

  vaccines-12-01289




vaccines-12-01289







Vaccines 2024, 12(11), 1289; doi:10.3390/vaccines12111289




Review



Impact of Immunosenescence on Vaccine Immune Responses and Countermeasures



Li Chen 1,2, Chengwei Shao 1,2, Jingxin Li 1,2,* and Fengcai Zhu 1,2,*





1



School of Public Health, Southeast University, Nanjing 210096, China






2



Jiangsu Provincial Medical Innovation Center, National Health Commission Key Laboratory of Enteric Pathogenic Microbiology, Jiangsu Provincial Center for Disease Control and Prevention, Nanjing 210009, China









*



Correspondence: jingxin42102209@126.com (J.L.); jszfc@vip.sina.com (F.Z.); Tel.: +86-025-8375-9418 (F.Z.)







Citation: Chen, L.; Shao, C.; Li, J.; Zhu, F. Impact of Immunosenescence on Vaccine Immune Responses and Countermeasures. Vaccines 2024, 12, 1289. https://doi.org/10.3390/vaccines12111289



Academic Editor: Martha A. Alexander-Miller



Received: 13 October 2024 / Revised: 11 November 2024 / Accepted: 16 November 2024 / Published: 19 November 2024



Abstract

:

The biological progression of aging encompasses complex physiological processes. As individuals grow older, their physiological functions gradually decline, including compromised immune responses, leading to immunosenescence. Immunosenescence significantly elevates disease susceptibility and severity in older populations while concurrently compromising vaccine-induced immune responses. This comprehensive review aims to elucidate the implications of immunosenescence for vaccine-induced immunity and facilitate the development of optimized vaccination strategies for geriatric populations, with specific focus on COVID-19, influenza, pneumococcal, herpes zoster, and respiratory syncytial virus (RSV) vaccines. This review further elucidates the relationship between immunosenescence and vaccine-induced immunity. This review presents a systematic evaluation of intervention strategies designed to enhance vaccine responses in older populations, encompassing adjuvant utilization, antigen doses, vaccination frequency modification, inflammatory response modulation, and lifestyle interventions, including physical activity and nutritional modifications. These strategies are explored for their potential to improve current vaccine efficacy and inform the development of next-generation vaccines for geriatric populations.
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1. Introduction


The global shift toward an aging population has resulted in a marked proliferation of geriatric disorders, establishing aging as a central focus of contemporary research. Aging is associated with physiological and pathological changes, including a functional decline in multiple tissues and organs, leading to immunosenescence [1]. Immunosenescence, defined as the progressive deterioration of immunological competence throughout the aging process [2], is a hallmark of aging characterized by thymic involution, epigenetic alterations, chronic inflammation, oxidative stress, mitochondrial dysfunction, an imbalance in the naïve-to-memory cell ratio, and dysregulated metabolism [3]. These changes result in attenuated natural killer (NK) cell-mediated cytolysis, compromised dendritic cell function, a diminished pool of virgin lymphocytes, and an expanded population of memory and terminally differentiated lymphocytes, which are particularly pronounced in older populations [4].



Epigenetic alterations play a crucial role in immunosenescence. Over time, significant changes in DNA methylation within immune cells reduce the transcription of genes essential for immune function. For instance, Lim et al. [5] demonstrated that DNA methylation changes serve as robust biomarkers of biological age and correlate strongly with declining immune function. Age-dependent changes in histone acetylation and methylation affect chromatin structure and gene expression, thereby influencing immune cell activation and proliferative capacity [1]. Mitochondrial dysfunction is another key factor in immunosenescence. As primary cellular energy generators, mitochondrial impairment disrupts energy metabolism and elevates oxidative stress. Research has shown that mitochondrial DNA mutations and functional deficits are strongly associated with compromised immune cell functionality [6].



Chronic inflammation is a hallmark of immunosenescence, characterized by persistent low-grade inflammation. Current research shows that elevated levels of pro-inflammatory cytokines, specifically IL-6 and TNF-α, observed in geriatric populations contribute to maintaining chronic inflammation, thereby promoting inflammatory cell activation and migration, which leads to compromised tissue and organ function [7]. Notably, decreased IL-6 levels result in reduced acute-phase protein synthesis, limited T-cell proliferation and activation, and impaired B-cell differentiation into plasma cells, thereby diminishing antibody production [8]. Similarly, reduced TNF levels attenuate the initiation of inflammatory responses, decrease immune cell chemotaxis and recruitment, and impair macrophage phagocytic capacity, potentially increasing susceptibility to infections [9]. Additionally, research has shown that age-associated aberrant immune cell activation exacerbates inflammatory responses [10]. Immune cells, particularly macrophages and neutrophils, may remain persistently activated, releasing increased inflammatory mediators and further amplifying inflammation. Immunosenescence induces a range of metabolic and functional abnormalities in neutrophils, including decreased phagocytic capacity, impaired adhesion and chemotaxis, increased apoptosis, and reduced Toll-like receptor function [11]. Research indicates that neutrophil chemotaxis diminishes with age, resulting in reduced directional migration toward stimuli, including vaccine injection sites [12]. Comparative analyses reveal that patients over 60 years old show significantly reduced neutrophil migration accuracy during severe pulmonary infections compared to those under 35 [13]. Senescence-associated alterations in macrophage functionality encompass various domains, including diminished phagocytic capacity and impaired regulation of the transition between M1 (pro-inflammatory) and M2 (anti-inflammatory) activation states [14]. Consequently, age-associated macrophage dysfunction impairs the resolution of inflammation, further compromising the capacity of other immune cells to mount effective responses against infections or generate protective immunity following vaccination.



During immunosenescence, immune cell dysfunction, particularly the impairment of T and B lymphocytes, is a critical determinant. Aging T cells exhibit features such as diminished proliferative capacity, reduced cytotoxicity, and decreased cytokine secretion. Wherry et al. [15] have shown that T cell exhaustion originates primarily from alterations in antigen recognition-induced signal cascades and diminished synthesis of costimulatory molecules. Experimental evidence indicates that this immunological decline is significantly associated with reduced B-cell genesis and substantial impairment of memory B-cell function [16].



Immunosenescence is a complex, multifaceted process driven by diverse molecular mechanisms. Compared with younger individuals, older adults experience progressive declines in organ function and immune competence, increasing their susceptibility to infectious diseases. This increased susceptibility exacerbates pre-existing conditions, often resulting in severe cases and significantly reducing the functional independence of older adults. Therefore, preventing infectious diseases is essential for maintaining geriatric physiological homeostasis and reducing the associated societal and economic burdens.



In the context of SARS-CoV-2 infection, the geriatric population demonstrates markedly elevated susceptibility and case-fatality rates. Individuals aged 60 and above, particularly those with underlying comorbidities, exhibit a heightened propensity for critical SARS-CoV-2 manifestations, with over 80% of virus-associated mortality occurring in those in advanced geriatric older individuals [17]. The COVID-19 vaccination has been shown to significantly mitigate these risks [18]. Moreover, the geriatric population demonstrates elevated susceptibility to various pathogens, including influenza, pneumococcal disease, herpes zoster (HZ), and respiratory syncytial virus (RSV), all of which impose a substantial disease burden on this population. Influenza-associated case fatality rates demonstrate a positive correlation with advancing chronological age. Iuliano et al. reported that annual global influenza-associated respiratory deaths range from 2.9 × 10⁵ to 6.5 × 10⁵, with peak case fatality indices documented among the advanced septuagenarian demographic [19]. In 2022–2023, influenza mortality rates among individuals in the U.S. geriatric population exceeding 65 years demonstrated more than three times higher than those in other age groups, with 26.6 deaths per 100,000 people, accounting for 72% of total influenza-related deaths, demonstrating the heightened vulnerability of this age group to influenza [20]. Although RSV infection mortality rates are lower than those of influenza, it remains a significant health threat for older adults, particularly those over 80, resulting in 60,000 to 160,000 annual hospitalizations within the U.S. geriatric demographic exceeding age 65 [21]. Furthermore, immunosenescence-associated alterations elevate the susceptibility to pneumococcal infection in older adults [22], with pneumococcal disease mortality rates positively correlated with age in adults over 50 [23]. Vaccination is a crucial medical intervention for preventing infections, hospitalizations, and related complications. It effectively reduces mortality, enhances public health outcomes, and is highly cost-effective.



Currently, most countries recommend annual influenza and pneumococcal vaccinations for the geriatric population exceeding age 65. Additionally, this demographic constitutes a key target cohort for SARS-CoV-2 and herpes zoster vaccinations. In 2023, a significant milestone in vaccinology was reached with the approval of the inaugural RSV immunization formulated for the geriatric aged 60 and older, aimed at mitigating RSV-induced lower respiratory tract disease. This analysis investigates how age-related immune system deterioration modulates vaccination-elicited immunological responses to COVID-19, influenza, pneumococcal, herpes zoster, and RSV vaccines in older adults. This review systematically examines how aging affects immune responses to these vaccines, which are widely administered in this population. It also explores strategies and interventions aimed at enhancing immune responses and improving vaccine efficacy in older adults, providing insights for both optimizing responses to existing vaccines and developing new vaccines or vaccination strategies.




2. The Impact of Immunosenescence on Vaccine Immune Responses


2.1. COVID-19 Vaccines


Current immunoprophylactic agents targeting SARS-CoV-2 comprise inactivated, live attenuated, viral vector, protein subunit, nucleic acid, and virus-like particle (VLP) formulations [24]. The comparison between the vaccines is shown in Table 1. A long-term immunological response assessment of the CoronaVac inactivated vaccine involving 12,396 participants revealed that following vaccination, soluble immune mediators, including IL-6, TNF-α/β, MIP-β, and IFN-γ, showed a negative correlation with increasing age, likely associated with immunosenescence but independent of the heightened chronic inflammatory state commonly observed in older individuals [25]. Older adults achieved significant levels of binding immunoglobulins specific to the wild-type (WT) strain and its emerging mutants of concern (VOCs) later than younger individuals, and the antibody levels remained consistently lower and declined more rapidly. This may be related to the reduced frequency and responsiveness of antigen-inexperienced lymphocytes among older adults [25]. Studies on BBIBP-CorV support these findings, showing that individuals over 60 exhibited lower antibody levels and delayed antibody production kinetics [26]. Despite age-related declines in immune function, the whole virion β-propiolactone inactivated vaccine CoviVac (produced by Chumakov FSC R&D IBP RAS) demonstrated a seroconversion rate exceeding 85% in both the 18–60 age group and those over 60. The humoral immune response in individuals aged over 60 did not show significant attenuation, with comparable seroconversion rates between age groups (z = 5.180, p < 0.001) [27], potentially influenced by the relatively small sample size.



Neutralizing antibody titers and T-cell responses to mRNA vaccines also show a significant age-related decline. Research on BNT162b2 found that participants’ age was negatively correlated with both S glycoprotein-specific antibodies and neutralizing antibody responses [28], with neutralizing antibody titers having a lower age-dependent decline across the adult age spectrum [29]. Two weeks following completion of the second dose of the BNT162b2 vaccine, 19% of older participants (median age 76 years) had neutralizing antibody titers near the lower limit of detection, compared to only 1.4% in the younger group (median age 48) [30]. Demaret et al. compared older participants (mean age 86) with younger participants (mean age 44) at the two-month post-completion timepoint of their BNT162b2 vaccination regimen, finding that the neutralizing antibody titers in the older group decreased tenfold, accompanied by a marked reduction in spike-reactive T-cell responses [31]. Scola et al. similarly observed that older adults (mean age 86) had significantly lower neutralizing antibody titers than younger adults at both early-term (day 31) and intermediate-term (day 105) after the second dose of BNT162b2 [32]. Further studies on T-cell responses showed that IFN-γ and IL-2 were negatively covariances relative to age (r = -0.49) [33]. These studies consistently indicate that antibody levels induced by the BNT162b2 vaccine are lower in older adults. The SYS6006 mRNA vaccine supports this finding, with geometric mean titers (GMTs) of wild-type (WT) neutralizing antibodies of 232.1 and 130.6 in the adult 20 µg and 30 µg groups, respectively, while the older adults group had GMTs of 48.7 and 66.7 [34]. Additionally, studies on other mRNA vaccines have indicated that advanced age is associated with lower antibody levels and T cell responses, with the frequencies of CD4+ and CD8+ T cells producing spike-specific IL-2, IFN-γ, and IgG negatively correlated with age, likely due to reduced frequencies of naïve T cells in older adults [35].



A real-world multicenter longitudinal study found that both mRNA vaccines (BNT162b2, mRNA-1273) and vector vaccines (Vaxzevria, Ad26. COV2-S) exhibited lower antibody levels in older adults, with significantly lower anti-trimeric spike IgG levels and neutralizing antibody titers compared to younger adults [29]. Research has shown that although age affects both antibody levels and T-cell-mediated immunity elicited through the Vaxzevria vaccine, booster doses can achieve comparable protective effects across all age groups [36]. Age was identified as a negative factor in immune responses to the adenovirus type 5 (Ad5) vector COVID-19 vaccine, with participants aged 55 and above exhibiting significantly lower antibody responses compared to younger participants, as evidenced by reduced RBD-specific ELISA antibodies (p = 0.0018), live virus neutralizing antibodies (p < 0.0001), and pseudovirus neutralizing antibodies (p = 0.046) [37]. Studies also indicate that age influences the immunological profile following Ad26.COV2.S administration. Older individuals (≥65 years) demonstrate slower initial antibody production compared to younger adults (18–55 years), potentially due to reduced germinal center reactions or impaired innate immune responses. Despite slower immune response kinetics in older individuals, booster immunization after three months achieves antibody titers comparable to those in younger adults, indicating effective immunological memory [38].



Age, along with other factors, can influence the immune response to COVID-19 vaccines. Following the administration of a 2-dose COVID-19 mRNA vaccine (BNT162b2 or mRNA-1273), older adults exhibited significantly reduced antibody binding and neutralizing activity, with poorer durability compared to younger adults at 1, 3, and 6 months post-vaccination. One month after one month of a third dose, older adults achieved comparable levels of antibody binding, ACE2 competition, and live virus neutralization to those of younger adults [39]. Further studies on Omicron breakthrough infections revealed that both older and younger adults exhibited similar levels of WT and Omicron-BA.1 neutralizing antibody magnitude and persistence following mRNA vaccine booster immunization [40]. Interestingly, older adults who had not been previously infected with COVID-19 showed a more rapid decline in BA.1-specific neutralizing activity, with 96% unable to detect BA.1 neutralizing antibodies six months later, compared to 56% of younger individuals. However, both age cohorts exhibited comparable intensities of humoral responses between older and young adults in a mixed immune state [40]. These findings are consistent with other studies on mixed immunity [41].



Overall, the immune response levels in older adults following COVID-19 vaccination are inferior to those in younger individuals. This disparity is primarily attributed to alterations in gene expression patterns in immune cells, reduced diversity and magnitude of the immune receptor repertoire, and impaired antigen-specific clonal expansion capacity following vaccination [42]. Naïve B-cell secretion capacity is markedly age-dependent deterioration [43], and the quantity of circulating naïve B-cells exhibits robust predictive value for post-vaccination antibody levels following COVID-19 immunization [44]. Comparative analysis of CD8+ TCR repertoire dynamics revealed age-associated disparities in SARS-CoV-2 epitope recognition, with elderly cohorts demonstrating diminished clonal diversity and attenuated post-vaccination proliferative responses relative to their younger counterparts [45]. This further elucidates the reasons why age impacts immune responses from the perspective of T-cell responses, although more specific underlying mechanisms still require further investigation.





 





Table 1. Age-Related Immunological Response Characteristics Among Different COVID-19 Vaccine Platforms.
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Vaccine Type

	
Specific Product

	
Age-Related Immunological Response Characteristics

	
References






	
Inactivated Vaccines

	
CoronaVac

	
Inflammatory markers (IL-6, TNF-α/β, MIP-β, and IFN-γ) negatively correlate across the aging spectrum.

Older individuals show delayed antibody responses, lower antibody titers, and faster decline compared to younger adults.

	
[25]




	
BBIBP-CorV

	
Lower antibody titers were observed in individuals > 60 years.

Advanced age correlates with slower antibody production rates.

	
[26]




	
CoviVac

	
No significant age-related differences were observed; seroconversion rates > 85% in both 18–60 and >60 age groups.

	
[27]




	
mRNA Vaccines

	
BNT162b2

	
Negative correlation between age and spike protein-binding antibodies and neutralizing antibodies.

Older group (86 years) showed a 10-fold decrease in neutralizing antibody titers.

IFN-γ and IL-2 negatively correlated with age (r = −0.49).

	
[30,31,32,33]




	
SYS6006

	
Significantly lower GMTs in the older group compared to adults: younger group: 232.1 (20 µg), 130.6 (30 µg); older group: 48.7 (20 µg), 66.7 (30 µg).

	
[34]




	
Viral Vector Vaccines

	
Ad5-vectored vaccine

	
Subjects ≥ 55 years showed significantly lower responses compared to younger subjects: RBD-specific ELISA antibodies (p = 0.0018), live virus-neutralizing antibodies (p < 0.0001), pseudovirus-neutralizing antibodies (p = 0.046).

	
[37]




	
Ad26.COV2.S

	
Subjects ≥ 65 years demonstrated slower initial antibody production; after a booster dose at 3 months, they achieved comparable levels to younger adults.

	
[38]










2.2. Influenza Vaccines


Annual immunization with seasonal influenza vaccines remains paramount among effective strategies for conferring protection against influenza while attenuating the incidence of moderate to severe illness and hospitalizations and inhibiting viral transmission. The current spectrum of approved influenza vaccines encompasses inactivated, recombinant, and live attenuated vaccines, which incorporate antigens derived from H1N1, H3N2, and two distinct influenza B virus strains. These vaccines predominantly elicit antibody-mediated recognition of envelope-associated glycoprotein determinants, specifically hemagglutinin (HA) and neuraminidase (NA) [46]. However, the substantial antigenic variability exhibited by these surface proteins results in vaccine effectiveness rates consistently remaining below 60% [47]. Vaccine-induced protective immunity against influenza has demonstrated age-stratified efficacy, achieving 70–90% protection in immunocompetent adults while diminishing to 30–50% in elderly populations (≥65 years) [48]. Both inactivated and recombinant influenza vaccines demonstrate limited efficacy in generating robust immune responses among individuals aged 65 and older and immunocompromised populations—demographic groups that paradoxically exhibit heightened susceptibility to seasonal and emerging influenza virus infections [19]. Although live attenuated vaccines demonstrate the capacity to induce strong, long-lasting cell-mediated and humoral immune responses, persistent concerns regarding their biological safety continue to present substantial challenges [49].



Contemporary influenza vaccines predominantly incorporate four distinct viral strains characterized as quadrivalent formulations. Initial investigations examining innate immune responses in monocyte populations following trivalent inactivated influenza vaccine (TIV) in young adults (aged 21–30) and geriatric subjects (≥65 years) revealed that older participants manifested reduced IL-6 and TNF-α expression coupled with elevated IL-10 expression post-vaccination, relative to their younger participants [50]. IL-10 exerts anti-inflammatory effects in monocytes, and its elevation may suppress IL-6 and TNF-α production, contributing to the diminished immune response to influenza vaccination observed in older adults [51]. Compared to TIV, the quadrivalent influenza vaccine (QIV), which includes an additional B strain, offers broader protection. A study conducted in India comparing the immune responses to QIV in age cohort (18–60 years) and elderly population (≥61 years) showed that younger adults had higher seroprotection rates, slightly higher seroconversion rates, and GMTs of hemagglutination inhibition (HI) and neutralizing antibodies after vaccination than older adults [52]. Similarly, a study from China on QIV reported that older adults (≥65 years) had lower GMTs for H1N1, H3N2, B/Victoria, and B/Yamagata strains compared to younger adults (<65 years), although seroconversion rates were similar. Statistical analyses revealed an inverse age-dependent relationship in post-vaccination hemagglutination inhibition antibody levels across multiple strains: H1N1 (p < 0.0001), B/Victoria (p = 0.0037), and B/Yamagata (p < 0.0001) [53]. These findings collectively indicate that younger adults consistently demonstrate an immune response to influenza vaccination compared to their geriatric participants. Increasing the antigen dose is one strategy for enhancing the immunogenicity and effectiveness of influenza vaccines in older populations [54]. Notably, clinical evaluations of high-dose influenza vaccines in individuals exceeding 75 years have H1N1 titers across the age spectrum [55].



Recent years have witnessed substantial advancements in the development of universal nucleic acid influenza vaccines. Recent data from the clinical evaluation of the messenger RNA-based seasonal influenza vaccine candidate (mRNA-1010) demonstrated that mRNA-1010 consistently generated superior functional antibody responses against influenza A strains across all dosage levels and age groups compared to standard-dose QIV (Afluria) while maintaining comparable responses to influenza B strains. The GMTs ratios of anti-HI antibodies across all viral strains among participants spanning age cohorts 18–49, 50–64, and ≥65 years [56]. The observed GMT ratios comparing mRNA-1010 to Afluria demonstrated concordance with findings from clinical trials evaluating enhanced influenza vaccines against standard-dose formulations in geriatric populations [57]. This could be attributed to the inherent immunogenic and adjuvant properties of mRNA, which stimulate innate immunity and promote cytokine production, ultimately augmenting and enhancing both cellular and humoral immune responses [58].




2.3. Pneumococcal Vaccines


While severe pneumococcal disease manifests across all age groups, mortality rates associated with pneumococcal infections demonstrate a progressive age-dependent increase in adults exceeding 50 years [23]. Geriatric populations (≥65 years) and individuals with underlying comorbidities or immunocompromised conditions exhibit substantially elevated susceptibility to pneumococcal disease and associated complications [59]. In 2015, the Advisory Committee on Immunization Practices (ACIP) issued guidance recommending dual immunization with both the 23-valent pneumococcal polysaccharide vaccine (PPV23; Pneumovax 23) and the 13-valent pneumococcal conjugate vaccine (PCV13; Prevnar 13) for the geriatric population aged ≥65 years. Studies have shown that PCV13 is more effective than PPV23, likely because polysaccharide vaccines elicit T-cell-independent antibody responses, whereas conjugate vaccines induce T-cell-dependent responses to the serotypes contained in the vaccine [59]. In 2021, the approval of additional conjugate vaccines, PCV15 (Vaxneuvance) and PCV20 (Prevnar 20), aimed to expand serotype coverage and simplify pneumococcal immunization for adults [60]. Additionally, higher-valency conjugate vaccines, such as PCV21 (Merck & Co., Kenilworth, NJ, USA), currently under clinical investigation, offer new avenues for preventing pneumococcal infections in older adults [61].



PPSV23, PCV13, PCV15, and PCV20 vaccines induce strong serological responses in most older adults; however, immune responsiveness gradually declines with age. Both PPSV23 (R = −0.47, p = 0.047) and PCV13 (R = −0.7, p = 0.0026) showed significant age-related reductions in response, with individuals over 70 demonstrating weaker transcriptional responses compared to those aged 65–70. These transcriptional responses are characterized by the upregulation of genes associated with T-cell activation and differentiation, NK cell signaling, and cytokine activity [62]. After PCV13 vaccination, pneumococcal serotype-specific IgG concentrations in older adults were significantly lower at 28 days post-vaccination, especially for certain serotypes (serotype 1: p = 0.008, serotype 4: p < 0.0001, serotype 6A: p = 0.007, serotype 6B: p = 0.0002, serotype 23F: p = 0.0001), and the number of responsive serotypes decreased with age [63]. Similar findings were observed in a study involving healthy adults over 50 years, where older participants (65–74 years and ≥75 years) exhibited lower serotype-specific opsonophagocytic activity (OPA) geometric mean titers compared to younger participants (50–64 years) following PCV13 and PCV15 vaccination [64]. PCV20 showed a similar trend, with higher OPA geometric mean titers in younger participants [65]. However, a Phase 1 study of the new PCV21 vaccine reported no significant age-related differences in functional antibody responses, as the serotype-specific OPA geometric mean titers were similar between participants aged 20–64 years and those over 65 [61]. The lack of observed age differences may be due to the small sample size, and further large-scale studies are needed to explore the relationship between age and immune responses to PCV21.




2.4. Herpes Zoster Vaccines


The reactivation of latent varicella zoster virus (VZV) manifests as herpes zoster, characterized by painful vesicular skin eruptions and associated with potentially debilitating sequelae. Vaccination remains the most effective preventive intervention against HZ (herpes zoster) and its associated complications. Currently, two distinct vaccine formulations have secured regulatory approval for geriatric immunization: a live-attenuated zoster vaccine (ZVL) developed from concentrated pediatric varicella vaccine and an advanced novel dual-administration recombinant zoster vaccine incorporating AS01B-adjuvanted glycoprotein E antigen (RZV, Shingrix). The comparison between the two vaccines is shown in Table 2.



Studies have shown that the efficacy of the ZVL vaccine decreases with increasing age of the recipients. The protective efficacy of ZVL against herpes zoster is 69.8% in subjects aged 50–60, 65.5% in those over 60 years old, and 55.4% in individuals over 70 [66,67]. In long-term efficacy studies lasting up to eight years, the overall protection declined to between 4.1% [68] and 32.8% [69]. Consistent with its efficacy, the immunogenicity of ZVL is also negatively correlated with age. Six weeks after ZVL vaccination, subjects exhibited a significant increase in VZV-specific cell-mediated immunity (INF-γ and responder cell frequency) and VZV antibodies, with a stronger VZV-specific immune response observed in the 60–69 age group compared to those aged ≥70 [70]. Another study also demonstrated an increase in VZV-specific Th1 and cytotoxic T lymphocyte cell (CTL) responses across all age groups following ZVL vaccination. However, with each decade of age, the immune response significantly decreased, with older adults showing more exhaustion and senescence markers in VZV-specific CTL compared to younger adults [71].



The efficacy and durability of RZV are significantly higher than those of ZVL. RZV provides over 90% protection in preventing both acute zoster episodes and subsequent PHN manifestations throughout the age spectrum, including individuals aged 80 and above [72], with its effectiveness remaining above 83% for up to eight years post-vaccination [73]. Consequently, RZV has been recommended as the sole or preferred zoster vaccine in many countries. Preliminary immunological analyses of RZV demonstrated consistent immunogenicity across age cohorts (50–59, 60–69, and ≥70 years), with T-cell-mediated and humoral responses remaining comparable after the two-dose series [74]. However, subsequent research confirmed that the persistence of vaccine-elicited adaptive immune responses to RZV is influenced by the age at vaccination. Several studies have demonstrated a decline in the proportion of gE-specific antibody and CD4+ T cell responders with increasing age (≥70 years), although these immune responses remained significantly above baseline [75,76,77]. Advanced age negatively impacted both the levels and avidity of gE-specific antibodies two years after RZV vaccination, with individuals aged ≥70 having lower gE-specific levels at 24 and 60 months compared to those aged 50–59 [76]. Longitudinal analysis throughout a three-year post-vaccination surveillance period revealed cell-mediated immune responses in subjects aged ≥70 compared to the 50–69 age cohort, accompanied by a general reduction in CD4+ T-cell frequencies [78]. RZV elicited superior antibody responses and avidity profiles compared to ZVL, demonstrating sustained elevation of gE-specific and anti-gp antibody levels throughout a five-year post-vaccination period. Unlike ZVL, studies of RZV have not observed an age-related impact on the kinetics of gE-specific Th1 responses [75,77].





 





Table 2. Comparative Analysis of Two Herpes Zoster Prophylactic Modalities: Live Attenuated (ZVL) versus Subunit Vaccine (RZV).






Table 2. Comparative Analysis of Two Herpes Zoster Prophylactic Modalities: Live Attenuated (ZVL) versus Subunit Vaccine (RZV).





	
Characteristics

	
ZVL

	
RZV






	
Vaccine Efficacy % (95% CI)




	
50–59 years

	
69.8 (54.1–80.6) [67]

	
96.6 (89.6–99.3) [72]




	
60–69 years

	
65.5 (51.5–75.5) [66]

	
97.4 (90.1–99.7) [72]




	
≥70 years

	
55.4 (39.9–66.9) [66]

	
97.9 (87.9–100.0) [72]




	
Long-term Efficacy% (95% CI)




	
Year 1

	
68.7 (66.3–70.9) [68] or 67.5 (65.4–69.5) [69]

	
97.7 (93.1–99.5) [73]




	
Year 2

	
47.2 (44.1–50.1) [69]

	
92.7 (86.2–96.6) [73]




	
Year 3

	
39.1 (33.8–43.9) [68]

	
92.4 (85.0–96.6) [73]




	
Year 6

	
32.9 (23.1–41.5) [68]

	
84.9 (70.4–93.1) [73]




	
Year 7

	
16.5 (1.4–29.3) [68]

	
85.3 (71.3–93.3) [73]




	
Year 8

	
4.2 (−24.0 to 25.9) [68] or 31.8 (15.1–45.2) [69]

	
84.1 (64.4–94.0) [73]




	
Age Effect on Immune Response

	

	
VZV-specific cell-mediated immunity decreases with age, significantly lower in ≥70 years compared to 60–69 years (p < 0.001) [70].



	
Advanced age correlates with lower peak VZV-specific Th1 cells (p < 0.0001) [71].



	
VZV-specific Th1 and cytotoxic T cell (CTL) responses decline with increasing age [71].






	

	
Anti-gE antibody and anti-gE CD4+ T-cell positive response rates decrease with age [75,76,77].



	
Anti-gE levels at 2 and 5 years were lower in subjects ≥ 70 years compared to 50–59 years [76].



	
Cell-mediated immune response rates and CD4+ T-cell frequencies at months 12, 24, and 36 post-dose 2 were lower in subjects ≥ 70 years compared to 50–69 years [78].



	
No age effect on gE-specific Th1 response kinetics observed in RZV studies [75,77].













CI = Confidence Interval. The pattern of decline in long-term protection is similar across age groups.












2.5. Respiratory Syncytial Virus Vaccines


Respiratory system diseases caused by RSV infection are widely recognized as a significant public health issue in both infants and older adults. In high-income countries, individuals aged 60 years and older face a considerable burden of RSV-related illness, underscoring the need for effective prevention in this population [79]. Currently, two RSVPreF3 OA vaccines (Abrysvo, Pfizer and Arexvy, GSK) have been approved for use in older adults. Recently, a third vaccine, mRNA-1345 (Moderna), received approval in the United States for older use [80]. Abrysvo contains RSVPreF3 from both RSV-A and RSV-B, while Arexvy is a monovalent vaccine containing RSVPreF3 from RSV-A only but includes an adjuvant (AS01E) to enhance immunogenicity.



Currently approved RSV vaccines demonstrate significant protective efficacy in older populations. Abrysvo demonstrates protective efficacy against RSV-induced bronchopulmonary manifestations in elderly populations, showing 66.7% effectiveness (with ≥2 symptoms) and 85.7% effectiveness (with ≥3 symptoms), with comparable efficacy across different age groups (60–69, 70–79, ≥80 years) and high-risk populations [81]. Arexvy, enhanced with the AS01E adjuvant, exhibits exceptional efficacy against RSV-induced lower respiratory tract disease, achieving 82.6% effectiveness in the first RSV season and maintaining 67.2% protective efficacy through the second season [82]. The Arexvy vaccine demonstrates robust protection across both 60–69 and 70–79 age groups (>80%), with notably high vaccine efficacy of 93.8% observed in the 70–79 age group, indicating strong protective effects even in older age cohorts [82]. These data indicate that both vaccines provide effective RSV prevention options for older populations; however, the declining protective efficacy observed with Arexvy over time suggests the need for further research into optimal immunization strategies.



Clinical evaluation of the Abrysvo RSVpreF vaccine demonstrated that geriatric recipients (≥65 years) mounted robust immune responses comparable to younger cohorts. The immunogenicity results from the first human clinical trials of Abrysvo showed a significant increase in neutralizing antibodies targeting both viral subtypes, along with a marked rise in specific IgG titers [83]. Immunological responses were comparable between younger and older participants [84]. Subsequent studies confirmed these findings, showing that individuals aged 75 years and above had immunogenicity results consistent with the overall population [85]. Comparable vaccine-induced immunological outcomes were observed across geriatric cohorts following the administration of the Arexvy RSVPreF3 vaccine. Research demonstrated that GMTs significantly increased one-month post-vaccination in all age groups (60–69 years, 70–79 years, and ≥80 years). While humoral immune responses specific to both viral strains demonstrated slightly weaker in individuals aged ≥70 years, the 95% confidence intervals across groups overlapped, and immune responses converged over time [86]. Comparative analysis revealed elevated GMTs in the 50–59 age cohort relative to subjects aged ≥60 years, although this difference did not achieve statistical significance [87]. Two studies on the Arexvy RSVPreF3 vaccine also did not find age-related differences in cellular immune responses, suggesting similar CD4+ T cell response magnitude and kinetics across all age groups, with no evidence of RSVPreF3-specific CD8+ T cell responses [86,87]. Similarly, immunogenicity results for mRNA-1345 did not indicate an age-related effect on immune responses post-vaccination. One month after vaccination, the geometric mean fold rises (GMFR) in neutralizing antibodies for RSV-A and RSV-B ranged from 12.1 to 16.6 and 8.7 to 12.6, respectively. By six months, the GMFR had decreased but remained at a minimum level of 4.1, with a similar trend observed in PreF-binding antibodies. These findings were comparable to those measured in younger adults [88]. Other vaccines that have not yet received approval, such as MVA-BN-RSV [89], mRNA-1777 (V171) [90], and Ad26.RSV.preF [91], similarly exhibited age-independent profiles in vaccine-induced humoral and cellular immunogenicity. These consistent immune responses across age groups further support the conclusion that age has a limited impact on the immunogenicity of RSV vaccines mRNA-1777 (V171) [90] and Ad26.RSV.preF [91].




2.6. Other Vaccines


Immunosenescence is a key factor affecting vaccine efficacy, with advancing age generally characterized by attenuated vaccine-induced immunological responses. This decline manifests in several ways, including delayed antibody production, reduced antibody titers, and impaired T-cell-mediated immune responses. Multiple studies have confirmed that these age-related changes in immune response are evident across various vaccine types.



Regarding viral vaccines, studies of the Japanese encephalitis virus (JEV) vaccine demonstrate significant immunological deficits in older populations compared to younger individuals. Research shows that approximately 50% of individuals over 60 years failed to achieve protective antibody levels, compared to only 15% in younger populations [92]. Further analysis of JEV-specific memory T-cell function on day 35 post-vaccination revealed significantly lower production of key effector cytokines IFN-γ and IL-10 in older groups compared to younger cohorts, while IL-2 responses remained similar between age groups, indicating age-related alterations in memory T-cell vaccine responses. Studies of the hepatitis B vaccine further confirm age-related effects on vaccine immune responses. With advancing age, post-vaccination seroconversion rates progressively decline, accompanied by significantly reduced HBsAb titers [93]. Regarding cellular immunity, older subjects demonstrate markedly reduced T-cell-mediated immune responses, including diminished cell proliferation and cytokine production. Specifically, adolescents show >10% higher proportions of IFN-γ, TNF-α, IL-5, IL-4, and IL-2 secretion compared to older individuals [93]. This attenuated immune response may be attributed to immunosenescence-related factors, including thymic involution, impaired T-cell generation and differentiation, and decreased antibody production capacity [94].



Regarding bacterial vaccines, pertussis vaccine studies demonstrate a clear negative correlation between immune response and age. Comparison of immune responses across different age groups (children 7–10 years, adolescents 11–15 years, young adults 20–34 years, and older 60–70 years) revealed the lowest memory B-cell activation levels in older populations [95]. Additionally, tick-borne encephalitis virus (TBEV) vaccine studies confirmed the negative impact of age on anti-TBEV IgG responses [96]. In conclusion, immunosenescence leads to a comprehensive decline in vaccine immune responses through its effects on multiple immune system components. The compromised vaccine efficacy results from functional deficits in both the innate and adaptive immune systems, warranting further investigation into this complex immunoregulatory network and its relationship with aging.





3. Strategies to Enhance Immune Responses in Older Adults


3.1. Adjuvants


Immunosenescence increases the susceptibility of older adults to various infections and exacerbates their severity while also significantly reducing vaccine immunogenicity and efficacy. Immunological adjuvants serve as critical modulators to augment vaccine efficacy in elderly individuals. For example, the FDA-approved adjuvants MF59 and AS03 are widely used in influenza vaccines. MF59 and AS03 are both classic oil-in-water emulsion adjuvants. MF59 adjuvant has demonstrated potential in eliciting robust IgG and cell-mediated immune responses [97]. MF59 adjuvant exhibits dual functionality in antigen delivery and immune stimulation, capable of promoting immune cell (including monocytes, macrophages, and dendritic cells) release of multiple chemokines (CCL4, CCL2, CCL5, and CXCL8), enhancing immune cell recruitment and antigen uptake, facilitating antigen presentation, and subsequently triggering adaptive immune responses [98]. MF59 primarily boosts humoral immune responses, significantly increasing anti-HA IgG titers and seroconversion rates in older adults [99,100]. In a randomized trial involving individuals aged 75 and above, those who received an influenza subunit vaccine with MF59 had significantly higher seroprotection and seroconversion rates compared to those who received a non-adjuvanted vaccine [101]. Additionally, AS03, a squalene-based adjuvant system employed in influenza vaccine development, has been shown to produce enhanced serological responses in older adults compared to whole-virus vaccines [102]. AS03 adjuvant exhibits similar immunopotentiating effects to MF59, with its mechanism incorporating immunoenhancing components such as α-tocopherol. α-tocopherol modulates the expression of various immune signaling molecules, including chemokines CCL2, CCL3, CXCL1, and cytokines such as IL-6. These immunomodulatory molecules not only facilitate antigen-presenting cell (APC)-mediated antigen acquisition but also increase local inflammatory cell infiltration and draining lymph node activity, thereby prolonging antibody persistence [103,104]. Furthermore, Advax adjuvant has also demonstrated a positive impact on influenza-specific IgM responses, as well as seropositivity against H3N2 and B strains [105].



In studies of RSV vaccines, the adjuvant AS01B was found to enhance immune responses in older adults through expanded populations of functionally active APCs, thereby improving the efficiency of gE antigen presentation [76,78]. Participants receiving the AS01B-adjuvanted RSV vaccine showed CD4+ T-cell responses that were five times higher than those in the non-adjuvanted group. In contrast, cellular and antibody responses in the non-adjuvanted group decreased significantly with age, further demonstrating the crucial role of adjuvants in overcoming immunosenescence [74]. The development of new adjuvants is also progressing. Ganoderma lucidum spore polysaccharide, used as an adjuvant in influenza vaccines for immunized mice, significantly enhanced antibody levels. Compared to the vaccine-only group, the polysaccharide-adjuvanted group showed a marked increase in hemagglutination inhibition antibody titers within 14 days after the second immunization. This adjuvant also promoted the proliferation of T and B lymphocytes, increased CD4+ and CD25+ T-cell levels, reduced CD8+ T-cell proportions, and enhanced the expression of MHCII, CD86+, and CD80+ molecules on dendritic cells while promoting the secretion of cytokines such as IL-4 and TNF-α [106]. Novel lipid nanoparticle (LNP) adjuvant systems demonstrate superior delivery efficiency and immunogenicity in mRNA vaccines [107]. Novel adjuvant combinations based on Toll-like Receptors (TLR) ligands (such as the synergistic effect of TLR7/8 and TLR4 agonists) demonstrate enhanced immune response effects [108]. Artificial intelligence-based adjuvant screening platforms have accelerated the discovery of novel adjuvants, providing new approaches for developing personalized adjuvant strategies targeted to specific populations [109].



Vaccine adjuvants primarily exert their immunoenhancing effects through the engagement of innate immune pattern recognition receptors (PRRs). This mechanism exhibits some non-specificity, as PRRs typically recognize a broad range of pathogen- and danger-associated molecular signatures (PAMPs and DAMPs) [110]. Although different types of adjuvants may tend to induce specific types of immune responses (for example, aluminum adjuvants bias toward Th2 responses, while nucleic acid adjuvants like CpG oligonucleotides favor Th1 responses), they typically activate multiple immune cell subsets and signaling pathways simultaneously [111]. This broad immune activation may trigger the production of inflammatory mediators (such as IL-1β, TNF-α, and IL-6) and immune cell activation, theoretically increasing the risk of autoimmune responses [112]. Additionally, the type of adjuvant and the duration of inflammation it induces significantly influence T-cell fate decisions and the formation of immunological memory [113]. The development of appropriate adjuvants is crucial for enhancing vaccine immunogenicity. In conclusion, adjuvants can mitigate the negative effects of immunosenescence. Future research should focus on developing novel adjuvants while mitigating adjuvant-associated risks, with the aim of further enhancing vaccine immunogenicity in the older adult population.




3.2. Increasing Antigen Dosage


Compared with traditional vaccines, high-dose influenza vaccines significantly increase antibody titers in older recipients, enhancing hemagglutination inhibition and antibody neutralization capacity [114]. Currently, the trivalent influenza vaccine for older adults contains four times the standard dose [115]. Verschoor’s study showed that individuals over 65 who received the high-dose influenza vaccine demonstrated enhanced serological responses against A/H1N1, A/H3N2, and B strains. The high-dose vaccine also induced stronger T follicular helper cell responses and increased plasmablast numbers [54]. Similarly, a double-dose PCV13 pneumococcal vaccine regimen showed superior immunogenicity compared to a single dose in adults over 55 [116]. In the COVID-19 mRNA-1273 vaccine trial, older adults receiving a 100 μg dose exhibited stronger antibody and T-cell responses than those receiving a 25 μg dose [117]. These findings suggest that high-dose vaccination effectively enhances humoral immune responses in older adults, providing a strong basis for improving vaccine efficacy and supporting its application in more vaccination programs.




3.3. Repeated Vaccination


In addition to increasing vaccine dosages, annual booster vaccinations are crucial for maintaining humoral immunity in older adults, particularly against influenza and COVID-19 [118]. During the COVID-19 pandemic, booster doses significantly enhanced immune responses. Three weeks after the first dose of the BNT162b2, the proportion of individuals over 80 with sufficient neutralizing antibody titers was lower than that of younger adults; however, after the second dose, neutralizing antibody responses were similar across all age groups [33]. Clinical data revealed enhanced immunogenicity of mRNA booster vaccination against WT and Omicron SARS-CoV-2 in elderly individuals [40], and boosters also extended the duration of the antibody response [28]. Heterologous vaccination strategies have also shown promise in enhancing immunity. For instance, receiving an mRNA vaccine after an inactivated vaccine significantly increased RBD-specific memory B cell and S1-specific T cell responses [119], making this approach an effective way to improve immune responses in older adults. In RSV studies, repeated vaccination also improved immune efficacy. After a third dose of the RSV PreF3 OA vaccine, neutralizing antibody titers and median CD4+ T cell frequencies increased significantly, further enhancing immune responses in older adults [120]. For those who received PPSV23 at least five years prior, a repeat dose increased serotype-specific IgG GMCs and OPA GMTs, continuing protection against pneumococcal disease [121]. Similarly, timely booster doses of the tick-borne encephalitis virus vaccine also offer substantial immunological benefits in enhancing immunity in older adults [96].




3.4. Other Approaches


Pre-vaccination anti-inflammatory interventions have demonstrated the potential to enhance vaccine-induced immunity in geriatric populations. Specifically, oral administration of p38 MAPK inhibitors before skin challenge with varicella zoster virus antigens suppresses the production of inflammatory factors, thereby improving immune responses [122]. Additionally, topical application of rapamycin before influenza vaccination can increase antibody titers by approximately 20% and reduce the number of PD-1-expressing CD8+ and CD4+ T cells, thereby enhancing the overall immune response [123].



Exercise and diet also positively influence vaccine immune responses. Research has demonstrated that physical exercise can enhance antibody responses to various types of vaccines, including influenza and COVID-19 vaccines [124]. Regular light to moderate exercise can increase antibody levels following inactivated COVID-19 vaccination in older adults [125]. Antibody titers were higher in individuals aged 65–85 who engaged in moderate exercise before vaccination [126]. Additionally, nutritional interventions are potential strategies for modulating immune responses. Lactobacillus DN-114001 probiotics were found to enhance vaccine-induced immunogenicity in elderly populations, with the seroconversion rate for the A/Michigan/2015 strain demonstrating a threefold elevation in seroconversion rates under probiotic supplementation [127]. Similarly, consuming probiotic K8 enhanced specific IgG and IgA antibody levels against COVID-19 in older adults [128].



In conclusion, strategies such as optimizing adjuvants, increasing doses, and incorporating exercise and dietary interventions effectively address the decline in immune responses due to immunosenescence. The combined use of these approaches could significantly improve vaccine efficacy in older adults, enhancing their protection against infectious diseases.





4. Conclusions and Outlook


Immunosenescence encompasses multifaceted biological alterations in innate and adaptive immunity, fundamentally affecting vaccine responsiveness in elderly individuals. Elucidating the molecular mechanisms of age-associated immune decline is paramount for developing targeted immunization approaches and enhancing vaccine efficacy in geriatric medicine. Studies have shown that measures such as optimizing adjuvants and increasing vaccine doses can enhance the efficacy of existing vaccines to some extent, partially overcoming the challenges posed by immunosenescence. Nevertheless, current interventions demonstrate inherent constraints in mitigating age-related immunological decline. Therefore, in future vaccine development, a key challenge will be finding ways to effectively address immunosenescence to ensure that vaccines induce higher immune responses in older adults, thereby improving vaccine efficacy. Solving this issue will not only enhance vaccination outcomes for older adults but also have a profound positive impact on public health.
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