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Background: Efforts to improve influenza vaccine effectiveness in older adults have resulted in some successes, such as the introduction of high-dose split-virus influenza vaccine (HD-SVV), yet studies of cell-mediated immune responses to these vaccines remain limited. We have shown that granzyme B (GrB) activity in influenza A/H3N2 challenged peripheral blood mononuclear cells (PBMC) correlates with protection against influenza following standard dose vaccination (SD-SVV) in older adults. Further, the interferon-γ (IFNγ) to interleukin-10 (IL-10) ratio can be a correlate of protection.
Methods: In a double-blind trial (ClinicalTrials.gov NCT02297542) older adults (≥65 years, n = 582) were randomized to receive SD-SVV or HD-SVV (Fluzone®) from 2014/15 to 2017/18. Young adults (20–40 years, n = 79) received SD-SVV. At 0, 4, 10, and 20 weeks post-vaccination, serum antibody titers, IFNγ, IL-10, and inducible GrB (iGrB) were measured in ex vivo influenza-challenged PBMC. iGrB is defined as the fold change in GrB activity from baseline levels (bGrB) in circulating T cells. Responses of older adults were compared to younger controls, and in older adults, we analyzed effects of age, sex, cytomegalovirus (CMV) serostatus, frailty, and vaccine dose.
Results: Prior to vaccination, younger compared to older adults produced significantly higher IFNγ, IL-10, and iGrB levels. Relative to SD-SVV recipients, older HD-SVV recipients exhibited significantly lower IFNγ:IL-10 ratios at 4 weeks post-vaccination. In contrast, IFNγ and iGrB levels were higher in younger SD vs. older SD or HD recipients; only the HD group showed a significant IFNγ response to vaccination compared to the SD groups; all three groups showed a significant iGrB response to vaccination. In a regression analysis, frailty was associated with lower IFNγ levels, whereas female sex and HD-SVV with higher IL-10 levels. Age and SD-SVV were associated with lower iGrB levels. The effect of prior season influenza vaccination was decreased iGrB levels, and increased IFNγ and IL-10 levels, which correlated with influenza A/H3N2 hemagglutination inhibition antibody titers.
Conclusion: Overall, HD-SVV amplified the IL-10 response consistent with enhanced antibody responses, with little effect on the iGrB response relative to SD-SVV in either younger or older adults. These results suggest that enhanced protection with HD-SVV is largely antibody-mediated.
Clinical Trial Registration: ClinicalTrials.gov (NCT02297542).
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INTRODUCTION
Despite widespread vaccination programs, older adults remain susceptible to the serious complications of influenza and experience dramatic increases in hospitalization rates when A/H3N2 is the predominant circulating strain (2017; 2018). Historically, influenza vaccines have been designed to stimulate antibody responses to the critical protective epitopes surrounding the receptor-binding domain of the globular head of hemagglutinin (HA) that permits infection of the host cell. However, although the major protective mechanism of vaccines in young adults is antibody-mediated, older adults also need cytotoxic T lymphocyte (CTL)-mediated clearance of the virus once infection occurs; this provides “clinical protection” against disease in this vulnerable population (Rimmelzwaan and McElhaney, 2008). Nonetheless, when adjusted for the effects of frailty, influenza vaccine effectiveness for the prevention of hospitalization in older adults is similar to that of young adults, suggesting that it is primarily frailty that impacts cellular immunity (Andrew et al., 2017).
Consistent with this notion, prior exposure to influenza through infection or vaccination affects antibody titers and antibody responses to vaccination more so than does aging (Skowronski et al., 2011). In contrast, the decline in cell-mediated immune responses to influenza is related to aging rather than previous exposures to the virus; after age 60, there is a progressive age-related decline in the levels of interferon-γ (IFNγ), IL-10, and the IFNγ:IL-10 ratio secreted by PBMC challenged ex vivo with A/H3N2, A/H1N1, or pH1N1 (Skowronski et al., 2011). We have shown that in older adults, vaccination with current inactivated influenza vaccines provides only a weak stimulus to the production of IFNγ by both CD4+ and CD8+ T cells Kumar et al. (2017) and to the production of the cytolytic mediator, granzyme B (GrB), as well as the generation of cytolytic CD8+ T cells in response to ex vivo influenza A/H3N2 challenge (McElhaney et al., 2006; McElhaney et al., 2009; Shahid et al., 2010; Zhou and McElhaney, 2011; Haq et al., 2017; Kumar et al., 2017). In contrast, the anti-inflammatory IL-10 response is better preserved and contributes to an overall decline with aging in the IFNγ:IL-10 ratio in response to ex vivo influenza challenge (Skowronski et al., 2011). These poor T cell responses have been attributed to the effects of aging [reviewed in (McElhaney et al., 2016; McElhaney et al., 2020a)], persistent cytomegalovirus infection [reviewed in (Merani et al., 2017)], and frailty [reviewed in (McElhaney et al., 2020b)].
Given their role in the cytolysis of infected lung epithelial cells and overall clearance of the virus from the lungs, CD8+ CTLs are key to protection against the serious complications of influenza [reviewed in (Altenburg et al., 2015)]. These cells secrete granzyme B (GrB) together with the pore-forming effector, perforin, to enter infected cells and induce apoptosis. Even though only 2–3% of CD8+ T cells become positive for both GrB and perforin upon infection, active GrB activity is specifically directed to virus-infected target cells into which it is delivered by perforin; this is a functional readout of physiologically relevant, virus-specific T cell activation (Kula et al., 2019). We have previously shown that GrB activity in ex vivo A/H3N2-challenged peripheral blood mononuclear cells (PBMC) correlates with protection against influenza in older adults (McElhaney et al., 2006; McElhaney et al., 2009; Shahid et al., 2010). However, under conditions associated with aging and/or augmented inflammation Hiebert and Granville. (2012), GrB accumulates extracellularly and retains its activity. Thus, in the absence of perforin, GrB is released into the extracellular space and degrades proteins key to maintaining cell-cell junctions Buzza et al.(2005), disrupts epithelial barrier function Matsubara et al. (2020), and increases susceptibility to infection, inflammation, and injury.
We have shown that GrB activity in circulating T cells (bGrB) correlates with the frequency of late-differentiated T cells in older adults and is significantly increased in those seropositive for persistent cytomegalovirus infection relative to those that are seronegative. Upon infection, ∼40% of CD8+ T cells become GrB-positive and perforin-negative Kumar et al. (2017) and release GrB (McElhaney et al., 2012). In the extracellular milieu, GrB plays an important role in the loss of tissue function and integrity in the response to an inflammatory stimulus in the lungs (Granville, 2010; Hendel et al., 2010; Kim et al., 2013). This is particularly relevant to acute viral respiratory infection as it has been previously shown that the number of GrB-positive/perforin-negative cells in the lungs and levels of GrB in bronchoalveolar lavage fluid are elevated in patients with acute respiratory distress syndrome Rasmuson et al. (2016) Recently, plasma levels of GrB were identified as one of six key inflammatory analytes in critically ill coronavirus disease 2019 patients (Fraser et al., 2020).
Previous randomized studies comparing HAI antibody and IFNγ-mediated T cell responses to influenza vaccination in older adults have demonstrated the benefit of high-dose (HD) over standard-dose (SD) formulations of seasonal influenza split-virus vaccine (SVV) (Chen et al., 2011; Kim et al., 2016; Cowling et al., 2019). The purpose of our study conducted over four consecutive influenza seasons was to compare antibody, IFNγ, IL-10, and GrB responses to vaccination among older adults randomized to receive the seasonal formulations of HD-SVV vs. SD-SVV, and a young adult control group who received SD-SVV. We have previously reported the antibody responses from this study and showed that frailty was associated with higher titers and increased antibody responses at 4 weeks following influenza vaccination, which was partially dependent on vaccine dosage (Loeb et al., 2020). We now report differences related to age, vaccine dose, CMV serostatus, and frailty in the cell-mediated immune response to influenza vaccination using ex vivo PBMC challenged with live influenza A/H3N2.
MATERIALS AND METHODS
Study Design
This study was conducted to compare the cell-mediated immune response to a Fluzone® HD-SVV vs. SD-SVV in community-dwelling older adults against a young adult control group who received Fluzone® SD-SVV [See details at ClinicalTrials.gov: NCT02297542 (Loeb et al., 2020)]. To summarize, a double-blind, re-randomization design, [i.e. participants enrolled in previous years were eligible for enrollment in subsequent years as in the parent trial DiazGranados et al. (2014)] was used to measure pre-vaccination and 4-, 10-, and 20 weeks post-vaccination cell-mediated immune parameters over four influenza seasons (October 2014–April 2015, October 2015–April 2016, October 2016–April 2017, and October 2017–April 2018) as previously described (Loeb et al., 2020). To this end, a total of 582 older adults was enrolled over the four seasons (for years 1–4: 99, 169, 173, and 141, respectively) as previously reported [see Figure 1 in Loeb et al.(2020) and a total of 79 young adults (for years 1–4: 19, 20, 20 and 20, respectively). Those who developed LCII were not excluded from the trial in subsequent years. The study protocol was approved by the Institutional Review Board of the University of Connecticut Health Center and the Health Sciences North Research Ethics Board (Sudbury, ON, Canada) and all study participants provided written informed consent prior to participation in the study.
[image: Figure 1]FIGURE 1 | Cell-mediated immune (CMI) responses to live A/H3N2 virus in ex vivo stimulated PBMCs for the four study time points (in weeks). IFNγ (A), IL-10 (B), IFNγ:IL-10 ratio (C), and inducible GrB (iGrB levels) (D), and basal GrB (bGrB) (E) are presented for young (standard dose; red squares, dashed line) and older (standard dose = blue squares, solid line; high dose = green circles, solid line) adults. The concentration of IFNγ, IL-10 and bGrB are presented as the geometric mean and 95% confidence interval, while the natural log(Ln) IFNγ:IL-10 ratio, and iGrB are presented as the mean and 95% confidence interval.
Population
Older adults (age 65 years and older) and younger adults (age 20–40 years) were recruited through the University of Connecticut Center on Aging Recruitment Core (UCARC) from communities belonging to and surrounding Hartford, CT, United States, and through the Health Sciences North Research Institute (HSNRI) from the community of Greater Sudbury, ON, Canada. Inclusion criteria included: older adults were at least 65 years old, young adults were 20–40 years old, and all were vaccinated in the previous influenza season. Exclusion criteria were: 1) known immunosuppressive disorders or medications including prednisone in doses >10 mg/day; 2) a previous severe reaction to the vaccine due to egg, latex, or thimerosol allergies, or refusal of vaccination; 3) recipients of influenza vaccination from a community-based program for the approaching influenza season; and 4) pregnancy at week 0/pre-vaccination. Research coordinators ensured that vaccinations were scheduled at least 2 weeks after any acute respiratory illness.
Following informed consent, study participants were characterized according to demographic data [age, sex, ethnicity, and body-mass index (BMI)], chronic medical conditions, including known risk factors for influenza illness (pulmonary, cardiac, metabolic, renal, or neoplastic disorders), health attitudes, symptoms, and functional impairments. A Frailty Index (FI) was calculated based on 40 items validated in terms of outcomes of influenza Theou et al. (2020), which has been previously employed in this trial (Loeb et al., 2020). According to validated cutoffs, people with low FI (<0.10) are robust, those with FI between 0.10 and 0.21 are pre-frail and those with FI > 0.21 are frail. The FI has a well-conserved maximum value of 0.7, (i.e., system failure and death occurs with the accumulation of 2/3 of the total number of deficits) (Hoover et al., 2013).
Vaccination
Older adult participants were randomized 1:1 to receive either the trivalent, split-virus Fluzone SD vaccine (15 μg of HA per strain) (n = 296) or Fluzone HD vaccine (60 μg of HA per strain) (n = 286). All young adults received the Fluzone SD vaccine (n = 79). This study was conducted over four influenza seasons with the following strains contained in the vaccine each year: 2014/2015: A/California/7/2009 (H1N1)-like virus, A/Texas/50/2012 (H3N2)-like virus, and B/Massachusetts/2/2012-like virus; 2015/2016: A/California/7/2009 (H1N1) pdm09-like virus, A/Switzerland/9715293/2013 (H3N2)-like virus, and B/Phuket/3073/2013-like virus; 2016–2017: A/California/7/2009 (H1N1) pdm09-like virus, A/Hong Kong/4801/2014 (H3N2)-like virus, B/Brisbane/60/2008-like virus; 2017–2018: A/Michigan/45/2015 (H1N1) pdm09-like virus; A/Hong Kong/4801/2014 (H3N2)-like virus; and B/Brisbane/60/2008-like virus. A research nurse not involved in the study administered the vaccine. Clinical and laboratory research staff remained blinded to the vaccine group until all laboratory assays were completed.
Sample Collection
Blood samples (35 cc heparinized whole blood and 5 cc of serum) were collected at the pre-vaccination and 4-, 10-, and 20 weeks post-vaccination visits. PBMCs were isolated from heparinized blood samples on the day of collection using Ficoll-Plaque Plus (GE Healthcare) gradient purification, frozen in 90% human AB sera and 10% DMSO, and transferred to liquid nitrogen for storage. Plasma and serum samples were collected and stored at −80C.
Hemagglutination Inhibition Assays
Hemagglutinin-inhibition (HAI) antibody titers were determined at all study time points for each of the three vaccines strains in each year of the study according to standard methodology as previously described (Loeb et al., 2020).
Cytomegalovirus Serology
CMV serostatus was established using a CMV IgG ELISA kit (Genesis Diagnostics Inc., Cambridgeshire, United Kingdom).
Cell-Mediated Immune Response Measures
Cell-mediated immune (CMI) measures were performed using our previously described standard operating procedures (SOP) McElhaney and Gentleman. (2015) and validated according to the International Council for Harmonization of Technical Requirements for Pharmaceuticals for Human Use (ICH) (Gijzen et al., 2010). Briefly, thawed PBMCs were stimulated with sucrose-gradient purified live influenza virus (A/Victoria/3/75; Charles River, MA, United States) at a multiplicity of infection of two in AIM V media (Life Technologies, Burlington, ON, Canada) and incubated at 37°C/5%CO2 for 20 h. Supernatants and lysates were collected and stored at −80°C until assay measurement. Concentrations of IFNγ and IL-10 were measured in supernatants from A/Victoria/3/75-challenged PBMC by multiplexed bead ELISA (Millipore, Toronto, ON, Canada) and reported as pg/ml. Laboratory testing for cytokine concentration was performed after each study year.
Granzyme B Assay
The assay of GrB activity has also been validated according to according to the ICH Gijzen et al. (2010) and was performed according to our SOP McElhaney and Gentleman. (2015), which measures enzyme units (U) in a colorimetric assay of the release of paranitroanilade (pna), upon cleavage of the peptide substrate, IEPDpNA (EMD Millipore). GrB activity was adjusted by the total protein content in the cell lysate using the bicinchoninic acid (BCA) assay kit (Pierce, ThermoFisher Scientific), and reported as U/mg of protein (McElhaney and Gentleman, 2015). Ex vivo GrB (exGrB) activity was measured in lysates of PBMC that had been challenged for 20 h with A/Victoria/3/75 (H3N2). Basal GrB (bGrB) was determined by measuring GrB activity in lysates of unstimulated CD3+ T-cells isolated from thawed PBMC using EasySep T-cell negative selection kits (Stem Cell Technologies). Inducible GrB (iGrB) levels were calculated as iGrB = (exGrB/bGrB) for A/Victoria/3/75 (H3N2).
Statistical Analysis
Participant demographics were summarized as the mean and standard deviation or count and frequency and HAI and CMI as geometric mean and 95% confidence interval (CI). To estimate the relationship of participant demographics and CMI measures post-vaccination, we employed mixed model linear regression, fitting random intercepts for participant, visit, year, and site. Natural log-transformed CMI measures were scaled to have a mean of zero and standard deviation of one in order to facilitate comparability of regression coefficients across measures, and models were either unadjusted, (i.e. univariate) or adjusted for baseline CMI (matching the dependant CMI measure for a given model), age, sex, vaccine dose, CMV serostatus, and frailty. Separate models were performed for frailty as a categorical and scaled continuous variable, and estimates for baseline CMI are not shown. Results are presented as the coefficient and 95% confidence interval. To estimate the effect of repeat vaccination on scaled CMI or HAI measures post-vaccination, a similar linear mixed model was employed, only year as a continuous variable was included as a fixed effect, in addition to the aforementioned covariates and the previous year’s vaccine dose (participants not enrolled in the previous year were assigned to SD, as per our inclusion criteria). Only vaccination in the immediate previous year was included in the analysis. For models in which the effect of repeat vaccination on the fold-change CMI response, (i.e. week four value vs. baseline) was estimated, the same model was employed, only a random intercept for visit was omitted. Results are presented as the estimated marginal means and 95% confidence interval for each measure considered in each year of study as well as the regression coefficient and p-value for the fixed effect of year as a continuous variable. All analyses were conducted using R v3.6.
RESULTS
Participants
As previously reported, older adult study participants (n = 582) were between 65 and 96 years of age (median, 74), 68% were female, and 49.7% received the HD-SVV. The median frailty index was 0.09 (IQR, 0.051–0.154), with 52 (9%) participants categorized as frail, and 311 (53.4%) participants as CMV-seropositive (Loeb et al., 2020). Characteristics of the three study groups are shown in Table 1. Enrollment and re-enrollment in each study year is summarized in Supplementry Table S1.
TABLE 1 | Study participant characteristics.
[image: Table 1]The Impact of Vaccine Dose on the Response to Influenza Vaccination
In order to examine the impact of vaccine dose and age on levels of cell-mediated immune measures at baseline and post-vaccination, we compared the levels of IFNγ, IL-10, and iGrB in PBMCs challenged ex vivo with live H3N2 influenza virus and bGrB levels in resting T cells. Figure 1 shows the change in IFNγ, IL-10, IFNγ:IL-10 ratio, and iGrB levels from pre-to 4 weeks, 10 weeks, and 20 weeks post-vaccination comparing ex vivo A/H3N2-challenged PBMCs from younger adults vaccinated with SD-SVV, and older adults vaccinated with HD-SVV or SD-SVV, and adjusted for the effect of prior year vaccination. Overall, IFNγ levels were significantly lower in A/H3N2-challenged PBMCs from older adults, whether they received the SD or HD vaccine, relative to younger adults at all time points (Figure 1A). In contrast, vaccine dose did have a significant impact on IL-10 levels (Figure 1B); prior to vaccination, IL-10 levels were significantly higher in younger than in older adults and peaked at 4 weeks post-vaccination at which point IL-10 levels in older adults vaccinated with HD-SVV were equivalent to those of the younger participants. 4 weeks post-vaccination, IL-10 levels in the older adult group vaccinated with HD-SVV declined to pre-vaccination levels by 20 weeks post-vaccination. This resulted in a significant decrease in the IFNγ:IL-10 ratio at 4 weeks post-vaccination with HD recipients showing the greatest decline compared to younger and older SD recipients (Figure 1C). In all groups, the IFNγ:IL-10 ratio progressively increased 10 weeks and 20 weeks post-vaccination with full or near-full recovery to their pre-vaccination baseline by 20 weeks (Figure 1C). Similar to the IFNγ results, iGrB levels were significantly higher in younger vs. older adults at all time points (Figure 1D). This relates to significantly lower levels of bGrB activity in resting T cells from younger compared to older SD or HD recipients (Figure 1E). In addition, bGrB activity was significantly higher in frail compared to robust older adults (Supplementry Figure S1).
The HD-SVV group exhibited a significant increase in IFNγ levels at 4-weeks post-vaccination relative to the pre-vaccination baseline while all groups showed a significant increase of IL-10 and iGrB levels 4 weeks post-vaccination (Figure 2). However, there were significantly lower IFNγ levels at baseline (pre-vaccination) in the HD-SVV vs. SD-SVV groups which may explain the difference in the response to vaccination between the two groups. Along with the increase in IL-10 levels, this difference in baseline IFNγ levels may have contributed to the reciprocal decrease in the IFNγ:IL-10 ratio, which was significantly lower in the older HD recipients than in either the younger or older SD recipients, consistent with a heightened anti-inflammatory response to vaccination (Figure 2). Regulatory T cells (mainly Tr1) as well as B1 cells contained in PBMC cultures secrete IL-10 in large quantities. There was no correlation between the IFNγ:IL-10 ratio and iGrB levels. In contrast, A/H3N2 HAI titers were weakly correlated with IL-10 levels (r = 0.185, p < 0.001) and this may be related to B1 cells as one of the sources of IL-10 production.
[image: Figure 2]FIGURE 2 | The fold change from pre-to 4 weeks post-vaccination in measures of the cell-mediated immune response to live A/H3N2 virus in ex vivo stimulated PBMCs for IFNγ, IL-10, IFNγ:IL-10, and iGrB. The mean and 95% confidence interval of the natural log(Ln) fold-change is presented for young (standard dose; red squares) and older (standard dose = blue squares; high dose = green circles) adults; the red dashed line (fold-change = 0) indicates no response to the vaccine.
Effects of Age, Sex, Cytomegalovirus Status, Frailty and Vaccine Dose in Older Adults
To determine the effect of age, sex, vaccine dose, CMV serostatus, and frailty on standardized post-vaccination CMI measures (IFNγ, IL-10, iGrB), we performed linear regression on univariate and fully adjusted multivariable models, accounting for the random effect of visit, site, year, and participant; the latter was adjusted for pre-vaccination CMI and all aforementioned factors. In fully adjusted models, IFNγ levels were not significantly affected by age, sex, or CMV, but were significantly higher with HD vaccine [std. β (95% CI) = 0.054 (0.029, 0.078)1] and significantly lower in pre-frail [−0.23 (−0.27, −0.19)] and frail [−0.25 (−0.33, −0.17)] vs. robust (non-frail) older adults (Figure 3A). When the level of frailty was considered as a continuous variable using the Frailty Index, increasing levels of frailty correlated with lower levels of IFNγ, where for every 1-standard deviation change in frailty, IFNγ changed by −0.17 standard deviations (95% CI = −0.20, −0.14) (Figure 3B). In contrast, IL-10 levels were significantly lower in males vs. females [std. β (95% CI) = −0.28 (−0.42, −0.13)] and frail vs. robust participants [−0.17 (−0.26, −0.09)] and significantly higher in HD vs. SD vaccine recipients [0.32 (0.29, 0.35)] and CMV-positives [0.094 (0.020, 0.167)] (Figure 3A); IL-10 levels were also significantly, inversely correlated with frailty as a continuous measure [−0.09 (−0.12, −0.056)] (Figure 3B). The IFNγ:IL-10 ratio was significantly increased in males vs. females [std. β (95% CI) = 0.25 (0.11, 0.39)] and significantly lower in HD vs. SD recipients [−0.22 (−0.24, −0.19)] and pre-frail [−0.25 (−0.30, −0.21)] and frail [−0.10 (−0.19, −0.02)] vs. robust older adults (Figure 3A). Frailty as a continuous variable was associated with a lower IFNγ:IL10 ratio, where a 1-SD change in frailty resulted in a 0.10-SD reduction (95% CI = −0.13, −0.064) (Figure 3B).
[image: Figure 3]FIGURE 3 | Factors associated with the of cell-mediated immune (CMI) response to vaccination (A) The effect of different characteristics of older adult vaccinees are shown for each of the CMI measures in an unadjusted (red dots) and adjusted (blue dots) linear regression analysis, and includes frailty as a categorical variable. For (B), the association between each CMI measure and frailty as standardized continuous variable in both unadjusted and adjusted analyses is presented. The regression coefficient and 95% confidence interval is presented, which represents a 1-standard deviation (SD) change in each measure for a given change in a participant factor, [ie. relative to the reference (ref), or per SD change]. Points and error bars above the red, dashed line indicate a significant positive correlation with a CMI measure, whereas those below the red, dashed line indicate a significant inverse correlation. Note that due to the scale of the y-axis, certain confidence intervals are not visible beyond the point estimate.
In contrast to measures of the cytokine response to influenza challenge, only increasing age [std. β (95% CI) = −0.36 (−0.51, −0.20)] and CMV-seropositivity [−0.084 (−0.154, −0.015)] was associated with significantly lower iGrB levels, HD vaccine was associated with significantly higher levels [0.072 (0.047, 0.097)] (Figure 3A), while the level of frailty as a continuous variable did not have a significant effect (Figure 3B). Pre-frail vs. robust participants had higher iGrB levels [0.19 (0.14, 0.23)], but not frail vs. robust (Figure 3A). Interestingly, bGrB activity in resting T cells significantly increased with age [std. β (95% CI) = 0.35 (0.19, 0.50)], male sex [0.25 (0.04, 0.47)], and CMV seropositivity [0.36 (0.16, 0.55)] (Figure 3A), while frailty as a continuous variable was not significantly associated (Figure 3B).
The effect of prior year vaccination on post-vaccination antibody titers and ex vivo CMI responses. There is a body of work suggesting that repeat vaccination may influence antibody responses and thus, vaccine effectiveness (Mosterin Hopping et al., 2016; Belongia et al., 2017). However, this does not take into account the absolute level of immunity achieved following vaccination, (i.e. level of seroprotection or CMI). Thus, in a post-hoc analysis, we analyzed the overall effect of vaccination on both post-vaccination antibody titers and ex vivo CMI responses in older adults over the course of our trial without distinguishing between prior year and current year vaccination subsets, (i.e. HD-HD, HD-SD, SD-HD, and SDSD) in this analysis. We found that the absolute levels of IFNγ [Std. β (95% CI) = 0.42 (0.40, 0.43)], IL-10 [0.13 (0.11, 0.15)] and the IFNγ:IL-10 ratio [0.33 (0.32, 0.35)] increased significantly with each study year, while iGrB levels exhibited a smaller but statistically significant decline [−0.056 (−0.077, −0.037)] (Figure 4A). In contrast, absolute hemagglutination inhibition (HAI) antibody titers to A/H1N1 [Std. β (95% CI) = 0.065 (0.048, 0.085)] and A/H3N2 [0.052 (0.029, 0.072)] strains increased significantly while HAI titers to influenza B declined significantly over the four years [−0.12 (−0.14, −0.10)] (Figure 4A). The fold-change in H3N2 iGrB levels [Std. β (95% CI) = −0.12 (−0.20, −0.04)] and H3N2 HAI titers [−0.14 (−0.23, −0.06)] from pre-to 4-weeks post-vaccination significantly declined over the four years, while there were no significant changes in the other response measures (Figure 4B). As expected, bGrB levels did not change significantly from year to year (data not shown).
[image: Figure 4]FIGURE 4 | The trend in cell-mediated immune (CMI) responses to live A/H3N2 virus and hemagglutination inhibition (HAI) antibody titers over the course of the study in older adults. For the absolute CMI/HAI measures (A) and fold-change in HAI/CMI measures from pre-to 4 weeks post-vaccination (B), the estimated marginal mean and 95% confidence interval of the standardized value (mean = 0, standard deviation = 1) in each year, which was derived from a linear mixed model accounting for repeated measures within participant, is presented on the y-axis. The slope (β) and significance (asterisks) of the regression coefficient for year in these models is presented along the top of each plot. ***p < 0.001; **p < 0.01; *p < 0.05.
DISCUSSION
Based on the humoral response, several influenza vaccine formulations have demonstrated enhanced immunogenicity Nicolay et al.(2019) and superior efficacy over standard dose comparator vaccines in randomized trials in older adults (DiazGranados et al., 2014; Dunkle et al., 2017). However, there have been few randomized trials that have compared cytokine-mediated immune responses to these approved enhanced influenza vaccines against a standard dose comparator vaccine in older adults Kumar et al.(2017); Cowling et al.(2019), and none have studied the cytolytic T cell response. To this end, we conducted a randomized trial of HD-SVV vs. SD-SVV over 4 years. The primary comparison planned was between those older adults randomized to the HD vs. SD formulation of seasonal influenza vaccine using our established methods for measuring cytokine (IFNγ, IL-10) and cytolytic T cell (iGrB) responses to vaccination. We found that HD-SVV significantly increased the IFNγ response (produced by both CD4+ and CD8+ T cells) to vaccination but this result may have been affected by differences in the baseline levels of IFNγ (HD-SVV < SD-SVV) and may explain why there was no difference in the iGrB response to vaccination in HD-SVV recipients when compared to younger and older SD-SVV recipients. Thus, HD-SVV would not be expected to provide additional benefit over SD-SVV in the stimulation of cytolytic CD8 T cells needed to clear the virus from the lungs. In contrast to the GrB activity detected in unstimulated T cells (bGrB), our unpublished data has shown that there are no detectable levels of IFNγ or IL-10 in the supernatants of unstimulated T cells. Further, GrB activity in unstimulated PBMC is largely derived from T cells and thus we have used bGrB activity (in isolated unstimulated T cells) to adjust for this effect in ex vivo challenged PBMC.
Previous randomized trials have measured the CMI response to influenza vaccination in older adults according to changes in IFNγ+, CD4+, or CD8+ T cell frequencies (Cowling et al., 2019; Pillet et al., 2019). Although these IFNγ+ T cell frequencies have been shown to be a correlate of protection against influenza A in young adults with low antibody titers, the ex vivo response is specific for peptides derived from the internal proteins, matrix (M1), and nucleoprotein (NP), which are shared between influenza A/H1N1 and A/H3N2 strains but distinct from those of influenza B (Wilkinson et al., 2012; Sridhar et al., 2013). This becomes important when considering the content of the vaccine: SVV formulations studied in this trial contain significant quantities of M1 and NP Co et al.(2009) while subunit Kumar et al.(2017) and recombinant HA formulations contain no internal proteins. In addition, we have shown that IL-10 is an important mediator of the response to vaccination; a low IFNγ:IL-10 ratio in A/H3N2-challenged PBMC following vaccination with SD-SVV is an important predictor of risk for febrile LCII in older adults (Shahid et al., 2010). The production of IL-10 may curtail undesirable inflammatory responses to A/H3N2 infection simulated in A/H3N2-challenged PBMC. In a randomized, double-blind, placebo-controlled trial, we showed that influenza vaccination attenuated the inflammatory response in patients undergoing cardiopulmonary bypass surgery; there was a reduction in serum levels of troponin (as a measure of myocardial injury) and pro-inflammatory mediators [IL-6, IL-8, tumor necrosis factor (TNF), C-reactive protein], and an increase in IL-10 (Atoui et al., 2020). However, given the kinetics of the IL-10 response, which peaks at 4-weeks vaccination, this response as a correlate of protection appears to vary depending on timing of vaccination relative to the onset of the influenza season (McElhaney et al., 2006; Shahid et al., 2010).
The level of GrB activity measured in ex vivo A/H3N2 PBMC (exGrB) reflects the activation of the 2–3% of CD8+ T cells that are GrB+Perforin+ and the 40% of CD8+ T cells that are GrB+Perforin− (Kumar et al., 2017). We have previously shown that the ex vivo activation of influenza-specific memory T cells corresponds to the cytolytic activity of GrB+Perforin+ CD8+ T cells, which is reduced in both magnitude and duration of the response to SD-SVV in older adults relative to the young (Zhou and McElhaney, 2011). In contrast, GrB+Perforin− CD8+ T cells degranulate in response to ex vivo influenza challenge McElhaney et al.(2012) and thus have no influenza-specific cytolytic activity in the absence of perforin, while also contributing to local tissue damage. We have therefore developed an assay of bGrB activity in circulating T cells that correlates with the proportion of late/terminally differentiated CD8+ T cells (Haq et al., 2017). These GrB+Perforin- CD8+ T cells are present in the circulating T cell pool McElhaney et al.(2012) and contribute to basal levels of GrB (bGrB) activity which are: 1) significantly higher in CMV-seropositive vs. CMV-seronegative older adults; 2) positively correlated with the frequency of late/terminally differentiated CD8+ T cells; and 3) negatively correlated with the frequency of memory CD8+ T cells (Haq et al., 2017). The potential limitations of this analysis of the cell-mediated immune response to influenza vaccination include the absence of measures of different T cell subset frequencies that we have correlated with the cytolytic activity of CD8+ T cells Zhou and McElhaney,(2011) and other studies demonstrating that IFNγ+, CD4+, and CD8+ T cells responding to M1 and NP peptides are correlates of protection against influenza (Wilkinson et al., 2012; Sridhar et al., 2013).
To adjust for the contribution of GrB activity presumably derived from the non-specific inflammatory response to ex vivo A/H3N2 challenge in late/terminally differentiated CD8+ T cells, we calculated iGrB levels as exGrB activity divided by bGrB activity. We observed the expected age-related decline in the iGrB response to ex vivo challenge both pre- and post-vaccination. In the absence of this adjustment, exGrB activity was highest in frail older adults and lowest in younger adults. Taken together, these results suggest that bGrB activity accounts for the effect of age and increasing frailty in the iGrB response to ex vivo influenza challenge. Consistent with this finding, all three vaccination groups showed a significant increase in iGrB levels 4 weeks post-vaccination. There was a trend toward a higher fold-increase in iGrB levels 4-weeks post-vaccination in HD vs. SD recipients; the overall weak stimulus to memory CD8 T cells provided by inactivated influenza vaccines may explain why this did not reach statistical significance.
In the regression analysis, we found that increasing age and CMV seropositivity are significant correlates of the decreased iGrB response to ex vivo influenza challenge. CMV has been shown to be the main driver of oligoclonal expansions of CD8+ T cells with altered phenotypes and functions (Pawelec et al., 2005). As a component of the Immune Risk Phenotype, CMV seropositivity is an important predictor of mortality (Pawelec et al., 2005). We have since shown that bGrB activity is increased in CMV seropositive vs. seronegative older adults and correlates with the frequency of late/terminally differentiated CD8+ T cells that result from oligoclonal expansion. Using the Frailty Index, which is also a strong predictor of mortality Clegg et al.(2013), we now show that although bGrB activity increases with age and increased levels of frailty, CMV seropositive status is a significant contributor to this relationship. In the extracellular space, GrB contributes to enhanced inflammatory responses Hiebert and Granville,(2012) that may suppress the response influenza vaccination. In addition, increased frailty is associated with a lower IFNγ response to ex vivo A/H3N2 challenge. Our previous studies suggest that the addition of a toll-like receptor (TLR4) agonist to SVV can overcome the suppressive effects of IL-10 and improve the IFNγ response and markedly improve the IFNγ:IL-10 ratio and GrB response to influenza challenge (Behzad et al., 2012).
In light of the current controversy over the effects of repeated annual influenza vaccination potentially leading to a loss of vaccine-mediated protection against influenza, we analyzed the effect of vaccination in each study year according to the absolute levels of antibody, cytokines (IFNγ, IL-10, and IFNγ:IL-10) and iGrB across the four study time points and the pre-to 4 weeks post-vaccination response in older adults. We found a significant decline only in the A/H3N2 iGrB and antibody response to influenza vaccination. Our previous study showed that this decline in antibody responses to influenza vaccination in older adults is an effect of repeated vaccination and not age (Mosterin Hopping et al., 2016). In contrast, absolute antibody titers and cytokine levels across the four study time points, increased with each successive year of vaccination in the study. This is important because previous studies have shown that there is no significant impact of prior-season vaccination on vaccine effectiveness for the prevention of influenza hospitalizations in older adults (Cheng et al., 2017; Song et al., 2020). Consistent with our iGrB results showing a decline in the iGrB levels with prior season vaccination, Nichols et al reported that prior season influenza vaccination resulted in a non-significant decline in vaccine effectiveness for the prevention of hospitalization. However, prior season vaccination was still more effective than not receiving the current season’s vaccine (Nichols et al., 2019). These results suggest that the decline in iGrB levels with prior season influenza vaccination correlates with protection against hospitalization but this decline in iGrB levels does not appear to be clinically significant. Further, these findings highlight the importance of re-stimulating the iGrB response with annual influenza vaccination. Relevant to our clinical trial, it has been previously shown in a large clinical trial of HD-SVV vs. SD-SVV in older adults over two influenza seasons where A/H3N2 was the predominant circulating strain, that vaccination with HD-SVV compared to SD-SVV was associated with lower risk of LCII irrespective of prior-season vaccination (DiazGranados et al., 2016). Thus, we are planning to analyze the effect of prior-season vaccination on all of our immunologic measures included in our trial.
The strengths of the study are the kinetic analysis of the response to vaccination and also the study of immune responses in the context of prior season vaccination. However, there are important limitations to the study. The first limitation of this study relates to the recruitment of a relatively younger segment of the over 65 population. Thus, these results may not extend to adults age 85 years and older as is often the case in randomized trials of influenza vaccines. Even so, half of the sample were pre-frail or frail, suggesting that the trial participants were not limited to fit younger seniors. In addition, the trial was not designed to study the effect of repeat vaccination and thus we were limited to studying the effect of prior year vaccination without distinguishing between HD vs. SD vaccines.
The second limitation is that we have not accounted for the contribution of NK cells to the total amount of GrB activity measured in ex vivo A/H3N2 challenged PBMC. Our unpublished data has shown that with ex vivo A/H3N2 challenge, there is a 40-fold increase of GrB activity in isolated T cells, most of which is derived from CD8+ T cells. In contrast, a recent study showed that the NK cell response to influenza infection resulted in a 2-fold increase in the Mean Fluorescence Intensity (MFI) of intracellular GrB (with no change in the MFI for perforin) in NK cells (Scharenberg et al., 2019). Further, NK cells contribute to GrB activity in influenza-stimulated PBMC but the co-expression of Perf (needed for cytolytic activity) in these NK cells has been shown to be T cell dependent (He et al., 2004). We have shown that older compared to young adults have an enhanced GrB+ CD8+ T cell response to ex vivo A/H3N2 challenge when compared to unstimulated PBMC, whereas the GrB+ NK cell response is similar in young and older adults (McElhaney et al., 2009). The age-related increase in the GrB+ CD8+ T cell response appears to be related GrB+ CD8+ T cells that do not co-express Perf. Taken together, these results suggest that the cytolytic potential based on the amount of GrB produced on a per cell basis in response to ex vivo challenge is much greater in CD8+ T cells compared to NK cells but further studies are needed to understand how aging may affect the cytolytic potential (GrB+Perf+) vs. potential damaging effects (GrB+Perf−) of CD8+ T cells and NK cells.
A third limitation inherent to the study design is that the source of the cytokines cannot be identified. B1 cells, regulatory T cells and NK cells which are part of PBMC cultures, may also produce the cytokines measured. A more detailed analysis using intracellular cytokine staining and flow cytometric analysis of ex vivo stimulated PBMC is needed to resolve this issue. However, we have already found that IL-10-producing T cells are not detectable using standard methods for intracellular cytokine staining.
In summary, this study highlights the age-related decline in the IFNγ and iGrB response to influenza challenge which corresponds to the increased risk for serious complications of influenza in older adults. These responses are only weakly stimulated by SVV, independent of vaccine dose. In contrast, HD-SVV amplified the IL-10 response, with little effect on the iGrB response relative to SD-SVV in either younger or older adults. Thus, the benefit of HD over SD vaccines in older adults may be largely antibody-mediated but not necessarily limited to the neutralizing effects measured in hemagglutination inhibition assays. In light of these results, our future direction is to characterize the IFNγ and iGrB responses to vaccination according to the frequency of different CD4+ and CD8+ T cell subsets and understand how inflammatory (IL-6, IL-8, and TNF) and anti-inflammatory cytokines (IL-10) produced in ex vivo challenged PBMC, affect the frequency of these T cell subsets. In addition, we want to advance our studies of the effect of prior season vaccination to study the effect of repeated annual influenza vaccination. Ultimately, these biomarkers of protection could be incorporated into early phase clinical trials in the development of more effective influenza vaccines for older adults.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the University of Connecticut Health Center Institutional Review Board and Health Sciences North Research Ethics Board. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
All authors have read and agree with the submitted manuscript. Their contributions are as follows: CV: responsible for all of the statistical analyses and preparation of the first draft of the manuscript. LH: responsible for initial analysis of the data and contributions to drafts of the manuscript. GP: contributions to drafts of the manuscript. ML: review of statistical analyses and contributions to drafts of the manuscript. MA: review of statistical analyses related to the Frailty Index and contributions to drafts of the manuscript. GK: co-designed the HD-SVV vs. SD-SVV trial with JM, was the site lead for the research team at University of Connecticut, and participated in the writing of the manuscript. JEM: co-designed the HD-SVV vs. SD-SVV trial with GK, was the site lead for the research team at Health Sciences North Research Institute, participated in the writing of the manuscript and finalized the manuscript for submission.
ACKNOWLEDGMENTS
We would like to acknowledge the generous funding provided by the NIA/National Institutes of Health to Kuchel and McElhaney and co-investigators (R01 AG048023). McElhaney is supported by the Health Sciences North Chair in Healthy Aging and Kuchel is supported by the Travelers Chair in Geriatrics and Gerontology. We would also like to thank the clinical research teams at UCHC and HSNRI for their dedication to the study participants and diligence in coordinating the multiple components of this study protocol.
Supplementary Material
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fragi.2021.649110/full#supplementary-material
REFERENCES
 Altenburg, A. F., Rimmelzwaan, G. F., and De Vries, R. D. (2015). Virus-specific T Cells as Correlate of (Cross-)protective Immunity against Influenza. Vaccine 33, 500–506. doi:10.1016/j.vaccine.2014.11.054 
 Andrew, M. K., Shinde, V., Ye, L., Hatchette, T., Haguinet, F., Dos Santos, G., et al. (2017). The Importance of Frailty in the Assessment of Influenza Vaccine Effectiveness against Influenza-Related Hospitalization in Elderly People. J. Infect. Dis. 216, 405–414. doi:10.1093/infdis/jix282 
 Atoui, R., Saroka, K., Mireau, J., McElhaney, J. E., and Hare, G. (2020). Influenza Vaccination Blunts the Inflammatory Response in Patients Undergoing Cardiopulmonary Bypass. Ann. Thorac. Surg . 2020, S0003-4975(20)31627-1. doi:10.1016/j.athoracsur.2020.07.052
 Behzad, H., Huckriede, A. L. W., Haynes, L., Gentleman, B., Coyle, K., Wilschut, J. C., et al. (2012). GLA-SE, a Synthetic Toll-like Receptor 4 Agonist, Enhances T-Cell Responses to Influenza Vaccine in Older Adults. J. Infect. Dis. 205, 466–473. doi:10.1093/infdis/jir769 
 Belongia, E. A., Skowronski, D. M., Mclean, H. Q., Chambers, C., Sundaram, M. E., and De Serres, G. (2017). Repeated Annual Influenza Vaccination and Vaccine Effectiveness: Review of Evidence. Expert Rev. Vaccin. 16, 1–14. doi:10.1080/14760584.2017.1334554
 Buzza, M. S., Zamurs, L., Sun, J., Bird, C. H., Smith, A. I., Trapani, J. A., et al. (2005). Extracellular Matrix Remodeling by Human Granzyme B via Cleavage of Vitronectin, Fibronectin, and Laminin. J. Biol. Chem. 280, 23549–23558. doi:10.1074/jbc.m412001200 
 Centers for Disease Control. Weekly U.S. Influenza Surveillance Report (FluView) (2017). Available: https://www.cdc.gov/flu/weekly/weeklyarchives2016-2017/Week20.htm#S6(Accessed May 11, 2021)
 Centers for Disease Control. Weekly U.S. Influenza Surveillance Report (FluView) (2018). Available: https://www.cdc.gov/flu/weekly/weeklyarchives2017-2018/Week20.htm#S6(Accessed May 11, 2021)
 Chen, W. H., Cross, A. S., Edelman, R., Sztein, M. B., Blackwelder, W. C., and Pasetti, M. F. (2011). Antibody and Th1-type Cell-Mediated Immune Responses in Elderly and Young Adults Immunized with the Standard or a High Dose Influenza Vaccine. Vaccine 29, 2865–2873. doi:10.1016/j.vaccine.2011.02.017 
 Cheng, A. C., Macartney, K. K., Waterer, G. W., Kotsimbos, T., Kelly, P. M., Blyth, C. C., et al. (2017). Influenza Complications Alert Network, I.Repeated Vaccination Does Not Appear to Impact upon Influenza Vaccine Effectiveness against Hospitalization with Confirmed Influenza. Clin. Infect. Dis. 64, 1564–1572. doi:10.1093/cid/cix209 
 Clegg, A., Young, J., Iliffe, S., Rikkert, M. O., and Rockwood, K. (2013). Frailty in Elderly People. The Lancet 381, 752–762. doi:10.1016/s0140-6736(12)62167-9 
 Co, M. D. T., Orphin, L., Cruz, J., Pazoles, P., Green, K. M., Potts, J., et al. (2009). In Vitro evidence that Commercial Influenza Vaccines Are Not Similar in Their Ability to Activate Human T Cell Responses. Vaccine 27, 319–327. doi:10.1016/j.vaccine.2008.09.092 
 Cowling, B. J., Perera, R., Valkenburg, S. A., Leung, N. H. L., Iuliano, A. D., Tam, Y. H., et al. (2019). Comparative Immunogenicity of Several Enhanced Influenza Vaccine Options for Older Adults: A Randomized, Controlled Trial. Clin. Infect. Dis. 71, 1704–1714. [Epub ahead of print]. doi:10.1093/cid/ciz1034 
 Diazgranados, C. A., Dunning, A. J., Kimmel, M., Kirby, D., Treanor, J., Collins, A., et al. (2014). Efficacy of High-Dose versus Standard-Dose Influenza Vaccine in Older Adults. N. Engl. J. Med. 371, 635–645. doi:10.1056/nejmoa1315727 
 Diazgranados, C. A., Dunning, A. J., Robertson, C. A., Talbot, H. K., Landolfi, V., and Greenberg, D. P. (2016). Effect of Previous-Year Vaccination on the Efficacy, Immunogenicity, and Safety of High-Dose Inactivated Influenza Vaccine in Older Adults. Clin. Infect. Dis. 62, 1092–1099. doi:10.1093/cid/ciw085 
 Dunkle, L. M., Izikson, R., Patriarca, P., Goldenthal, K. L., Muse, D., Callahan, J., et al. (2017). Efficacy of Recombinant Influenza Vaccine in Adults 50 Years of Age or Older. N. Engl. J. Med. 376, 2427–2436. doi:10.1056/nejmoa1608862 
 Fraser, D. D., Cepinskas, G., Slessarev, M., Martin, C., Daley, M., Miller, M. R., et al. (2020). Inflammation Profiling of Critically Ill Coronavirus Disease 2019 Patients. Crit. Care Expl 2. e0130. doi:10.1097/cce.0000000000000144 
 Gijzen, K., Liu, W. M., Visontai, I., Oftung, F., Van Der Werf, S., Korsvold, G. E., et al. (2010). Standardization and Validation of Assays Determining Cellular Immune Responses against Influenza. Vaccine 28, 3416–3422. doi:10.1016/j.vaccine.2010.02.076 
 Granville, D. J. (2010). Granzymes in Disease: Bench to Bedside. Cell Death Differ 17, 565–566. doi:10.1038/cdd.2009.218 
 Haq, K., Fulop, T., Tedder, G., Gentleman, B., Garneau, H., Meneilly, G. S., et al. (2017). Cytomegalovirus Seropositivity Predicts a Decline in the T Cell but Not the Antibody Response to Influenza in Vaccinated Older Adults Independent of Type 2 Diabetes Status. J. Gerontol. A. Biol. Sci. Med. Sci. 72, 1163–1170. doi:10.1093/gerona/glw216 
 He, X.-S., Draghi, M., Mahmood, K., Holmes, T. H., Kemble, G. W., Dekker, C. L., et al. (2004). T Cell-dependent Production of IFN-γ by NK Cells in Response to Influenza A Virus. J. Clin. Invest. 114, 1812–1819. doi:10.1172/jci22797 
 Hendel, A., Hiebert, P. R., Boivin, W. A., Williams, S. J., and Granville, D. J. (2010). Granzymes in Age-Related Cardiovascular and Pulmonary Diseases. Cel Death Differ 17, 596–606. doi:10.1038/cdd.2010.5 
 Hiebert, P. R., and Granville, D. J. (2012). Granzyme B in Injury, Inflammation, and Repair. Trends Mol. Med. 18, 732–741. doi:10.1016/j.molmed.2012.09.009 
 Hoover, M., Rotermann, M., Sanmartin, C., and Bernier, J. (2013). Validation of an index to Estimate the Prevalence of Frailty Among Community-Dwelling Seniors. Health Rep. 24, 10–17. 
 Kim, J. H., Talbot, H. K., Mishina, M., Zhu, Y., Chen, J., Cao, W., et al. (2016). High-dose Influenza Vaccine Favors Acute Plasmablast Responses rather Than Long-Term Cellular Responses. Vaccine 34, 4594–4601. doi:10.1016/j.vaccine.2016.07.018 
 Kim, W.-D., Chi, H.-S., Choe, K.-H., Oh, Y.-M., Lee, S.-D., Kim, K.-R., et al. (2013). A Possible Role for CD8+and Non-CD8+cell Granzyme B in Early Small Airway wall Remodelling in Centrilobular Emphysema. Respirology 18, 688–696. doi:10.1111/resp.12069 
 Kula, T., Dezfulian, M. H., Wang, C. I., Abdelfattah, N. S., Hartman, Z. C., Wucherpfennig, K. W., et al. (2019). T-scan: A Genome-wide Method for the Systematic Discovery of T Cell Epitopes. Cell 178, 1016–1028. doi:10.1016/j.cell.2019.07.009 
 Kumar, A., McElhaney, J. E., Walrond, L., Cyr, T. D., Merani, S., Kollmann, T. R., et al. (2017). Cellular Immune Responses of Older Adults to Four Influenza Vaccines: Results of a Randomized, Controlled Comparison. Hum. Vaccin. Immunother. 13, 2048–2057. doi:10.1080/21645515.2017.1337615 
 Loeb, N., Andrew, M. K., Loeb, M., Kuchel, G. A., Haynes, L., McElhaney, J. E., et al. (2020). Frailty Is Associated with Increased Hemagglutinin-Inhibition Titres in a 4-year Randomized Trial Comparing Standard and High Dose Influenza Vaccination. Open Forum Infect. Dis. Press. 7 (5), ofaa148. doi:10.1093/ofid/ofaa148 
 Matsubara, J. A., Tian, Y., Cui, J. Z., Zeglinski, M. R., Hiroyasu, S., Turner, C. T., et al. (2020). Retinal Distribution and Extracellular Activity of Granzyme B: A Serine Protease that Degrades Retinal Pigment Epithelial Tight Junctions and Extracellular Matrix Proteins. Front. Immunol. 11, 574. doi:10.3389/fimmu.2020.00574 
 McElhaney, J. E., Andrew, M. K., Haynes, L., Kuchel, G. A., Mcneil, S. A., and Pawelec, G. (2020a). Influenza Vaccination: Accelerating the Process for New Vaccine Development in Older Adults. Interdiscip. Top. Gerontol. Geriatr. 43, 98–112. doi:10.1159/000504478 
 McElhaney, J. E., Ewen, C., Zhou, X., Kane, K. P., Xie, D., Hager, W. D., et al. (2009). Granzyme B: Correlates with protection and Enhanced CTL Response to Influenza Vaccination in Older Adults. Vaccine 27, 2418–2425. doi:10.1016/j.vaccine.2009.01.136 
 McElhaney, J. E., and Gentleman, B. (2015). Cell-Mediated Immune Response to Influenza Using Ex Vivo Stimulation and Assays of Cytokine and Granzyme B Responses. Methods Mol. Biol. 1343, 121–141. doi:10.1007/978-1-4939-2963-4_11 
 McElhaney, J. E., Kuchel, G. A., Zhou, X., Swain, S. L., and Haynes, L. (2016). T-cell Immunity to Influenza in Older Adults: A Pathophysiological Framework for Development of More Effective Vaccines. Front. Immunol. 7, 41. doi:10.3389/fimmu.2016.00041 
 McElhaney, J. E., Verschoor, C. P., Andrew, M. K., Haynes, L., Kuchel, G. A., and Pawelec, G. (2020b). The Immune Response to Influenza in Older Humans: beyond Immune Senescence. Immun. Ageing 17, 10. doi:10.1186/s12979-020-00181-1 
 McElhaney, J. E., Xie, D., Hager, W. D., Barry, M. B., Wang, Y., Kleppinger, A., et al. (2006). T Cell Responses Are Better Correlates of Vaccine protection in the Elderly. J. Immunol. 176, 6333–6339. doi:10.4049/jimmunol.176.10.6333 
 McElhaney, J. E., Zhou, X., Talbot, H. K., Soethout, E., Bleackley, R. C., Granville, D. J., et al. (2012). The Unmet Need in the Elderly: How Immunosenescence, CMV Infection, Co-morbidities and Frailty Are a challenge for the Development of More Effective Influenza Vaccines. Vaccine 30, 2060–2067. doi:10.1016/j.vaccine.2012.01.015 
 Merani, S., Pawelec, G., Kuchel, G. A., and McElhaney, J. E. (2017). Impact of Aging and Cytomegalovirus on Immunological Response to Influenza Vaccination and Infection. Front. Immunol. 8, 784. doi:10.3389/fimmu.2017.00784 
 Mosterín Höpping, A., McElhaney, J., Fonville, J. M., Powers, D. C., Beyer, W. E. P., and Smith, D. J. (2016). The Confounded Effects of Age and Exposure History in Response to Influenza Vaccination. Vaccine 34, 540–546. doi:10.1016/j.vaccine.2015.11.058 
 Nichols, M. K., Andrew, M. K., Ye, L., Hatchette, T. F., Ambrose, A., Boivin, G., et al. (2019). Serious Outcomes Surveillance Network of the Canadian Immunization Research, N.the Impact of Prior Season Vaccination on Subsequent Influenza Vaccine Effectiveness to Prevent Influenza-Related Hospitalizations over 4 Influenza Seasons in Canada. Clin. Infect. Dis. 69, 970–979. doi:10.1093/cid/ciy1009 
 Nicolay, U., Heijnen, E., Nacci, P., Patriarca, P. A., and Leav, B. (2019). Immunogenicity of aIIV3, MF59-Adjuvanted Seasonal Trivalent Influenza Vaccine, in Older Adults ≥65 Years of Age: Meta-Analysis of Cumulative Clinical Experience. Int. J. Infect. Dis. 85, S1–S9. doi:10.1016/j.ijid.2019.03.026
 Pawelec, G., Akbar, A., Caruso, C., Solana, R., Grubeck-Loebenstein, B., and Wikby, A. (2005). Human Immunosenescence: Is it Infectious?Immunol. Rev. 205, 257–268. doi:10.1111/j.0105-2896.2005.00271.x 
 Pillet, S., Couillard, J., Trepanier, S., Poulin, J. F., Yassine-Diab, B., Guy, B., et al. (2019). Immunogenicity and Safety of a Quadrivalent Plant-Derived Virus like Particle Influenza Vaccine Candidate-Two Randomized Phase II Clinical Trials in 18 to 49 and >/=50 Years Old Adults. PLoS One 14, e0216533. doi:10.1371/journal.pone.0216533 
 Rasmuson, J., Pourazar, J., Mohamed, N., Lejon, K., Evander, M., Blomberg, A., et al. (2016). Cytotoxic Immune Responses in the Lungs Correlate to Disease Severity in Patients with Hantavirus Infection. Eur. J. Clin. Microbiol. Infect. Dis. 35, 713–721. doi:10.1007/s10096-016-2592-1 
 Rimmelzwaan, G. F., and McElhaney, J. E. (2008). Correlates of protection: Novel Generations of Influenza Vaccines. Vaccine 26 (Suppl. 4), D41–D44. doi:10.1016/j.vaccine.2008.07.043 
 Scharenberg, M., Vangeti, S., Kekäläinen, E., Bergman, P., Al-Ameri, M., Johansson, N., et al. (2019). Influenza A Virus Infection Induces Hyperresponsiveness in Human Lung Tissue-Resident and Peripheral Blood NK Cells. Front. Immunol. 10, 1116. doi:10.3389/fimmu.2019.01116 
 Shahid, Z., Kleppinger, A., Gentleman, B., Falsey, A. R., and McElhaney, J. E. (2010). Clinical and Immunologic Predictors of Influenza Illness Among Vaccinated Older Adults. Vaccine 28, 6145–6151. doi:10.1016/j.vaccine.2010.07.036 
 Skowronski, D. M., Hottes, T. S., McElhaney, J. E., Janjua, N. Z., Sabaiduc, S., Chan, T., et al. (2011). Immuno-epidemiologic Correlates of Pandemic H1N1 Surveillance Observations: Higher Antibody and Lower Cell-Mediated Immune Responses with Advanced Age. J. Infect. Dis. 203, 158–167. doi:10.1093/infdis/jiq039 
 Song, J. Y., Noh, J. Y., Lee, J. S., Wie, S.-H., Kim, Y. K., Lee, J., et al. (2020). Effectiveness of Repeated Influenza Vaccination Among the Elderly Population with High Annual Vaccine Uptake Rates during the Three Consecutive A/H3N2 Epidemics. Vaccine 38, 318–322. doi:10.1016/j.vaccine.2019.10.012 
 Sridhar, S., Begom, S., Bermingham, A., Hoschler, K., Adamson, W., Carman, W., et al. (2013). Cellular Immune Correlates of protection against Symptomatic Pandemic Influenza. Nat. Med. 19, 1305–1312. doi:10.1038/nm.3350 
 Theou, O., Van Der Valk, A. M., Godin, J., Andrew, M. K., McElhaney, J. E., Mcneil, S. A., et al. (2020). Exploring Clinically Meaningful Changes for the Frailty index in a Longitudinal Cohort of Hospitalized Older Patients. J. Gerontol. A. Biol. Sci. Med. Sci. 75 (10), 1928–1934. doi:10.1093/gerona/glaa084 
 Wilkinson, T. M., Li, C. K. F., Chui, C. S. C., Huang, A. K. Y., Perkins, M., Liebner, J. C., et al. (2012). Preexisting Influenza-specific CD4+ T Cells Correlate with Disease protection against Influenza challenge in Humans. Nat. Med. 18, 274–280. doi:10.1038/nm.2612 
 Zhou, X., and McElhaney, J. E. (2011). Age-related Changes in Memory and Effector T Cells Responding to Influenza A/H3N2 and Pandemic A/H1N1 Strains in Humans. Vaccine 29, 2169–2177. doi:10.1016/j.vaccine.2010.12.029 
Conflict of Interest: JEM reports payments to her institution for her participation in advisory, scientific, or data safety and monitoring boards from Sanofi, GSK, Pfizer, Merck, ResTORbio, and Medicago, outside the submitted work and as a site lead for clinical trials sponsored by VBI and Jansen, unrelated to the current study. ML reports a grant from Seqirus and honoraria for advisory activities from Seqirus, Sanofi, Medicago, and Pfizer. MA reports grants from Sanofi, GSK, Pfizer and the Canadian Frailty Network for work unrelated to the current study, and honoraria for advisory activities from Sanofi, Seqirus and Pfizer. GK reports honoraria from ResTORbio, Janssen Pharmaceuticals and Spring Discovery.The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Verschoor, Haynes, Pawelec, Loeb, Andrew, Kuchel and McElhaney. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fragi-02-649110-t001.jpg
Age
Missing

Sex
Female
Male
BMI
Missing

Site
HSNRI
UCHC

CMV serostatus
Negative
Positive

Year
2014/15
2015/16
2016117
2017118
Frailty index (continuous)
Missing

Frailty index (categorical)
Robust
Pre-frail
Frail
Missing

Noie: the fraily index was not measured in young adults.

Older adults (SD)
(N = 296)

74 (69-82)
0(0%)

195 (65.9%)
101 (34.1%)
28 (24.6-30.5)
2(0.7%)

173 (58.4%)
123 (41.6%)

156 (52.7%)
140 (47.3%)

49 (16.6%)
85 (28.7%)
88 (29.7%)
74 (25.0%)
009 (0.0513-0.141)
1(0.3%)

158 (53.4%)
110 (37.2%)
27 (9.1%)
1 (0.3%)

Older adults (HD)
(N =286)

74 (70-83)
1(03%)

200 (69.9%)
86 (30.1%)
27 (24.2-30.4)
1(0.3%)

162 (56.6%)
124 (43.4%)

115 (40.2%)
171 (69.8%)

50 (17.5%)
84 (29.4%)
85 (20.7%)
67 (23.4%)
0.1 (0.0518-0.167)
1(03%)

135 (47.2%)
125 (43.7%)
25 (8.7%)
1(03%)

Younger adults (SD)
(N=79)

30 (26-33)
0(0%)

58 (73.4%)
21 (26.6%)
25 (23.5-30.7)
10 (12.7%)

40 (50.6%)
39 (49.4%)

62 (78.5%)
17 (21.5%)

19 (24.1%)
20 (25.3%)
20 (25.3%)
20 (25.3%)





OPS/images/fragi-02-649110-g003.gif





OPS/images/fragi-02-649110-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Key Determinants of Cell-Mediated Immune Responses: A Randomized Trial of High Dose Vs. Standard Dose Split-Virus Influenza Vaccine in Older Adults		Introduction

		Materials and Methods		Study Design

		Population

		Vaccination

		Sample Collection

		Hemagglutination Inhibition Assays

		Cytomegalovirus Serology

		Cell-Mediated Immune Response Measures

		Granzyme B Assay

		Statistical Analysis





		Results		Participants

		The Impact of Vaccine Dose on the Response to Influenza Vaccination

		Effects of Age, Sex, Cytomegalovirus Status, Frailty and Vaccine Dose in Older Adults





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
’ frontiers
in Aging

Key Determinants of Cell-
Mediated Immune Responses: A
Randomized Trial of High Dose
Vs. Standard Dose Split-Virus
Influenza Vaccine in Older Adults





OPS/images/fragi-02-649110-g001.gif





OPS/images/fragi-02-649110-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Earth Science





