+CD57+ NK cells displayed as frequencies and as the ratio to the day before vaccination. Columns represent individual data points; diagrams are depicted as scatter plots with bars of individual assigned data points. Arrows indicate donors with vaccine-induced immunological changes. Asterisks denote significant values as calculated by unpaired and non-parametric Kruskal–Wallis test. * p ≤ 0.05. Letters in panels (d, e) indicate single responders. 
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Figure 2. Phenotypic analysis of NK cells derived from normal and low responders to the pandemic influenza vaccination. Flow cytometric analysis of frozen PBMCs isolated from vaccinated individuals classified into normal responders (black dots) and low responders (white dots; a-c). Frequencies and ratios of (a) CD56dimCD16+, (b) CD56dimCD16+CD57+ and (c) CD56dimCD16+NKG2C+ NK cells. Diagrams are depicted as scatter dot plots indicating the mean by a horizontal line. Ratios were derived from cell frequencies detected at day 7 post-vaccination and the frequencies detected prior to vaccination (day 0) depicted as scatter plots with bars. Ratios of unstimulated (NS) and HA-re-stimulated (HA) (d) CD56dimCD16+NKG2C+ and (e) CD56dimCD16+CD57+ NK cells derived from normal and low responders. Blue dots depict ratios >1 and red dots depict values ≥ 1.5. 
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Figure 3. Functional differences characterize NK cells isolated from normal and low responders. Functional flow cytometric analysis of frozen PBMCs isolated from vaccinated individuals classified into normal and low responders. Frequencies of (a) CD107a+CD56dim and (b) IFNγ+CD56dim NK cells with regard to CD16 expression (CD16− white/CD16+ black). Ratio of CD107a-expressing (c) CD57−NKG2C+, (d) CD57+NKG2C+ and (e) CD57+NKG2C− CD56dimCD16+ NK cells isolated from responders and non-responders on the indicated days post- and pre-vaccination (day 0) depicted as scatter plots with bars indicating the mean with 95% confidence interval. (f) Frequency of CD56dimCD16+ NK cells expressing CD107a (red solid), NKG2C+CD57− (black solid), NKG2C+CD57+ (green), NKG2C−CD57+ (black dashed) shown for individual responders and (g) non-responders. Asterisks denote significant values as calculated by unpaired and non-parametric Mann–Whitney test. * p ≤ 0.05, ** p ≤ 0.01. 
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Figure 4. Responders display a correlation of NKG2C with CD107a-expressing NK cells. Flow cytometry derived data from frozen PBMCs isolated from vaccinated individuals classified into responders and non-responders. Correlation of CD57+NKG2C+CD56dimCD16+ NK cell frequencies detected prior to vaccination (day 0) or at day 7 post-vaccination with the frequency of CD107a+CD56dimCD16+ NK cells detected at day 7 post-vaccination depicted for (a) responders and (b) non-responders. The black line depicts the linear regression; calculations were performed by Spearman correlation analysis. Asterisks indicate significant correlations according to * p ≤ 0.05; n.s. = not significant. (c) T-distributed SNE (tSNE) analysis of flow cytometry data derived from normal and low responders before and at day 7 post-vaccination. Cells displaying a high (red) or low (blue) expression density of NKG2C (upper panel) and CD107a (lower panel) are depicted for responders (left) and non-responders (right). 






Figure 4. Responders display a correlation of NKG2C with CD107a-expressing NK cells. Flow cytometry derived data from frozen PBMCs isolated from vaccinated individuals classified into responders and non-responders. Correlation of CD57+NKG2C+CD56dimCD16+ NK cell frequencies detected prior to vaccination (day 0) or at day 7 post-vaccination with the frequency of CD107a+CD56dimCD16+ NK cells detected at day 7 post-vaccination depicted for (a) responders and (b) non-responders. The black line depicts the linear regression; calculations were performed by Spearman correlation analysis. Asterisks indicate significant correlations according to * p ≤ 0.05; n.s. = not significant. (c) T-distributed SNE (tSNE) analysis of flow cytometry data derived from normal and low responders before and at day 7 post-vaccination. Cells displaying a high (red) or low (blue) expression density of NKG2C (upper panel) and CD107a (lower panel) are depicted for responders (left) and non-responders (right).
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