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Abstract
Aging is frequently characterized by an inadequate primary vaccine response, likely due to immunosenescence and 
inflamm-aging, a low-level, chronic inflammatory state. Both aspects increase the susceptibility of older adults to 
viral and bacterial infections, resulting in a higher frequency and severity of infectious diseases. In this preliminary 
study, a cohort of 52 individuals was recruited and divided into two groups: young (age range 21–35) and older 
adults (> 60 years old). Peripheral blood mononuclear cells (PBMCs) were collected before (time 0, T0) and after 
(time 1, T1) the immunization with a tetravalent influenza vaccine. Then, T cell immunophenotyping analysis was 
conducted to investigate how aging and influenza vaccination influence T cell responses. Additionally, the anti-
inflammatory and antioxidant effects of oleuropein (OLE), a secoiridoid extracted from extra virgin olive oil, alone 
or in combination with BIRB 796, a potent inhibitor of p38 MAPK, were explored to enhancing the impact of 
influenza virus on T cell activation, aiming to identify potential alternatives or complementary strategies to improve 
traditional flu-vaccine formulations. Statistically significant observations were noted for a decrement in CD8 + T 
naïve and an increase of effector memory between the young and older adults after flu-vaccination. Moreover, 
preliminary findings indicate anti-inflammatory and antioxidant properties of OLE and BIRB 796 on T cell responses, 
particularly regarding Reactive Oxygen Species/Reactive Nitrogen Species modulation, with a trend toward the 
decrease of pro-inflammatory cytokines (i.e., Interferon-γ (INF-γ), Tumor Necrosis Factor-α (TNF-α)), αalthough 
without statistical significance.
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Introduction
Flu-vaccination is currently the major strategy to pre-
vent infection and the severe outcomes of influenza in 
high-risk populations, including older adults, i.e., people 
who are 65 years and older [1]. The risks of hospitaliza-
tion for influenza in the older population are significantly 
increased during influenza seasons, with an elevated 
number of deaths for respiratory disorders-influenza cor-
related. In the United States, it is estimated that 70–85% 
of these deaths are older adults [1]. In Europe, seasonal 
influenza affected 10 to 30% of the population, causing 
hundreds of thousands of hospitalizations for influenza-
related complications, the most among children, oldest 
and most fragile people [2]. However, while it is proven 
that influenza vaccination reduces the severity of illness 
in older adults, its overall effectiveness remains contro-
versial due to the high possibility of infection after vac-
cination and the exacerbated inflammatory response 
to the vaccination itself. Indeed, on one hand, several 
observational studies have shown that the influenza vac-
cine effectively reduces hospitalization for influenza 
and decreases the mortality rate but, on the other hand, 
other studies have noted that the vaccine’s effectiveness is 
closely tied to the match between the vaccine strains and 
the circulating virus strains [3–5]. Additionally, the effi-
cacy of the influenza vaccine is lower in individuals aged 
65 and older compared to younger adults, diminishing to 
30–50% with respect to immunocompetent adults [6, 7].

The questionable results on this reduced influenza vac-
cination efficiency in older people are probably linked to 
the immunosenescence hallmarks, i.e., the decrease of 
naïve cells, the increase of memory cells, and inflamm-
aging, i.e., the chronic, low-grade inflammation that 
develops with advanced age and may contribute to clini-
cal manifestations of several age-related pathologies [8]. 
So, it is possible to speculate that immunosenescence and 
infla-mmaging increase the susceptibility to infectious 
diseases and their associated complications, and nega-
tively affect the effectiveness of vaccination, contributing 
to lower protection provided by current vaccines in older 
adults [8].

In this scenario, identifying strategies that could reduce 
the inflammatory process exacerbated by the vaccination 
process and mitigate the effects of immunosenescence 
to improve the older response to flu-vaccine, becomes a 
challenge.

In recent years, research on natural compounds that 
could act as adjuvants in vaccine production is growing 
and, in particular, phytochemicals derived from extra vir-
gin olive oil are identified as inhibitors of inflamm-aging 
[9, 10]. Phenolic compounds of olive oil include ca. 30 
molecules, some with strong antioxidant and anti-inflam-
matory properties, that could counteract the pathophysi-
ology of age-related diseases, with a relevant role in many 

anti-aging strategies. Their mechanisms of action involve 
the scavenging of radical oxygen species (ROS), the inhi-
bition of cyclo-oxygenase 1 and 2 and nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-кB) 
pathways, positively antagonizing chronic low-grade 
inflammation. Among these potential anti-aging com-
pounds, secoiridoid oleuropein (OLE) has largely been 
studied for its multiple protective effects against aging 
[11], interfering with the production of inflammatory 
mediators (anti-inflammatory effect) and directly scav-
enging free radicals [9, 12].

In this context, our study aimed to investigate: the 
impact of aging on the T cell immunophenotype of young 
and older adult individuals; whether influenza vaccina-
tion influences the T cell immunophenotype in an age-
dependent manner; and the possible anti-inflammatory 
and antioxidant effects of OLE, both alone and in asso-
ciation with BIRB 796, on T cells in response to influenza 
virus antigenic stimulation, with the aim of proposing 
them as vaccine adjuvants.

At first, peripheral blood mononuclear cells (PBMCs), 
isolated from 52 healthy young (age range 21–35) and 
older donors (> 60 years old), were analyzed for the 
expression of principal markers of T cell subpopulations, 
with particular regard to memory T cell and immunose-
nescence markers, before (time 0, T0) and after (time 1, 
T1) immunization with tetravalent influenza vaccine. 
Antibody titers, referred to as antigens of influenza virus 
strains included in the vaccine, were also measured in the 
serum samples obtained from the same recruited cohort. 
Afterwards, PBMCs, isolated at T0 and T1, were stimu-
lated with specific pools of flu peptides, in combination 
and without OLE and BIRB 796, to test their pro-, anti-
inflammatory and anti-oxidative effects on T cell cyto-
kine secretion.

Materials and methods
Cohort description and sampling
A cohort of 52 subjects, 26 young (age range 21–35, 14 
females and 12 males) and 26 older (> 60 years old, 13 
females and 13 males) were recruited and vaccinated 
against influenza, with Flucelvax® Tetra, from October to 
December 2020 at the “Paolo Giaccone”, University Hos-
pital, Palermo. Flucelvax® Tetra contains surface antigens 
from different inactivated influenza A and B virus strains 
(A/Hawaii/70/2019 (H1N1)pdm09-equivalent strain (A/
Nebraska/14/2019, wild type); A/Hong Kong/45/2019 
(H3N2)-equivalent strain (A/Delaware/39/2019, wild 
type); B/Washington/02/2019-equivalent strain (B/Dar-
win/7/2019, wild type); B/Phuket/3073/2013-equivalent 
strain (B/Singapore/INFTT-16-0610/2016, wild type, 
formulation achieved by database of AIFA - Ricerca 
Farmaco), chosen based on the official recommenda-
tion for the annual flu season. The protocol study was 
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approved by The Ethics Committee of Palermo Univer-
sity Hospital (Improved vaccination Strategies for Older 
Adults (ISOLDA) - SEP-210574926, No. 01/2020). The 
study was performed in accordance with the Declaration 
of Helsinki and its amendments.

Blood samples of each donor were drawn by venipunc-
ture in the morning after a fasting period of 12 h, before 
(T0), 21–28 (T1) and 56 (time 2, T2) days after influenza 
vaccination (see Additional Fig.  1 for the recruitment 
times). The blood was collected in specific tubes con-
taining ethylene diamine tetraacetic acid (EDTA) or no 
additives. The serum was separated by blood centrifuga-
tion of dry tubes and stored at -80 °C. All donors signed 
informed consent and a detailed anamnestic question-
naire was submitted. To respect privacy, the volunteers 

were identified by an alphanumeric code. All study par-
ticipants were healthy donors and their health status was 
evaluated by common hematochemical analysis. They 
had no known history of any significant systemic diseases 
including, but not limited to, immunodepression, kidney 
or liver diseases, cancer, or autoimmune disorders. Sub-
jects with daily use of immunomodulatory drugs and/or 
seropositive for Severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) infection were also excluded. 
All healthy donors have been tested negative for SARS-
CoV-2 IgM and IgG at T0 and T2 to exclude interferences 
by the novel infection, and for hepatitis B virus (HBV) 
and human immunodeficiency viruses (HIV) at T0, to 
exclude the presence of chronic infections with clinically 
significant immunodeficiency consequences. One young 

Fig. 1 Example of gating strategies used for immunophenotype analysis on PBMCs collected from 20 subjects, including 9 young individuals (aged 
18–35 years) and 11 older adults (aged > 60 years), before the administration of the influenza vaccine (T0) and 21–28 days post-vaccination (T1)
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donor was excluded from the analysis because tested 
positive for SARS-CoV-2 to the serological assay at the 
follow-up (T2). The characteristics of the aged groups are 
reported in Table 1. This study is a task of the European 
Horizon 2020 ISOLDA - Improved vaccination Strategies 
for Older Adults project- grant agreement No. 848,166.

Characterization of humoral immune responses of 
influenza cohort samples
The characterization of the humoral immune response 
of our cohort was conducted by Bernhard Nocht Insti-
tute for Tropical Medicine (member of ISOLDA con-
sortium) on serum samples obtained at T0, T1 and T2. 
The antibody titer was determined against the follow-
ing influenza antigens: A/Victoria/2454/2019 (IVR-207) 
H1N1, A/Hong Kong/2671/2019 (IVR-208) H3N2, B/
Phuket/3073/2013 and B/Washington/02/2019. These 
antigens correspond with those introduced in the vac-
cine formulation: A/Hawaii/70/2019 (H1N1) pdm09-
equivalent strain (A/Nebraska/14/2019, wild type); A/
Hong Kong/45/2019 (H3N2)-equivalent strain (A/
Delaware/39/2019, wild type); B/Washington/02/2019-
equivalent strain (B/Darwin/7/2019, wild type); B/
Phuket/3073/2013-equivalent strain (B/Singapore/
INFTT-16-0610/2016, wild type, formulation achieved 
by database of AIFA - Ricerca Farmaco).

PBMCs isolation
PBMCs were freshly isolated from 50 ml EDTA blood on 
the day of blood donation by Ficoll-Paque (GE Health-
care, USA) density gradient centrifugation, according to 
manufacturer instructions. Isolated PBMCs were stained 
with a 0.4% trypan blue solution (Thermo Fisher Scien-
tific) and then enumerated and assessed for viability using 
an automated Cell Counter (Invitrogen by Thermo Fisher 
Scientific). PBMCs were frozen in a freezing medium 

containing 90% fetal bovine serum and 10% dimethyl sul-
phoxide and stored in liquid nitrogen before being used 
for immunophenotypic analyses and cell cultures.

Multiparametric flow cytometry analysis
Flow cytometry analyses were performed using frozen 
PBMCs before (immunophenotype characterization of T 
cells) and after (surface and intracellular cytokine stain-
ing) the in vitro stimulation. The acquisition took place 
at the Central Laboratory of Advanced Diagnosis and 
Biomedical Research (CLADIBIOR), University Hospital, 
“P. Giaccone”, Palermo. At least 500.000 events for each 
sample were acquired on a FACSCanto™ II (BD Biosci-
ences), with a FSC threshold of 10,000 events. The instru-
ment was calibrated using a standard protocol. Voltages 
were set based on the manufacturer’s recommendations 
and adjusted using unstained and fluorescence minus 
one control.

Immunophenotype characterization of T cells
Immunophenotype analyses were performed on a cohort 
of PBMCs selected from the population of recruited 
subjects. Subject selection for each experiment was 
performed randomly to ensure balanced and represen-
tative sampling, while also considering experimental 
requirements and sample quality. More specifically, 20 
subjects—9 young (18–35 years old) and 11 older (> 60 
years old)—were included at both T0 and T1, with inclu-
sion criteria based on cell viability and the number of 
events detected during flow cytometry analysis. 70% of 
this selected cohort tested positive for CMV IgG anti-
body titers. After thawing and washing, PBMCs were 
surface stained with optimal dilutions of PerCP-Vio700-
conjugated anti‐CD3 (clone REA613), VioGreen‐conju-
gated anti‐CD4 (clone REA623), APC-Vio770‐conjugated 
anti‐CD8 (clone BW135/80), VioBright R720‐conjugated 
anti‐CD45RA (clone REA1047), PE-Vio770‐conjugated 
anti‐CD197 (clone REA546), VioBlue‐conjugated anti‐
CD19 (clone REA675), FITC‐conjugated anti‐CD152 
(clone REA1003), PE‐conjugated anti‐CD279 (clone 
REA1165), and APC‐conjugated anti‐CD28 (clone 
REA612), all from Miltenyi Biotec. Nonviable cells were 
excluded from the analysis with the Viobility 405/452 
Fixable Dye, according to the manufacturer’s instruc-
tion (Miltenyi Biotec). An exemplificative schematic 
representation of the applied gating strategy is shown in 
Fig. 1. After excluding doublets, lymphocytes were iden-
tified based on physical parameters, including forward 
and side scatter. The CD3 + live population was selected 
by excluding non-viable cells, which were included in a 
dump channel alongside CD19 to simultaneously exclude 
B cells. CD4 + and CD8 + T cell events were subsequently 
gated on a CD4/CD8 dot plot within the CD3 + live pop-
ulation. Based on the surface marker CD197 (CCR7) 

Table 1 Characteristics of enrolled healthy donors (percentage 
relative to the numbers are shown in the parentheses in italic)

Young
(n = 26)

Older 
adults
(n = 26)

Age (years)
Mean ± SD 28 ± 4 68 ± 4
Range 21–35 60–78
Gender n (%)
Female 13 (50) 13 (50)
Male 13 (50) 13 (50)
Disease n (%)
Cardiovascular (i.e., hypertension, atrial fibrillation) 0 (0) 4 (15)
Diabetes mellitus 0 (0) 2 (7)
Hypothyroidism 0 (0) 4 (15)
Flu-like symptoms post-vaccination n (i.e., mucus, 
fever, allergic symptoms, mild bronchitis, redness in 
the site of vaccination) (%)

4 (14) 7 (26)
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and CD45RA, CD4 + and CD8 + T cell populations were 
divided into CCR7+/CD45RA + naïve, CCR7+/CD45RA- 
central memory (TCM), CCR7-/CD45RA- effector-
memory (TEM) and terminally differentiated CCR7-/
CD45RA+ (TEMRA). CD28 and CD279 (Programmed 
death (PD1)) expressions on CD4 + and CD8 + T cells 
were also evaluated.

PBMCs stimulation with PepTivator® influenza a peptide 
pools for T cell activation and surface and intracellular 
cytokine staining
Based on preliminary test data (see Additional File 1), 15 
PBMCs samples were selected from the population of 
recruited subjects. Subject selection for each experiment 
was performed randomly to ensure balanced and repre-
sentative sampling, while also considering experimental 
requirements and sample quality. In detail, 7 young and 
8 older donors were plated at a density of 1 × 10⁶ cells 
per well in U-bottom 96-well plates at time points T0 
and T1. For each donor, PBMCs were thawed, washed, 
counted with an automatic cell counter, and resuspended 
in complete Iscove medium (Sigma-Aldrich) contain-
ing 5% human serum. After resting for 2  h, the experi-
ments to test the anti-inflammatory and antioxidant role 
of OLE and BIRB 796 were conducted. A pretreatment 
with 10 µM OLE was performed by incubating PBMCs 
for 30 min, at 37 °C in 5% CO₂. This step was conducted 
to increase the bioavailability of the bioactive compound 
and priming the cells for better responsiveness to subse-
quent treatments. Then, the same PBMC were stimulated 
with 0.6 nmol of three different viral peptides (PepTiva-
tor® Influenza A [Miltenyi], which include: hemaggluti-
nin protein (HA), nucleocapsid protein (NP), and matrix 
protein 1 (MP1), according to manufacturer instructions 
(see 2.5.2 paragraph). These peptides were tested sepa-
rately. PBMCs were incubating with them for 2 h, alone 
and in combination with 800 nM BIRB 796 (Tocris). 
Unstimulated cells in complete medium served as a nega-
tive control for all the conditions. CytoStim™ (Miltenyi 
Biotec) was used as a positive control. The basal stimu-
lus was given by the cells stimulated only with the three 
different viral peptides described above (the conditions 
used for each donor are shown in Fig.  2). After 2  h of 
stimulation, a protein transport inhibitor cocktail (eBio-
science™ Protein Transport Inhibitor Cocktail [500X], 
Invitrogen) was added, and cells were incubated for an 
additional 16  h (overnight) at 37  °C in 5% CO₂, as rec-
ommended by the manufacturer. Following overnight 
incubation, cells were harvested and transferred into flow 
cytometry tubes for surface and intracellular staining. 
Cells stimulated separately with HA, NP, and MP1 were 
pooled in single tubes for each treatment condition: one 
with a peptide mix and OLE, another with the mix and 
BIRB 796, and a third with the mix and both OLE and 

BIRB 796. Flow cytometry tubes were also prepared for 
the control conditions assessed above. We performed 
extra- and intracellular staining using the following anti-
bodies from Miltenyi Biotec: PerCP-Vio700-conjugated 
anti‐CD3 (clone REA613), VioGreen‐conjugated anti‐
CD4 (clone REA623), APC-Vio770‐conjugated anti‐CD8 
(clone BW135/80), PE‐conjugated anti‐Tumor Necrosis 
Factor (TNF)-α (clone REA656), FITC‐conjugated anti‐
Interferon (IFN)-γ (clone REA600), and APC‐conjugated 
anti‐Interleukin (IL)-10 (clone REA842). Nonviable cells 
were excluded from the analysis using Viability 405/452 
Fixable Dye according to the manufacturer’s instructions. 
The gating strategy for positive control, unstimulated 
(blank), and stimulated (PepTivator® Influenza A pep-
tide pools) samples is illustrated in Fig. 3. Briefly, for all 
conditions, singlets were excluded, followed by the selec-
tion of live cells, from which the CD3 + population was 
identified. CD4 + and CD8 + T cells were subsequently 
gated from the CD3 + population, and within each subset, 
cytokine-producing cells were determined. Data from 
unstimulated samples were subtracted from each treat-
ment condition during the analysis.

Oleuropein extracts
OLE used in this study was derived from olive leaves of 
the Olea europaea L., by the Organic Chemistry Labo-
ratory of University Magna Graecia, in Catanzaro. 
Olive leaves were dried for 48  h at 50  °C, milled, and 
extracted in an Anton Paar Synthos 3000  MW Oven at 
800 W (P-controlled mode) for 10 min in water as a sol-
vent. The leaves were filtered, and the solution was dried 
under pressure. The mixture was treated with acetone 
and purified from solid residue by filtration. The solu-
tion was evaporated under reduced pressure and the 
crude product was purified by flash chromatography on 
silica cartridges (CH2Cl2/MeOH 8:2). OLE was obtained 
at an High-Performance Liquid Chromatography purity 
of 98%. Analytical data of the pure OLE were compared 
with data reported in the literature.

Influenza a peptide pools
Peptides used in this study for the in vitro stimulation 
of antigen-specific CD4 + and CD8 + T cells consisted 
of 3 different pools of lyophilized peptides, as 15-mer 
sequences with an 11 amino acid overlap, covering 
respectively the sequence of the HA (PepTivator® Influ-
enza A HA, Miltenyi Biotec), NP (PepTivator® Influenza 
A NP, Miltenyi Biotec) and of the MP1 (PepTivator® Influ-
enza A MP1, Miltenyi Biotec) of the human Influenza A 
virus (H1N1) (average purity > 70%). The lyophilized pep-
tides were reconstituted with sterile water, following the 
manufacturer’s guidelines.

The peptide pool utilized is specifically designed to ana-
lyze the in vitro efficacy of stimulation of antigen-specific 
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CD4 + and CD8 + T cells. In this study, the PepTivator® 
peptides are derived from antigens of the H1N1 influenza 
virus, a strain included in the vaccine formulation used 
for participant recruitment. Notably, during the 2019–
2020 influenza season, influenza A(H1N1)pdm09 viruses 
were the most commonly reported influenza viruses, 
making this strain particularly relevant for this study.

The ROS and RNS test
The OxiSelectTM in vitro ROS/RNS assay kit (Cell Bio-
labs, Inc.) has been used for detecting hydrogen peroxide, 
peroxyl radicals, nitric oxide, and peroxynitrite anions on 
cell supernatants after T cell stimulation with the pool 
of viral peptides and for evaluating antioxidant’s effect 
of OLE and BIRB 796 on these free radical molecules. 
Briefly, after an incubation of the samples with a cata-
lyst, the dichlorodihydrofluorescein probe was added to 
all wells, promoting the oxidative process. Fluorescence 

intensity, proportional to the total ROS/RNS levels 
within the sample, was measured in a 96-well plate and 
detected with Synergy HT (software version 2.01.14) at 
485/20–528/20 nm. Data are shown in Relative Fluores-
cence Units (RFU).

Statistical analysis
Flow cytometry data were analyzed using FlowJo ver-
sion 10.5.3 (Tree Star, Inc., Ashland, OR, USA). Immu-
nophenotype, comparison of cytokine production and 
ROS/RNS levels between age groups at the two recruit-
ment times (T0 e T1) was performed by a One and 2-way 
ANOVA test for multiple comparisons (GraphPad Prism 
version 9.3.1 - GraphPad Software, San Diego, CA, USA). 
The Bonferroni correction was applied to account for 
the multiple comparisons performed in the study. This 
adjustment is necessary to mitigate the increased likeli-
hood of false positives that arise when multiple statistical 

Fig. 2 96-well plate template showing culture conditions tested for each donor. HA = hemagglutinin protein pool of peptides; NC = negative control; 
NP = nucleocapsid protein pool of peptides; MP1 = matrix protein 1 pool of peptides; PC = positive control
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Fig. 3 Examples of gating strategies for identifying cytokine-positive CD4 + and CD8 + T cells (TNF-α, IFN-γ, and IL-10) following in vitro stimulation. a) 
Positive control (Cytostim); b) Blank (Unstimulated cells); c) Peptivators (PepTivator® Influenza A peptide pools)
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tests are conducted simultaneously. The use of multiple 
comparison techniques enables us to perform a single 
comprehensive test to evaluate the effect of recruitment 
timing across the different treatment strategies employed 
in the in vitro analysis.

Results
Characterization of humoral immune responses of 
influenza cohort samples
Antibody titers against the influenza antigens A/
Victoria/2454/2019 (IVR-207) H1N1, A/Hong 
Kong/2671/2019 (IVR-208) H3N2, B/Phuket/3073/2013 
and B/Washington/02/2019, showed a significant 
increase in antibody levels at T1, and a subsequent 
decrease at T2, compared to T0, except in the young 
group for anti-B/Phuket/3073/2013, which showed a 
significant increase at T2, and for anti-Bx-85cB, where 
the significance at T2 was absent (Fig. 4e-g). In the older 
adults group, all tested strains showed results similar to 
those observed in the young group, except for anti-A/
Hong Kong/2671/2019 (IVR-208) H3N2, which exhib-
ited a significant increase in antibody titer at T2 (Fig. 4d). 
Focusing on the viral strain H1N1, for which the in vitro 
T cell response is elicited, significant differences were 
found in both young and older adult groups between T0 
and T1-T2, and between T1 and T2 respectively (Fig. 4a 
and b; young individuals: p-value T0 vs. T1 = 0.0001, 
p-value T0 vs. T2 = 0.0002; older individuals: p-value T0 
vs. T1 = 0.0003, p-value T0 vs. T2 = 0.0007, p-value T1 vs. 
T2 = 0.025).

Comparing the two reference populations of young and 
older individuals for anti-H1N1 titers, at T0 the antibody 
titer was higher in older individuals, although not statis-
tically significant, suggesting a higher basal response to 
this viral antigen (Fig. 5a). Statistically significant differ-
ences were observed only at T1 and T2 (Fig.  5b and c; 
p-value T1 = 0.0055, p-value T2 = 0.0043), with the titer of 
the older group being lower than that of the younger one.

Immunophenotype characterisation of T cells
At T0 and T1, the analysis of T cell subsets from young 
and older individuals confirmed an age-related decrease 
trend in CD4 + and CD8 + naïve T cells (Fig.  6a and b). 
Analyzing the cell percentages, we found a slight reduc-
tion in CD4 + and CD8 + naïve T cells at T1, compared to 
T0, between young and older adults groups, with a sta-
tistical significance observed only for the CD8 + naïve T 
cells and for T1 time of recruitment (p-value T1 young 
vs. T1 old = 0.004) (Fig. 6b).

A not statistically significant increase was observed for 
CD4 + and CD8 + TCM cells between T0 and T1 (Fig. 6c). 
For CD8 + TCM higher percentages for the older adults 
could be observed without statistical relevance (Fig. 6d).

The percentage of CD8 + TEM was significantly 
higher for older adults at T1 (p-value T1 young vs. T1 
old = 0.039) (Fig. 6f ).

Finally, there was observed a decrease in the percent-
age of CD8 + TEMRA in old people at T1 vs. T0, with a 
statistically significant increase only between young and 
older adults at T0 (p-value = 0.0438) (Fig.  6h). While 
CD8 + TEMRA cells decrease between T0 and T1 in 
older adults, the reduction is not statistically significant 
(Fig.  6h). In contrast, a slight increase is observed in 
younger individuals (Fig.  6h). Nonetheless, the levels in 
older adults remain higher than those in younger individ-
uals, even for CD4 + TEMRA cells (Fig. 6g).

Regarding the markers of exhaustion (PD-1), there is 
no significant increase in its frequency in old subjects at 
T1 within the CD8 + T cell population. For CD28, chosen 
as senescent-related marker, no significant differences 
were observed (data not shown).

PBMCs stimulation with PepTivator® influenza a peptide 
pools for T cell activation
Based on the analysis of the percentage of CD8+/
CD4 + IL-10+/IFN-γ+/TNF-α + T cell populations, 
no statistically significant differences were observed 
between T0 and T1 for any of the tested conditions, 
including treatment with OLE and/or BIRB 796 com-
pared to the basal stimulus condition represented by Pep-
Tivator® Influenza A peptide pools (PEPs), within each 
group. However, in the young and older adults groups, 
at T0, a greater reduction of CD4 + TNF-α + T cell lev-
els was shown in presence of OLE + BIRB 796 and BIRB 
796 (Fig. 7a and b). Whereas, at T1, in both age groups, 
the reduction seemed more evident only in the presence 
of OLE + BIRB 796 (Fig. 7a and b). For CD8 + TNF-α + T 
cells, higher values could be observed in the older adults 
group compared to the young ones for every condi-
tion and timing tested (Fig. 8a and b). A potential effect 
of OLE alone or in combination with BIRB 796 on the 
reduction of CD8 + TNF-α + T cells was noted at both T0 
and T1 only for the older adults group (Fig. 8b). No con-
clusions could be drawn about the effects of the differ-
ent evaluated stimuli in the young group, in which OLE 
seemed to stimulate this cell population and there was 
not a very different trend between the mentioned condi-
tions (Fig. 8a).

In young samples, at T0, a greater reduction in 
CD4 + IFN-γ + T cell values was observed compared to 
the baseline stimulation, in the presence of OLE alone 
and OLE + BIRB 796 treatments (Fig.  7c). However, this 
reduction did not occur at T1. In the older adults group, 
at T0, OLE seems to induce an increase in the percent-
age of CD4 + IFN-γ + T cells concerning the baseline, 
whereas at T1, compared to the baseline condition, the 
OLE + BIRB 796 treatment resulted in a reduction in the 
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Fig. 4 Description of antibody titers at different recruitment time points across age groups. Age group of young: a, anti-H1N1 Ab titer; c, anti-H3N2 Ab 
titer; e, anti-PhuketB Ab titer; g, anti-Bx-85cB Ab titer. Age group of older adults: b, anti-H1N1 Ab titer; d, anti-H3N2 Ab titer; f, anti-PhuketB Ab titer; h, 
anti-Bx-85cB Ab titer. Ab = antibody; T0 = Time zero; T1 = Time 1 (21–28 days after vaccination); T2 = Time 2 (56 days after vaccination)
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CD4 + IFN-γ + T cell population than either BIRB 796 
or OLE alone, indicating a synergistic effect of the com-
bined stimulation (Fig. 7d). For the CD8 + IFN-γ + T cells 
population no relevant conclusions could be derived for 
the young population group compared with the baseline 
stimulus (Fig. 8c). In older adults, OLE appeared to cause 
a reduction in CD8 + IFN-γ T cells at both T0 and T1 
in a not statistically significant manner, while BIRB 796 
showed an opposite effect between T0 and T1 (Fig. 8d).

Ultimately, OLE likely induced a non-statistically sig-
nificant increase in the percentage of CD4 + IL-10 + T 
cells at both T0 and T1, compared to the PEPs stimula-
tion condition and other treatments, including BIRB 796, 
alone or in combination with OLE, in the older adults 
group (Fig.  7f ). In the younger group, OLE, alone or in 
combination, appeared to reduce CD4 + IL-10 + T cells 
at both T0 and T1 (Fig. 7e). For CD8 + IL-10 + T cells, no 
clear increase in this population was observed in either 
the young or older adult groups, which would suggest a 
possible anti-inflammatory effect related to this cyto-
kine. However, it seemed that OLE, alone or in combina-
tion with BIRB 796, was associated with a reduction of 
this population at T0, with the response converging at T1 
(Fig. 8f ).

ROS and RNS analysis
The analysis of RFU levels showed T0 lower levels of 
ROS/RNS compounds in older adults than in young indi-
viduals for all tested conditions (Fig. 9a and b). Focusing 
on OLE treatment, in both the young and the older adult 
groups, a significant reduction in RFU is observed at T0 
(Fig. 9a) and T1 (Fig. 9b) with OLE alone or in combina-
tion with BIRB 796 (T0, young group: p-value PEPs vs. 
OLE treatment = 0.019; p-value PEPs vs. OLE + BIRB 796 

treatment = 0.0001; T0, older adults group: p-value PEPs 
vs. OLE treatment < 0.0001; p-value PEPs vs. OLE + BIRB 
796 treatment < 0.0001; T1, young group: p-value PEPs 
vs. OLE treatment = 0.0001; p-value PEPs vs. OLE + BIRB 
796 treatment = 0.0004; T1, older adults group: p-value 
PEPs vs. OLE treatment < 0.0001; p-value PEPs vs. 
OLE + BIRB 796 treatment = 0.0002). No statistically sig-
nificant difference can be observed from the comparison 
between T0 and T1 recruitment in each age group (data 
not shown).

A summary of the key findings from the study is pre-
sented in Table 2.

Discussion
Vaccines are the goals of preventive medicine. So, vac-
cinating vulnerable populations to mitigate the harm-
ful effects of viral diseases, such as influenza, has grown 
over the years. Despite these efforts, flu-vaccines are less 
efficient in the older adults, with effectiveness rates of 
30–50% for individuals over 65 years old, compared to 
70–90% for younger individuals [13]. The observed inef-
ficacy of vaccination in this population is often attributed 
to the exclusion of frail subjects from clinical trials. This 
results in a lack of crucial data, especially regarding opti-
mal dosing and the need for booster doses to enhance 
vaccine coverage and ensure effectiveness. Another key 
consideration for preventive vaccination is assessing the 
history of previous infections and vaccinations in older 
adults patients [14].

Regarding the causes, this mild vaccine response could 
be linked with the changes that the immune system 
undergoes during aging, including immunosenescence 
and inflamm-aging [15, 16]. Immunosenescence leads to 
significant shifts in the phenotypes and functionality of 

Fig. 5 Comparison of H1N1 antibody titers across age groups based on different recruitment times. a, T0; b, T1; c, T2. Ab = antibody; T0 = Time zero; 
T1 = Time 1 (21–28 days after vaccination); T2 = Time 2 (56 days after vaccination)
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Fig. 6 Comparison of the young and older adults age groups and recruitment time points (T0 and T1) within CD4 + and CD8 + T cell populations. a, 
CD4 + naïve; c, CD4 + TCM; e, CD4 + TEM; g, CD4 + TEMRA; b, CD8 + naïve; d, CD8 + TCM; f, CD8 + TEM; h, CD8 + TEMRA; TCM = T central memory; TEM = T 
effector memory; TEMRA = T effector memory cells re-expressing CD45RA; T0 = Time zero; T1 = Time 1 (21–28 days after vaccination)
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Fig. 7 Description of cytokine-producing CD4 + T cell populations in the different culture conditions. Young age group: a, CD4 + TNF-α + T cells; c, 
CD4 + IFN-γ + T cells; e, CD4 + IL-10 + T cells. Older adults age group: b, CD4 + TNF-α + T cells; d, CD4 + IFN-γ + T cells; f, CD4 + IL-10 + T cells. PEPs = PepTiva-
tor® Influenza A (basal stimulus); OLE = oleuropein; BIRB = BIRB 796; OLE + BIRB = combination of oleuropein + BIRB 796; PEPs + OLE/BIRB/OLE + BIRB = Pep-
Tivator® Influenza A + oleuropein/BIRB 796/oleuropein + BIRB 796
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Fig. 8 Description of cytokines producing CD8 + T cell populations in culture conditions. Young age group: a, CD8 + TNF-α + T cells; c, CD8 + IFN-γ + T 
cells; e, CD8 + IL-10 + T cells. Older adults age group: b, CD8 + TNF-α + T cells; d, CD8 + IFN-γ + T cells; f, CD8 + IL-10 + T cells. PEPs = PepTivator® Influenza A; 
OLE = oleuropein; BIRB = BIRB 796; OLE + BIRB = combination of oleuropein + BIRB 796; PEPs + OLE/BIRB/OLE + BIRB = PepTivator® Influenza A + oleuropein/
BIRB 796/oleuropein + BIRB 796
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immune cells, with a reported decrease in naïve T cells 
and an increase in TEM and TEMRA cells in the old peo-
ple [8]. Concurrently, inflamm-aging negatively impacts 
immunity by impairing the capacity of immune cells to 
respond to new antigen challenges, including vaccination 
ones [15].

The ISOLDA consortium was established and funded 
by the European Commission in 2020 to develop new 
strategies to address the poor efficiency of flu (and other) 
vaccines. This involves creating formulations with com-
pounds that can mitigate the effects of the exacerbating 
inflamm-aging after vaccination. More specifically, at 
first, analyzing the immunophenotype of key subset cells 
involved in the vaccine response, we aimed to assess how 
the immune system, particularly T cell subpopulations, 
changes with age and in response to flu-vaccination. In 
this regard, some studies have reported a predominance 
of CD4 + naïve T cells in the immune response to vac-
cines, while memory CD8 + T cells are more prevalent 

in long-term defence [17]. Nonetheless, the literature 
on the effects of influenza vaccination on T cell popula-
tions is limited. At a second stage, we tested the effect 
of OLE and BIRB 796 as possible anti-inflammatory and 
antioxidant compounds able to reduce the inflammatory 
and oxidative stress induced by a viral stimulus in cul-
tured T cells, reproducing the oxi-inflammatory stimulus 
generated by the administration of the vaccine. The com-
bination of these two compounds has never been tested 
before, and their clinical application, particularly in the 
context of immune-related therapies such as vaccination, 
has not yet been developed.

Regarding the immunophenotype analysis, our results 
demonstrated statistically significant differences in 
CD8 + naïve T cells, TEM, and TEMRA percentages 
between the two analyzed age groups (Fig.  6b, f, and 
h). These findings are consistent with existing litera-
ture, describing the shifting distribution of these T cell 
subsets during the aging process [8]. The reduction in 

Table 2 The key findings from the analysis conducted
Category Key results
Antibody Titers Significant increase in antibody levels at T1, followed by a decrease at T2, except for anti-Bx-85cB in the young group 

(no significance at T2). Older adults showed higher baseline titers (not significant) but lower titers than young adults at 
T1 and T2 (p-values: T1 = 0.0055, T2 = 0.0043).

T Cell Immunophenotype Age-related decrease in CD4 + and CD8 + naïve T cells. CD8 + naïve T cells showed significant reduction at T1 in older vs. 
young adults (p = 0.004). CD8 + TEM were higher in older adults at T1 (p = 0.039). CD8 + TEMRA decreased in older adults 
at T1, with a significant T0 difference between young and old (p = 0.0438).

PBMCs stimulation with 
PepTivator® Influenza

OLE and OLE + BIRB 796 reduced CD4+/CD8 + TNF-α + T cells in older adults, with variable trends in young individuals. 
CD8 + IFN-γ + T cells were higher in older adults across conditions. OLE + BIRB 796 synergistically reduced CD4 + IFN-γ + T 
cells in older adults at T1. IL-10 trends varied by age and condition, without statistical significance and a clear trend.

ROS/RNS Analysis Older adults showed lower ROS/RNS levels compared to young individuals across all conditions. OLE and OLE + BIRB 
796 significantly reduced ROS/RNS levels in both age groups at T0 and T1 (e.g., T0 older adults: PEPs vs. OLE, p < 0.0001). 
No significant differences were found between T0 and T1 within groups.

Fig. 9 Comparison of RFU levels of ROS/RNS across different culture conditions in the two age groups. a, T0; b, T1. RFU = relative fluorescence units. 
PEPs = PepTivator® Influenza A; OLE = oleuropein; BIRB = BIRB 796; OLE + BIRB = combination of oleuropein + BIRB 796; T0 = Time zero; T1 = Time 1 (21–28 
days after vaccination)

 



Page 15 of 19Aiello et al. Immunity & Ageing           (2025) 22:13 

CD8 + naïve T cells with aging could impair the ability 
of the immune system in older individuals to mount an 
effective response after vaccination or any antigenic stim-
ulation [18]. Specifically, comparing young to older adult 
groups, we have shown that CD8 + naïve T cells were sig-
nificantly reduced, after vaccination, in the older adult 
group (Fig. 6b). TEM levels were higher at both T0 and 
T1 in the older population, with a statistically significant 
difference at T1 compared to the younger group (Fig. 6f ). 
This suggests that the vaccine may play a role in shap-
ing the immune response post-vaccination in older indi-
viduals, although our analysis does not confirm a direct 
change attributable to the vaccination itself because the 
same trend was observed at T0 although without sta-
tistical significance. Furthermore, no significant dif-
ferences, within the same age group, at the different 
recruitment times (T0 and T1) were observed (Fig.  6). 
A distinct trend between T0 and T1 emerges exclusively 
for CD8 + TEMRA cells (Fig. 6h). In the younger group, 
these cells increase, whereas the old population exhibit 
a decrease over the same period (T0 vs. T1), although 
the difference is not statistically significant. Notably, 
TEMRA values consistently remain higher in the older 
adults compared to the young, reaffirming their associa-
tion with age while suggesting an intriguing hypothesis 
about the potential effects of vaccination on this specific 
cell population. The increase in TEMRA cells with aging 
is closely associated with immunosenescence. However, 
the observed reduction of TEMRA cells after vaccination 
could suggest either a reactivation of the immune system 
or a reprogramming of the immune response toward an 
antigen-specific focus. Although not statistically signifi-
cant, a rise in TCM and TEM cells, along with a decrease 
in naïve cells, was noted between T0 and T1, which 
appears to contradict the latter hypothesis. Additional 
experiments investigating the effects of vaccination on 
the distribution of memory T cells in the old population 
are needed to better clarify and define this pattern.

Also the analysis of the expression of exhaustion and 
senescence-like markers (i.e., CD28, and PD-1) could 
indicate a strongly impaired immune response to vac-
cination by inhibiting T cell activation and proliferation 
[13]. However, we did not obtain significant results for 
these cited markers, leading us unable to verify the con-
tribution of specific immunosenescence factors in the 
vaccination response [18].

In older individuals, also the response to the vaccine 
and the duration of long-term protection are affected 
by the decline in antibody production [18]. In our study 
cohorts, the antibody response to all strains tested and 
included in the administered vaccine (Flucelvax® Tetra) 
remained higher than pre-vaccination levels at later time 
points for both analyzed populations (Figs.  4 and 5). 
Notably, in older adults, before vaccination, we observed 

a higher level of antibody titer against the H1N1 strain 
compared to younger individuals, although this differ-
ence was not statistically significant (Fig.  5a). However, 
at T1 and T2, respectively 21/28 and 56 days post-vac-
cination, in the older population there was a statistically 
significant decline in antibody levels compared to the 
younger group (Fig. 5b and c) although, within the older 
adults population group, there is an increase in antibody 
titer at these times compared to T0 (Fig. 4b) [13]. These 
data appear to align with findings in the literature about 
the efficacy of the tetravalent vaccine in eliciting humoral 
responses despite the age.

It should be emphasized that generally the antibodies 
titer towards virus strains observed in the older popu-
lation (aged ≥ 65 years) was lower or comparable with 
seroconversion rates of younger groups, highlighting the 
dependence from age of vaccine’s effectiveness [19, 20]. 
Furthermore, the absence of a clear association between 
the cellular changes analyzed post-vaccination and anti-
body titer aligns with other studies that show that anti-
body titer does not correlate with the cellular response 
to the virus or vaccination [17, 21]. So, our data should 
confirm the lower response of older adults compared to 
the younger population in terms of antibody titers and 
consequently the probable lower vaccine efficacy linked 
to the humoral response [22].

Among the proposed strategies to enhance vacci-
nation efficacy in the older adults, one of these is the 
mitigation of the inflammatory process, partly due to 
inflamm-aging, partly exacerbated by vaccination, target-
ing specific inflammation markers [23]. In this context, 
phenolic compounds from olive oil have demonstrated 
excellent anti-inflammatory and antioxidant proper-
ties in both in vitro and in vivo studies [9, 12]. The use 
of adjuvants derived from natural sources has become a 
key area of research, with particular focus on plant-based 
adjuvants such as saponins, tomatine, and others [24, 25]. 
These compounds show significant promise due to their 
dual role as immunopotentiators and anti-inflammatory. 
In addition, the use of plant-derived adjuvants offers 
enhanced safety profiles and potential environmental and 
economic benefits. Specifically, plant-derived adjuvants 
are highly valued for their biocompatibility, renewabil-
ity, and ability to reduce reliance on synthetic chemicals, 
making them a crucial component in promoting sus-
tainable practices [24, 25]. Specifically, in this work, it is 
hypothesized that OLE acts on the NF-κB pathway by 
modulating the production of pro-inflammatory (i.e., 
TNF-α, IL-6, and IFN-γ) and anti-inflammatory (i.e., 
IL-10) cytokines, as well as factors involved in the oxida-
tive stress response [26, 27]. In particular, OLE has been 
shown to inhibit NF-κB activation by preventing the 
phosphorylation and degradation of its inhibitor, IκBα, 
thereby suppressing the nuclear translocation of NF-κB 
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[11]. Additionally, its antioxidant effects may be linked 
to the interplay between NF-κB and other pathways, 
including those involving COX enzymes and Nrf2 [11]. 
By modulating Nrf2, oleuropein enhances the expression 
of antioxidant response elements, contributing to its pro-
tective effects against oxidative damage and inflamma-
tion [11]. Similarly, BIRB 796 has shown effectiveness as 
an inhibitor of p38 MAPKs, which are molecular targets 
for reducing inflamm-aging in adults [23, 27–29].

To study the effects on CD8+/CD4 + T cell populations 
producing key cytokines involved in the inflammatory 
process (TNF-α, IFN-γ, and IL-10), we tested OLE and 
BIRB 796, both individually and in combination, on the 
cultured PBMCs of voluntary donors at two recruitment 
times (T0 and T1), after the stimulation with a viral pep-
tides stimulus from the H1N1 viral strain (PepTivator® 
Influenza A). Our investigations gave some explorative 
results about a possible role of OLE, alone or in combi-
nation with BIRB 796, in modulating CD8+/CD4 + TNF-
α+/IFN-γ+/IL-10 + T cell levels, particularly in the older 
adults population, although without any statistical sig-
nificance evidence (Figs.  7 and 8). The findings on the 
reduction of TNF-α + T cells by OLE, alone or in combi-
nation with BIRB 796, could be interesting due to the role 
of CD8 + TNF-α + T cells in inducing lung damage dur-
ing flu infection and contributing to the increased pro-
duction of pro-inflammatory cytokines and chemokines 
necessary for immune cell recruitment [17, 30]. Interest-
ingly, the combination of OLE and BIRB 796 resulted in 
a probably more pronounced reduction in TNF-α levels 
than either BIRB 796 or OLE alone, suggesting a syner-
gistic effect, attributed to BIRB and OLE’s inhibition of 
the p38 MAPK and NF-κB pathway respectively, which 
plays a key role in regulating inflammatory responses. 
This synergy could likely arise from the complementary 
mechanisms by which BIRB 796 and OLE impact molec-
ular pathways involved in inflammation and oxidative 
stress, leading to a more effective suppression of TNF-α.

In the same way, IFN-γ is crucial in the antiviral and 
vaccination response. Its levels tend to decrease following 
vaccine administration and correlate with the antibody 
response in the general population [31]. However, in the 
older population, IFN-γ can have a negative role due to 
its ability to amplify the inflammatory process, which 
underlies the reduced vaccine response. In our analysis, 
OLE appears to probably act on IFN-γ-producing T cells, 
particularly in CD8 + T cells in the older adults group 
at T1 (Fig. 8d). OLE showed stable or slightly increased 
IFN-γ expression, reflecting OLE’s possible ability to 
support immune signalling pathways without excessive 
suppression of IFN-γ but behaving as a hormetic agent 
(Figs.  7d and 8c). This effect could be beneficial in the 
induction of virus elimination response during infections 
or vaccination itself by enhancing the immune response 

against viral antigens [32]. BIRB 796 did not seem to sup-
press IFN-γ, suggesting that it should not interfere with 
immune responses mediated by IFN-γ. However, when 
the compounds were combined, IFN-γ levels appeared 
to be maintained or modestly enhanced, which indi-
cates a balanced immune response where inflamma-
tion is reduced, without compromising the antiviral and 
immune regulatory functions of IFN-γ.

Regarding IL-10 modulation, OLE displayed supposed 
minimal anti-inflammatory effects, as no significant 
increase in IL-10 + T cells was observed. In the older 
group, a slight reduction in CD8 + IL-10 + T cells was 
noted, particularly with OLE alone, suggesting a limited 
role in countering inflammation through IL-10 path-
ways (Fig.  8f ). Interestingly, in the young group, OLE, 
in combination with BIRB 796, resulted in a decrease in 
CD4 + IL-10 + T cells (Fig.  7e), which may favor a pro-
inflammatory immune profile more suitable for vaccine 
responses in this demographic area.

Also oxidative stress regulation involves both the 
NF-κB and p38 MAPK pathways, which can be activated 
by ROS/RNS, thereby promoting inflamm-aging. We 
have hypothesized that OLE and BIRB 796 could have 
reduced the effects of ROS and directly modulated their 
production [33–35]. Our analysis indicates that OLE, 
alone or in combination with BIRB 796, reduces ROS/
RNS RFU values in both young and older adult popula-
tions (Fig.  9). However, we did not observe any effects 
on oxidative stress modulation related to the timing of 
recruitment. This suggests that the combined antioxidant 
effects of both agents may counteract oxidative stress, 
but we cannot make conclusions about their antioxidant 
effects concerning vaccination.

In summary, our exploratory findings suggest a role 
of OLE and BIRB 796 in the modulation of inflamma-
tion and immune responses, which is highly relevant 
for improved vaccine formulations. OLE could exhibit 
antioxidant and anti-inflammatory properties while 
preserving or slightly enhancing IFN-γ levels, a cyto-
kine critical for antiviral immunity and effective vaccine 
responses. This suggests that OLE may act as a hormetic 
agent, reducing excessive inflammation while supporting 
immune signalling pathways that are essential for adap-
tive immunity. On the other hand, BIRB 796 should dem-
onstrate an anti-inflammatory effect by targeting the p38 
MAPK pathway, which is central to regulating inflamma-
tory cytokines such as TNF-α. When combined, OLE and 
BIRB 796 could exert a synergistic effect, significantly 
reducing TNF-α levels while maintaining or modulat-
ing IFN-γ expression. This balance could be particularly 
crucial for vaccine formulations, where reducing inflam-
mation can mitigate potential adverse effects, and pre-
serving IFN-γ ensures robust activation of antiviral and 
immune-regulatory pathways.
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These findings pave the way for the development of 
adjuvant systems that can modulate inflammation while 
preserving immune activation, offering a more tailored 
approach to vaccine development. However, it is impor-
tant to acknowledge the several limitations inherent in 
this study.

The first of limitations observed in this study is the 
small sample size and, consequently, the low number of 
experiments conducted. The use of PepTivator® Influenza 
A H1N1 resulted in a poor in vitro response from T cells, 
which limited the number of events and constrained 
our ability to effectively apply the stimulus for cytokine-
producing T cell determination. A similar observation 
has been reported by other researchers applying the 
same stimulus, where cytokine production was subopti-
mal [36–39]. The low rate of cytokine-producing T cells 
could also be attributed to the use of EDTA, used as 
anticoagulant in the collected blood samples, which may 
have decreased T-cell activation by disrupting calcium-
dependent signalling pathways, thereby diminishing the 
cells’ capacity to produce cytokines [40]. The production 
of cytokines by T-cells may also have been influenced by 
the use of frozen cells. Although freezing and thawing 
procedures were performed properly according to stan-
dardized methods, and the cultured cells exhibited high 
viability, the freezing process may still have caused subtle 
functional impairments that could affect cytokine pro-
duction. A more detailed analysis using tetramers and/or 
stimulating antigen-specific T cells with inactivated viral 
particles would increase the identification of antigen-
specific T cells and thus the number of the same detect-
able [21, 31]. Additionally, we were unable to distinguish 
between cells activated by prior encounters with the viral 
antigen and those resulting from immunization with the 
influenza vaccine after the recruitment [21].

Despite the limitations encountered in our work, our 
preliminary results lay the foundation for future research 
on OLE and BIRB 796, both individually and in com-
bination, in the modulation of the immune response, 
particularly in older adults and following antigenic stim-
ulation. However, further investigations are needed to 
fully explore their interesting potential.

Conclusion
Our study examined the interplay between immunose-
nescence, inflammation, and influenza vaccine responses 
in older adults, with a particular focus on T cell immu-
nophenotype and cytokine production. The small sam-
ple size and relatively low average age of the older adult 
group limited our ability to confirm specific responses 
and obtain statistically significant results, particularly 
with regard to the immunosenescence markers. Addi-
tionally, using a more targeted stimulus that specifi-
cally activates antigen-specific cells could have offered a 

clearer evaluation of the compounds’ effects. However, 
our investigation into the anti-inflammatory and anti-
oxidant properties of OLE and BIRB 796 yielded prom-
ising results, suggesting their potential synergistic effect. 
Although the viral peptides used did not sufficiently 
stimulate cells in culture, our findings indicate that OLE 
and BIRB 796 may help regulate inflammation and oxi-
dative stress associated with aging, potentially enhancing 
vaccine efficacy in older adults.

Abbreviations
PBMCs  Peripheral Blood Mononuclear Cells
OLE  Oleuropein
ROS  Reactive Oxygen Species
RNS  Reactive Nitrogen Species
NF-кB  Nuclear Factor kappa-light-chain-enhancer of activated B cells
p38 MAPK  p38 Mitogen-Activated Protein Kinases
ISOLDA  Improved vaccination Strategies for Older Adults
T0  Time 0
T1  Time 1
T2  Time 2
EDTA  Ethylene Diamine Tetraacetic Acid
SARS-CoV-2  Severe Acute Respiratory Syndrome COronaVirus 2
HBV  Hepatitis B Virus
HIV  Human Immunodeficiency Viruses
TCM  Central Memory T cells
TEM  CCR7-/CD45RA- Effector-Memory
TEMRA  Terminally differentiated CCR7-/CD45RA+
TNF-α  Tumor Necrosis Factor-α
IFN-γ  Interferon-γ
IL-10  Interleukin-10
PD1  Programmed Death 1
HA  Hemagglutinin protein
NP  Nucleocapsid Protein
MP1  Matrix Protein 1
H1N1  Influenza A virus subtype
PEPs  PepTivator® Influenza A peptide pools
RFU  Relative Fluorescence Units

Supplementary Information
The online version contains supplementary material available at  h t t p  s : /  / d o i  . o  r 
g /  1 0 .  1 1 8 6  / s  1 2 9 7 9 - 0 2 5 - 0 0 5 0 6 - y.

Supplementary Material 1:

Supplementary Material 2: Additional file 1 in dox format is uploaded with 
the manuscript. This file includes three sections: Material and Methods 
section with Protocol optimization; Results section with Results from 
preliminary tests; Additional Figures and Tables with an Additional Fig.  1 
and an Additional Table 1.

Acknowledgements
We thank all the volunteers who participated in the study without any 
financial remuneration, the section of Microbiology, Department of Health 
Promotion Sciences, Maternal and Infant Care, Internal Medicine and Medical 
Specialties “G. D’Alessandro”, University of Palermo, for HBV, HIV and CMV 
screening, and BNITM for antibodies titer evaluation.

Author contributions
A.A., M.E.L., G.A., C.C., and G.C. have made substantial contributions to the 
conception and design of the work.A.A., A.C., M.E.L., G.A., M.S.A., M.P.L.M. have 
made substantial contribution to the acquisition and analysis.A.A., A.C., M.E.L., 
G.A., M.S.A., C.C., M.P.L.M., and G.C. have made substantial contribution to the 
interpretation of data. A.A., A.C., M.E.L., G.A., M.S.A., C.C., N.C., F.D., and G.C. have 
drafted the work or substantively revised it.A.C. prepared all the figures.All 
authors have approved the submitted version (and any substantially modified 
version that involves the author’s contribution to the study) AND have agreed 

https://doi.org/10.1186/s12979-025-00506-y
https://doi.org/10.1186/s12979-025-00506-y


Page 18 of 19Aiello et al. Immunity & Ageing           (2025) 22:13 

both to be personally accountable for the author’s own contributions and 
to ensure that questions related to the accuracy or integrity of any part of 
the work, even ones in which the author was not personally involved, are 
appropriately investigated, resolved, and the resolution documented in the 
literature.

Funding
This work was supported by the European Union’s Horizon 2020 under grant 
agreement No. 848166.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
The protocol study was approved by The Ethics Committee of Palermo 
University Hospital (Improved vaccination strategies for older adults -ISOLDA- 
SEP-210574926, No. 01/2020).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 6 December 2024 / Accepted: 5 March 2025

References
1. Influenza vaccine viruses and reagents [Internet]. 2024. Available from:  h t t p  s : /  

/ w w w  . w  h o .  i n t  / t e a  m s  / g l  o b a  l - i n  fl   u e n  z a -  p r o g  r a  m m e / v a c c i n e s [Accessed June 
5, 2023].

2. European Centre for Disease Prevention and Control [Internet]. Available 
from: https://www.ecdc.europa.eu/ [Accessed November 8, 2023].

3. Demicheli V, Jefferson T, Di Pietrantonj C, et al. Vaccines for preventing influ-
enza in the elderly. Cochrane Database Syst Rev. 2018;2:CD004876.  h t t p  s : /  / d o 
i  . o  r g /  1 0 .  1 0 0 2  / 1  4 6 5 1 8 5 8.

4. Dean AS, Moffatt CRM, Rosewell A, et al. Incompletely matched influenza 
vaccine still provides protection in frail elderly. Vaccine. 2010;28:864–7.  h t t p  s : /  
/ d o i  . o  r g /  1 0 .  1 0 1 6  / j  . v a  c c i  n e . 2  0 0  9 . 0 3 . 0 2 4.

5. Liang C, Hwang S, Lin K, et al. Effectiveness of influenza vaccination 
in the elderly: a population-based case-crossover study. BMJ Open. 
2022;12:e050594.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 3 6  / b  m j o  p e n  - 2 0 2  1 -  0 5 0 5 9 4.

6. Beyer WEP, et al. Cochrane re-arranged: support for policies to vaccinate 
elderly people against influenza. Vaccine. 2013.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . v a  c c 
i  n e . 2  0 1  3 . 0 9 . 0 6 3.

7. Chen L, Shao C, Li J, Zhu F. Impact of Immunosenescence on vaccine 
immune responses and countermeasures. Vaccines. 2024;12(11):1289.  h t t p  s : /  
/ d o i  . o  r g /  1 0 .  3 3 9 0  / v  a c c i n e s 1 2 1 1 1 2 8 9.

8. Aiello A, Farzaneh F, Candore G, et al. Immunosenescence and its hallmarks: 
how to oppose aging strategically?? A review of potential options for thera-
peutic intervention. Front Immunol. 2019;10:2247.  h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 8 9  / fi   
m m u . 2 0 1 9 . 0 2 2 4 7.

9. Serreli G, Deiana M. Extra Virgin Olive oil polyphenols: modulation of cel-
lular pathways related to oxidant species and inflammation in aging. Cells. 
2020;9(2):478.  h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 9 0  / c  e l l s 9 0 2 0 4 7 8.

10. Bucciantini M, Leri M, Nardiello P, Casamenti F, Stefani M. Olive polyphenols: 
antioxidant and Anti-Inflammatory properties. Antioxidants. 2021;10(7):1044.  
h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 9 0  / a  n t i o x 1 0 0 7 1 0 4 4.

11. Pojero F, Aiello A, Gervasi F, et al. Effects of Oleuropein and Hydroxytyrosol 
on inflammatory mediators: consequences on inflammaging. Int J Mol Sci. 
2022;24(1):380.  h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 9 0  / i  j m s 2 4 0 1 0 3 8 0.

12. Castejón ML, Montoya T, Alarcón-De-La-Lastra C, Sánchez-Hidalgo M. Poten-
tial protective role exerted by secoiridoids from Olea europaea L. in cancer, 
cardiovascular, neurodegenerative, Aging-Related, and Immunoinflammatory 
diseases. Antioxidants. 2020;9:149.

13. Hou Y, Chen M, Bian Y, et al. Insights into vaccines for elderly individuals: 
from the impacts of Immunosenescence to delivery strategies. NPJ Vaccines. 
2024;9(1):77.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 3 8  / s  4 1 5 4 1 - 0 2 4 - 0 0 8 7 4 - 4.

14. Ruiz JG, Andrew MK. COVID-19 vaccination and hybrid immunity in older 
adults. Lancet Healthy Longev. 2023;4(8):e364–5.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / S  2 6 
6 6 - 7 5 6 8 ( 2 3 ) 0 0 1 1 2 - 5.

15. Franceschi C, Garagnani P, Parini P, et al. Inflammaging: a new immune-
metabolic viewpoint for age-related diseases. Nat Rev Endocrinol. 
2018;14(10):576–90.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 3 8  / s  4 1 5 7 4 - 0 1 8 - 0 0 5 9 - 4.

16. Pereira B, Xu XN, Akbar AN. Targeting inflammation and Immunosenescence 
to improve vaccine responses in the elderly. Front Immunol. 2020;11:583019.  
h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 8 9  / fi   m m u . 2 0 2 0 . 5 8 3 0 1 9.

17. Jansen JM, Gerlach T, Elbahesh H, et al. Influenza virus-specific CD4 + and 
CD8 + T cell-mediated immunity induced by infection and vaccination. J Clin 
Virol. 2019;119:44–52.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . j c v . 2 0 1 9 . 0 8 . 0 0 9.

18. Allen JC, Toapanta FR, Chen W, Tennant SM. Understanding Immu-
nosenescence and its impact on vaccination of older adults. Vaccine. 
2020;38(52):8264–72.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . v a  c c i  n e . 2  0 2  0 . 1 1 . 0 0 2.

19. Verschoor CP, Belsky DW, Andrew MK, Haynes L, Loeb M, Pawelec G, McEl-
haney JE, Kuchel GA. Advanced biological age is associated with improved 
antibody responses in older high-dose influenza vaccine recipients over four 
consecutive seasons. Immun Ageing. 2022;19(1):39.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 8 6  / s  
1 2 9 7 9 - 0 2 2 - 0 0 2 9 6 - 7.

20. Xiao T, Wei M, Guo X, Zhang Y, Wang Z, Xia X, Qi X, Wang L, Li X, Leng SX. 
Immunogenicity and safety of quadrivalent influenza vaccine among young 
and older adults in Tianjin, China: implication of Immunosenescence as a risk 
factor. Immun Ageing. 2023;20(1):37.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 8 6  / s  1 2 9 7 9 - 0 2 3 - 0 0 3 
6 4 - 6.

21. Tsang TK, Lam KT, Liu Y, et al. Investigation of CD4 and CD8 T cell-medi-
ated protection against influenza A virus in a cohort study. BMC Med. 
2022;20(1):230.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 8 6  / s  1 2 9 1 6 - 0 2 2 - 0 2 4 2 9 - 7.

22. Goodwin K, Viboud C, Simonsen L. Antibody response to influenza vaccina-
tion in the elderly: a quantitative review. Vaccine. 2006;24(8):1159–69.  h t t p  s : /  / 
d o i  . o  r g /  1 0 .  1 0 1 6  / j  . v a  c c i  n e . 2  0 0  5 . 0 8 . 1 0 5.

23. Chambers ES, Akbar AN. Can blocking inflammation enhance immunity dur-
ing aging? J Allergy Clin Immunol. 2020;145(5):1323–31.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 
1 6  / j  . j a c i . 2 0 2 0 . 0 3 . 0 1 6.

24. Woods N, Niwasabutra K, Acevedo R, et al. Natural vaccine adjuvants and 
immunopotentiators derived from plants, fungi, marine organisms, and 
insects. Immunopotentiators Mod Vaccines. 2017;211–29.  h t t p  s : /  / d o i  . o  r g /  1 0 .  
1 0 1 6  / B  9 7 8  - 0 -  1 2 - 8  0 4  0 1 9 - 5 . 0 0 0 1 1 - 6.

25. Zhao T, Cai Y, Jiang Y, et al. Vaccine adjuvants: mechanisms and platforms. 
Signal Transduct Target Ther. 2023;8(1):283.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 3 8  / s  4 1 3 9 2 - 0 
2 3 - 0 1 5 5 7 - 7. Published 2023 Jul 19.

26. Marcelino G, Hiane PA, Freitas KC, et al. Effects of Olive oil and its minor 
components on cardiovascular diseases, inflammation, and gut microbiota. 
Nutrients. 2019;11(8):1826.  h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 9 0  / n  u 1 1 0 8 1 8 2 6.

27. Cuenda A, Rousseau S. p38 MAP-kinases pathway regulation, function and 
role in human diseases. Biochim Biophys Acta. 2007;1773(8):1358–75.  h t t p  s : /  / 
d o i  . o  r g /  1 0 .  1 0 1 6  / j  . b b  a m c  r . 2 0  0 7  . 0 3 . 0 1 0.

28. Singh RK, Diwan M, Dastidar SG, Najmi AK. Differential effect of p38 and MK2 
kinase inhibitors on the inflammatory and toxicity biomarkers in vitro. Hum 
Exp Toxicol. 2018;37(5):521–31.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 7 7  / 0  9 6 0 3 2 7 1 1 7 7 1 5 9 0 1.

29. Vukmanovic-Stejic M, Chambers ES, Suárez-Fariñas M, et al. Enhancement 
of cutaneous immunity during aging by blocking p38 mitogen-activated 
protein (MAP) kinase-induced inflammation. J Allergy Clin Immunol. 
2018;142(3):844–56.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . j a c i . 2 0 1 7 . 1 0 . 0 3 2.

30. Xu L, Yoon H, Zhao MQ et al. Cutting Edge: Pulmonary Immunopathology 
Mediated by Antigen-Specific Expression of TNF-α by Antiviral CD8 + T Cells. J 
Immunol. 2004;173(2):721–725.  h t t p  s : /  / d o i  . o  r g /  1 0 .  4 0 4 9  / j  i m m u n o l . 1 7 3 . 2 . 7 2 1. 
&#915.

31. Tang W, Xie H, Ye Z, et al. Post-vaccination serum cytokines levels correlate 
with breakthrough influenza infections. Sci Rep. 2023;13(1):1174.  h t t p  s : /  / d o i  . o  
r g /  1 0 .  1 0 3 8  / s  4 1 5 9 8 - 0 2 3 - 2 8 2 9 5 - 8.

32. Szabo SJ, Sullivan BM, Peng SL, Glimcher LH. Molecular mechanisms regulat-
ing Th1 immune responses. Annu Rev Immunol. 2003;21:713–58.  h t t p  s : /  / d o i  . 
o  r g /  1 0 .  1 1 4 6  / a  n n u  r e v  . i m m  u n  o l . 2 1 . 1 2 0 6 0 1 . 1 4 0 9 4 2.

33. Dorion S, Lambert H, Landry J. Activation of the p38 signaling pathway by 
heat shock involves the dissociation of glutathione S-transferase mu from 
Ask1. J Biol Chem. 2002;277:30792–7.

https://www.who.int/teams/global-influenza-programme/vaccines
https://www.who.int/teams/global-influenza-programme/vaccines
https://www.ecdc.europa.eu/
https://doi.org/10.1002/14651858
https://doi.org/10.1002/14651858
https://doi.org/10.1016/j.vaccine.2009.03.024
https://doi.org/10.1016/j.vaccine.2009.03.024
https://doi.org/10.1136/bmjopen-2021-050594
https://doi.org/10.1016/j.vaccine.2013.09.063
https://doi.org/10.1016/j.vaccine.2013.09.063
https://doi.org/10.3390/vaccines12111289
https://doi.org/10.3390/vaccines12111289
https://doi.org/10.3389/fimmu.2019.02247
https://doi.org/10.3389/fimmu.2019.02247
https://doi.org/10.3390/cells9020478
https://doi.org/10.3390/antiox10071044
https://doi.org/10.3390/antiox10071044
https://doi.org/10.3390/ijms24010380
https://doi.org/10.1038/s41541-024-00874-4
https://doi.org/10.1016/S2666-7568(23)00112-5
https://doi.org/10.1016/S2666-7568(23)00112-5
https://doi.org/10.1038/s41574-018-0059-4
https://doi.org/10.3389/fimmu.2020.583019
https://doi.org/10.3389/fimmu.2020.583019
https://doi.org/10.1016/j.jcv.2019.08.009
https://doi.org/10.1016/j.vaccine.2020.11.002
https://doi.org/10.1186/s12979-022-00296-7
https://doi.org/10.1186/s12979-022-00296-7
https://doi.org/10.1186/s12979-023-00364-6
https://doi.org/10.1186/s12979-023-00364-6
https://doi.org/10.1186/s12916-022-02429-7
https://doi.org/10.1016/j.vaccine.2005.08.105
https://doi.org/10.1016/j.vaccine.2005.08.105
https://doi.org/10.1016/j.jaci.2020.03.016
https://doi.org/10.1016/j.jaci.2020.03.016
https://doi.org/10.1016/B978-0-12-804019-5.00011-6
https://doi.org/10.1016/B978-0-12-804019-5.00011-6
https://doi.org/10.1038/s41392-023-01557-7
https://doi.org/10.1038/s41392-023-01557-7
https://doi.org/10.3390/nu11081826
https://doi.org/10.1016/j.bbamcr.2007.03.010
https://doi.org/10.1016/j.bbamcr.2007.03.010
https://doi.org/10.1177/0960327117715901
https://doi.org/10.1016/j.jaci.2017.10.032
https://doi.org/10.4049/jimmunol.173.2.721
https://doi.org/10.1038/s41598-023-28295-8
https://doi.org/10.1038/s41598-023-28295-8
https://doi.org/10.1146/annurev.immunol.21.120601.140942
https://doi.org/10.1146/annurev.immunol.21.120601.140942


Page 19 of 19Aiello et al. Immunity & Ageing           (2025) 22:13 

34. Ashraf MI, Ebner M, Wallner C, et al. A p38MAPK/MK2 signaling pathway lead-
ing to redox stress, cell death and ischemia/reperfusion injury. Cell Commun 
Signal. 2014;12:6.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 8 6  / 1  4 7 8 - 8 1 1 X - 1 2 - 6.

35. Sun W, Wang X, Hou C, et al. Oleuropein improves mitochondrial func-
tion to attenuate oxidative stress by activating the Nrf2 pathway in the 
hypothalamic paraventricular nucleus of spontaneously hypertensive rats. 
Neuropharmacology. 2017;113(Pt A):556–66.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . n e  u r o  
p h a r  m .  2 0 1 6 . 1 1 . 0 1 0.

36. Tippalagama R, Chihab LY, Kearns K, et al. Antigen-specificity measure-
ments are the key to Understanding T cell responses. Front Immunol. 
2023;14:1127470.  h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 8 9  / fi   m m u . 2 0 2 3 . 1 1 2 7 4 7 0.

37. Taylor JV, Callery EL, Rowbottom A. Optimisation of SARS-CoV-2 peptide 
stimulation and measurement of cytokine output by intracellular flow 
cytometry and bio-plex analysis. J Immunol Methods. 2023;522:113556.  h t t p  s 
: /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . j i m . 2 0 2 3 . 1 1 3 5 5 6.

38. Foss DV, Muldoon JJ, Nguyen DN, et al. Peptide-mediated delivery of CRISPR 
enzymes for the efficient editing of primary human lymphocytes. Nat 
Biomed Eng. 2023;7(5):647–60.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 3 8  / s  4 1 5 5 1 - 0 2 3 - 0 1 0 3 2 - 2.

39. Bacher P, Rosati E, Esser D, et al. Low-Avidity CD4 + T cell responses to 
SARS-CoV-2 in unexposed individuals and humans with severe COVID-19. 
Immunity. 2020;53(6):1258–e12715.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . i m  m u n  i . 2 0  2 0  . 1 1 
. 0 1 6.

40. Browne DJ, Miller CM, Doolan DL. Technical pitfalls when collecting, 
cryopreserving, thawing, and stimulating human T-cells. Front Immunol. 
2024;15:1382192.  h t t p s :   /  / d o  i .  o r  g  /  1 0  . 3 3   8 9  / fi   m m u . 2  0 2 4 . 1 3 8 2 1 9 2. Published 
2024 May 15.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1186/1478-811X-12-6
https://doi.org/10.1016/j.neuropharm.2016.11.010
https://doi.org/10.1016/j.neuropharm.2016.11.010
https://doi.org/10.3389/fimmu.2023.1127470
https://doi.org/10.1016/j.jim.2023.113556
https://doi.org/10.1016/j.jim.2023.113556
https://doi.org/10.1038/s41551-023-01032-2
https://doi.org/10.1016/j.immuni.2020.11.016
https://doi.org/10.1016/j.immuni.2020.11.016
https://doi.org/10.3389/fimmu.2024.1382192

	Enhancing flu vaccine responses in older adults: preliminary insights from the ISOLDA study on immunosenescence and antioxidant and anti-inflammatory approaches
	Abstract
	Introduction
	Materials and methods
	Cohort description and sampling
	Characterization of humoral immune responses of influenza cohort samples
	PBMCs isolation
	Multiparametric flow cytometry analysis
	Immunophenotype characterization of T cells


	PBMCs stimulation with PepTivator® influenza a peptide pools for T cell activation and surface and intracellular cytokine staining
	Oleuropein extracts
	Influenza a peptide pools

	The ROS and RNS test
	Statistical analysis
	Results


