1665

Aging and Immunity: Challenges,
Insights and Breakthrough
Solutions
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ABSTRACT

As global life expectancy rises, the aging
population faces increasing health challenges,
with immunosenescence (the gradual decline in
immune function) being a critical concern. This
decline is driven by mechanisms such as thymic
involution, reduced B-cell function, impaired antigen
presentation and chronic low-grade inflammation
(inflammaging). These factors increase susceptibility
to infections, reduce vaccine efficacy and contribute
to chronic inflammatory diseases in older adults.

This  review  explores  mechanisms  of
immunosenescence and potential interventions,
including thymic rejuvenation, stem cell therapies,
immune-modulating  diets and  exercise and
advancements in vaccine technologies (eg, adjuvant-
enhanced and mRNA vaccines). Focus is placed
on immunological strategies for aging individuals,
particularly in the context of COVID-19.

Challenges in  combating immunosenescence
include variability in immune responses among
older adults and safety concerns with therapies like
checkpoint inhibitors. The complex mechanisms of
immune aging, especially in T cells, remain poorly
understood. Personalized medicine offers promising
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solutions with gene editing technologies potentially
repairing immune cells. However, traditional
strategies such as exercise and proper nutrition
remain crucial.

Developing biomarkers to track immune aging will
enable early detection and personalized treatments.
Addressing ethical, cultural and social factors is
vital for equitable access and public acceptance of
anti-aging treatments. Ultimately, a multidisciplinary
approach  combining personalized  medicine,
preventive strategies and  immune-modulating
therapies will enhance immune resilience, improve
disease outcomes and promote healthier aging for
older populations.

INTRODUCTION

The global population is aging at an unprecedented
rate, with the number of individuals over 60
years old projected to double by 2050.[1] This
demographic shift presents significant challenges
for public health and imposes substantial economic
burdens. For instance, in the United States, annual
healthcare spending for individuals over 65 is three
times higher than for younger adults.[2] While life
expectancy has increased, it does not guarantee a
healthy life for everyone nor that one’s full lifespan is
spent in good health. Without effective interventions,
global healthcare expenditures related to aging are
expected to increase by over 30% by 2050, placing
immense strain on public and private healthcare
systems.[1,3] One of the most critical contributors
to this burden is immunosenescence, the gradual
deterioration of immune function with age.[4,5]
Immunosenescence leads to diminished immune
responses, increased vulnerability to infections,
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autoimmune diseases and chronic inflammatory
conditions, as well as reduced vaccine efficacy.
[6-8] These challenges underscore the urgent need
for strategies to address immunosenescence and
improve health outcomes in older populations.
Although current medical strategies partially
address some of these issues, emerging therapies
and lifestyle interventions offer promising solutions
for mitigating immunosenescence and its associated
health impacts. This review explores mechanisms
underlying immunosenescence, its consequences for
health and latest research on therapies and lifestyle
inferventions aimed at reversing or alleviating its
effects.

1. Immunosenescence: Age-Related Decline in
Immune Function

Mechanisms of Immunosenescence

Immunosenescence involves both cellular and
functional changes in the immune system. These
alterations manifest in various components of
the immune response, affecting both innate and
adaptive immunity.[7] The key mechanisms of
immunosenescence include:

Thymic Involution: The thymus is an essential
organ for the development of T cells, which plays a
pivotal role in adaptive immunity. As individuals age,
the thymus undergoes involution (its size decreases
and ability to generate naive T cells diminishes). The
reduced thymic output leads to a diminished pool
of naive T cells, compromising the immune system'’s
ability to recognize and respond to new pathogens.
[9] The limited capacity of the thymus to generate new
T cells also impairs the body’s ability to mount robust
immune responses to infections and vaccines.[10]

Innate Immunity Reduction: Age-related changes
in innate immunity include a decline in natural killer
(NK) cell cytotoxicity and reduced macrophage
phagocytic activity.[11] These impairments hinder
the body’s initial defense against pathogens and
may exacerbate inflammatory milieu observed in
aging populations.

B Cell Dysfunction: B cells, responsible for antibody
production, show reduced functionality in older
adults, leading to diminished responses to infections
and vaccines. Furthermore, failure to produce high-
quality antibodies against new pathogens increases
risk of severe infections.[11,12]

Impaired  Antigen-Presenting ~ Cells  (APCs):
Antigen-presenting cells, such as dendritic cells and
macrophages, become less efficient at recognizing
pathogens with age, delaying immune responses.
This contributes to increased susceptibility to
infections and slower recovery from illnesses.[13]
This decline in antigen presentation can lead to
diminished immune surveillance, especially for
intracellular pathogens such as viruses.

Chronic Inflammation (Inflammaging): A hallmark
of aging is chronic low-grade inflammation, often
referred to as “inflammaging.”[7,14] This persistent
inflammatory state is characterized by elevated
levels of pro-inflammatory cytokines and proteins
such as -6, TNF-a. and C-reactive protein (CRP).
While inflammation is crucial for immune responses,
persistent inflammation in aging promotes tissue
damage, metabolic disorders and contributes to
age-related diseases such as cardiovascular disease
and neurodegeneration.[15]

Key Point Table
Mechanism

Impact on Immune
Function

Decreased naive T cell
production, impairing
immune responses.

Reduced NK cell cytotoxicity
and macrophage
phagocytosis.

Thymic Involution

Innate Immunity Decline

Lower antibody quality
and production, increasing
infection risk.

B Cell Dysfunction

Impaired Antigen-Presenting
Cells (APCs)

Chronic Inflammation
(Inflammaging)

Less efficient pathogen
recognition, slowing immune
responses.

Persistent inflammation
linked to age-

related diseases (eg,
cardiovascular disease,
neurodegeneration).

Potential Solutions for Immunosenescence

There is a growing body of research aimed at
mitigating the effects of immunosenescence and
rejuvenating the immune system in older adults.
Some of the promising strategies include:

Thymic Rejuvenation: Researchers are exploring
therapies to rejuvenate the thymus and restore
its functionality. Growth factors such as thymosin
alpha-1, a naturally occurring peptide, have shown
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promise in stimulating thymic activity, enhancing T
cell production and improving immune responses
in older adults.[10] Additionally, preclinical studies
suggest that fibroblast growth factor 7 (FGF7) may
aid thymic regeneration by promoting epithelial
cell repair within the thymus.[16] Lifestyle factors,
such as caloric restriction and exercise, have also
been linked to slower thymic atrophy and improved
immune function, providing accessible adjunctive
strategies.[17]

Stem  Cell-Based  Immune  Reconstitution:
Hematopoietic stem cell transplantation (HSCT) is an
innovative method to rejuvenate the aging immune
system by replacing aged or damaged immune
cells with stem cells capable of generating a new
pool of functional immune cells. This technique
has been shown to restore the body’s ability to
combat infections and cancer, offering a potential
avenue to mitigate immunosenescence.[18,19]
Advances in autologous HSCT, where patients
receive their own stem cells, may reduce the risk of
complications like graft-versus-host disease, making
the approach safer and more viable. However,
significant challenges remain, including high cost
(ranging between $100,000 and $200,000 per
patient) and need for specialized facilities, which
limit its accessibility for widespread use. Research is
ongoing to reduce costs and refine transplantation
protocols to minimize risks, such as using genetically
modified stem cells with enhanced immunogenic
potential.[20]

CAR T-Cell Therapy: Chimeric Antigen Receptor
(CAR) Tcell therapy, initially developed to treat certain
cancers, is now being investigated for its potential
to enhance immune responses in aging populations.
[21,22] By genetically engineering T cells to
recognize and target specific antigens, CAR T-cell
therapy can be tailored to boost immunity against
infections and potentially combat chronic diseases
linked to immunosenescence. Preclinical studies have
demonstrated the feasibility of adapting CAR Tell
technology to target pathogens like cytomegalovirus
(CMV), which disproportionately affects older adults
due to declining immune surveillance.[21] While this
approach is still in the experimental stages for aging-
related immune dysfunction, its potential to bolster
immune responses represents a transformative step
forward. Further research is needed to optimize CAR
T-cell therapy for safety, durability and affordability

in older adults.

Key Point Table

Approach Description

Use of thymosin alpha-1, fibroblast
growth factors, exercise and
caloric restriction to restore thymic
function.

Thymic Rejuvenation

Stem Cell-Based
Immune Reconstitution

CAR T-Cell Therapy

Hematopoietic stem cell transplants
(HSCT) to replenish immune cells.

Genetically engineered T cells to
enhance immune function.

2. Impaired Vaccine Response in Older Adults

Despite widespread use of vaccines, older adults
continue to account for over 80% of deaths related
to vaccine-preventable diseases such as influenza
and pneumonia.[23] This highlights the urgent need
to improve vaccine efficacy in aging populations.
Older adults exhibit diminished immune responses
to critical vaccines, including those for influenza,
pneumococcal disease, shingles and COVID-19,
placing them at higher risk of severe illness,
complications and death.[24,25] For instance, the
efficacy of the influenza vaccine in older adults
ranges from 17%-53%, compared to 70%-90% in
younger adults, with similar reductions observed for
other vaccines.[26]

Mechanisms of Impaired Vaccine Response

Weakened ~ Antibody  Production:  Aging
compromises the function of B cells, which are
responsible for producing antibodies to neutralize
pathogens. Older adults may generate lower
quantities of antibodies after vaccination, and these
antibodies often exhibit reduced affinity and quality
making them less effective at neutralizing pathogens.
[27] The reduced ability of aging germinal centers
in lymph nodes to facilitate affinity maturation
further limits the effectiveness of antibody response.
Additionally, a shift in B cell populations, with a
higher proportion of dysfunctional or senescent B
cells, contributes to impaired humoral immunity.[28]

Reduced T Cell Function: T cells, which are
critical for cellular immunity and coordinating
immune responses, also exhibit significant declines
with age.[29] Thymic involution, the shrinking of
thymus with age, results in reduced output of naive
T cells, which are necessary for responding to new
infections and vaccine antigens.[9] Additionally,
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existing T cells become senescent and lose their
ability to proliferate and mount a robust response,
further impairing the immune system’s capacity to
defend against pathogens. Changes in antigen
presentation, mediated by aged dendritic cells, also
limit the ability of T cells to recognize and respond
fo vaccine antigens effectively.

Memory Response Decline: Aging impairs the
immune system’s ability to develop and maintain
immunological memory, leading to weaker and
less durable secondary immune responses upon
re-exposure to a pathogen.[30] This decline is
attributed to reduction in both memory B cells
and memory T cells, which play a critical role in
generating rapid and strong immune defenses after
vaccination or infection. The functional decline of
these memory cells results in less effective protection
against diseases, requiring additional strategies to
boost and sustain immunity in older adults.

Key Point Table

Mechanism Impact on Immune Function
Weakened Antibody Reduced antibody quantity and
Production quality.

Reduced T Cell Function  Fewer naive T cells and less
effective response to new

pathogens.

Less effective immunological
memory, weaker protection after
vaccination.

Memory Response
Decline

Potential Solutions for Improving Vaccine
Efficacy

Adjuvanted Vaccines: Adjuvants are substances
added to vaccines to enhance the immune response,
particularly in populations with weaker immunity.
For example, the MF59 adjuvant used in the Fluad
influenza vaccine has been shown to significantly
improve immune responses in older adults by
enhancing antigen uptake, activating innate
immunity and improving T cell and B cell activation.
[31] The ongoing SHIVERS study (also called Vaccine
Adjuvantation in the Elderly), a 5-year (2023-2028)
multiagency and multidisciplinary collaboration,
investigates improving immune responses to flu
vaccines in the elderly population through various
adjuvants. Similar adjuvants are being explored
for other vaccines, such as those for shingles and
COVID-19, to improve their effectiveness in aging
populations.[32]

Boosters and Revaccination: Booster doses are
a proven strategy for maintaining immunity in
older adults.[33] For instance, booster shots of the
COVID-19 mRNA vaccines have been shown to
restore neutralizing antibody levels and improve
vaccine efficacy in individuals aged 65 and older.
[34] Research is ongoing to develop vaccines
specifically tailored for older adults, which may
include higher doses of antigens, longerlasting
formulations or adjuvanted boosters to sustain
protfective immunity.[35]

Vaccine-Specific  Modlifications:  Modifying
vaccine formulations to better suit the aging immune
system is another promising approach. High-dose
vaccines, such as the Fluzone High-Dose influenza
vaccine, contain four times the amount of antigen
compared to standard doses, resulting in a stronger
immune response in older adults.[36] Additionally,
nasal vaccines, which stimulate mucosal immunity
may provide a more effective and durable response
in older populations by directly targeting the
primary sites of infection for respiratory pathogens
like influenza.[37]

mRNA Vaccines: The success of mRNA vaccines
for COVID-19 has opened new possibilities for
addressing the challenges of vaccination in older
adults. Unlike traditional vaccines, mRNA vaccines
can stimulate both humoral (antibody-mediated)
and cellular (T cell-mediated) immunity, making
them particularly effective in aging populations.[38]
Researchers are actively exploring mRNA vaccine
platforms for other diseases, including influenza,
respiratory syncytial virus (RSV) and even cancers
with the goal of improving efficacy in older adults.
[39]

Nanoparticle-Based ~ Vaccines:  Nanoparticle
vaccines represent an innovative approach to
improving vaccine delivery and efficacy.[40] These
vaccines use nanoparticles to encapsulate and
present antigens in a way that enhances uptake
by immune cells, leading to a more robust immune
response. Studies on nanoparticle-based influenza
and COVID-19 vaccines have demonstrated
promising results, with improved antigen stability
and immunogenicity in preclinical models.[41] This
technology holds significant potential for improving
vaccine efficacy in older adults by overcoming some
of the limitations of traditional vaccine platforms.

DNA and Viral Vector Vaccines: DNA vaccines
and viral vector-based vaccines are also being
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explored for their ability to elicit strong immune
responses in older adults. DNA vaccines introduce
genetic material encoding, an antigen into host
cells, prompting them to produce the antigen and
stimulate immunity.[42] Viral vector vaccines, like
the Johnson & Johnson COVID-19 vaccine, use
harmless viruses to deliver antigens, activating both
innate and adaptive immunity. These platforms
have shown promise for improving vaccine efficacy
in aging populations and may play a key role in
development of future vaccines.[43]

age-related diseases such as cardiovascular disease,
type 2 diabetes and Alzheimer’s disease.[45]

Loss of Immune Tolerance: Aging can lead to a
breakdown in immune tolerance, where the immune
system fails to recognize the body’s own cells as
self. This loss of immune tolerance can contribute
to autoimmune diseases, including rheumatoid
arthritis, lupus and multiple sclerosis, which are more
common in older adults. The progressive breakdown
of immune regulation may also contribute to
development of chronic inflammation.[46]

Key Point Table

Key Point Table

Approach Description

Mechanism Impact on Immune Function

Use of immune-boosting additives
like MF59 to enhance responses.

Adjuvanted Vaccines

Additional doses to sustain
immunity over time.

Boosters and
Revaccination

Higher-dose or nasal vaccines for
stronger responses.

Vaccine-Specific
Modifications

mRNA Vaccines Potential for stronger immune

responses in older adults.

Improved antigen delivery for
better immune activation.

Nanoparticle-Based
Vaccines

DNA and Viral
Vector Vaccines

New vaccine platforms targeting
age-related immune decline.

3. Chronic Inflammation and Autoimmunity in
Older Adults

Chronic low-grade inflammation  (inflammaging)
is not only a driver of agerelated diseases, but
also plays a significant role in the development
of autoimmune disorders. As immunosenescence
progresses, the immune system may lose its ability
to distinguish between self and non-self, leading to
autoimmune diseases where the body attacks its
own tissues.

Mechanisms of Inflammaging and
Autoimmunity

Elevated Pro-Inflammatory Mediators: Cellular
senescence contributes to chronic inflammation
through the secretion of pro-inflammatory cytokines
(eg, IL-6 and TNF-a), chemokines (eg, CXCL-8, CCL2,
CCLY), proteases (eg, neutrophil-derived proteases)
and other related proteins (eg, CRP), collectively
known as the senescence-associated secretory
phenotype (SASP).[44] These factors exacerbate
tissue damage and immune dysregulation, fueling

Elevated Pro-
Inflammatory Mediators

SASP cytokines drive chronic
inflammation and age-related
diseases.

Autoimmune diseases become
more common with aging.

Loss of Immune
Tolerance

Potential Solutions for Chronic Inflammation
and Autoimmunity

Anti-Inflammatory Therapies: Researchers are
developing anti-inflammatory treatments that target
the cytokines driving inflammaging. Targeting
specific pro-inflammatory cytokines such as IL-6 and
TNF-o. may reduce systemic inflammation observed
in older adults. JAK inhibitors (eg, tofacitinib)
have shown promise in reducing inflammation
and improving immune function.[47] Drugs like
tocilizumab, which blocks IL-6 receptors, have
shown promise in managing autoimmune diseases
like rheumatoid arthritis and may help mitigate the
effects of chronic inflammation in older adults.[48]
Drugs that selectively eliminate senescent cells have
shown promise in preclinical models of inflammaging
by reducing SASP-related inflammation.[49]

Targeted Antioxidant Therapy: Oxidative stress
plays a crucial role in the aging process and is linked
to inflammaging. As individuals age, an imbalance
between production of unstable reactive oxygen
species (ROS) and body’s ability to neutralize them
with antioxidants can lead to cellular damage,
immune dysregulation and increased susceptibility
to autoimmune diseases.[50] To counteract these
effects, targeted antioxidant therapy is being
explored as a potential strategy to reduce the burden
of inflammaging and improve immune function
by atftenuating chronic low-grade inflammation
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in older adults. Several antioxidant compounds
have shown promise in this regard. Curcumin, a
polyphenol derived from turmeric possesses potent
anti-inflammatory and antioxidant properties. It has
been shown to inhibit key inflammatory pathways,
such as NF«B and COX-2, which contribute to
chronic immune activation.[51] Vitamin E, a fat
soluble antioxidant, helps protect cell membranes
from oxidative damage and supports T cell function,
which declines with age. Studies also suggest that
vitamin E supplementation may enhance immune
responses in older adults by improving the activity
of NK cells and reducing the risk of infections.[52]
Another promising compound is N-acetylcysteine
(NAC), a precursor to glutathione, one of the body’s
most powerful endogenous antioxidants.[53] NAC
has been shown to reduce oxidative stress, modulate
inflammatory cytokines and support respiratory
health, which is particularly important for older
adults prone to infections and autoimmune-related
lung conditions. Beyond individual antioxidants,
combination therapies that target multiple aspects
of oxidative stress and immune dysregulation
are also being explored. Some research suggests
that synergistic effects may be achieved by
combining antioxidants with other anti-inflammatory
inferventions, such as dietary modifications and
physical activities.[54]

Immunomodulatory Drugs: As individuals age, the
immune system undergoes significant changes, often
leading to chronic inflammation and increased risk of
autoimmune diseases. Immunomodulatory drugs are
being investigated as potential therapies to counteract
these effects and restore immune balance. One such
drug is rapamycin, an mTOR (mechanistic target
of rapamycin) inhibitor, which has demonstrated
the ability to extend lifespan in animal models by
modulating immune and metabolic pathways.[55]
By suppressing excessive immune activation while
preserving the body’s ability to combat infections,
rapamycin and similar compounds may help
reduce age-related chronic inflammation. Other
immunomodulatory therapies, such as metformin,
JAK inhibitors and monoclonal antibodies are also
being studied for their potential to finetune immune
responses in older adults.[56,57] These drugs could
enhance immune function, decrease susceptibility
to infections and mitigate autoimmune diseases
like rheumatoid arthritis and lupus, which become
more prevalent with age. Additionally, researchers

are exploring the use of senolytic drugs, which
target and eliminate senescent immune cells that
contribute to chronic inflammation.[58] Research on
senolytic drugs is growing with several clinical trials
underway. For instance, a Phase 2 trial of dasatinib
and quercetin is exploring their effects in reducing
senescent cell burden and improving immune
function in older adults. While they are promising,
these therapies require further clinical research to
determine optimal dosages, longterm effects and
potential risks.

Gene therapy: It is an innovative field that involves
modifying the genetic material inside a person’s
cells to treat or prevent disease. In the confext of
aging and immunosenescence, gene therapy could
be used to enhance immune function directly by
modifying genes that control immune cell production
or inflammation. For example, gene editing could
restore production of functional T cells or enhance
the body’s ability to mount immune responses to
infections.[59] Although still in its early stages, this
technology could eventually be used to rejuvenate
the aging immune system. However, the high cost
of gene-editing technologies currently limits their
availability to high-income countries. Additionally,
ethical concerns surrounding germline modifications
must be addressed to ensure equitable use.

Key Point Table

Description

Il-6 and TNF-a. inhibitors (eg,
tocilizumab), JAK inhibitors to
reduce inflammation.

Curcumin, vitamin E, NAC to
reduce oxidative stress and
prevent further cellular damage,
immune dysregulation and
increased susceptibility to
autoimmune diseases.

Approach

Adjuvanted Vaccines

Targeted Antioxidant
Therapy

Immunomodulatory Rapamycin, mefformin,

Drugs senolytic drugs to balance
immune function and mitigate
autoimmune diseases.

Gene Therapy Potential to modify immune-

related genes to restore immune
function.

4. Immune Responses to COVID-19 in Older
Adults

The COVID-19 pandemic  underscored  the
heightened vulnerability of older adults, who
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experienced the highest rates of severe illness,
hospitalizations and fatalities worldwide.[60] In
the United States, individuals aged 65 and older
accounted for over 80% of COVID-19-related
deaths.[61] This increased risk arises not only
from age-related conditions such as cardiovascular
disease and diabetes, but also from a weakened
immune system, which reduces the body’s ability
to effectively combat SARS-CoV-2. In addition to
acute susceptibility, older adults face prolonged
recovery periods and higher rates of long COVID
(post-acute sequelae of SARS-CoV-2 infection, or
PASC).[62] Long COVID symptoms such as fatigue,
cognitive impairment and persistent inflammation
disproportionately affect older adults, further
exacerbating pre-existing immune dysfunction and
chronic inflammation. Addressing unique immune
challenges in this population is critical for improving
both acute and long-term outcomes.

Mechanisms of Imnmune Responses to
COVID-19

Weakened T Cell Responses: Immunosenescence
weakens T cell function, impairing the immune
response to SARS-CoV-2 infection. Aging T cells show
reduced clonal expansion, lower cytotoxic activity
and slower recognition of viral antigens, which
delays viral clearance and raises the risk of severe
disease.[63] Additionally, the buildup of exhausted
T cells (those that lose function after prolonged
activation) further weakens immunity, increasing
susceptibility to complications like cytokine storms
and severe respiratory distress.[64]

Blunted Vaccine Response: While COVID-19
vaccines have proven to be a critical tool in mitigating
the pandemic, vaccine responses in older adults are
less robust compared to younger individuals. For
example, clinical trials reported vaccine efficacy
rates of approximately 85% in younger adults, but
only 50%-60% in individuals aged 65 and older.[65]
This diminished response is attributed to impaired
B cell function, reduced antibody production and
weaker T cell-mediated immunity in older adults.
Additionally, studies have shown that vaccine-
induced neutralizing antibody titers wane more
rapidly in older populations, necessitating frequent
booster doses to maintain immunity.[66]

Key Point Table

Mechanism Impact on Immune Function
Weakened T Cell T cell function declines with age,
Responses reducing viral clearance and

increasing risk of severe disease.

Vaccine responses in older adults
are less robust compared to
younger individuals.

Blunted Vaccine
Response

Potential Solutions for COVID-19 Immunity in
Older Adults

Boosters and Modified Vaccines: Booster
doses play a crucial role in restoring immunity
in older adults by increasing antibody levels and
enhancing protection against severe disease. A
third dose of mRNA vaccines, for example, can
raise neutralizing antibody levels by up to fivefold
compared to the standard two-dose regimen.[67]
To further address age-related immune decline,
researchers are developing vaccines tailored to
older adults, such as high-dose or adjuvanted
formulations. These formulations may include
immune-enhancing adjuvants like MF59 or ASO3,
as well as higher antigen doses to improve
immunogenicity.[35,68]

Monoclonal Antibodies: For older adults with
poor immune responses to vaccines or those who
are immunocompromised, monoclonal antibody
therapies provide an alternative means of protection.
Monoclonal antibodies, such as bamlanivimab and
combination of casirivimab and imdevimab have
been shown to significantly reduce the risk of severe
disease and hospitalization when administered
early during infection.[69] In addition, long-acting
monoclonal antibody therapies such as tixagevimab-
cilgavimab, offer pre-exposure prophylaxis for high-
risk individuals, providing months of protection
against infection. These therapies are particularly
valuable for older adults who cannot mount adequate
immune responses fo vaccination.[70]

Key Point Table

Approach Description
Boosters and Modified ~ Booster doses enhance immunity
Vaccines and high-dose or adjuvanted

vaccines may improve response.

Offer pre-exposure protection for

high-risk individuals.

Monoclonal Antibodies
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5. General Strategies for Enhancing Immune
Function in Older Adults

Beyondtargeted interventionsforimmunosenescence,
several general strategies can strengthen immune
function and support overall health in older adults.

Improved Diet: A balanced diet rich in essential
nutrients like antioxidants, omega-3 fatty acids,
vitamin D and zinc can help support immune health.
These nutrients play key roles in regulating immune
responses and reducing inflammation.[71] In low-
income settings, access to supplements like omega-3
fatty acids may be limited. However, locally sourced
alternatives such as oily fish or fortified grains could
offer similar benefits at lower cost. Additionally,
public health programs promoting outdoor activities
can help address vitamin D deficiencies. Probiotics
and prebiotics can also promote gut health, which is
critical for immune function.[72] In the near future,
artificial intelligence-based tools can be used to
analyze genetic, microbiome and lifestyle data to
develop personalized interventions targeting specific
immune deficiencies in older adults.[73]

Physical Activity: Regular exercise is one of the
most effective ways to enhance immunity in older
adults. Moderate aerobic activity (such as brisk
walking for 30 minutes, five times a week) can boost
T cell function and improve vaccine responses by
up to 50%.[74] Likewise, resistance training twice a
week helps lower chronic inflammation by reducing
IL-6 levels.[75] Programs like Silver Sneakers in the
United States illustrate these benefits, as participants
experience a 22% reduction in annual healthcare
visits, underscoring the direct link between physical
activity and improved health outcomes.[76]

Sleep Hygiene: Quality sleep is crucial for a
well-functioning immune system, yet many older
adults experience disruptions that further weaken
immune defenses. Sleep disturbances, often due to
age-related changes in circadian rhythms, reduced
melatonin production and conditions like insomnia
or sleep apnea can exacerbate inflammation
and impair T and B lymphocyte production.
[77,78] Encouraging healthy sleep habits, such as
maintaining a consistent schedule and addressing
sleep disorders can significantly improve immune
function.[77] Moreover, studies have shown that
poor sleep quality is linked to higher levels of CRP,
a marker of systemic inflammation that is often
elevated in older adults with chronic diseases.[79]

Stress  Reduction Strategies: Chronic  stress
weakens immune function by increasing cortisol
levels, which suppress immune cell activity and
promote inflammation.[80] In older adults, prolonged
stress worsens immunosenescence, impairs vaccine
responses and heightens infection risk.[81] Mind-
body interventions, such as mindfulness-based
stress reduction (MBSR) have shown promise in
counteracting these effects. Studies reveal that MBSR
lowers pro-inflammatory cytokines like IL-6 while
enhancing NK cell activity which plays a crucial
role in defending against infections and cancer.[82]
Similarly, yoga has been found to lower markers of
systemic inflammation and improve the expression
of genes associated with immune resilience.[83] In
older adults, regular yoga practice has been linked
to reduced stress, improved quality of life and better
immune function, particularly in individuals with
chronic illnesses such as arthritis or cardiovascular
disease. Other stress-reduction techniques, such
as tai chi and gi gong, also demonstrate immune-
enhancing effects. A meta-analysis found that tai
chi improves T cell-mediated immunity and reduces
inflammation in older adults, suggesting its potential
as a low-impact intervention for boosting immune
resilience.[84] Additionally, engaging in social
activities and maintaining strong social connections
can alleviate loneliness and stress, further supporting
immune function. For instance, studies indicate that
socially isolated older adults have higher levels of
inflammatory markers, while those with strong social
networks demonstrate better immune responses to
vaccination.[85,86] Incorporating stress-reduction
strategies into daily life, whether through mindfulness,
yoga or social engagement offers a holistic and
accessible approach to mitigating stress-related
immune dysfunction. These interventions not only
enhance immune markers, but also improve mental
health and overall well-being in older populations.

Key Point Table
Description

Strategy

Nutrients like vitamin D, zinc and
omega-3s support immunity; probiotics
promote gut health. Al-based tools may
personalize dietary interventions.

Improved Diet

Moderate aerobic exercise improves T cell
function and vaccine responses; resistance
training reduces inflammation and chronic
disease risk.

Physical
Activity
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Key Point Table

Strategy Description

Poor sleep impairs immune function and
increases inflammation. Maintaining a
regular sleep schedule and treating sleep
disorders is essential.

Sleep Hygiene

Stress
Management

Chronic stress weakens immunity.
Mindfulness, yoga, tai chi and social
engagement reduce inflammation and
improve immune resilience.

6. Challenges in Current Approaches

Efficacy of Treatments: The variability of immune
responses among older adults complicates treatment
strategies. A study on flu vaccine efficacy in older
adults highlighted significant differences in how
individuals responded to the vaccine.[87] While
some older adults show robust immune responses,
others may exhibit poor responses, leading to
suboptimal protection. This variation is often due to
genetic factors (eg, differences in immune genes)
and environmental factors (such as lifestyle, pre-
existing health conditions and previous exposure
to pathogens). As a result, tailoring vaccines and
treatments to account for these variabilities is a
major challenge. Research into vaccine adjuvants
and formulations specifically designed for older
adults is ongoing to address this issue, aiming to
improve vaccine effectiveness in this population.

Safety  Concerns:  Immunotherapies,  like
checkpoint inhibitors, have shown remarkable
success in treating cancers by enhancing the body’s
immune response against tumors. However, these
therapies are not without risks. One of the primary
safety concerns is the potential for autoimmune
reactions.[88] Checkpoint inhibitors work by
blocking regulatory proteins like Programmed Cell
Death Protein 1 (PD-1) or Cytotoxic T-lymphocyte
Associated Protein 4 (CTLA-4), which normally
prevent T cells from attacking healthy tissue. While
this can lead to stronger anti-tumor immune responses,
it can also make the immune system attack normal
tissues leading to autoimmune side effects. In older
adults, these risks are compounded by comorbidities
(such as cardiovascular disease or diabetes), which
are more common in this age group. The immune
system of older adults is often already compromised
or dysregulated and adding immunotherapy into
the mix can lead to unpredictable and potentially
dangerous outcomes, such as inflammation or

organ damage. To mitigate these risks, treatment
regimens are evolving to include lower dosages
and combination therapies to improve safety and
efficacy for older patients.

Understanding the ~ Underlying Mechanisms:
The molecular mechanisms underlying
immunosenescence are overly complex and not fully
understood. Research into T cell dynamics is a key
area for improving our knowledge of how aging
affects immunity. Understanding these mechanisms
is crucial for designing treatments and inferventions
that can enhance immune function in the elderly.
Researchers are investigating how epigenetic
changes and chronic low-grade inflammation
contribute to decline in immune function, as these
factors may hold the key to future therapeutic
inferventions.

7. What the Future Holds for the Aging
Population

Personalized ~ Medicine:  The concept of
personalized medicine represents a significant
shift in the future of healthcare, particularly for
treating immunosenescence. Traditionally, medical
treatments have been designed for a “one-sizefits-
all” approach, but personalized medicine focuses
on failoring treatments to an individual’s unique
genetic, environmental and lifestyle factors. The future
of treating immunosenescence will likely involve
personalized approaches, where genetics and
epigenetics are used to create therapies that target
underlying mechanisms of aging at the individual
level.[89] This could revolutionize how we prevent
and treat age-related diseases and boost immune
function in older adults. However, challenges such
as data privacy concerns, high cost of personalized
treatments and the need for large-scale genomic
data may slow down widespread implementation of
these approaches.

Anti-Aging Therapies: Anti-aging therapies are
rapidly advancing, with one of the most exciting
areas being the use of gene editing technologies.
[90] Gene editing can be utilized to repair aged
immune cells, enhancing their ability to respond to
infections and other immune challenges. This could be
a significant change for treating immunosenescence,
as it allows for direct manipulation of the genetic
code of immune cells. While promising, this
approach also raises ethical concerns regarding off-
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target effects and long-term consequences of genetic
modifications. Moreover, the technology is still in its
early stages and its practical application for aging-
related immune system improvement is yet to be fully
realized.

Preventive Measures: While innovative therapies
like gene editing are garnering a lot of attention, more
traditional preventive measures like lifestyle changes
remain a cornerstone of promoting healthy aging and
immune function. Preventive measures, especially
regular exercise and good nutrition are simple yet
powerful tools to help mitigate immunosenescence
and maintain robust immune function as we age.
[74,75] These lifestyle changes should be prioritized
alongside advanced medical interventions to ensure
healthier aging. Governments and healthcare
providers should support the integration of these
strategies into public health guidelines to maximize
their impact on aging populations.

Biomarkers for Immune Age: The development
of biomarkers to track immune system aging
is becoming an increasingly important area of
research.[91] Recent studies are advancing our
ability to identify immune age biomarkers, which
could serve as critical tools for measuring the
functional state of the immune system in older adults.
[92] Identifying biomarkers for immunosenescence
would allow for early detection of immune decline,
facilitating  preventive interventions before age-
related immune dysfunction leads to infections or
chronic diseases. With reliable biomarkers, doctors
could more accurately assess immune health of
an individual, potentially tailoring treatments or
lifestyle recommendations to optimize immune
function as they age. This would be particularly
valuable in clinical trials and personalized medicine
approaches, allowing researchers to more precisely
measure effects of therapies aimed at reversing or
slowing immunosenescence.

8. Acceptability of Solutions

Cultural and Ethical Considerations: As anti-aging
treatments become more prevalent, it is essential
to consider both cultural diversity and ethical
implications of such interventions, particularly in
terms of equity, fairness and respect for natural
processes.[93] Ensuring that these treatments are
accessible and not reinforcing societal inequalities is
a major challenge for policymakers, researchers and

healthcare providers. Additionally, different cultural
perceptions of aging may influence how anti-aging
therapies are received. In some cultures, aging is
viewed with respect and dignity, and interventions
to reverse aging may be met with resistance.
Policymakers must take these cultural factors into
account when developing public health strategies.

Trust in New Treatments: To successfully implement
new immunosenescence interventions, building and
maintaining public trust is essential. This requires
not only demonstrating safety and effectiveness
of treatments through rigorous clinical trials, but
also engaging the public through transparent
communication and active community involvement
in the decision-making process.[?4] In addition,
long-term monitoring of outcomes will be crucial to
ensure sustained effectiveness and safety of these
treatments in older populations.

Quality of Llife Considerations: For many
elderly individuals, quality of life is often seen as
more important than simply extending lifespan.
While living longer may be desirable, many older
adults prioritize maintaining a good quality of
life, which includes having the ability to engage
in daily activities, preserve cognitive function and
experience physical well-being.[95] For instance, a
prolonged lifespan may not be appealing if it comes
with prolonged suffering due to chronic illness,
disability or cognitive decline. Therefore, the focus in
clinical trials and aging therapies must shift from just
adding years to life to enhancing life in those years.
Moreover, addressing cognitive health alongside
physical health will be important to ensuring a
holistic approach to aging therapies.

CONCLUSION

Immunosenescence represents a significant challenge
for older adults, leading to weakened immune
responses, increased vulnerability to infections
and higher rates of chronic diseases. However,
advancements in immunology, immunotherapies
and personalized medicine offer an exciting
potential to improve immune function of older
adults. From gene editing and cell-based therapies
to advanced vaccine strategies and microbiome
interventions, the future holds promising solutions
to challenges posed by immunosenescence. By
embracing a multifaceted approach that integrates
innovative therapies with evidence-based lifestyle
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modifications, we can transform the future of
healthcare for aging populations, enabling them to
lead healthier and more resilient lives. Personalized
strategies tailored to diverse needs of older adults
will be critical in overcoming the hurdles posed by
immunosenescence. To meet the needs of aging
populations, policymakers must invest in research,
healthcare infrastructure and equitable access to
emerging therapies. Collaborative efforts between
scientists, clinicians and public health officials will
be essential to transform the landscape of aging
health. While ongoing trials and studies are making

significant strides in understanding and combating
immunosenescence, there remain challenges
in terms of efficacy, safety and personalized
approaches. The future holds exciting possibilities,
including more tailored, preventive and potentially
even regenerative therapies, but their success will
depend on how well they are integrated into the
aging population’s lifestyle, values and healthcare
systems. Acceptability of such solutions will hinge
on overcoming cultural, ethical and trust-related
barriers, as well as ensuring that these interventions
lead to a better quality of life for the elderly.
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