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Rapidly changing demographics worldwide towards increased proportion of the
elderly in the population and increased life-expectancy have brought the issues,
such as “why we grow old”, “how we grow old”, “how long can we live”, “how to
maintain health”, “how to prevent and treat diseases in old age”, “what are the
future perspectives for healthy ageing and longevity” and so on, in the centre stage
of scientific, social, political, and economic arena. Although the descriptive aspects
of ageing are now well established at the level of species, populations, individuals,
and within an individual at the tissue, cell and molecular levels, the implications of
such detailed understanding with respect to the aim of achieving healthy ageing and
longevity are ever-changing and challenging issues. This continuing success of
gerontology, and especially of biogerontology, is attracting the attention of both the
well established academicians and the younger generation of students and
researchers in biology, medicine, bioinformatics, bioeconomy, sports science, and
nutritional sciences, along with sociologists, psychologists, politicians, public
health experts, and health-care industry including cosmeceutical-, food-, and
lifestyle-industry. Books in this series will cover the topics related to the issues of
healthy ageing and longevity. This series will provide not only the exhaustive
reviews of the established body of knowledge, but also will give a critical
evaluation of the ongoing research and development with respect to theoretical and
evidence-based practical and ethical aspects of interventions towards maintaining,
recovering and enhancing health and longevity.
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Preface

The number of adults older than 65 years is crescent and individuals with 85 years
and more (oldest old) are the fasting growing group. Unfortunately, the extension
in life expectancy is not accompanied with a similar increase in disability-free life
expectancy. In addition, older adults are a very heterogenic group and thus it is a
challenge to identify markers of healthy ageing (maintenance of functional abilities).

Infections in older adults have been associated with high morbidity and mortality
mainly in those with comorbidities. In the last two years, researchers confirmed this
negative outcome in aged individuals infected with SARS-CoV-2. In this scenario,
studies focused on the understanding of howchanges occurring in the immune system
during the ageing process contribute to morbidities (cardiovascular, pulmonary,
neurologic, cancer) and impairment in the response against pathogens are crucial
(Chap. 1).

The decline in percentage and function of immune system cells, termed
immunosenescence, has been linked to the poor response to infections, vaccine, and
cancer observed in older individuals. In addition, a chronic low grade of systemic
inflammation identified in old individuals (inflammageing) has been associated with
age-related diseases.

Immunosenescence has been linked to architectural changes in the lymphoid
organs (Chap. 2) which affect directly or indirectly cells from the immune system
(Chaps. 3 and 4). Therefore, responses to infectious agents (Chaps. 5 and 6) are
inefficient leading to greater hospitalization and mortality. Vaccination also presents
less efficacy in older adults compared to young counterparts (Chap. 7) and strategies
(number of doses, site of injection, more potent adjuvants) to improve the immunity
have been evaluated.

Cancer numbers are higher in old individuals and have been linked to a lifetime
exposure to carcinogens, decline in immunosurveillance, capacity of the tumor cells
to escape from the immune system, and less efficient immune response against tumor
cells (Chap. 8). Myeloid-derived suppressor cells increased percentage in tumor
microenvironment and peripheral blood contributes to tumor progression, thus these
cells have been related to the lower efficacy of cancer therapies.

v



vi Preface

Immunosenescence and inflammageing have been considered the most important
underlying age-related factor for Alzheimer’s disease. However, in Chap. 9 it will be
discussed that changes occurring in the immune system during the ageing process
are both detrimental and adaptive and thus novel treatment approaches are needed.

The role played by healthy nutrition, supplement, and physical activity in reducing
immunosenescence/inflammageing has been recognized recently and is an open road
to improve immunity in older adults.

Our aim is to discuss not only how a compromised immune system impacts the
health of older individuals but also how healthy habits can modulate, at least at
some extent, immunosenescence and inflammageing. The further understanding of
the complex dual ageing and immune system can lead to public health policies to
ensure longevity with functionality.

São Paulo, Brazil
Tübingen, Germany

Valquiria Bueno
Graham Pawelec



Contents

1 Healthy Longevity and Immune System: A Brief Introduction . . . . . . 1
Alphonse Laya and Valquiria Bueno

2 Age-Related Changes in Primary and Secondary Lymphoid
Organs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
Valquiria Bueno

3 Immunesenescence and Compromised Removal of Senescent
Cells: Implications for Health in Old Age . . . . . . . . . . . . . . . . . . . . . . . . . 23
Jon Hazeldine and Janet M. Lord

4 Myeloid-Derived Suppressive Cells in Ageing and Age-Related
Diseases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
Valquiria Bueno and Graham Pawelec

5 Effects of Aging and Associated Conditions on Humoral
Responses to Respiratory Tract Infections . . . . . . . . . . . . . . . . . . . . . . . . 65
Daniela Frasca

6 Ageing Mucosal Immunity and Its Consequences for Infectious
Diseases in the Aged; A First Glance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Marieke van der Heiden and Debbie van Baarle

7 Vaccines and Vaccination Strategies for Older Adults . . . . . . . . . . . . . . 119
Birgit Weinberger

8 Immunosenescence and Cancer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
Gisele W. B. Colleoni and Valquiria Bueno

9 Immunosenescence and Alzheimer’s Disease . . . . . . . . . . . . . . . . . . . . . . 177
T. Fulop, A. Larbi, A. Khalil, A. Plotka, B. Laurent,
C. Ramassamy, N. Bosco, K. Hirokawa, E. H. Frost,
and J. M. Witkowski

vii



Contributors

N. Bosco Nestlé Institute of Health Sciences, Nestlé Research, Société Des Produits
Nestlé S.A., Lausanne, Switzerland

Valquiria Bueno Immunology Division, Department of Microbiology,
Immunology and Parasitology, UNIFESP Federal University of São Paulo,
São Paulo, Brazil

Gisele W. B. Colleoni Department of Hematology, UNIFESP Federal University
of São Paulo, São Paulo, Brazil

Daniela Frasca Department of Microbiology and Immunology and Sylvester
Comprehensive Cancer Center, University of Miami Miller School of Medicine,
Miami, FL, USA

E. H. Frost Faculty ofMedicine and Health Sciences, Department ofMicrobiology
and Infectious Diseases, University of Sherbrooke, Sherbrooke, QC, Canada

T. Fulop Geriatric Division, Faculty of Medicine and Health Sciences, Department
of Medicine, Research Center on Aging, University of Sherbrooke, Sherbrooke, QC,
Canada

Jon Hazeldine MRC-Versus Arthritis Centre for Musculoskeletal Ageing
Research, Institute of Inflammation and Ageing, University of Birmingham, Birm-
ingham, UK;
National Institute for Health Research Surgical Reconstruction and Microbiology
Research Centre, Queen Elizabeth Hospital Birmingham, Birmingham, UK

K. Hirokawa Department of Pathology, Institute of Health and Life Science, Tokyo
and Nito-Memory Nakanosogo Hospital, Tokyo Medical and Dental University,
Tokyo, Japan

A. Khalil Geriatric Division, Faculty ofMedicine andHealth Sciences, Department
of Medicine, Research Center on Aging, University of Sherbrooke, Sherbrooke, QC,
Canada

ix



x Contributors

A. Larbi Singapore ImmunologyNetwork (SIgN), Agency for Science Technology
and Research (A*STAR), Singapore, Singapore

B. Laurent Faculty of Medicine and Health Sciences, Department of Biochemistry
and Functional Genomics, Research Center on Aging, University of Sherbrooke,
Sherbrooke, QC, Canada

Alphonse Laya University of Maroua, Maroua, Cameroon

Janet M. Lord MRC-Versus Arthritis Centre for Musculoskeletal Ageing
Research, Institute of Inflammation and Ageing, University of Birmingham, Birm-
ingham, UK;
National Institute for Health Research Surgical Reconstruction and Microbiology
Research Centre, Queen Elizabeth Hospital Birmingham, Birmingham, UK;
National Institute for Health Research Birmingham Biomedical Research Centre,
University Hospital Birmingham NHS Foundation Trust and University of Birm-
ingham, Birmingham, UK

Graham Pawelec Department of Immunology, University of Tübingen, Tübingen,
Germany;
Health Sciences North Research Institute, Sudbury, ON, Canada

A. Plotka Department of Pathophysiology,Medical University of Gdansk, Gdansk,
Poland

C. Ramassamy INRS-Centre Armand-Frappier Santé-Biotechnologie, Montréal,
Québec, Canada

Debbie van Baarle Department ofMedicalMicrobiology and InfectionPrevention,
University Medical Center Groningen, University of Groningen, Groningen, The
Netherlands;
Center for Infectious Disease Control, National Institute for Public Health and the
Environment (RIVM), Bilthoven, The Netherlands

Marieke van der Heiden Department of Medical Microbiology and Infection
Prevention, University Medical Center Groningen, University of Groningen,
Groningen, The Netherlands

Birgit Weinberger Institute for Biomedical Aging Research, Universität Inns-
bruck, Innsbruck, Austria

J. M. Witkowski Department of Pathophysiology, Medical University of Gdansk,
Gdansk, Poland



Chapter 1
Healthy Longevity and Immune System:
A Brief Introduction

Alphonse Laya and Valquiria Bueno

Abstract Since 1990 it has been observed a significant increase of the global aged
population with a perspective of 1.5 billion of older individuals by 2050 and 3 billion
by 2100 due to increased longevity. To guarantee healthy longevity to this popu-
lation, public policies focused in economic, social and health aspects are crucial.
Healthy longevity is influenced by genetics, habits (i.e. healthy nutrition, phys-
ical activity, non-smoking) and environment. Several changes occur in organs and
tissues during the ageing process, therefore the immune system also suffers alter-
ations that could play a role in age-related conditions (cardiovascular, respiratory,
neurologic, tumoral, and infectious). Recently we had a clear example of how an
infectious disease (COVID-19) is exacerbated in aged patients with high morbidity
and mortality (mainly in those with comorbidities). It was found an association
between elevated morbidity/mortality after SARS-CoV-2 and increased expression
of inflammageing and immunosenescence markers. To fight immunosenescence it
has been proposed that healthy nutrition and supplements (vitamins B, D, C, or E,
essential minerals, and amino acids) could be used. In addition, physical activity has
been suggested for themaintenanceof adequate functionof respiratory and cardiovas-
cular systems, memory, and immune system. Considering the complexity of healthy
longevity, this introduction will briefly comment some alterations occurring in the
innate and adaptive immunity during the ageing process and possible alternatives of
intervention in order to reach old age with functionality. The complete discussion
about these changes will be distributed in the Chaps. 2–9.

Keywords Healthy longevity · Ageing · Diet · Physical activity ·
Immunosenescence · Immune system
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Since 1990 it has been observed a significant increase of the aged population in the
world. In percentage, individuals aged 65 years or more increased globally to 9% in
2019 (6% in 1990, United Nations 2019). In numbers, it corresponds to 703 million
persons and is projected to double by 2050 (United Nations 2019). Bloom and Luca
(2016) projected a rise to 3 billion of individuals >65 years in 2100. The improve-
ment in medicine, nutrition, and public health policies has been associated with the
observed increase in longevity. In agreement, the study by Li et al. (2019) showed
that organism maintenance of homeostasis is associated with lifespan extension. To
reach healthy longevity factors such as genetics, habits and environment have to be
considered.

Several changes occur in tissues during the ageing process and thus the immune
system is also remodeled and it is considered to underlie many age-related conditions
such as cardiovascular, respiratory, neurologic, tumoral, and infectious. For infec-
tious diseases, it has been shown an increased susceptibility of aged individuals to
develop severe forms (i.e. pneumonia and influenza) in comparison with younger
persons (Pawelec et al. 2020). Moreover, the immune response after vaccination
is less efficient in old individuals (Chap. 7). Recently we had a clear example of
how an infectious disease (COVID-19) is exacerbated in aged individuals with high
morbidity and mortality. It has been shown that individuals aged 55–64 years and
65+ have respectively 8.1 and 62 times higher incident rate ratio of severe COVID-
19 compared with those aged below 54 years. The increased severity of COVID19
in old individuals has been linked to comorbidities such as cardiovascular disease
and diabetes type 2 in addition to increased expression of immunosenescence and
inflammageing markers (Chap. 6).

Weyh et al. (2020) claims that changes occurring in the percentage and func-
tions of the immune system; based on T cells evaluation, can be reversed by regular
physical activity. Also, micro nutrients are required at adequate levels for effective
function of the immune system (Reider et al. 2020). These findings suggest that it
is possible to “modulate” the immune system via physical activity, healthy nutri-
tion, and supplements such as vitamins (B, D, C, E), essential minerals, and amino
acids. In reinforcement of this idea, it has been shown that the deficiency in essential
micro-nutrients affects the efficacy of the immune system against pathogens (Reider
et al. 2020). The innate immune system is considered the first line of defense against
pathogens, and can be boosted by nutrition of good quality (Reider et al. 2020). For
the adaptive immune system, it has been shown that vitamin E enhances lympho-
cyte proliferation, interleukin-2 (IL-2) production, and inhibits the production of
prostaglandin E2 (PGE2) (Gombart et al. 2020).

Considering that the immune system can be “modulated” this book will discuss
the changes in primary and secondary lymphoid organs, innate and adaptive immu-
nity, and suppressive cells, in healthy older individuals. The same parameters
will be described in conditions such as infections, and age-related conditions
(cancer, neurodegenerative diseases, autoimmune diseases) and finally how the
lifestyle/interventions can contribute for healthy longevity.
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1.1 Changes in Primary and Secondary Lymphoid Organs
(Bone Marrow, Thymus, Lymph Nodes, Spleen)

Lymphoid organs are classified as primary (thymus and bone marrow) or secondary
(lymph nodes and spleen). Primary lymphoid organs are responsible for the genera-
tion andmaturation of leukocytes whereas secondary lymphoid organs are associated
with antigen presentation and activation of immune cells. During ageing, the produc-
tion of leukocytes by bone marrow decreases, thymus suffers involution and thus the
release of naive T cells is diminished. Secondary lymphoid organs also undergo
architecture changes which impact the encounter of the immune cells and antigens,
in addition to the reduced activation of the immune response (Chap. 2). These archi-
tectural changes in primary and secondary lymphoid organs and the consequences
for the immune system explain, at least in part, the higher susceptibility to infection
and reduced responses to vaccination observed in older individuals in comparison
with young counterparts (Chap. 2). Moreover, the infections are the leading causes
of morbidity and mortality in individuals >65 years which have been correlated with
changes in the adaptive immune system such as the reduction of naive T cells and
increase of effector/memory T cells subsets (Weng 2006; Pawelec and Larbi 2008). T
cell responsiveness has also been associated with intrinsic defects such as altered cell
membranefluidity, changes in the cell surface expression of co-stimulatorymolecules
and cytokine receptors, molecular and transcriptional changes (Larbi et al. 2006;
Chen et al. 2013). Also, the loss of T cell receptor (TCR) diversity has been reported
which can lead to lower capacity to respond to new pathogens/antigens (Lerner et al.
1989; Kieper and Jameson 1999).

1.2 Innate Immunity (Neutrophils, Monocytes,
Macrophages)

The first line protection represented by innate immunity is triggered for example in
response to inflammatory distress with subsequent migration of neutrophils andmast
cells to the damaged site. NK and NKT cells present in the gut epithelium can also
be stimulated by cytokines produced locally (Cocteau 2014).

Neutrophils act both defending against infection and activating/regulating the
innate and adaptive immune responses. Activated neutrophils are cited as the initial
responder and facilitate the clearance of inflammation caused by pathogens, tissue
injury, and cellular dysfunction due to stress as part of physiological host defense
(Feng et al. 2019). Regarding to tumor, neutrophils have been associated with tumor
resistance via direct cytotoxic activity and/or activation of T cell-dependent immu-
nity. In addition, the expression of regulatory proteins such as SIRPα by neutrophils,
monocytes and macrophages are crucial for the phagocytosis checkpoint (Feng et al.
2019; Jaillon et al. 2020). Innate immunity is affected by the ageing process resulting
in lower ability of immediate response to pathogens and in reduced integration
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with the adaptive immune response. Neutrophils’ impaired function with poor regu-
lation of cell receptors and downstream signaling pathways have been shown to
interfere with immune response against pathogens and after vaccination. Reactive
oxygen species produced by monocytes are reduced in addition to the dysregulation
of cytokines release. Neutrophils present deficient migration and reduction in the
capability to form neutrophil extracellular traps (NETs) (Chap. 3).

1.3 Adaptive Immunity (T and B Lymphocytes: Naïve,
Effector and Memory Phenotypes and Functions)

The cells of the innate immune system, including phagocytes, neutrophils, dendritic
cells and natural killer cells (NK), play critical roles in the body’s defenses by neutral-
izing pathogens and facilitating the adaptive immune response. The adaptive immune
system, formed by B and T cells along with their products, is not only responsible
for a specific response to pathogens but also for the development of immunological
memory for future immune challenge (Reider et al. 2020). Immunological memory
is a unique characteristic of the adaptive immunity and it is essential for the organism
protection against pathogens and after vaccination.

During the ageing process it has been observed reduction in the proportion of
naive B cells, in addition to a less efficient antibody response by activated B cells.
The collaboration between B cells and T cells is reduced, and the recognition of
self and non-self is impaired. As consequence it has been reported the production
of antibodies with low-specificity and decrease avidity, and hematological disorders
in older individuals respectively (Cunha et al. 2020). In summary, changes observed
in B cells lead to reduced protection and poor response to infections and vaccines
(Chap. 7).

Considering T cells, it has been reported a decrease of the naive subtype both in
circulation and lymphoid organs (spleen, lymph nodes). The lower diversity of T cell
receptor (TCR) has been associated with thymus involution and impairs the recog-
nition of new antigens. After activation, naive T cells are expected to differentiate
into central memory T cells (TCM), which reside in the lymph nodes, and effector
memory T cells (TEM), which reside in the peripheral tissues (Zuluaga et al. 2020).
These cells are fundamental for the organism protection against infections and after
vaccination. An important change in T cell profile is a relative increase of memory
T cells (in particular terminally-differentiated T cells TEMRA). The decrease in
peripheral naive CD8 + T cells and the increase in TEMRA cells have been asso-
ciated with impaired immune response against virus infections. These findings have
been linked to the reduced thymic output of naive cells and persistent cell activation
due to a lifetime’s exposure to pathogens (Pawelec et al. 2020). The function of T
cells (proliferation, cytokines production) is also affected during the ageing process
and contributes for the immunosenescent profile.
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1.4 Suppressive Cells (MDSC)

Myeloid-derived suppressor cells (MDSCs) are suppressive cells that have been asso-
ciated with decreased immune response in cancer, in some infections, and autoim-
mune diseases (Chap. 4). MDSCs act suppressing immune responses and there are
few evidences that these cells increase in healthy old individuals (Verschoor et al.
2013; Alves et al. 2018). It has been reported that MDSCs impair the functions of T,
NK, and dendritic cells.MDSCs execute their suppressive effects via arginase 1 (Arg-
1), indoleamine dioxygenase (IDO), IL-10, inducible nitric oxide synthase (iNOS),
nitric oxide (NO), heme oxygenase 1 (HO-1), carbon monoxide (CO), prostaglandin
E2 (PGE2), ROS, and cysteine depletion (Gabrilovich and Nagaraj 2009; Zhao et al.
2016).

The accumulation of MDSCs due to accelerated myelopoiesis during chronic
inflammation, such as in late sepsis, is not simply an expansion in their numbers or
expression of phenotypes, but rather an enhanced suppressive function gained under
pathological conditions (Dai et al. 2015).MDSCshave been reported to act in synergy
with other cells for the inhibition of immune effector cell function. As an example,
MDSCs alone or in synergy with T regulatory (T reg) cells can contribute to the
progression or latency of HIV infection, and this may explain the lack of efficacy of
some immune-based treatments and vaccinations (Macatangay et al. 2011;Vollbrecht
et al. 2012; Garg and Spector 2014).

1.5 Infections: Influenza, Pneumonia, and COVID
(Chaps. 5 and 6)

Infectious diseases are more common and severe in older individuals in comparison
with younger counterparts, and the most frequent sites are respiratory and urinary
tract probably due to the impaired barrier function of the mucosa and diminished
adaptive immune response (Cunha et al. 2020). The ageing immune systempresents a
decreased ability to protect against infections andwhereas for healthy adults seasonal
influenza is rarely linked to severe infection, for the old individuals it is a serious
health concern. According to Center for Disease Control and Prevention in US
(CDC), the estimated influenza-associated deaths with underlying respiratory and
circulatory conditions is significantly higher in individuals older than 65 years. The
pneumonia requiring hospitalization overall can be 1 per 1,000 cases, but in individ-
uals older than 75 years the rate reaches 12 per 1,000 cases. In addition, resistant
pathogens are more common in older individuals with comorbidities that have been
medicated with antibiotics or are hospitalized.

Regarding SARS-CoV-2, in old individuals the increased virus susceptibility
has been linked to comorbidities that are common in the aged population (Cunha
et al. 2020). The invasion of the airway epithelial by SARS-CoV-2 break the barrier
integrity, triggering a vicious cycle of inflammation and tissue injury that is more
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pronounced in old individuals. The uncontrolled systemic inflammation causes
endothelial injury and activation of coagulation cascade leadind to an explosive
process of disseminated intravascular coagulation and consumption of coagulation
factors that culminate in organ damage and death (Cunha et al. 2020).

The worse outcome in aged individuals has been linked to changes in respira-
tory and immune system observed in this population. The lethality of COVID-19
has been related to immunosenescence and inflammageing that are main charac-
teristics of the ageing process. Immunosenescence combines a lower efficacy of T
cell response and decreased avidity/ specificity of antibodies and may explain the
lethality amongst the old individuals with COVID-19. Inflammageing is linked to
the collapse of homeostasis, leading to severe organ dysfunction (Cunha et al. 2020).

1.6 Vaccine Responses are Typically Impaired in Older
Individuals

The protection induced by vaccine against influenza varies from41 to 58% in individ-
uals aged 60–74 years and among those agedmore than 75 years, the vaccine protects
in 29–46% of cases. The trivalent inactivated influenza vaccine (TIV- H1N1, H3N2,
and influenza B) efficacy in old individuals, ranges from 30 to 70% in preventing
pneumonia hospitalization. The increased susceptibility of old individuals to pneu-
monia has been associatedwith comorbidities and immunosenescence and thus vacci-
nation is highly recommended. They include the 23-valent pneumococcal polysac-
charide vaccine (PPV23) and 13-valent conjugated vaccine (PCV13). Even in pres-
ence of comorbidities, PCV13 is safe and immunogenic in old individuals whereas
PPV23 results in a suboptimal protection (Chap. 7).

Regarding to COVID-19, several vaccines have been developed or are in devel-
opment but it is not clear whether old individuals will present efficient and long-term
immunogenicity. The age-related decline and dysregulation observed in the immune
response (i.e., immunosenescence and inflammageing) in association with comor-
bidities contribute to the higher vulnerability to worse COVID-19 outcomes in older
adults. To overcome the poor response to vaccines by the ageing immune response,
strategies such increase in the vaccine antigen per dose, administration by intra-
dermal route and formulation with different adjuvants have been proposed (Dong
et al. 2020).

1.7 Cancer and Immunosenescence

Considering that the aged population presents decreased immunity and that the
immune surveillance is also impaired, age is reported as the single most signifi-
cant risk factor for malignancy. In developed countries the incidence of breast, lung,
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prostate, and colorectal malignancy increases exponentially with age (Mandurian &
Bueno 2016). A life history of accumulated cell mutations and the chronic inflam-
mation characteristic of the inflammageing process have been pointed as potential
risk for tumor development (Chap. 8).

Obesity is also considered a risk factor for the onset and progression of many
cancers and it is accompanied by dysregulated metabolism and chronic low-grade
inflammation of white adipose tissue. Inflammation is induced by adipose-associated
macrophages that are polarized toward a proinflammatory M1-like phenotype and
produce multiple tumor-promoting cytokines including TNFα, IL-6, and IL-1β
(Ostrand-Rosenberg 2020).

Myeloid-derived suppressor cells (MDSCs) increased expression during inflam-
matory processes support the hypothesis that MDSC induced by inflammation accu-
mulate in premalignant states and may facilitate malignancy by inhibiting immune
surveillance (Ostrand-Rosenberg and Sinha, 2009). Accumulation of MDSCs over
time in aged individuals has been shown to increase the incidence of tumour develop-
ment as reported in many studies. For instance, it was reported that MDSCs promote
age-related increase of lung cancer growth via inhibiting anti-tumour T cell responses
through upregulating the expression of immune checkpoint protein, namely PD-1
(the so-called B7-H1) (Yaseen et al. 2020). MDSCs cause suppression of innate and
adaptive cells contributing thus for cancer progression. In the setting of patholog-
ical conditions, especially those with chronic inflammatory responses such as cancer
amongst others, MDSCs can be detected at very high levels in the bone marrow and
peripheral tissues (e.g., spleen, liver, lymph nodes, and blood circulation), as well
as within the inflammation sites, especially as the disease progress (Kusmartsev and
Gabrilovich 2006; Ochoa et al. 2007; Ilkovitch and Lopez 2009).

Considering the immune-suppressive potency and virtually universal presence of
MDSCs in cancer patients, it has become apparent that elimination or inactivation
of MDSCs could contribute for the success of T cell–based immunotherapies and
natural antitumor immunity (Ostrand-Rosenberg 2020). However, considering the
lack of specific markers or signal transduction pathways specific for MDSCs, it is
almost impossible to development therapies targeting specifically MDSCs with no
impact in other cells (Ostrand-Rosenberg 2020). Another possibility is combining
‘rejuvenation’ immunotherapy with standard chemotherapy in order to improve the
outcome of old patients with cancer (Jackaman and Nelson 2014).

1.8 Neurodegenerative Diseases

In ageing individuals, it has been proposed that the dual immunosenescence and
inflammageing can cause a chronic low-grade inflammation in the central nervous
system (CNS) by modulating neuronal immune cell activity and reactivity. Chronic
inflammation has been associated with many age-related conditions such as insulin
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resistance, cardiovascular disease, osteoarthritis, chronic obstructive pulmonary
disease, emphysema, pulmonary arterial hypertension,Alzheimer’s, Parkinson’s, and
macular degeneration, which are all characterized by the accumulation of senescent
cells (Furman et al. 2019).

The inflammatory response against pathogens or dying cells becomes dysregu-
lated, causing thus tissue damage (i.e. injury or death of neurons), and are commonly
observed in Alzheimer’s disease (AD) and Parkinson’s disease (PD). Interventions
such as caloric restriction, probiotic and prebiotic supplements, in addition to changes
in unhealthy lifestyle (high sugar diets, alcohol and tobacco addictionor high fat diets)
have been investigated in order to retard neurodegeneration and its consequences
(brain ageing, cognitive deficit, memory loss) (Chap. 9).

It has been shown that regular exercise training and specific nutrition strategies
can boost successful immune response and decrease the risk of maladaptive immune
ageing (Weyh et al. 2020). For example there are several healthy dietary components
such as polyunsaturated fatty acids and antioxidants such as polyphenols, vitamins
E, D, C, carotenoids, minerals, caloric restriction, which may counteract ageing and
associated neurodegenerative diseases via increased autophagy or increased neuroge-
nesis in brain of older individuals.Monacelli et al. (2017) showed that the association
between ascorbic acid and vitamin E supplementation presented synergy and had a
preventive action on AD. Many other studies are highlighting iron homeostasis in
mitochondria and the impact of inflammation on iron overload in neurodegenerative
diseases (Popa-Wagner et al. 2020).

1.9 Lifestyle/Interventions (Physical Activity, Nutrition,
Supplements)

The commonly observed decline in the immune system in ageing individuals can
be influenced by physical activity, nutrition and pharmacological interventions. The
physical inactivity, and its consequences, such as adipose tissue accumulation and
muscle dysfunction, deleteriously can affect both innate and adaptive immunity.
Sedentarism has been associated with increased systemic inflammation (increased
TNF-α, IFN-γ, and CRP), impaired natural killer cell cytolytic activity and reduced
T-cell proliferation and cytokine production, all of which can result in poor immune
response against virus infections. It has been shown that physical activity during
life reduces the risk of non-communicable diseases (cancer, cardiovascular, chronic
inflammatory disorders) and improves the immunity (Sellami et al. 2018).

Studies in different species including primates have shown that restriction of food
intake without malnutrition increases longevity and delays age-related diseases. In
addition, chronic nutrient excess can cause local (adipocytes and hepatocytes) and
systemic inflammation contributing thus for the age-related inflammageing process
(Colman et al. 2014). On the other hand, the malnutrition risk increases with age is
has been associated with decreased immune function and increased susceptibility to



1 Healthy Longevity and Immune System … 9

infections in ageing individuals. The lack of essential nutrients such as amino acids,
minerals, vitamins and fatty acids increases the susceptibility of aged individuals
to infections and degenerative diseases. The adequacy of supplementation for older
adults may act boosting their immune system or delaying the ageing process. Also
probiotic consumption increases the number and function of immune cells and in old
individuals was shown to improve vaccine responses (Kawakami et al. 1999).

The consumption of fruit and vegetables which are important components of a
healthy diet, and represent rich sources of micronutrients, dietary fibers and antiox-
idants reduces the risk of cardiovascular diseases, diabetes type 2, several cancers,
and cognitive function. Vitamins A, C, D, E, zinc, iron, and selenium are all involved
in the innate and/or adaptive immune response (Reider et al. 2020). In addition,
it has been shown that exercise and diet are the main protective mechanisms that
may reduce the cognitive decline attributed to the normal ageing process and protect
against changes related to neurodegenerative diseases such as Alzheimer’s disease
(Liparoti et al. 2020).

1.10 Conclusions

The healthy longevity seems to be a combination of factors such as genetics, habits
and environment. During the ageing process changes occurring in organs and the
alterations in the immune system are considered to underlie many age-related
diseases such as cardiovascular, neurodegenerative, autoimmune diseases, cancer,
and infections. Immunosenescence is the designation for all the age-associated
changes in immune parameters and it has been linked to the impaired immune
response after infection and vaccination in older adults. The malnutrition risk
increases with age is has been associated with decreased immune function and
increased susceptibility to infections in the aged population. In addition, healthy diet
and supplements can help to obtain nutrient adequacy and boost the immune system.
Physical activity has also been pointed as fundamental for the reduction of non-
communicable diseases (cancer, cardiovascular, chronic inflammatory disorders) and
improvement of the immunity.
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Chapter 2
Age-Related Changes in Primary
and Secondary Lymphoid Organs

Valquiria Bueno

Abstract Bone marrow is a primary lymphoid organ which gives rise to leukocytes
and provides maturation of B cells whereas thymus is also a primary lymphoid
organ and promotes T cells maturation. Spleen and lymph nodes are secondary
lymphoid organs with a favorable microenvironment for immune cells response to
pathogenic materials present in blood/lymph and development of long-term adaptive
immunity. Therefore, changes in the architecture of primary and secondary lymphoid
organs during the ageing process can contribute for the impaired immune response
to infections, vaccines, and tumors observed in old individuals. The literature is
scarce in aged human lymphoid organs and most of the data are from post mortem or
individuals submitted to some type of clinical procedure. Thus, data about lymphoid
organs are mostly results of rodent investigation. Conflicting results in architecture
and physiology between rodents and human can explain the differences in cells
proportions and functions reported in literature. Nevertheless, even considering the
limitation of data disposable, in this chapter, the focus will be human lymphoid
changes during the ageing process.Considering the importance of lymphoid organs in
infections, this chapter also reports data obtained in recent literature aboutCOVID-19
and lymphoid organs.
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HPSC Hematopoietic progenitor stem cells
HSC Hematopoietic stem cells
MDSC Myeloid-derived suppressor cells
NKT Natural killer T cells
PD-1 Program cell death protein 1
TCR T-cell receptor
TEC Thymic epithelial cells
Tim-3 T cell immunoglobulin and mucin domain-containing protein 3
TREC T cell receptor excised circles

2.1 Bone Marrow and Hematopoiesis

Hematopoietic stem cells (HSC) give rise to leukocytes including myeloid and
lymphoid subtypes that are responsible for innate and adaptive immunity. HSC
develop at bone marrow (BM) niche, and it has been reported decreased numbers,
increased numbers, or no changed numbers ofHSCduring the ageing process (Povsic
et al. 2010; Kuranda et al. 2011; Ogawa et al. 2000). Povsic et al. (2010) observed
opposite trends according to the tissue investigated, with an age-related decline
in circulating hematopoietic progenitor stem cells (HPSC, CD133+CD34+) and no
relationship between BM-resident progenitors and age.

Signals from BM niche components contribute for the complex process that regu-
lates HSC production. Therefore, variations observed in BM architecture due to
age and morbidities can contribute for the heterogeneity of HSC numbers in the
aged population. Tuljapurkar et al. (2011) observed an age-related increase of fat
content in the femoral BM in man which was associated with decrease in HSC.
Aguilar-Navarro et al. (2020) observed a significant decrease in hematopoietic area
and an increase in adipocyte content in older adult BM (65–92 years). In agree-
ment, Justesen et al. (2001) found decrease in the hematopoietic tissue and increase
in the adipocyte tissue, both age-related. Moreover, patients with osteoporosis (52–
92 years) displayed an increase in the adipocyte tissue compared to healthy normal
individuals (30–100 years). Another characteristic observed in aged individuals is
the bias in leukocyte generation leading to increase of myeloid progenitor cells
and decrease of lymphoid progenitor cells. Aguilar-Navarro et al. (2020) found that
older adults (65–92 years) presented a higher percentage of maturing myeloid cells
in the hematopoietic area of BM which correlated with a peripheral increase in total
myeloid cells and decrease in lymphoid cells in these individuals. In agreement Pang
et al. (2011) observed in old individuals (65–85 years) that human HSC exhibit
myeloid-biased differentiation potential compared with young HSC.

Considering these findings, it has been suggested that aged individuals present
a decrease in the number of leukocytes in circulating blood and an increase in the
myeloid-derived suppressor cells (MDSC) in comparison with the young population.
In addition,morbidities can act as enhancers of these alterations in blood components.
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Regarding to mature leukocytes presence in BM due to migration from peripheral
blood, it was observed by Herndler-Brandstetter et al. (2012) that the number of
CD4+ and CD8+ T cells is maintained in BM of ageing individuals (66 ± 3.1 years)
with a decline of naïve and increase in effector memory T cells. Ogawa et al. (2000)
performed immunohistology in biopsies of BM (newborn—100 years) and observed
that older individuals (80–100 years) presented low cellularity, decreased prolif-
erative activity and increased apoptosis. T cells, B cells and macrophages were
also diminished in BM of older individuals. In addition, committed CD34+CD19+

B-lymphoid progenitors were also found in reduced percentage in BM with age
(>70 years) (Kuranda et al. 2011).

Pritz et al. (2015) found in BM biopsies mainly plasma B cells whereas a
higher percentage of memory B cells was preferentially observed in peripheral
blood. Frequencies of plasma and memory B cells either in bone marrow and blood
decreased with age, while no effect was observed in immature and naïve B cells.
BM plasma B cells specific for tetanus and diphtheria declined, whereas influenza
A- and cytomegalovirus-specific BM plasma cells were not affected.

Naismith et al. (2019) found in BM an increase of total T cells and also of highly
differentiated CD8+ T cells with age (39–87 years old). Conversely, natural killer
T cells (NKT), monocytes, B (CD19+) cells and naïve CD8+ T cells presented age-
related decrease. Concentrations of diphtheria-specific antibodies in blood correlated
negatively with highly differentiated CD8+ T cells and CD8+ and CD4+ exhausted
central memory in BM.

Changes observed in the studied cells should be considered as they probably
impact the efficacy of immunity after vaccination in older individuals.

2.1.1 Thymus and Thymopoiesis

The migration of stem cells from BM to thymus (thymocytes) and subsequent
steps lead to T cell development. This complex process denominated thymopoiesis
comprises: (1) rearrangement of T-cell receptor (TCR) genes with unique speci-
ficities, (2) positive and negative selection that will lead to immunocompetent T
cells capable to develop immune responses against non-self-antigens and absence of
autoreactivity, (3) acquisition of maturation markers by T cells, and (4) migration of
naïve T cells to peripheral blood.

Thymus is composed by cortex and medulla, with a network of epithelial and
stromal cells. The perivascular space is outside of this network and contains thymus
vessels. Thymus epithelium (thymic epithelial cells – TEC) decreases during the
ageing process whereas thymic perivascular space becomes more prominent and
presents infiltrates of peripheral lymphocytes and adipose tissue (reviewed in Hale
2004). Main causes of thymic involution during the ageing process include reduction
in numbers and intrinsic defects in HSC, loss of thymic epithelial cells (TEC) and
alterations in thymus stroma; effects of extrinsic factors such as hormones, growth
factors, cytokines (reviewed in Dixit 2010). The evaluation of the perivascular space
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has shown T cells expressing memory markers and B cells with somatic mutations
in immunoglobulin genes suggesting that these cells have migrated from periphery
to thymus (Flores et al. 1999, 2001).

Despite the prevailing findings of thymic involution and changes in the thymus
architecture and composition, some authors have reported activity in thymic tissue
in aged individuals (Flores et al. 1999; Jamieson et al. 1999; von Gaudecker 1978;
Bertho et al. 1997). However, the total T cell pool in periphery seems to bemaintained
by homeostatic expansion of preexisting T cells instead of exporting cells from
thymus (Goronzy and Weyand 2005; Yager et al. 2008).

To identify cells exported from thymus, an assay measures T cell receptor excised
circles or TRECs that are episomes retained after DNA excised from the chromo-
some due to TCR rearrangement and has been validated as surrogate marker for
thymopoiesis in aging individuals (Flores et al. 1999). TRECs cannot replicate and
are lost when T cells expand after encountering an antigen in periphery, thus naïve T
cells are measured in periphery as CD3+CD45RA+TREC+. TCR diversity is another
assay for the evaluation of thymic function can also be evaluated by the TCR diver-
sity. During the ageing process it has been reported a decrease in the naïve T cells in
periphery and a decline in TCR diversity (Kimmig et al. 2002; Kohler et al. 2005) that
are possible causes for the progressive deficiency in response to vaccine and infec-
tion. T cell phenotype (CD4+ and CD8+) has been based on surface markers such
as CD45RA+ and CD27+ present in naïve cells, in addition to CCR7+, CD31+, and
TREC. After activation via antigens/mitogens, T cells acquire distinct phenotypes,
based on CD45RA and CD27, as it follows (Alves et al. 2018):

CD45RAnegCD27+ Central Memory, CD45RAnegCD27neg Effector Memory,
CD45RA+CD27neg Effector Memory RA.

2.1.2 Lymph Nodes

Human lymph nodes are composed by B cells follicles and T cells follicles in
cortex, paracortex, and centrally the medulla region. T cells, B cells, dendritic
cells, macrophages and stroma cells can be observed in all compartments of the
lymph nodes (Willard-Mack 2006; Hoorweg and Cupedo 2008). In these secondary
lymphoid organs, the lymphatic fluid encounter with macrophages and stromal cells
that are initial responders (Junt et al. 2008). In addition, cell–cell interactions occur
between components such as sinus macrophages and T lymphocytes, afferent veiled
cells and T/B lymphocytes, and dendritic cells and afferent antigens. Therefore,
lymph nodes present favorable microenvironment for immune cells rapid response
to pathogens from blood and lymph and development of long-term adaptive immune
responses. The number of lymph nodes, in addition to area and volume of cortex,
paracortex and medulla have been reported to decrease during the ageing process
(Luscieti et al. 1980; Ahmadi et al. 2013).
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Hadamitzky et al. (2010), evaluated superficial inguinal lymph nodes from cadav-
eric donors and observed diffuse degeneration and a tendency to lymphocyte loss (T
and B cells) in aged donors. Lymph nodes presented in majority of the individuals
older than 46 years to death very few high endothelial vessels (HEV) suggesting
a disconnection from the vascular system and decrease in the immune function.
Fibrosis has highly prevalent in age groups 61–75 and 76 + years and lipomatosis
was more prominent in donors older than 46 years to death. Taniguchi et al. (2004)
found that donors from 72 to 95 years to death presented in lymph nodes very
rare germinal centre and secondary follicles larger than the primary follicles or B
lymphocyte clusters. Lazuardi et al. (2005) observed in old individuals (67–88 years)
that lymph node architecture was maintained but the relative proportion germinal
centre/mantle zone was negative correlated with age. Germinal centres were reduced
whereas perifollicular B cells tended to be increased. Naïve T cells were diminished
in lymph nodes which was probably thymus involution-related with a reduction in
CD8+ T cells and not altered numbers of CD4+ T cells. In comparison with young
donors, aged individuals presented lower numbers of IgM+ cells and no difference
in IgG+ cells. Erofeeva et al. (2020) found in mesenteric lymph nodes from cadav-
eric donors’ active fibrosis, lipomatosis, small lymphoid nodules (mainly without a
germinal centre), and decrease in Ki-67+ lymphocytes (proliferation) in both B- and
T-dependent zones. Changes were more pronounced in senile age (88 ± 5 years) in
comparison with old age (66 ± 3 years) cadaveric donors.

2.1.3 Spleen

Reconstructions of human spleens indicate that the marginal zone is highly-
vascularized implying a role in the filtration of pathogens and antigens from the
blood (Kusumi et al. 2015). In the red pulp, a large number of macrophages (phago-
cyte) remove mainly red blood cells, micro-organisms, and cellular debris. In the
white pulp, B and T lymphocytes can be activated and proliferate.

Ageing-related changes in the microarchitecture of the human spleen have been
described by Alex et al. (2015). They observed that thickness in splenic capsule was
influenced by age, thickening post-adolescence and into middle age before thinning
again in old age. Increased atrophy of splenic tissue was found in donors of advanced
age (70 + years) and corroborated with the decrease in the number and size of B
cell follicles with age. Cellularity and vascularity decreased in both red and white
pulp and follicles were totally atrophied by the eighth decade. Conversely, Banerjee
et al. (2000, 2002) showed that spleens either from post mortem or splenectomized
donors (17–81 years) presented no age-related difference in B cells follicle content
or in the size of individual follicles. In T cell zones but not in B cells follicles, CD8+

proportion was significantly reduced in the older age group. Moreover, in B cell
follicles there was a reduction in the proportion of CD4+ T cells in the older group
(Banerjee et al. 2000, 2002).
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2.2 Lymphoid Organs and COVID-19

High affinity pathogen-specific antibodies and long-lastingmemoryBcells are essen-
tial against viral infections and after vaccination. The complex mechanisms evolved
in this process are highly dependent on T and B cells (generation, maturity, and T-B
cells interactions) and, consequently, lymphoid organs integrity is crucial for the
adequate immune response. Thus, dysfunctional lymphoid organs may be a predis-
posing factor for severe COVID-19 disease. A brief report from data obtained in
recent literature about COVID-19 and lymphoid organs is listed as it follows.

Bone marrow: post mortem studies conducted in COVID-19 by Falasca et al.
(2020) showed that BM presented the hematopoietic tissue replaced by yellow
adipocyte-riche marrow either in patients with (27–92 years) or without comorbidi-
ties (35–65 years), whereas Ihlow et al. (2021) observedmild fibrosis of BMmedullar
area (62–79 years). In patients with no comorbidity it was found megakaryocytes
hyperplasia (Falasca et al. 2020). Another study, found immaturity of myelopoiesis,
severe loss of CD20+ B cells and normal CD3+ T cells (Bao et al. 2020).

Thymus: computed tomography (CT) showed a significant correlation between
increased thymus fat tissue and presence of lung involvement in COVID-19 patients
(Çakmak et al. 2021). Cuvalier et al. (2021) found that 66% of patients (n= 50; 63.2
± 16.5 years) with COVID-19 presented enlargement of the thymus which was asso-
ciatedwithmore extensive lung injury onCT scans but a lowermortality rate. Patients
had a higher concentration of IL-7 in circulation and increased production on new
lymphocytes (based on TREC levels). Authors suggested that increased thymusmass
in COVID patients was a beneficial adaptation to virus-induced lymphopenia. More-
over, thymosin alpha 1 (Tα1), produced by thymic epithelial cells, was administered
to patients (21–92 years) with severe COVID-19 and thymic output was measured
in periphery by TREC expression and markers of cell exhaustion (PD-1 and Tim-3).
The treatment reduced mortality, increased T-cell counts including older patients and
in patients with chronic diseases. Cell exhaustion markers decreased in CD8+ T cells
and increased thymus output based on levels of TREC (Liu et al. 2020).

Lymph nodes: Kaneko et al. (2020) found in thoracic lymph nodes of severe
ill patients that succumbed either before 8 days of admission (66.2 ± 11.2 years)
or succumbed later (63.9 ± 9.3 years) lack of germinal centre and decrease of B
and T cells. The same was reported in 11 patients (66 to 91 years) by Lax et al.
(2020). Conversely, Elsoukkary et al. (2021) observed in 32 cases (30–100 years)
lymph node architecture preservation, sinus dilatation and congestion. In perihilar
and paratracheal lymph nodes, Menter et al. (2020) also found congestion and sinus
dilation in lymph nodes in addition to increased number of reactive plasmablasts (n
= 21; 53–96 years).

Spleen: it was observed atrophy of white pulp (Buja et al. 2020) and lymphocyte
depletion (Lax et al. 2020). In agreement, Kaneko et al. (2020) found in severe ill
patients, paucity of white pulp, B and T cell reduction. Germinal centre presented
B cells with reduction in Bcl6+ and preservation of AID+ (activation-induced deam-
inase). Falasca et al. (2020) observed in autopsy of 22 patients (35–65 years) with
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COVID-19, reduced volume and size in addition to congested red pulp and lymphoid
hypoplasia. Ihlow et al. (2021) found in post mortem samples from patients with
COVID-19 (62–79 years), spleen with atrophy of peri-arteriolar white pulp, loss of
CD20+ B cells and regular distribution of peri-arteriolar CD3+ T cells. In patients
COVID-19 with severe disease (41–79 years) there was more spleen shrinkage than
mild patients (16–71 years) (Bao et al. 2020).

2.3 Conclusions

– there are age-related structural changes in primary lymphoid organs that have been
associated with reduced cell numbers leaving BM andmyeloid-biased generation.

– in periphery cell numbers are maintained by proliferative homeostasis.
– changes in thymus lead to a decreased percentage of naïve lymphocytes and

reduced TCR repertoire.
– age-related changes in secondary lymphoid organs lead to impairment in the

immunity against infections and/or after vaccination.
– in COVID-19, a higher percentage of aged patients presented more vigorous

infection and exacerbation of inflammatory responses.
– structural changes were observed in primary and secondary lymphoid organs of

patients with COVID-19.
– it is not possible to differentiate changes caused by age and those associated to

COVID-19.
– the further knowledge about changes in lymphoid organs due age and infections

could be used to improve the development of vaccines and other therapies.
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Chapter 3
Immunesenescence and Compromised
Removal of Senescent Cells: Implications
for Health in Old Age

Jon Hazeldine and Janet M. Lord

Abstract Cellular senescence is a state of stable cell cycle arrest triggered by internal
and external stressors. Amajor hallmark of senescent cells is the senescent associated
secretory phenotype (SASP), an inflammatory secretome consisting of cytokines,
chemokines, growth factors and proteases. When transient in nature, senescent cells
are beneficial, aiding in such physiological processes as tissue repair and regener-
ation. However, when senescent cells persist, SASP-driven inflammation promotes
tissue and organ dysfunction. Through direct cytotoxicity, the immune system regu-
lates an individuals senescent cell load. Compared to younger subjects, older adults
exhibit an increased senescent cell burden that has been suggested to drive the devel-
opment of age-related pathologies. The accumulation of senescent cells that occurs
with age is accompanied by remodelling of the immune system. Termed immune-
senescence, ageing results in marked alterations in the innate and adaptive arms of
the immune system. Here, we discuss immunosurveillance of senescent cells in the
context of an ageing immune system, suggesting that immunesenescence underpins
the increased senescent cell load of older adults. Moreover, we propose the idea of a
vicious cycle, whereby, via the SASP, senescent cells exacerbate immunesenescence
by promoting dysregulation in aspects of the immune response that are otherwise
unaffected by the ageing process.
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3.1 Introduction

Triggered in response to a range of stressors, which include DNA damage, protein
aggregation and chronic mitogen stimulation, cellular senescence describes a state
of stable cell cycle arrest (Hernandez-Segura et al. 2018; Robbins et al. 2021; Song
et al. 2020). Depending upon the type of stressor that causes cells to enter a senes-
cent state, the process of cellular senescence can be broadly defined as replicative-
induced, stress-induced or oncogene-induced (Song et al. 2020). Whilst a diverse
array of stimuli can promote cellular senescence, it is the activation of two signalling
pathways that is primarily responsible for establishing and maintaining the state of
cell cycle arrest. By inhibiting the cyclin-dependent kinases (CDK)-2, CDK-4 and
CDK-6, activation of p53 and p16INK4a signalling pathways triggers growth arrest
by preventing inactivation of the tumour suppressor protein, retinoblastoma (RB)
(Ohtani et al. 2004, 2009).

Currently, whilst we await the discovery of a single, universal and highly specific
biomarker of cellular senescence, senescent cells are identified using a combination
of morphological, phenotypic and inflammatory markers (Burton and Stolzing 2018;
Hernandez-Segura et al. 2018; Di Micco et al. 2021; Robbins et al. 2021). Visually,
senescent cells are characterised by an enlarged flattenedmorphology, nuclear expan-
sion and an increased lysosomal content, the latter coincidingwith an up-regulation in
the activity of the lysosomal hydrolase beta–galactosidase (Hernandez-Segura et al.
2018; Song et al. 2020). A consequence of reduced mitophagy, an accumulation of
aged and dysfunctionalmitochondria is anothermorphological hallmark of senescent
cells (Hernandez-Segura et al. 2018; Korolchuk et al. 2017; Song et al. 2020). Due
to decreased membrane potential, these mitochondria generate increased amounts
of reactive oxygen species (ROS), which are also important for maintaining growth
arrest during the early stages of senescence induction (Hernandez-Segura et al. 2018;
Passos et al. 2007; Ziegler et al. 2015). Other features of senescent cells include a
resistance to apoptosis, increased metabolic activity and an inflammatory secretome
termed the senescence-associated secretory phenotype (SASP) (Hernandez-Segura
et al. 2018; Song et al. 2020). Considered one of the major hallmarks of cellular
senescence, the SASP encompasses a broad range of inflammatory molecules that
are actively secreted by senescent cells and includes pro-inflammatory cytokines,
chemokines, growth factors, proteases, microRNAs and bioactive lipids (Coppé et al.
2008, 2010; Hernandez-Segura et al. 2018; Narzt et al. 2021; Robbins et al. 2021).
Analysis of cell culture supernatants has shown that many of these components,
includingmicroRNAs and cytokines, reside in extracellular vesicles (EVs) (Terlecki-
Zaniewicz et al. 2018;Wallis et al. 2020). Lipid encapsulatedmembranous structures,
EVs facilitate the transport of SASP-associated factors between cells. Consequently,
it is via EVs and their cargo that senescent cells communicate with their environment,
and influence the phenotype and function of neighbouring cells (Acosta et al. 2013;
Nelson et al. 2012, 2018; da Silva et al. 2019; Terlecki-Zaniewicz et al. 2018; Wallis
et al. 2020).
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Beyond its well established role as a potent mechanism of tumour suppression,
cellular senescence is implicated in a range of physiological processes such as tissue
repair and regeneration, wound healing and embryonic development (Demaria et al.
2014; Jun and Lau 2010; Krizhanovsky et al. 2008; Muñoz-Espín et al. 2013; Sarig
et al. 2019). In these settings, the beneficial effects of senescent cells are attributed
to their transient nature. Indeed, when senescent cells persist, tissue regeneration
is dysregulated and a return to homeostasis is delayed (Krizhanovsky et al. 2008).
Involving both the innate and adaptive arms of the immune system, immunosurveil-
lance is one mechanism that regulates an individuals senescent cell burden. Through
recognition of SASP-associated chemokines, natural killer (NK) cells, neutrophils,
monocytes and both CD4+ and CD8+ T cells are attracted towards senescent cells
(Egashira et al. 2017; Eggert et al. 2016; Kang et al. 2011; Krizhanovsky et al.
2008; Xue et al. 2007). Activated by the presence of stress-inducible ligands on the
surface of senescent cells, including MICA and ULBP2, immune cells contribute to
the elimination of senescent cells through direct and indirect cytotoxicity (Burton
and Stolzing 2018; Kale et al. 2020; Sagiv and Krizhanovsky 2013). It has been
proposed that in situations where immunosurveillance is impaired, and senescent
cells persist, that a SASP-induced chronic inflammatory state would ensue (Davan-
Wetton et al. 2021). Suggested to promote tissue andorgandysfunction, this increased
senescent cell burden would be reinforced by bystander senescence, a term used to
describe the ability of senescent cells to induce a senescent phenotype in neigh-
bouring proliferation-competent cells (Acosta et al. 2013; Nelson et al. 2012, 2018;
da Silva et al. 2019). Thus, taken together, these data indicate that whilst beneficial
in the short-term, persistent cell senescence may have detrimental consequences for
the host.

Senescent cell accumulation is a hallmark of ageing, with senescent cell loads
correlating positively with chronological age (Dimri et al. 1995; Martin and Buck-
walter 2001; Ressler et al. 2006). It has been suggested that by promoting changes
in tissue architecture, interfering with tissue homeostasis and stimulating chronic
inflammatory responses that life-long accumulation of senescent cells contributes to
the ageing process and the development of age-related diseases (Davan-Wetton et al.
2021; van Deursen 2014; Ovadya and Krizhanovsky 2014). Supporting this idea,
senescent cells have been detected in the affected tissues of patients with such age-
associated conditions as osteoarthritis (OA) and idiopathic pulmonary fibrosis (IPF)
(Jeon et al. 2017;Waters et al. 2018),whilst inmurine studies, selective elimination of
senescent cells prolongs healthy lifespan by reversing or delaying age-related deteri-
oration (Baker et al. 2011, 2016;Xu et al. 2018). Increased production and/or reduced
clearance are two possible explanations for the increased senescent cell burden of
older adults. Focussing on the latter, ageing is accompanied by marked alterations
in the function, phenotype and composition of the immune system. This age-related
remodelling, termed immunesenescence, spans both innate and adaptive immunity,
and results in reduced activity of immune cells that are crucial for the recognition
and elimination of senescent cells (Agarwal and Busse 2010; Hazeldine and Lord
2015). Thus, two defining features of the ageing process, immunesenescence and
cellular senescence appear to be intimately linked.
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Focussing on the older adult, the purpose of this chapter is to summarise our
current understanding of senescent cell immunosurveillance and consider how this
process may be altered as a consequence of immunesenescence. Moreover, with
recent studies showing that senescent cells can evade detection by the immune
system by modulating their surface phenotype, and also suppress immune activation
via their SASP, we propose that cellular senescence exacerbates immunesenescence
by promoting dysregulation in aspects of the immune response that are otherwise
unaffected by the ageing process. We conclude our review by discussing whether
strategies aimed at delaying or circumventing immunesenescence represent viable
therapeutic approaches by which to reduce the increased senescent cell burden of
older adults and thus delay the onset of age-related pathologies.

3.1.1 The Role of Cellular Senescence in Ageing
and Age-Related Disease

Based on their discovery that human fibroblasts underwent a finite number of divi-
sions in vitro before entering an irreversible state of cell cycle arrest, Hayflick and
Moorhead were the first to propose a role for cellular senescence in the ageing
process (Hayflick and Moorhead 1961). For many years, support for this theory was
restricted to associative data, with both murine and human-based studies reporting
an age-related increase in senescent cell numbers across multiple tissues (Dimri et al.
1995; Iske et al. 2020;Martin and Buckwalter 2001; Ressler et al. 2006;Waaijer et al.
2012). However, over the past decade,methodological advancements, combinedwith
a greater understanding of cellular senescence at the molecular level, have provided
researchers with the tools and insight to directly investigate whether senescent cells
drive physiological ageing and the development of age-associated disorders.

Using a combined transgenic and pharmacological approach to directly elimi-
nate p16INK4a+ senescent cells in a murine model of accelerated ageing, Baker and
colleagues were the first to demonstrate a role for cellular senescence in both the
onset and progression of age-related phenotypes (Baker et al. 2011). Compared to
littermate controls, mice subjected to life-long or late-life clearance of senescent
cells exhibited delayed onset of kyphosis, cataracts and sarcopenia, with the reten-
tion in muscle mass and fibre size coinciding with enhanced functional performance
(Baker et al. 2011). Employing similar genetic and pharmacological techniques to
those of Baker et al., subsequent studies have shown that removal of senescent cells
can extend healthy lifespan (Baker et al. 2016), attenuate age-related deterioration
in organ function (Baker et al. 2016), prevent age-associated bone loss (Farr et al.
2017), preserve cognitive function (Bussian et al. 2018), alleviate physical dysfunc-
tion (Xu et al. 2018) and reduce the risk of mortality without extending late-life
morbidity (Xu et al. 2018). Conversely, transplanting senescent cells into youngmice
directly induces physical dysfunction and frailty (Xu et al. 2018). Interestingly, in a
murinemodel of accelerated T cell senescence, Desdin-Mico and colleagues recently
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showed that by creating a systemic pro-inflammatory environment, dysfunctional T
cells promoted widespread organ dysfunction that culminated in multi-morbidity
and premature death (Desdín-Micó et al. 2020). Demonstrating that T cells regulate
organismal fitness and lifespan, these results suggest that the effects of immunesenes-
cencemay extend beyond compromising the immune response of older adults. Based
in part on the findings of these studies, a revised model for how cellular senescence
may contribute to organismal ageing has recently been proposed. Expanding upon
the theory of Hayflick and Moorhead (Hayflick and Moorhead 1961), this model
hypothesises that by (i) interfering with tissue homeostasis and regeneration, (ii)
stimulating chronic inflammatory responses and/or (iii) promoting changes in tissue
architecture, senescent cells promote physiological ageing by driving both tissue and
organ dysfunction (van Deursen 2014; Naylor et al. 2013).

Identified by their flattened morphology, heightened β–galactosidase activity and
increased expression of p16INK4a, p21 or telomere-associated foci, senescent cells
have been detected in the affected tissues of patients with such age-related diseases as
OA (Jeon et al. 2017), IPF (Álvarez et al. 2017; Minagawa et al. 2011; Schafer et al.
2017), atherosclerosis (Gorenne et al. 2006; Minamino et al. 2002) and Alzheimer’s
disease (Baker and Petersen 2018; Martínez-Cué and Rueda 2020). Suggesting that
their presence may contribute to the development of these conditions, retention of
senescent cells in mice has been shown to promote age-related cartilage degenera-
tion (Jeon et al. 2017) and atheroma formation (Childs et al. 2016), whilst clearance
of senescent cells prevented neurodegeneration and alleviated fibrotic lung disease
(Bussian et al. 2018; Schafer et al. 2017). Akin to the beneficial effects reported in
murine models, statistically significant and clinically meaningful improvements in
physical function were recently reported for fourteen patients with mild to severe IPF
who participated in the first clinical trial of short-term dasatinib and quercetin therapy
(Justice et al. 2019). As a combined treatment, dasatinib, a protein tyrosine kinase
inhibitor, and quercetin, a flavonoid that interferes with anti-apoptotic signalling,
significantly reduces senescent cell tissue burden by selectively inducing apoptosis
of senescent cells (Hickson et al. 2019; Xu et al. 2018). Thus, although requiring
validation in larger randomised clinical trials, these preliminary results suggest that
senescent cell clearance may be of potential clinical benefit for patients with estab-
lished age-associated chronic diseases. On this note, a clinical trial examining the
effect of senescent cell clearance on physical ability and frailty in individuals with
diabetic chronic kidney disease is currently underway (ClinicalTrials.gov Identifier:
NCT02848131).
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3.1.2 Immunesenescence: A Contributory Factor
in the Age-Associated Accumulation of Senescent
Cells?

Having established that cellular senescence is causally implicated in ageing, geron-
tologists are now focussing upon understanding the mechanisms by which senescent
cells accumulatewith age. A product ofmathematicalmodelling, Karin et al. recently
devised the saturating removal (SR) model, which posits that the increased senescent
cell burden within tissues of older adults is a consequence of two interacting factors:
(i) a linear increase in senescent cell production rate with age and (ii) a reduced rate
of immune-mediated clearance that is directly dependent upon senescent cell load
rather than donor age (Karin et al. 2019). If correct, then one would predict that the
capacity for senescent cell removal would be inversely associated with senescent
cell burden. Recently, using the experimental approach of parabiosis, Yousefzadeh
and colleagues demonstrated that, when compared to isochronic pairings of oldmice,
markers of cellular senescence (e.g. p16INK4a, p21Cip1, IL-6) were significantly lower
in tissues obtained from old mice that had undergone heterochronic parabiosis with
young mice (Yousefzadeh et al. 2020). In the context of the SR model, this result
can potentially be explained by the fact that the shared immune system of parabiotic
mice would be exposed to, and thus inhibited by, the average senescent cell concen-
tration of the two mice (Karin and Alon 2020). Hence, the overall lower senescent
cell burden of a young-old heterochronic pairing would result in a greater rate of
senescent cell removal in the old heterochronic parabiont due to the partial alle-
viation of senescent cell-mediated inhibition of immune function (Karin and Alon
2020).Mechanistically, it has yet to be determined exactly how senescent cells inhibit
their own removal, though it appears likely that more than one process is involved.
Saturation of immune cells, disruption of tissue architecture and/or the production
of inhibitory factors are some of the hypotheses proposed to date (Karin et al. 2019;
Karin and Alon 2020).

Via their secretion of pro-inflammatory cytokines and chemokines, senescent cells
are highly immunogenic, with in vivo studies demonstrating the presence of both
innate and adaptive immune cells at sites of senescent cell accumulation (Egashira
et al. 2017; Eggert et al. 2016; Kang et al. 2011; Krizhanovsky et al. 2008; Xue
et al. 2007). In this section, as well as discussing our current understanding of how
immune cells recognise and eliminate senescent cells, we consider the impact that
immunesenescencemay have on this process. Specifically, we posit that, independent
of senescent cell load, ageing results in impaired immunosurveillance of senescent
cells (Fig. 3.1). Creating a vicious cycle, the ensuing senescent cell burden would
further dampen the immune response of older adults, resulting in the expansion of a
senescent cell pool that would subsequently drive tissue and organ dysfunction.
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Fig. 3.1 Immunesenescence: a driver of senescent cell accumulation in the older adult?
Summary of the age-associated changes in innate and adaptive immunity that we propose would
result in impaired clearance of senescent cells. IFN-γ, Interferon-gamma;MHC II,Major histocom-
patibility complex class II; NKCC, Natural killer cell cytotoxicity; NET, Neutrophil extracellular
trap; PI3K, phosphatidylinositol-3-kinase; ROS, Reactive oxygen species; TNFα, Tumour necrosis
factor-alpha. Figure created with BioRender.com.

3.1.3 NK Cells

Renowned for their role in the early detection and elimination of virus-infected,
cancerous and stressed cells, NK cells are large granular lymphocytes of the innate
immune system. Over the past decade, it has become increasingly evident that
senescent cells are also subject to NK cell-mediated immunosurveillance (Brighton
et al. 2017; Krizhanovsky et al. 2008; Sagiv et al. 2013, 2016; Soriani et al. 2009;
Xue et al. 2007). For example, results of in vitro cytotoxicity assays have shown
senescent fibroblasts and senescent hepatic stellate cells (HSCs) are NK cell targets
(Krizhanovsky et al. 2008; Sagiv et al. 2013, 2016), whilst in an in vivo model of
liver fibrosis, an increased senescent cell burden was detected in NK cell depleted
mice when compared to littermate controls (Krizhanovsky et al. 2008).

Characterised by the secretion of the pore-forming protein perforin and a collec-
tion of serine proteases termed granzymes, the granule exocytosis pathway is one of
two contact-dependent mechanisms utilised by NK cells to directly eliminate their
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targets (Smyth et al. 2005). Demonstrating the importance of this pathway inNKcell-
mediated clearance of senescent cells, pre-treating NK cells in vitro with the perforin
inhibitor concanamycin A or the granzyme B inhibitor 3,4-Dichloroisocoumarin
significantly reduces their cytotoxic activity towards senescent cells in co-culture
experiments (Brighton et al. 2017; Sagiv et al. 2013).

The induction of NK cell cytotoxicity (NKCC) is governed by the balance of
signals transmitted through an array of surface expressed activatory and inhibitory
receptors (Paul andLal 2017). Phenotypic comparisons of proliferating and senescent
cells have shown cellular senescence coincides with an up-regulation in the surface
expression of ligands recognised by a number of NK cell activating receptors. These
ligands include MHC class I polypeptide-related sequence A (MICA), the UL16
binding proteins (ULBP) 1 and 2 and the type III intermediate filament protein
vimentin, which are detected by the receptorsNKG2DorNKp46 (Frescas et al. 2017;
Iannello et al. 2013; Krizhanovsky et al. 2008; Pereira et al. 2019; Sagiv et al. 2016).
Highlighting a central role for NKG2D signalling in NK cell immunosurveillance
of senescent cells, the addition of NKG2D blocking antibodies to NK cell-senescent
cell co-cultures significantly reduces NKCC (Brighton et al. 2017; Sagiv et al. 2016).

Physiological ageing is associated with significant changes in NK cell biology.
Dominated by mature cytotoxic CD56DIM and terminally differentiated CD56+57+

NK cells, the circulating NK cell pool of older adults is significantly larger than
that of younger subjects, with this expansion suggested to be the result of an age-
associated accumulation of long-lived NK cells (Almeida-Oliveira et al. 2011; Le
Garff- Tavernier et al. 2010; Hazeldine et al. 2012; Di Lorenzo et al. 1999; Lutz
et al. 2005; Lutz et al. 2011; Simpson et al. 2008; Zhang et al. 2007). Phenotypically,
whilst the expression of NKG2D is comparable between NK cells of young and
older adults (Le Garff-Tavernier et al. 2010; Hazeldine et al. 2012), a significant
age-related reduction in the frequency of NKp46+ NK cells and the surface density
of the chemokine receptor CXCR1 has been described (Almeida-Oliveira et al. 2011;
Hazeldine et al. 2012; Mariani et al. 2002).

Functionally, age-associated impairments in both NK cell migration and cyto-
toxicity at the single cell level have been reported across a number of studies (Beli
et al. 2011; Fang et al. 2010; Hazeldine et al. 2012; Mariani et al. 1990; Miyaji et al.
1997). With regards to NKCC, whilst it is currently unclear as to whether perforin
expression is reduced with age (Hazeldine et al. 2012; Mariani et al. 1996; Rukavina
et al. 1998), we have shown that upon the recognition of leukaemic target cells K562,
NK cells from older adults release significantly less perforin into the immunological
synapse (Hazeldine et al. 2012).

In terms of how NK cell immunesenescence may impact on senescent cell
immunosurveillance, we suggest that reduced surface expression of CXCR1, a
receptor for the SASP-associated chemokine IL-8, coupled to the age-related decline
in the frequency of NKp46+ NK cells and reduced perforin release upon target
cell binding would result in NK cells of older adults exhibiting impaired migra-
tion towards and cytotoxicity against senescent cells. Providing some support for
this theory, an increased senescent cell burden was recently detected in aged perforin
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knockout mice, who when compared to littermate controls, exhibited an acceler-
ated ageing phenotype and shortened life-span (Ovadya et al. 2018). However, in a
perforin knockout mouse, the cytolytic activity of both NK cells and CD8+ T cells
would be disrupted meaning that it is not possible to assign the increased senescent
load solely to defective NKCC. Moreover, a total deficiency of perforin is not repre-
sentative of the remodelled immune system of older adults, which is characterised
by a significant impairment in, but not a total absence of, perforin-mediated NKCC.

3.1.4 Macrophages

Coinciding with increased expression of the chemoattractants macrophage colony-
stimulating factor and monocyte chemoattractant protein-1 (MCP-1), macrophages
infiltrate tissues that contain senescent cells (Egashira et al. 2017; Eggert et al. 2016;
Hall et al. 2016; Kang et al. 2011; Krizhanovsky et al. 2008; Xue et al. 2007).
The importance of macrophages in senescent cell clearance is demonstrated by
the increased senescent cell loads of mice selectively depleted of these phagocytes
(Egashira et al. 2017; Kang et al. 2011).

Macrophages can be broadly divided into one of two distinct subsets, both of
which are potentially involved in senescent cell immunosurveillance. Characterised
by increased production of pro-inflammatory cytokines and ROS, “classically acti-
vated” M1 macrophages exhibit strong microbicidal activity. Treating macrophages
in vitro with conditioned media from cultures of senescent HSCs promotes polari-
sation of macrophages towards an M1 phenotype (Lujambio et al. 2013). In accor-
dance with their cytotoxic nature, M1 macrophages directly eliminate senescent
HSCs upon in vitro co-culture (Lujambio et al. 2013). Although renowned for
their angiogenic, tissue remodelling and resolution properties, “alternatively acti-
vated” M2 macrophages exhibit enhanced phagocytic activity when compared to
M1 macrophages (Schaper et al. 2016; Schulz et al. 2019). Suggesting a potential
role for this macrophage subset in the removal of senescent cells, Hall et al. demon-
strated that macrophages with an M2-like phenotype surrounded senescent cells that
were implanted into the peritoneal cavity of mice (Hall et al. 2016, 2017).

Mechanistically, macrophages directly eliminate senescent cells via a two-
step process. First, via the secretion of tumour necrosis factor-alpha (TNF-α),
macrophages induce apoptosis of the senescent cell before engulfing it via phago-
cytosis (Ogata et al. 2021). Exactly how macrophages recognise senescent cells is
an area of research that has received little attention to date. However, some poten-
tial receptor-ligand pairings have been proposed (Burton and Stolzing 2018). For
instance, oxidized phospholipids present on the surface of senescent cells could
be detected by the scavenger receptors CD36 and receptor for advanced glycation
end products (RAGE) (Burton and Stolzing 2018), whilst the C-type lectin receptor
macrophage galactose-type lectin may bind to the modified surface glycans that
decorate the surface of senescent cells (Burton and Stolzing 2018).
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Howphysiological ageing impacts uponmacrophage function is currently unclear.
For example, whilst on the one hand, significant age-associated impairments in
macrophage polarisation, TNF-α secretion and microbicidal activity have been
reported (Boehmer et al. 2004; Mahbub et al. 2012; Thevaranjan et al. 2017), the
phagocytic capacity of these cells and their ability to generate ROS has been reported
to be either increased, decreased or unchanged with age (Albright et al. 2016; Gomez
et al. 2008; Plowden et al. 2004). Thus, in order to investigate whether impaired
immune surveillance by macrophages may contribute to the age-associated accu-
mulation of senescent cells, a greater understanding of precisely how macrophages
eliminate these cells and how these functions are influenced by the ageing process
is required.

3.1.5 Neutrophils

Attracted by the SASP residing chemokines CXCL-8 and CXCL-1, neutrophils infil-
trate tissues that contain senescent cells (Kang et al. 2011; Krizhanovsky et al. 2008;
Xue et al. 2007). As frontline effector cells of the innate immune system, neutrophils
are equipped with a range of defence mechanisms, which include the generation of
neutrophil extracellular traps (NETs). NETs are DNA lattices decorated in granule-
derived peptides and enzymes that are released by neutrophils into the extracellular
space in order to capture and neutralise invading pathogens (Brinkmann et al. 2004).
Triggered in response to IL-1β and CXCL-1, neutrophils were recently shown to
generateNETswhen cultured in vitrowith senescent endothelial cells, a response that
resulted in the induction of senescent cell apoptosis (Binet et al. 2020).Demonstrating
the physiological relevance of this response, NETs were detected adjacent to senes-
cent vascular endothelial cells in amurinemodel of oxygen-induced retinopathy,with
NET-induced removal of senescent cells promoting vascular remodelling (Binet et al.
2020).

In an attempt to identify novel biomarkers of cellular senescence, Frescas et al.
screened plasma samples obtained from mice immunised with senescent cells and
discovered a germ-line-encodedmonoclonal IgM antibody that recognised vimentin,
an intermediate filament protein expressed on the surface of senescent cells (Frescas
et al. 2017). Suggesting a potential role for humoral innate immunity in the clear-
ance of senescent cells, these naturally occurring antibodies would, via the process
of opsonisation, coat senescent cells in “eat me” signals that would be detected
by Fc receptors expressed on the surface of phagocytic cells. Thus, alongside
NET formation, neutrophils may eliminate senescent cells through the process of
phagocytosis.

When treated with CXCL-8 or CXCL-1, neutrophils isolated from older adults
exhibit reduced NET production and chemotaxis, with this latter impairment associ-
atedwith aberrant activation of the lipid kinase phosphatidylinositol-3-kinase (Hazel-
dine et al. 2014; Sapey et al. 2014). Furthermore, attributed to reduced surface expres-
sion of the Fc receptor CD16, we have previously demonstrated an age-associated
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reduction in neutrophil phagocytosis of opsonised pathogens (Butcher et al. 2001).
Thus, as three key immune surveillance mechanisms of neutrophils are impaired
with age, neutrophil-mediated clearance of senescent cells may be reduced in older
adults.

3.1.6 T Cells

In vitro co-culture experiments have shown cytotoxic CD8+ T cells induce apoptosis
of senescent human dermal fibroblasts (Pereira et al. 2019). Considered a marker
of degranulation, the presence of the lysosomal membrane protein CD107a on the
surface of CD8+ T cells following exposure to senescent fibroblasts suggests that
granule exocytosis is the pathway through which CD8+ T cells eliminate senescent
cells (Pereira et al. 2019). As reported for NK cells (Brighton et al. 2017; Sagiv et al.
2016), pre-incubation ofCD8+ T cellswithNKG2Dblocking antibodies significantly
reduces their cytotoxicity towards senescent fibroblasts (Pereira et al. 2019).

Compared toCD8+ T cells isolated fromyounger adults, those obtained fromolder
subjects exhibit significantly reduced perforin content and impaired cytotoxicity
against target cells expressing MICA, a ligand of NKG2D (Rukavina et al. 1998).
Thus, although further studies are required, we hypothesise that physiological ageing
would coincide with a marked decline in CD8+ T cell-mediated cytotoxicity towards
senescent cells.

Both CD4+ and CD8+ T cells are recruited to tissues that contain senescent cells
(Kang et al. 2011). In contrast to the above mentioned in vitro study, results of an
in vivo model of oncogene-induced senescence found that it was antigen-specific
CD4+, and not CD8+, T cells that were responsible for the removal of precancerous
senescent hepatocytes (Kang et al. 2011). Indeed, whereas mice genetically or phar-
macologically depleted of CD8+ T cells exhibited a level of senescent cell clear-
ance that was comparable to that of wild type mice, an increased senescent cell
burden was detected in the livers of mice lacking CD4+ T cells (Kang et al. 2011).
However, rather than eliciting a direct cytotoxic effect, the role of CD4+ T cells was
immunomodulatory,with these lymphocytes requiring the anti-microbial functions of
monocytes/macrophages to eliminate the senescent hepatocytes (Kang et al. 2011).
Although not investigated by the authors, it is conceivable that this co-operation
between monocytes/macrophages and CD4+ T cells involved a T cell-derived IFN-
γ driven activation of monocyte/macrophage function. For instance, in response to
this pro-inflammatory cytokine, macrophages exhibit an enhanced oxidative burst
response and up-regulate their transcription of major histocompatibility complex II
(MHC II) genes (Khan et al. 2016; Nathan et al. 1983; Wu et al. 2019). In the context
of ageing, increased production and secretion of IFN-γ has been reported for CD4+ T
cells isolated from older adults when compared to younger subjects (Sakata-Kaneko
et al. 2000; Yen et al. 2000). However, the responsiveness of macrophages to IFN-γ
stimulation is significantly impaired. For example, reduced surface expression of
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MHC II molecules, decreased ROS production and impaired activation of intracel-
lular signalling pathways are all features of macrophages isolated from aged rodents
following IFN-γ treatment (Davila et al. 1990; Ding et al. 1994; Herrero et al. 2001;
Yoon et al. 2004). Thus, as a consequence of an altered innate immune response, the
efficiency by which CD4+T cells mediate the removal of senescent cells is likely to
be diminished with age.

3.1.7 Does the SASP Contribute to Senescent Cell
Accumulation in Older Adults by Exacerbating
Age-Related Defects in Innate and Adaptive Immunity?

In an attempt to avoid detection and removal by the immune system, senescent cells
are equipped with a range of immune evasion strategies, which include (i) the up-
regulation of ligands for inhibitory receptors expressed by cytotoxic lymphocytes,
(ii) inhibition of innate immune cell function and (iii) the shedding of activatory
ligands detected by NK and CD8+ T cells (Muñoz et al. 2019; Narzt et al. 2021;
Pereira et al. 2019). Appearing integral to all of these strategies is the SASP. In this
section, we discuss the SASP-mediated immune evasion mechanisms of senescent
cells and propose that they further dampen the weakened immune response of older
adults.

3.1.8 Shedding of Activatory Ligands, Expression
of Inhibitory Ligands and Modulation of NK Cell
Phenotype

Treating NK cells with supernatants of senescent cell cultures results in a signifi-
cant reduction in their expression of the activatory receptor NKG2D (Muñoz et al.
2019). In the older adult, this SASP-driven modulation of NK cell phenotype would
be accompanied by the age-related decrease that occurs in the surface expression
of NKp46, the receptor that detects the senescent cell associated protein vimentin
(Frescas et al. 2017; Garg et al. 2006; Hazeldine et al. 2012). Thus, we suggest that,
via a combination of age and the SASP, NK cells of older adults would express fewer
receptors capable of detecting senescent cells. Exacerbating this situation further
would be the recently described ability of senescent cells to reduce their expression
of stress-inducible ligands that activate NK cells. Through the secretion of matrix
metalloproteinases, senescent cells can downregulate their expression of theNKG2D
ligand MICA (Muñoz et al. 2019). As would be predicted, this shedding of MICA
results in increased senescent cell survival in in vitro cytotoxicity assays (Muñoz
et al. 2019).
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Exposing non-senescent cells to either the conditioned media of senescent cell
cultures or the SASP-associated cytokine IL-6 triggers a significant up-regulation
in the surface expression of HLA-E (Pereira et al. 2019). A non-classical MHC
class I molecule, HLA-E is a ligand of the inhibitory receptor CD94/NKG2A that is
expressed byNK andCD8+ T cells (Lee et al. 1998; Pereira et al. 2019). An important
immune evasion strategy, inhibition of NKG2A/HLA-E signalling has been shown
to enhance both NK and CD8+ T cell-mediated cytotoxicity towards senescent cells
(Pereira et al. 2019). Whilst studies have reported either no change or a significant
decrease in the frequency of NKG2A+ NK cells with age (Le Garff-Tavernier et al.
2010; Lutz et al. 2005), older adults present with an increased proportion of highly
differentiated CD28− CD27− CD8+ T cells, whose expression of NKG2A is signif-
icantly higher than other CD8+ T cell subsets (Pereira et al. 2019). Thus, the combi-
nation of a SASP-induced increase in HLA-E expression on the surface of senescent
cells and an age-associated expansion of NKG2A+ CD8+ T cells may contribute to
impaired elimination of senescent cells in older adults (Pereira et al. 2019). When
combined with the abovementioned SASP-mediated shedding of NKG2D activatory
ligands (Muñoz et al. 2019), it may be that the immunological synapse that forms
between senescent cells and cytotoxic lymphocytes of older adults is dominated
by the ligation of inhibitory receptors. If correct, then this would negatively impact
uponNK cell activation, a consequence of whichwould be the suppression of granule
exocytosis and reduced senescent cell clearance.

3.1.9 Secretion of EVs Containing Immunomodulatory
MicroRNAs

Alongside pro-inflammatory cytokines, EVs are a prominent component of the
SASP (Misawa et al. 2020). EVs are lipid encapsulated membranous structures that
transport proteins, lipids and nucleic acids between cells. As a mode of intercel-
lular communication, EVs act both locally and systemically to influence a range of
physiological processes.

Replicative senescence in endothelial cells results in a significant up-regulation
in the expression of the microRNA miR-146a (Olivieri et al. 2013). Detected in the
circulation of older adults (Liu et al. 2021), the EV-associated miR-146a is a negative
regulator of NK cell function, with in vitro studies demonstrating that overexpression
of thismicroRNA significantly inhibits NKCC and reduces the expression of perforin
(Xu et al. 2017). Conversely, inhibition of miR-146a in NK cells promotes the secre-
tion of the pro-inflammatory cytokines IFN-γ and TNF-α (Xu et al. 2017). Thus, a
senescent EV-induced impairment in NK cell function could contribute to the age-
related accumulation of senescent cells. Mechanistically, we suggest that this would
result from inhibition of NKCC and/or a reduction in the generation of immunomod-
ulatory cytokines, with the latter impairment reducing the ability of NK cells to
augment the cytolytic activity of neighbouring immune cells (e.g. macrophages).
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3.1.10 Inhibition of Macrophage Function

It has been suggested that via the secretion of pro-inflammatory cytokines and
oxidised phospholipids, senescent cells protect themselves from macrophage-
mediated cytotoxicity and clearance (Narzt et al. 2021; Ogata et al. 2021). Indeed,
pre-treating macrophages with supernatants collected from senescent cell cultures
reduces their ability to induce apoptosis of senescent fibroblasts in co-culture experi-
ments (Ogata et al. 2021). This impairment inmacrophage cytotoxicitywas suggested
to result from a SASP-induced reduction in the expression of TNF-α, the cytokine
through which these phagocytes trigger apoptosis in senescent cells (Ogata et al.
2021). Expressed on the surface of apoptotic senescent cells is phosphatidylserine,
a ligand for the macrophage expressed receptor STAB1. Exposing macrophages
in vitro to either senescent cell conditioned media or the SASP associated inflamma-
tory cytokines GM-CSF or IL-1α downregulates expression of STAB1 (Ogata et al.
2021). Interestingly, when compared to samples from younger adults, significantly
reduced frequencies of STAB1 positive macrophages and an increased abundance
of senescent fibroblasts have been reported in skin samples from older adults (Ogata
et al. 2021). Thus, we suggest that a combination of age (Mahbub et al. 2012) and
SASP (Narzt et al. 2021; Ogata et al. 2021) induced changes in macrophage pheno-
type and function would contribute, via reduced cytotoxicity and clearance, to the
persistence of senescent cells in older adults.

3.1.11 Recruitment of Immature Myeloid-Derived
Suppressor Cells (MDSCs)

In amurinemodel of oncogene-induced hepatocyte senescence, Eggert et al. reported
that via the secretion of the chemokine MCP-1, senescent cells promoted the intra-
hepatic accumulation of CCR2+ immature myeloid cells (Eggert et al. 2016). Identi-
fied as granulocytic and monocytic MDSCs, these immunosuppressive subsets were
shown in vitro and in vivo to inhibit CD8+ T cell proliferation, NK cell activation and
NKCC mediated by the granule exocytosis pathway (Eggert et al. 2016). Suggested
to be the result of an age-related enhancement in myelopoiesis (Bueno et al. 2014),
significantly increased frequencies/numbers of MDSCs have been detected in the
bone marrow, spleen and lymph nodes of aged mice (Enioutina et al. 2011) as well
as in the circulation of older adults (Verschoor et al. 2013; Alves et al. 2018). It
is conceivable therefore to think that the recruitment of MDSCs to sites of senes-
cent cell accumulation would be greater in older adults, which would be further
intensified by the fact that many components of the SASP (e.g. IL-6, GM-CSF, IL-
13) promote MDSC expansion and activation (Gabrilovich and Nagaraj 2009). By
creating an immunosuppressive environment, MDSCs would inhibit the cytotoxic
activity of NK cells, CD8+ T cells and macrophages, resulting in reduced clearance
of senescent cells.
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Taken together, these data suggest that via the SASP, senescent cells create a
suppressive microenvironment in order to evade detection and elimination by the
immune system. We propose that whilst this can be overcome in younger subjects,
due to their robust immune response and lower senescent cell burden, the SASP
suppresses the immune response of older adults by promoting dysregulation in
aspects of immunity that are otherwise unaffected by the ageing process. When
these alterations are combined with those that occur as a consequence of immune-
senescence, the immunosurveillance of senescent cells in the older adult would be
significantly impaired.

3.1.12 Could Immunesenescence Reduce the Efficacy
of Strategies Targeting Senescent Cells
for the Treatment of Age-Related Diseases?

With a growing body of evidence implicating cellular senescence in the ageing
process, senescent cells have been suggested as potential therapeutic targets for the
treatment and/or prevention of age-associated diseases. In the past decade, a greater
understanding of the signalling pathways that underpin the survival of senescent
cells and the mechanisms through which they promote tissue dysfunction has led to
the development of senolytics and senomorphics. Two classes of drug with distinct
modes of action, senolytics directly eliminate senescent cells whilst senomorphics
alleviate the detrimental effects of the SASP (Di Micco et al. 2021; Ovadya and
Krizhanovsky 2018; Robbins et al. 2021).

Attributed in part to increased expression of the anti-apoptotic proteins BCL-2,
BCL-XLandBCL-W, senescent cells demonstrate resistance to intrinsic and extrinsic
apoptosis-inducing signals (Yosef et al. 2016). Drugs that target these proteins are
therefore emerging as potential senolytic agents. ABT-263 and ABT-737, two broad
acting drugs that inhibit the activity of BCL-2, BCL-XL and BCL-W, as well as the
BCL-XL specific inhibitor A1331582, have been shown in animal models of aging to
rejuvenate stem cell activity, delay physical decline and extend lifespan (Chang et al.
2016; Moncsek et al. 2018; Oltersdorf et al. 2005; Ovadya et al. 2018). However,
senescent cells within certain tissue types (e.g. adipose) are resistant to the actions of
these drugs (Zhu et al. 2016), which also induce apoptosis in non-senescent cells such
as platelets and neutrophils, resulting in thrombocytopenia and neutropenia respec-
tively (Cang et al. 2015). Thus, with concerns over their safety profile and inability to
eliminate all types of senescent cell, inhibitors of BCL-2 family proteins are unlikely
to reach the clinical setting as a therapy for senescence associated diseases (Ovadya
and Krizhanovsky 2018; Song et al. 2020). In contrast, the efficacy of a combined
senolytic therapy of dasatinib, a pan tyrosine kinase inhibitor, and quercetin, a dietary
flavonoid that inhibits the PI3K-AKT pathway, has been investigated in clinical trials
of patients with chronic age-related conditions. Benefits of this treatment regimen
that have been reported to date include: (i) a reduction in senescent cell load, (ii)
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reduced systemic inflammation and (iii) improved physical function (Hickson et al.
2019; Justice et al. 2019). However, despite such promising data, concerns have been
raised about the lack of understanding of the mechanisms by which these senolytics
induce apoptosis of senescent cells as well as the potential side-effects that may arise
from long-term treatment (Ovadya and Krizhanovsky 2018; Song et al. 2020). That
said, with a recent study suggesting that a senescent cell load equivalent to that of an
individual 12 years younger could theoretically be obtained with senolytic therapy
every 1–2months (Karin and Alon 2020), then the benefits of dasatinib and quercetin
therapy may be attainable with intermittent “hit and run” treatment regimens.

With many of the detrimental effects associated with cellular senescence assigned
to the SASP, suppressing the pro-inflammatory nature of senescent cells may have
therapeutic potential. Treating senescent cells in vitro with inhibitors of mitogen
activated protein kinases (e.g. P38 and JNK1/2), the mammalian target of rapamycin
(mTOR) or modulators of NF-κB activity (e.g. apigenin, kaempferol or metformin)
has been shown to significantly decrease their generation of pro-inflammatory
cytokines, chemokines and/or growth factors (Alimbetov et al. 2016; Freund et al.
2011; Laberge et al. 2015; Lim et al. 2015; Moiseeva et al. 2013; Xu et al. 2015).
Collectively termed senomorphics, one theory for why these compounds may help
treat age-related diseases is that by suppressing the SASP, you would reduce senes-
cent cell load by decreasing the rate of bystander senescence (Nelson et al. 2018).
Highlighting the potential clinical benefit of this approach, senomorphic treatment
of aged mice has been shown to enhance their metabolic and physical function, and
prevent age-related bone and fat loss (Farr et al. 2017; Xu et al. 2015a, b). When
compared to senolytics, a potential advantage of senomorphics is the retention of
senescent cells. Whilst this may seem counterintuitive, it should be remembered that
the induction of cellular senescence is important for tissue repair and regeneration
and wound healing (Demaria et al. 2014; Jun and Lau 2010; Krizhanovsky et al.
2008). Thus, via the retention of viable senescent cells, senomorphics would be
predicted to have less impact upon these physiological processes.

By reducing senescent cell load and alleviating SASP-induced inflammation, it
has been suggested that an additional benefit of senolytic or senomorphic therapies
would be rejuvenation of the immune system (Prata et al. 2018). Whilst this may be
true for younger subjects, we propose that this benefitwould not extend to older adults
due to the effects of immunesenescence. For example, dampening the suppressive
microenvironment created by the SASPwould not overcome the inherent age-related
defects in the cytotoxic capacity of NK or CD8+ T cells nor the impaired effector
functions of neutrophils. Thus, whilst in the short-term, senolytics or senomorphics
may reduce the senescent cell load in older adults, their re-emergence would be
inevitable due to defective immunosurveillance. We also suggest that immunese-
nescence would negatively impact upon the efficacy of the immunotherapies that
are currently under consideration for increasing the rate of senescent cell clear-
ance in the older adult. These strategies include senescence vaccines and chimeric
antigen receptor T cell (CAR-T) therapy (Burton and Stolzing 2018; Kale et al.
2020). Owing to an age-related decline in adaptive immunity, vaccine responses
and vaccine longevity are significantly reduced in older adults (Lord 2013), whilst
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Fig. 3.2 Strategies to increase senescent cell clearance in the older adult. Examples of poten-
tial approaches that could enhance immunosurveillance of senescent cells in the older adult by
delaying the onset of immunesenescence or bypassing the age-associated defects in immune cell
function. ADCC, Antibody dependent cell cytotoxicity; DPP4, Dipeptidyl peptidase 4; HLA-E,
Human leukocyte antigen-E; IL-6R, Interleukin-6 receptor; IL-8R, Interleukin-8 receptor; SASP,
Senescence associated secretory phenotype. Figure created with BioRender.com

the blunted proliferative capacity of aged T cells (Haynes et al. 1999) would be
predicted to result in impaired ex vivo expansion, thereby comprising CAR-T based
therapies. Our proposed solution to this dilemma is to focus on the mechanisms of
senescent cell immunosurveillance that are not impacted by the ageing process and
to consider strategies that can boost the immune response of older adults (Fig. 3.2).
Our suggested therapeutic approaches include.

3.1.13 Antibody Dependent Cell Cytotoxicity (ADCC)

Unlike natural cytotoxicity, the efficiency by which NK cells from older adults elim-
inate antibody-coated target cells is comparable to that of NK cells from younger
subjects (Lutz et al. 2005). This retention in ADCC may be explained by the
maintained activation of signalling pathways downstream of the Fc receptor CD16
(Mariani et al. 1998) and the age-related expansion in CD57+ NK cells, a subset
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that is highly proficient in ADCC (Lopez-Vergès et al. 2010). Recently, dipep-
tidyl peptidase 4 (DPP4) was identified as a membrane specific marker of senes-
cent fibroblasts, with the addition of anti-DPP4 antibodies to fibroblast-NK cell
co-cultures resulting in the elimination of senescent but not proliferating fibroblasts
(Kim et al. 2017). Interestingly, YS110, a humanised IgG1monoclonal antibodywith
high affinity towards DPP4 recently underwent testing in a phase I clinical trial of
patients with solid tumours where it was well-tolerated and showed potential clinical
benefit (Angevin et al. 2017). In the context of senescent cell immunosurveillance, a
combined immunotherapy of YS110 and Monalizumab, a humanised anti-NKG2A
antibody, could be particularly beneficial. Mechanistically, YS110 would drive NK
cells of older adults towards ADCC, whilst Monalizumab would enhance NK cell
activation by blocking the inhibitory signals delivered to NK cells by HLA-E, a
ligand of NKG2A whose expression is up-regulated on the surface of senescent
cells (Pereira et al. 2019). Indeed, in in vitro cytotoxicity assays, the presence of
Monalizumab enhances ADCC towards HLA-E expressing target cells (André et al.
2018). A promising area of research that warrants further investigation, this field
would benefit greatly from the discovery of additional senescent cell specific surface
antigens against which antibodies could be developed.

3.1.14 Exercise

Physical activity is a potent modulator of immune function. Compared to sedentary
individuals, the onset of immunesenescence is delayed in older adults who exer-
cise. Culminating in enhanced immune responses upon antigenic challenge, regular
habitual exercise has been associated with increased NKCC, enhanced T cell prolif-
eration, reduced frequencies of functionally exhausted CD4+ and CD8+ T cells and
increased neutrophil microbicidal activity (Duggal et al. 2019; Simpson et al. 2012).
Suggesting a potential relationship between exercise and immunosurveillance of
senescent cells, two independent cross-sectional studies of adults aged 18–80 years
found exercise duration negatively correlatedwith the expression levels of circulating
biomarkers of DNA damage and/or the level of p16INK4a mRNA in T cells (Liu et al.
2009; Song et al. 2010). Moreover, acute and chronic exercise training has been
shown to be associated with reduced expression of the senescent markers p16INK4a

and p21Cip1 in a range of cell types that includesmononuclear cells, vascular endothe-
lial cells, adipocytes and endothelial progenitor cells (Justice et al. 2018; Rossman
et al. 2017;Werner et al. 2009; Yang et al. 2018). Thus, is exercise a natural senolytic
medicine? This question was posed and addressed in a recent systematic review and
meta-analysis whose examination of human-based studies found both habitual phys-
ical activity and exercise training significantly reducedmarkers of cellular senescence
(Chen et al. 2021). Future studies that define the optimal length and type of exercise
that yields maximal benefits in respect of senescent cell clearance will move this field
of research forward (Chen et al. 2021). Moreover, it is conceivable that exercise in
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combination with senolytic or senomorphic therapies may prove to be more effective
in eliminating senescent cells in older adults than either practice alone, a theory that
could be tested in preclinical and clinical studies.

3.1.15 Nutritional Intervention

Using an in vitro co-culture system, Li et al. recently demonstrated that macrophages
pre-treatedwith carnosine, an endogenous dipeptide comprised of the amino acids β–
alanine and L-histidine, exhibited significantly increased cytotoxicity towards senes-
cent keratinocytes and fibroblasts (Li et al. 2020). This enhancement in senescent
cell clearance was attributed to increased phagocytic activity, secondary to an up-
regulation in the expression of the scavenger receptors CD36 and RAGE (Li et al.
2020). The authors suggested that by augmenting immunosurveillance of senescent
cells, carnosine could possibly be used to reverse skin ageing (Li et al. 2020). Along
these lines, both human and animal-based studies have shown that through supple-
mentation with micronutrients such as zinc and vitamin B, as well as probiotics,
certain features of immunesenescence can be reversed (Pae et al. 2012). Importantly,
in the context of immunosurveillance of senescent cells, these treatments enhance
NKCC, T cell function and neutrophil anti-microbial responses (Pae et al. 2012).
Thus, by restoring innate and adaptive immune responses, nutritional interventions
are a feasible strategy that could in theory enhance the rate of senescent cell clear-
ance in older adults. However, it should be noted that many of the beneficial effects
of nutritional supplementation are lost when the practice stops (Pae et al. 2012),
meaning that this approach would need to be a life-long intervention.

3.1.16 Cell-Based Senotherapy

Engineering cells that actively seek sites of senescent cell accumulation to deliver
targeted therapeutics is a potential approach by which to overcome the inherent age-
associated defects in immune cell migration and the potential off-target effects of
senolytics. By transfecting HEK293 cells with a chimeric IL-6 receptor and calcium
activated RhoA protein, Qudrat et al. showed that it was possible to generate cells that
directly migrated towards sources of IL-6, a key component of the SASP (Qudrat
et al. 2017). In response to low pH, these engineered cells, which also expressed
herpes simplex virus type 1 thymidine kinase, underwent membrane fusion with
target cells, forming multinucleated bodies that were subsequently eliminated with
ganciclovir treatment (Qudrat et al. 2017). Engineering cells that recognise additional
components of the SASP (e.g. IL-8) may help in the specificity and efficacy of this
approach, which could also be applied to immune cells ex vivo (Qudrat et al. 2017). In
terms of its clinical application, it is likely that this technique would be a standalone
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therapy as a combined approach with senolytics or senomorphics would, by reducing
production of the SASP, potentially impede the ability of the engineered cells to
migrate towards senescent cells.

3.1.17 Conclusions

Confirming a hypothesis that was first proposed 60 years ago (Hayflick and Moor-
head 1961), the last decade has seen data accumulate that causally implicates cellular
senescence in the ageing process and the development of age-associated pathologies.
By detecting and eliminating senescent cells, the immune system is responsible in
part for regulating the size of an individuals senescent cell burden. Thus, the changes
that occur in the composition, phenotype and function of the immune system with
age are considered major underlying factors for the increased senescent cell load of
older adults. However, as no study to date has investigated whether immune cells
from aged mice or humans exhibit decreased cytotoxicity towards senescent cells,
this hypothesis remains to be tested. If proven correct, then therapies aimed at rejuve-
nating the immune response of older adults could enhance the immunosurveillance
of senescent cells. Given that a recent study showed that senescent cells impair
immune responses to pathogenic challenge (Chambers et al. 2021), then the benefits
of increasing the rate of senescent cell clearance in older adults may extend beyond
the prevention and/or treatment of age-associated pathologies.
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Chapter 4
Myeloid-Derived Suppressive Cells
in Ageing and Age-Related Diseases

Valquiria Bueno and Graham Pawelec

Abstract Myeloid-derived suppressor cells (MDSC) act regulating/suppressing
immune responses and there are few evidences that these cells increase in healthy
old individuals. MDSCs impair the functions of T cells, NK cells, and dendritic cells
through several pathways that include expression of arginase I, inducible nitric oxide
synthase, release of reactive oxygen species and peroxynitrite. The role played by
MDSCs in immune modulation may be beneficial or detrimental to the health of
aging individuals depending on their development, phenotype, functions, and the
pathological conditions. MDSCs have been extensively studied in cancer and more
recently these cells were correlated with other pathological conditions such as sepsis,
tuberculosis, COVID-19, autoimmune diseases, obesity, diabetes and neurodegener-
ative diseases. In patients with COVID-19 it has been reported that the increase of
MDSC correlated with disease severity and fatal cases. Considering that COVID-19
has caused morbidity and mortality with a higher incidence in ageing individuals
and especially in those with chronic diseases, the projection of how the frequency
and suppressive function of MDSC could be increased in ageing can lead to the
development of more appropriate therapies for the aged population.
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Abbreviations

AD Alzheimer’s disease
ANA Antinuclear antibody
ARG-1 Arginase-1
ASC Antibody secreting B-cells
COVID-19 Corona virus disease
CRPC Castration-resistant prostate cancer
CSPC Castration-sensitive prostate cancer
CTLA-4 Cytotoxic T-lymphocyte-associated protein 4
G-MDSC Granulocytic Myeloid-derived suppressor cells
GVAX Tumor vaccines composed of autologous tumor cells genetically

modified to secrete granulocyte–macrophage colony-stimulating
factor

HBC Hepatitis C virus
HBV Hepatitis B virus
HDL-c High-density lipoprotein cholesterol
IDO Indolamine-2,3-dioxygenase
IFN-γ Interferon-gama
IL-10 Interleukin-10
iNOS Inducible nitric oxide synthase
LOX1 Lectin-type oxidized low-density lipoprotein receptor-1
MDSC Myeloid-derived suppressor cells
MUC1 Mucine-1
MS Multiple sclerosis
NO Nitric oxide
PD1 Programmed cell death protein 1
PD-L1 Programmed cell death protein ligand 1
PD-L2 Programmed cell death protein ligand 2
PMN-MDSC Polymorphonuclear Myeloid-derived suppressor cells
PPLNs Positive pelvic lymph nodes
PSA Prostate-specific antigen
RA Rheumatoid arthritis
SARS-Cov-2 Severe acute respiratory syndrome coronavirus 2
STAT3 Signal transducer and activator of transcription 3
TB Mycobacterium tuberculosis
TCR T-cell receptor
TGF-β Transforming growth factor-beta
TME Tumor microenvironment
T1D Type 1 diabetes
T2D Type 2 diabetes
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4.1 Myeloid-Derived Suppressor Cells (MDSC)

MDSC can be described as a group of heterogeneous myeloid cells with potent
immune suppressive activity. Membrane surface, intracellular markers, secreted
products, and cell functions have been used in an attempt to define a phenotype
for human MDSC (Pawelec et al. 2021). In order to simplify the reading of this
chapter,MDSCwill be classified as granulocytic or polymorphonuclear (G-MDSCor
PMN-MDSC; CD11b+CD14−CD15+), monocytic (M-MDSC; CD14+CD15−HLA-
DR−/low) and early-stage (MDSC; CD3−CD14−CD15−CD19−CD56−HLA-
DR−CD33+) (Bueno et al. 2014). MDSCs have been extensively studied in cancer
and more recently these cells were correlated with other pathological conditions
such as sepsis, tuberculosis, COVID-19, autoimmune diseases, obesity, diabetes and
neurodegenerative diseases (Pawelec et al. 2021).

In healthy young adults, MDSCs have been observed at very low frequency in
blood whereas there is an increase in the percentage of these cells in ageing indi-
viduals (Verschoor et al. 2013; Alves et al. 2018). Some factors associated with the
ageing process favor MDSC increased frequency. In older individuals, it has been
suggested that the imbalance in hematopoiesis causing biased myelopoiesis could
be a driving force for the rise in MDSC. Moreover, from cancer studies, it has been
observed that the inflammatory microenvironment is an enhancer for MDSC gener-
ation. Thus, another possible contributor for MDSC elevation in older individuals
is the low-grade inflammatory process (inflammageing) observed in this population
(Veglia et al. 2018; Ostrand-Rosenberg 2010).

A significant amount of information about the suppressive function of MDSC in
humans comes from cancer studies and it has been observed the increase of these
cells both in tumor microenvironment and in peripheral blood. Isolated MDSC from
patients exhibited in vitro the capacity to suppress T cells proliferation and IFN-γ
secretion (Mao et al. 2013; Dubinski et al. 2016; Lang et al. 2018). In addition,
arginase-1 (ARG-1) expressed mainly by PMN-MDSC from patients with cancer
have been associated with suppression of the effector immune response (Dubinski
et al. 2016; Lang et al. 2018; Romano et al. 2018).

Indolamine-2,3-dioxygenase- (IDO), nitric oxide (NO), IL-10, TGF-β, and LOX1
(lectin-type oxidized LDL receptor 1) also have been identified as factors linked
mechanistically to the suppressive actions of MDSC (Chai et al. 2019; Condamine
et al. 2016).

In literature, most of articles evaluate in the same study adults and older individ-
uals with cancer (lung, colorectal, prostate, and breast), multiple sclerosis, type 1
diabetes, and COVID-19, presenting in common a higher percentage of MDSC in
comparison with healthy controls. In addition, some studies in individuals older than
60 years with cancer (lung, colorectal cancer and metastatic prostate), reumathoid
arthritis and osteoarthritis, Parkinson’s disease, and Alzheimer’s disease also show
increased percentage of MDSC. Therefore, it hasn’t been possible to distinguish
between the age effect and the pathology effect on the increase of MDSC. Based on
already reported results, we will extrapolate for a possible correlation between age
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and accumulation of MDSC and their contribution to the development and evolution
of age-related diseases.

4.2 Cancer

Considering that ageing has been associated with higher incidence of cancer and that
old individuals present an increased frequency of MDSC, it is reasonable to hypoth-
esize that the suppressive effect of MDSC negatively affect the immune system,
and therefore facilitates tumor development. However, as tumor induces emergency
myelopoiesis, and in turn MDSC, it is difficult to isolate the role played by age and
by tumor in the increased frequency and suppressive action ofMDSC. In fact, studies
show that MDSC contributes for tumor progression through suppression of tumor-
specific T cell responses, stimulation of tumor angiogenesis, or facilitating tumor
cell metastasis. Considering all available cancer therapies, their impaired efficacy
has been related, at least in part, to the accumulation of MDSC, which generates
an immunosuppressive microenvironment (Gabrilovich and Nagaraj 2009; Marvel
and Gabrilovich, 2015). The most prevalent types of cancer in ageing individuals
are lung cancer, colorectal cancer, prostate cancer, and breast cancer. Therefore, the
reports in cancer and MDSC will be focused in lung, colorectal, prostate and breast.

In non-small cell lung cancer, patients presented abundance of MDSC and the
treatment with radiotherapy (Navarro-Martin et al. 2018), checkpoint inhibitors
(PD1/PD-L1) plus chemotherapy (Bertelli et al. 2019), and chemotherapy plus
immunotherapy (Bonomi et al. 2019) reduced the frequency ofMDSC and promoted
increased disease-free survival.

In patients from 30 to 96 years old with colorectal cancer, the tumor microenvi-
ronment (TME) presented high expression of PMN-MDSC and MDSC. In blood,
increased frequency of MDSC (Choi et al. 2018) and high levels of PMN-MDSC
expressing ARG-1 (blood and TME) have been reported and correlated with tumor
stage and histological grade (Toor et al. 2016). A MUC1 (glycoprotein highly
expressed in neoplastic cells) peptide vaccine for individuals (43.5–70.8 years)
with advanced adenoma of colon showed high immunogenicity in 43.6% of cases
and induced memory response. Non-responder patients presented at baseline higher
frequency of MDSC in opposition to responders that had previously to vaccination
low frequency of MDSC (Kimura et al. 2013).

In cases of castration-resistant prostate cancer (CRPC), tumor tissues were
enriched by PMN-MDSC compared to patients with castration-sensitive prostate
cancer (CSPC) (Calcinotto et al. 2018). In cases of radical prostatectomy, patients
(53–72 years) presented PMN-MDSC accumulated in positive pelvic lymph nodes
(PPLNs) and strongly expressed STAT3 and PD-L1/PD-L2 (Sharma et al. 2018).
CRPC metastatic patients (57–85 years) had increased frequency of M-MDSC and
these cells inhibited CD4+ and CD8+ T-cell proliferation in vitro in addition to high
expression of iNOS. Increased levels of M-MDSC correlated with negative prog-
nostic markers, plasma PSA and decreased overall survival (Idorn et al. 2014).
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A dendritic cell-based cancer vaccine plus chemotherapy for CRPC patients (60–
84 years) with metastasis had no effect on CD4+ and CD8+ T cells subsets but
caused a significant decrease in MDSC during therapy in association with improved
survival (Kongsted et al. 2017). In another study, CRPC patients with low frequency
of M-MDSC and treated with anti-CTLA-4 (Ipilimumab) plus vaccine (GVAX)
had prolonged survival in opposition to those with high frequency of M-MDSC
pre-treatment that presented shorter overall survival (Santegoests et al. 2014).

Breast cancer patients (27–75 years) presented high frequency of MDSC that
correlated with cancer stage, metastatic tumor burden stage IV. Increased levels of
MDSC was observed even in the presence of therapy (doxorubicin plus cyclophos-
phamide and paclitaxel) (Diaz-Montero et al. 2009). Another study found high
frequency of MDSC IDO+ in tumor tissue and blood of patients with breast cancer
that correlated with advanced clinical stages and lymph node metastasis. Prolif-
eration of T cell/cytokines production were inhibited in vitro by MDSC (Yu et al.
2013).Wesolowski et al (2017) observed that the increase of PMN-MDSC after treat-
ment with doxorubicin plus cyclophosphamide along with peg-filgrastim (metastatic
breast cancer, 32–69 years) was replaced after 12 months by decreased levels of
PMN-MDSC that correlated with absence of residual invasive carcinoma in breast
and lymph nodes.

4.3 Infections

In oId individuals, high incidence and severity of infectious diseases have been
reported. In this scenario, the suppressive capacity of MDSC could play a role
inhibiting the effector responses of T cells. Reports from cases of tuberculosis
(Mycobacterium tuberculosis, TB) have been associated with high levels of MDSC
in peripheral blood, pleura, and bronco-alveolar lavage blood (du Plessis et al. 2013;
El Daker et al. 2015). These increased percentages of MDSC returned to normal
levels after successful treatment. In addition, MDSC from TB patients suppressed
in vitro the proliferation and production of cytokines by T cells (du Plessis et al.
2013; El Daker et al. 2015).

In chronic hepatitis B virus (HBV), it was observed high percentage of MDSC
(Lv et al. 2018) and M-MDSC (Fang et al. 2015). Moreover, in chronic hepatitis
C virus (HCV), higher levels of MDSC and increase of NOS and IDO levels were
observed (Salem et al. 2017). In another study, the frequency of MDSC decreased in
patients with HCV treated with pegylated-interferon-α/ ribavirin (Zeng et al. 2014).

Sepsis occurs in 30 million patients/year and causes deaths worldwide in five-to-
six million cases. It is characterized by a still not clear dysregulated host response
and delay return to homeostasis (Schrijver et al. 2019) but some studies have shown
the correlation between MDSC levels and patient outcome. MDSC and mainly the
G-MDSC subset were significantly higher in patients (mean age 60 years) with severe
sepsis/septic shock than in healthy control. The early mortality was correlated with
high initial percentage ofMDSC compared to patients surviving longer than 14 days.
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Inadequate functional status and subsequent nosocomial infection were observed in
patients with sustained MDSC frequency (Mathias et al. 2017). In another study,
M-MDSC and G-MDSC were increased in patients with sepsis (41–75 years). In
non-septic intensive care unit patients (62–76 years), M-MDSC were significantly
increasedwhereasG-MDSCwasmore specific for sepsis and subsequent nosocomial
infections (Uhel et al. 2017). Janols et al. (2014) also found that M-MDSC and
PMN-MDSC were present in higher percentages in sepsis patients (20–94 years)
in comparison to healthy controls. In all the studies the common finding was the
inhibition of T cells in vitro by MDSC from sepsis patients.

Recently, data from patients with SARS-Cov-2 and MDSC were published.
Increased frequencies of M-MDSCs were observed in the blood of patients with
COVID-19 which were proportional to disease severity. COVID-19 patients with
more severe disease and having high M-MDSC frequency were also significantly
older than thosewith less severe disease. In addition,M-MDSC isolated frompatients
with COVID-19 had a suppressive effect on T cells, markedly reducing CD4 + and
CD8 + T cell proliferation ex vivo (Falck-Jones et al. 2020). Similar findings have
been reported regarding PMN-MDSC, which highly expanded in severe COVID-19
disease, and gradually decline with recovery (Agrati et al. 2020).

4.4 Autoimmune Diseases

Hurmeet al. (2007) found in a cohort of 284nonagerians a significantly higher level of
autoantibodies (antinuclear ANA) than in the middle-age control. In addition, ageing
has been considered an important risk for autoimmunity (Goronzy and Weyand
2012). MDSC increased expression has been observed in autoimmune diseases but
the role played by these cells still has to be elucidated.

Patients with rheumatoid arthritis, ankylosing spondylitis, and osteoarthritis
presented higher frequency of MDSC, M-MDSC, and G-MDSC in comparison with
healthy controls. MDSC andM-MDSC increase was correlated with disease activity
and joint inflammation (Zhu et al. 2018). In another study, the higher percentage
of MDSC was observed in patients with high activity of rheumatoid arthritis (RA)
compared to patients with low disease activity and healthy control (Guo et al. 2016).
In RA patients, Kurkó et al. (2014) observed in synovial fluid G-MDSC as the
majority of cells and a small population of M-MDSC.

In cerebrospinal fluid of patients (18–60 years) with first clinical episode or estab-
lished multiple sclerosis (MS) it was found the expression of antibody secreting B-
cells (ASC). The frequency of ASC was negatively correlated with the percentage
of PMN-MDSC LOX1+. The culture of B cells with cytokines directing towards
ASC showed that PMN-MDSC could suppress the proliferation of B cells in a dose-
dependentmanner (Knier et al. 2018). In another study, increased levels ofG-MDSCs
was observed in active MS patients compared with patients in remission or healthy
control. In culture, MDSC from active multiple sclerosis patients inhibited T cell
proliferation and reduced IL-2 secretion (Ioannou et al. 2012).
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In Type 1 diabetes (T1D), it was found that patients (20–60 years) had increased
frequency of MDSC compared to healthy control (Hassan et al. 2018). In addition,
Whitfield-Larry et al. (2014) observed that patientswith T1D (11–46 years) exhibited
a main subset of M-MDSC.

Patients with systemic lupus erithematosus (17–65 years) presented higher
frequency of M-MDSC than healthy control whereas only half showed increase
of G-MDSC. The increase in both subsets of MDSC was correlated with the disease
activity, serum level of Arg-1 activity, and increase in MDSC Arg-1+ mainly from
the G-MDSC subset (Wu et al. 2016).

4.5 Obesity/Type 2 Diabetes

In obese individuals, the presence of chronic inflammation and the expression of
the same factors (IL-6, IL-1β, TNF-α, and PGE2) (Chen et al. 2015) associated
with tumor-induced MDSC could explain the increase of these cells in obesity. In
comparison with lean individuals, Bao et al. (2015) observed higher percentage
of M-MDSC in obese individuals. In addition, it was also observed impaired liver
metabolism and a reduced expression of TCRζ on the surface of CD8+ cells in obese
individuals that could be associated with the immunosuppressives features ofMDSC
(Bao et al. 2015).

A study with studied lean individuals (mean age 43.4 years), overweight individ-
uals (mean age 46.0 years), and obese individuals (mean age 46.4 years) showed that
M-MDSC was highly expressed in obese individuals compared to the other groups.
Therewas strong association betweenM-MDSCandbodymass index, fatmass,waist
circumference, triglycerides, HDL-c (decrease), glycosylated haemoglobin, and C
reactive protein. In addition, M-MDSC was higher in obese individuals with type 2
diabetes (T2D) than in obese and non-diabetic individuals (Friedrich et al. 2019).
T2D patients (35–62 years) evaluated by Fernández-Ruiz et al. (2019) exhibited
increased percentage of MDSC. In addition, diabetic and non-diabetic individuals
with systemic arterial hypertension showed an increase in the frequency of MDSC
suggesting an inflammatory process leading to cardiovascular changes. Authors also
suggest that MDSCmay play a role in the development of infections in patients with
T2D due to the suppression caused to T-cell immune responses.

4.6 Ageing Neurodegenerative Diseases

Neurodegenerative diseases have been associated with neuroinflammation and thus
MDSC expression could be evolved in the progression of nervous system degener-
ation. In Alzheimer’s disease (AD, patients older than 60 years) it was observed
increased expression and suppressive function of MDSC in prodromal AD and
decreased expression in moderate/severe AD dementia (Thome et al. 2018). In
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Parkinson’s disease, patients (61–79 years old) exhibited higher levels of MDSC
than healthy controls (Chen et al. 2017).

4.7 Conclusions

MDSC are heterogeneousmyeloid cells with potent immune suppressive activity and
in healthy young individuals these cells are expressed in very low percentage. There
are few studies focused in aged individuals and MDSC frequency/function. Since
the ageing process has been associated with a low level of chronic inflammation and
MDSC frequency increases during inflammatory conditions, it has been difficult to
isolate the influence of chronological age in these cells. In addition, the evaluation
of MDSC displays disparate results, probably due to the lack of exclusive human
phenotypemarkers forMDSC, different cell preservation techniques and suppression
assays.

In cancer MDSC are increased and suppressive suppressive function of these
cells that correlate with advanced disease stage, resistance to treatment, and poor
prognosis. Regarding infections, increased frequencies of MDSC have been shown
and in sepsis, high levels of G-MDSC correlated with inadequate functional status,
nosocomial infections, and early mortality. In autoimmune diseases, the suppres-
sive capacity of MDSC was expected to modulate the disease-related inflammatory
process and prevent tissue destruction.During disease activity, raised levels ofMDSC
have been reported in comparison with disease remission and healthy controls. In
obesity,MDSC are increased andM-MDSC are higher in obese individuals with type
2 diabetes compared to non-diabetic individuals. Other studies showed that diabetes
increases the frequency of MDSC and that diabetic and non-diabetic individuals
with hypertension present higher levels of these cells. Considering that a new virus,
COVID-19, is causing morbidity and mortality with a higher incidence in ageing
individuals and especially in those with chronic diseases, the projection of how the
frequency and suppressive function of MDSC could be increased in ageing can lead
to the development of more appropriate therapies for the aged population.
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Chapter 5
Effects of Aging and Associated
Conditions on Humoral Responses
to Respiratory Tract Infections

Daniela Frasca

Abstract Aging is associated with increased respiratory tract infections (RTIs) to
which immunosenescence and inflammaging, the chronic low-grade systemic inflam-
mation, significantly contribute. Immunological and structural changes occur in the
lungs with advancing age and contribute to reduced lung function. In this chapter we
summarize published results on the effects of aging on RTIs due to three different
pathogens: Influenza, Severe Acute Respiratory Syndrome-Coronavirus 2 (SARS-
CoV-2) and Streptococcus pneumoniae (“pneumococcus”). We also summarize age-
related changes in humoral immunity against these pathogens and potential mech-
anisms involved. We finally cover the importance of vaccination in reducing the
probability of older adults to get infected and to succumb to complications that can
lead them to long-term illness, hospitalization, and ultimately death.
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5.1 Inflammaging and Immunosenescence

Aging is characterized by a progressive decline in immune function, called
immunosenescence. Innate and adaptive immune responses are both decreased by
aging, leading to increased frequency and severity of infectious diseases and reduced
responses to vaccination (Ferrucci et al. 1997; McElhaney and Effros 2009). Hospi-
talization following infection is more common in the elderly than in younger indi-
viduals and is a major contributor to the development of disability (Ferrucci et al.
1997).

Aging is also characterized by increased chronic low-grade systemic inflamma-
tion, known as inflammaging (Franceschi et al. 2000), which is a significant risk
factor for morbidity and mortality of elderly individuals as it is implicated in the
pathogenesis of several debilitating chronic diseases of older adults including Type-
2DiabetesMellitus (Prattichizzo et al. 2018), osteoporosis (Lencel andMagne 2011),
Alzheimer’s disease (Askarova et al. 2020; Costantini et al. 2018; Giunta et al. 2008),
rheumatoid arthritis (Rezus et al. 2019; Zuo et al. 2019), and coronary heart disease
(de Almeida et al. 2020; Ferrucci 2018; Zuo et al. 2019). Inflammaging is also
associated with metabolic dysfunction and development of insulin resistance (IR).

Pro-inflammatory cytokines and chemokines, acute phase proteins and mannose-
or manna-binding lectin are among the most common markers of inflammaging,
associatedwith the development of age-associated conditions and diseases. However,
significant person-to-person variations in inflammatorymeasures have been observed
in different studies, suggesting the need for longitudinal studies to better evaluate age-
dependent changes in the immune system of each individual. Recently, a multi-omics
approach has been used to link inflammaging to disease risk. The study has performed
high-throughputmolecular profiling of adult individuals followed longitudinally, and
has measured whole-blood gene expression (the transcriptome), immune cytokines
and chemokines (the immunome), and frequencies of several immune cell subsets
(CD4 and CD8 T cells, B cells, NK cells). Results have allowed the construction
of a high-dimensional trajectory of immune aging, called IMM-AGE, that describes
the immune status of the individual better than his/her chronological age, and also
accurately predicts all-cause mortality (Alpert et al. 2019).

Various factors contribute to inflammaging. These factors include polymorphisms
in the promoter regions of pro- and anti-inflammatory genes, chronic stimulation of
immune cells with viruses such as cytomegalovirus, cellular senescence, increased
deposition of fat in internal organs, increased permeability of the gut, changes in the
composition of the gutmicrobiome, increased production of alteredmolecules gener-
ated by damaged or dead cells and organelles (Frasca et al. 2020). All these factors,
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alone but especially in combination, induce defects in cells of the innate and adaptive
immune system leading to increased frequency and severity of infectious diseases in
the elderly. It has been proposed that the balance between inflammaging and anti-
inflammaging determines the rate of aging, the onset of age-associated diseases and
their severity, aswell as the individual’s ability to reach extreme longevity (Franceschi
et al. 2007). Therefore the identification of pathways inducing inflammaging and
anti-inflammaging across multiple systems is needed to design strategic therapeutic
interventions aimed to increase healthspan of elderly individuals.

Inflammaging induces intrinsic inflammation in immune cells leading to
decreased protective responses against infections and decreased responses to
vaccines (Bryl et al. 2001; Frasca et al. 2014; Parish et al. 2009). Higher levels of
inflammaging can be measured for example by serum TNF-α. Higher serum TNF-
α induces higher intrinsic TNF-α in B cells from old mice (Frasca et al. 2012) and
humans (Frasca et al. 2014). This higher inflammatory phenotypemakes B cells from
old mice and humans refractory to subsequent stimulation and reduces their capacity
to make protective antibodies in response to infections or vaccination (Frasca et al.
2014, 2012). Mechanistically, serum TNF-α up-regulates the expression of its recep-
tors (TNFRI and TNFRII) on B cells, leading to NF-kB activation and secretion
of TNF-α as well as of other pro-inflammatory cytokines and chemokines (Miscia
et al. 2002). Importantly, blocking TNF-α with specific antibodies has been shown
to increase B cell function, at least in vitro, in mice (Frasca et al. 2014) and humans
(Frasca et al. 2012).

Elevated serum TNF-α also negatively correlate with T cell function, as they are
linked to the down-regulation of CD28 gene transcription and of CD28 membrane
expression (Bryl et al. 2001). In particular, these studies have shown that incubation of
T cell lines and cloneswithTNF-α induces a reduction in surface expression ofCD28,
an effect that disappeares after removal of the cytokine.However, prolonged exposure
of CD4+CD28+T cell clones to TNF-α leads to the appearance of CD28null clones.
Mechanistically, TNF-α has been shown to directly inhibit the activity of the CD28
minimal promoter, with the inactivation of the promoter being accompanied by a
marked reduction in DNA–protein complex formation by two DNA sequence motifs
corresponding to the transcriptional initiator of the CD28 gene. These results have
demonstrated that TNF-α directly influences CD28 gene transcription.

The elevated circulating levels of TNF-α due to inflammaging also affect mono-
cytes, leading to their premature egress from the bone marrow. These immature
monocytes, when stimulated with bacterial products in vivo, secrete high levels of
TNF-α, thus contributing to inflammaging.At the same time, however, similar towhat
has been shown for B and T cells, TNF-α induces dysfunctional tissue-associated
monocytes leading to reduced bacterial clearance (Puchta et al. 2016).
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5.2 Changes in the Lungs with Age

Aging is amajor risk factor for developing non-communicable chronic lung diseases,
including chronic obstructive pulmonary disease, lung cancer, and interstitial lung
disease (Meiners et al. 2015).

The complex structure of the lungs enables the exchange of inhaled air with circu-
lating blood. The lung is the organ with the largest surface area in humans, and for
this reason is constantly exposed to the outside environment, to pollen, to bacterial
or viral pathogens, to active or passive cigarette smoke, and to indoor occupational
or home pollutants. A large number of protection mechanisms are in place. These
include responses from resident innate and adaptive immune cells, such as alveolar
macrophages, neutrophils and dendritic cells, that fight infections and counteract and
clear environmental stressors (Meiners et al. 2015), as well as progenitor cells that
provide the lungwith a remarkable regenerative capacity if injury occurs (Hogan et al.
2014). These ways of protection, however, deteriorate with age and several immuno-
logical mechanisms have been proposed (Lowery et al. 2013). Among these, the age-
associated increase in the secretion of superoxide anion by alveolar macrophages in
response to stimuli from environmental exposure, as well as decreased responses to
antigenic exposure, activate inflammatory pathways and consequent decreased func-
tion. Inflammaging in the lower respiratory tract can cause proteolytic and oxidant-
mediated injury to the lung matrix resulting in loss of alveolar unit and impaired gas
exchange across the alveolar membrane (Meyer et al. 1996). Both splenic and peri-
toneal macrophages from old mice secrete lower amounts of inducible nitric oxide
synthase, an enzyme that regulates production of reactive oxygen species (Ding et al.
1994; Kissin et al. 1997), and have reduced cytotoxicity. Similarly, neutrophils from
older adults (≥85 years) produce less superoxide (Polignano et al. 1994), suggesting
compromized host defense processes with age in humans as well. Aging increases
susceptibility to cigarette smoke-induced inflammation through increased expression
and activation of NF-kB in neutrophils and macrophages (Moriyama et al. 2010).
Aging also induces delayed clearance of environmental toxins (i.e. diesel exhaust),
due to the increased pulmonary neutrophilia in lung parenchyma (Sunil et al. 2009),
suggesting a chronic, aberrant pulmonary immune response, which may translate
into increased tissue damage. After pulmonary infection with Francisella tularensis,
a delayed neutrophil recruitment was also observed (Mares et al. 2010).

In addition to the immunological changes that occur with advancing age,
contributing to decreased lung function, other changes have been reported and
include: (1) a reduction in the volume of the thoracic cavity and of the lungs, as
well as in muscle function that supports respiration (Sharma and Goodwin 2006);
(2) a decrease in intervertebral disk spaces and consequent curvature of the spine
(Bartynski et al. 2005); (3) a decline in the strength of the diaphram, which is the
most important respiratory muscle and plays an essential role during inspiration,
leading to diaphragmatic fatigue and ventilatory failure during increased ventilatory
load on the respiratory system (Enright et al. 1994; McClaran et al. 1995); (4) a
decrease in the space between ribs, causing a decrease in the length of the intercostal
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muscles (Culham et al. 1994); (5) an increased airway resistance causing increased
work of breathing (Sharma and Goodwin 2006); (6) increased osteoporosis leading
to decreased height of the thoracic vertebrae and ability of the thoracic cage to
expand during inspiration, placing the diaphragm at a mechanical disadvantage to
effectively contract; (7) a decrease in the capacity of the lungs to clear mucus, due
to both reduced cough strength and reduced capacity to clear particles coming from
the outside environment (McCool 2006).

5.3 Aging and Respiratory Tract Infections (RTI)

Respiratory tract infections (RTIs) are the major cause of death due to infectious
diseases in older adults (Meyer 2004). Immunosenescence and the onset of age-
associated organ dysfunction likely account for the significant increase in suscepti-
bility to RTIs, as well as in morbidity andmortality rates. The presence of underlying
conditions and diseases further increases the likelihood of developing severe RTIs
in the elderly population, particularly in long-term residents of care facilities, are at
high risk for developing severe and recurrent infections.

This chapter will show the experimental evidence that aging is linked to higher
severity ofRTIs. Potentialmechanisms responsible for these effectswill be discussed.
We will focus on influenza, Severe Acute Respiratory Syndrome-Coronavirus 2
(SARS-CoV-2) and Streptococcus pneumoniae (“pneumococcus”) infections.

5.3.1 Influenza Virus RTI

Infection with influenza viruses represents a significant health concern worldwide,
because infection causes high numbers of hospitalizations and deaths reported each
year as a consequence of seasonal epidemics. In addition, viruses from the animal
reservoir, such as the avian influenza viruses H5N1 and H7N9, that cause significant
numbers of zoonotic infections, can sometimes cross the species barrier, and after
they combine to create new subtypes with surface antigens of both the original
strains, a process called antigenic shift, cause pandemics (Kramer et al. 2019). The
morbidity andmortality associatedwith pandemics in general is higher than those due
to seasonal influenza virus epidemics (Taubenberger and Morens 2010). Pandemics
are usually caused by viruses that feature the surface glycoproteins, haemagglutinin
(HA) and neuraminidase (NA), to which the human immune system is relatively
naïve, as shown by the examples of the 1918 and 1957 pandemics, for HA and NA
respectively (Palese, 2004). Antibodies against surface glycoproteins are not only
protective against infection, but they have been identified as correlates of protection
(Hobson 1972).

Influenza infection causes common cold, sinusitis, tonsillitis, pharyngitis and
laryngitis in the upper RT, whereas causes pneumonia, bronchitis and tuberculosis
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in the lower RT (Haq and McElhaney 2014). Following infection, several changes
occur and these affect the proper function of the RT (Herold et al. 2015). It has been
suggested that elderly individuals, who have already a dysfunctional RT, may be
infected by multiple RT pathogens. Moreover, it has been shown that the alveolar
macrophages of mice infected with influenza respond less to TLR-mediated stimuli,
and secrete significantly lower amounts of chemokines with a consequent reduced
recruitment of neutrophils and higher bacterial load during secondary RT infections
(Didierlaurent et al. 2008).

A viral surveillance network has been created not only in the majority of high-
income countries, but also in several developing countries,with the purpose to collect,
analyze, and report local infection data, create influenza mortality estimates and
improve influenza surveillance. These estimates are in general higher than those
calculated by the World Health Organization (WHO), suggesting underestimated
global mortality rates as a consequence of influenza infection. It has been shown that
country-specific influenza-associated excess mortality rates (EMR), calculated in 33
low- and high-income countries around the world in the years 1999–2015, ranged
from 0.1 to 6.4/100,000 individuals for people < 65 years of age, 2.9 to 44/100,000
individuals for people 65–74 years of age, and 17.9 to 223.5/100,000 for people >
75 years of age (Iuliano et al. 2018).

Influenza-associated deaths have increased from20,000 deaths/season in the years
1976–1990 to 36,000 deaths/season in the early 2000s in the U.S. (Thompson et al.
2003),with>40%of influenza deaths occurring in individuals≥75years of age and>
15% in individuals 65–74 year old (Iuliano et al. 2018). More specifically, influenza
illness has been shown to be linked to all the six leading causes of catastrophic
disability of older adults. These include stroke, congestive heart failure, pneumonia,
ischemic heart disease, cancer and hip fracture (McElhaney et al. 2020).

The Influenza Hospitalization Surveillance Network (FluSurv-NET) (https://
www.cdc.gov/mmwr/volumes/68/wr/mm6824a3.htm) of the Centers for Disease
Control and Prevention (CDC) monitors laboratory-confirmed influenza infections
and associated hospitalizations in the U.S. Data collected in the 2018–2019 season
have confirmed data from previous years and have shown that hospitalization
rates were significantly higher in individuals ≥ 65 years of age as compared to
younger controls. The majority of the hospitalizations (95%) were due to the
influenza A virus, 50% of which due to A/H3N2, a strain associated with heavy
seasonal epidemics (Allen and Ross 2018), and especially in elderly individuals,
leading to the highest numbers of hospitalization and deaths (Thompson et al.
2003). Only 4% of the hospitalizations were due to influenza B virus and 1% to
influenza A and B virus co-infection. Similarly, data collected in Europe in the
same season season (https://www.ecdc.europa.eu/en/publications-data/seasonal-inf
luenza-annual-epidemiological-report-2018-2019) have shown that the majority of
influenza cases were due to infections with both type A subtypes (A/H1N1pdm09
and A/H3N2), although different distributions of A subtypes were reported in
different European countries. Only low numbers of type B viruses (B/Yamagata
and B/Victoria) were detected. Hospitalizations in Intensive Care Units (ICU) were

https://www.cdc.gov/mmwr/volumes/68/wr/mm6824a3.htm
https://www.ecdc.europa.eu/en/publications-data/seasonal-influenza-annual-epidemiological-report-2018-2019
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mainly in individuals ≥ 65 years of age as compared to younger controls, and due
to influenza A infections.

The burden of influenza infection in older adults is associated with immunosenes-
cence and its complex interaction with multiple chronic conditions, among which
chronic diseases, obesity, metabolic diseases, and neuromuscular disorders play a
relevant role (Louie et al. 2009). Frailty represents another risk factor for influenza
infection. Frailty is a measure of health, physical function and physiologic reserve,
and a strong predictor of health outcomes (Clegg et al. 2013). Elderly individuals
infected with influenza are not only at increased risk of serious complications of
influenza and respond less to vaccination (Andrew et al. 2017), but they are also
at increased risk to get additional infections with viruses that cause severe RTI,
including the recent coronavirus SARS-CoV-2 of COVID-19. With improvements
in health care and advances in medical treatments, older adults are now living longer
with multiple (≥2) chronic conditions. Thus, new influenza vaccines are needed to
prevent or mitigate the consequences of influenza in the aging population.

5.3.1.1 Age-Associated Decrease in Influenza-Specific Humoral
Responses

Humoral immune responses play key roles in the clearance of the virus and in protec-
tion as they initially control the infection through the secretion of specific antibodies
which gives time for cytotoxic T cell responses to develop. Antibodies bind to HA
surface glycoprotein, that allows infection of the host cell, and neutralize the virus.
Antibody titers aremeasured by theHemAgglutination Inhibition (HAI) assay,which
represents the gold standard correlate of protection from infection and represent the
only measure of vaccine efficacy. HAI titers, however, do not provide clinical protec-
tion against complications from influenza infection (Hobson et al. 1972). Antibodies
specific for NA, are also induced by natural infection, although typically at lower
levels than antibodies specific for HA, as NA has been described to be immunosub-
dominant andwith lower immunogenicity as compared toHA(Johansson et al. 1987).

High baseline (pre-exposure) titers in general indicate a reduced probability to
get infected. The 2009 H1N1 pandemic (H1N1pdm09) was characterized by lower
morbidity and mortality in older as compared to younger people, likely because
of pre-exposure of older people to the 1918 pandemic A/H1N1 virus that origi-
nated periodic seasonal strains that decreased in frequency only in the late 1950s.
This occurred because the A/H1N1 viruses circulating in the 1918 and the 2009
pandemics shared similar cross-neutralization and protection (Wei et al. 2010). In a
study conducted in 130 individuals 0–89 years of age, infectedwith theH1N1pdm09,
an in-depth evaluation of antibody responseswas performed and showed that not only
HAI titers were higher in older adults as compared to younger controls (Verma et al.
2012). It was shown that the infection of elderly individuals (≥70 years old) with
the H1N1pdm09 induced antibodies with broader epitope recognition, higher avidity
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and lower antibody dissociation rates measured by surface plasmon resonance for
the HA1 globular domain, but not for the conserved HA2 stalk, than those induced in
younger individuals. This study was the first to show a better quality of the antibody
response in the elderly, suggesting a recall of long-termmemory B cells or long-lived
plasma cells (Verma et al. 2012).

Similar to HA-specific antibodies, also NA-specific antibodies induced by natural
infection were found to be present for many decades in the human population
(Rajendran et al. 2017). A study comparing the antibody response to the
neuraminidases of influenza A (N1, N2), and B viruses in young and elderly individ-
uals has shown that antibody levels increase with age and are high against strains that
circulated during the childhood of the individuals, providing evidence for “original
antigenic sin”, with themagnitude of the response being higher and cross-reactive for
N2 and influenzaB virusNA, as compared toN1 (Rajendran et al. 2017). Children are
in general nonreactive, likely because they have not been exposed to influenzaBvirus.

5.3.2 Severe Acute Respiratory Syndrome-Coronavirus 2
(SARS-CoV-2) RTI

Since the last months of 2019, SARS-CoV-2 infection had caused > 180 million
cases of Coronavirus Disease 2019 (COVID-19) and > 3,900,000 deaths worldwide
(as reported by the WHO as of June 30th, 2021, https://covid19.who.int). The infec-
tion is known to be responsible for different clinical manifestations ranging from
mild disease to severe respiratory tract infections, multiorgan failure and death. The
severe manifestations of the disease are associated with an exuberant inflammatory
response, and the initiation of cytokine storms that cause severe disease, including
pneumonia and acute respiratory distress syndrome. However, several extrapul-
monary manifestations of COVID-19 have also been observed, with consequences
affecting the hematologic, cardiovascular, renal, gastrointestinal and hepatobiliary,
endocrinologic, neurologic, ophthalmologic, and dermatologic systems (Gupta et al.
2020). These results have suggested extrapulmonary dissemination and replication
of the virus, similar to what has been previously observed with infections with other
coronaviruses, as well as widespread immunopathological sequelae of the disease
(Holmes et al. 2003).

The mechanism responsible for a severe respiratory pathology only in some indi-
viduals are still not fully understood. However, it has been shown that patients
requiring hospitalization are mainly older adults also affected by multimorbidity,
including hypertension, diabetes, and/or obesity (Zhou et al. 2020). Data published
earlier last year have indicated that inflammaging is a major cause of the cellular
and molecular changes induced by SARS-CoV-2 and is responsible for the highest
mortality rates (Mueller et al. 2020). Inflammaging has been shown to be exacer-
bated in elderly COVID-19 patients. It has also been postulated that SARS-CoV-2
infection per se predisposes to inflammaging even when the acute clinical syndrome

https://covid19.who.int
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is mild and clinically resolved in a few days with no apparent immediate conse-
quences (Bektas et al. 2020). Acute SARS-Cov-2 infection has been suggested to
induce accumulation of subclinical damage in the organism, leading to the establish-
ment of a chronic pro-inflammatory condition associatedwith immune activation and
consequent immune dysfunction. This hypothesis, however, has not been corfirmed
experimentally yet.

A study evaluating the effects of aging on susceptibility to SARS-Cov-2 infection
in individuals of different ages has applied an age-structured mathematical model to
pandemic data from different countries around the world: China, Italy, Japan, Singa-
pore, Canada and South Korea. Results have shown that susceptibility in individuals
< 20 years of age was approximately half than that in individuals > 20 years, with
clinical symptoms of infections appearing in 21% of the individuals > 20 year old,
and rising to 69% in individuals > 70 year old (Davies et al. 2020).

Although it has been clear since the beginning of the pandemic that infection
severity significantly increases with age, the consistency of mortality patterns across
countries has only been shown very recently (O’Driscoll et al. 2021). In general,
the majority of deaths have occurred in patients ≥ 65 years of age, with patients ≥
85 years of age suffering formore severe outcomes.Older adults living in facilities for
seniors are at the highest risk due to the burden of chronic conditions and diseases and
the impact of congregate housing. Using population age structures and age-specific
death data, it has been shown a very consistent pattern in the relative risk of death
by age for individuals > 65 years of age across countries and continents, with a
strong log-linear relationship between age and risk of death for individuals who are
30–65 years old. The same study also showed that the risk of death was significantly
higher for men than for women, particularly among older individuals.

As to the frequency of co-infectionwith other RT viruses, early reports fromChina
have indicated that the frequency of co-infections was low in the whole population
(Chen et al. 2020; Ding et al. 2020). Conversely, a study conducted in Stanford has
showed higher rates of co-infection in thewhole population, as compared to the initial
report from China, with 20.7% of SARS-CoV-2 positive samples also positive for at
least one RT virus. Themost common co-infections were with rhinovirus/enterovirus
(6.9%), Respiratory Syncytial Virus (5.2%) and non-SARS-CoV-2 Coronaviruses
(4.3%). However, when the analysis was performed in young/adults versus elderly
individuals, the frequency of elderly individuals co-infected with SARS-CoV-2 and
another RT virus (influenza A virus) was only 1% (Kim et al. 2020). There are still
conflicting reports as to whether the infection with SARS-CoV-2 increases the rates
of co-infection with other RT viruses in older adults.

Co-infections with bacteria such as Streptococcus pneumoniae have also been
reported as a significant cause of morbidity and mortality especially in the elderly.
One of the reasons is that viral infections alter the structure of the lungs and favor the
adherence, invasion and induction of disease by the bacterium. Interestingly, vacci-
nation against seasonal influenza and pneumococcal polysaccharide significantly
decreases rates of infection and COVID-19 mortality in older adults (Thindwa et al.
2020).
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5.3.2.1 Age Effects on SARS-CoV-2-Specific Humoral Responses

There is insufficient knowledge about humoral responses to SARS-CoV-2, and the
host factors responsible are largely unknown. The significance of studying humoral
immunity in COVID-19 patients has recently been supported by promising data
showing that production of antibodies to SARS-CoV-2 can be critical to limit disease
progression, and it has been shown that critically ill patients were able to rapidly
leave the ICU after receiving passive immunotherapy with antibodies derived from
convalescent patients of any age (AminJafari and Ghasemi 2020; Duan et al. 2020).
Current information on the role of antibodies in SARS-CoV-2 clearance andmodula-
tion of disease severity, as well as the durability of these responses following primary
infection, is controversial. While some studies have found a rapid decay of virus-
specific IgG antibodies by approximately 3 months after infection (Ibarrondo et al.
2020; Long et al. 2020), others have shown stable virus-specific IgG antibodies over
several months (Gudbjartsson et al. 2020; Isho et al. 2020; Roltgen et al. 2020; Wang
et al. 2020).

Studies evaluating the effects of aging on the secretion of SARS-CoV-2-specific
antibodies in patients < 65 years or > 65 years of age have also shown controversial
results, with publications showing either decreased antibodies in elderly patients
(Wang et al. 2020), or no effects of aging (Lau et al. 2021; Ripperger et al. 2020).
The only study so far published on decreased anti-SARS-CoV-2 antibody responses
with age (Wang et al. 2020) evaluated the three different arms of the SARS-CoV-2-
specific adaptive immune response (neutralizing antibodies, CD4 + and CD8 + T
cell responses). Results have demonstrated that these responses were uncoordinated
in patients > 65 years of age as compared to younger patients, potentially due to
scarcity of naive T cells in older adults. Coordinated responses were better than
partial responses, with prominent roles for SARS-CoV-2-specific CD4 + T cells
associated with less COVID-19 disease severity, while minimal adaptive immunity
was associated with more severe COVID-19 disease.

Moreover, while it is expected that SARS-CoV-2-specific antibody responses are
higher inCOVID-19patients that are asymptomatic orwithmild symptomsof disease
as compared to those with severe symptoms, this was shown not to be the case in
several studies (Long et al. 2020; Ma et al. 2020; Roltgen et al. 2020; Wang et al.
2020), raising concerns about the effectiveness of antibody responses to SARS-CoV-
2 infection, and suggesting that the quality rather than the quantity of antibodies is
crucial in predicting the outcome of infection and must be tested. Of great concern
is the finding that the serum of adult COVID-19 patients contains antibodies that
target the tissues of infected patients instead of targeting the disease-causing virus.
Anti-type-I interferon antibodies are among several autoimmune antibodies found in
COVID-19 patients with severe symptoms of the disease, and it has been postulated
that these pathogenic antibodies may inactivate critical components of the anti-viral
response (Woodruff et al. 2020). Thesefindings altogether have suggested that SARS-
CoV-2 infection may induce self-tolerance breakdown to a variety of autoantigens,
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and more in older individuals. Another possibility is that the virus dissemination
through the blood induces tissue damage, cell death and release of intracellular self
antigens not known as autoantigens. This could also be increased in those of greater
age.

5.3.3 Streptococcus Pneumoniae (Pneumococcus) RTI

Thegram-positive bacteriumStreptococcus pneumoniae (“pneumococcus”) is spread
through airborne droplets and invades the host by colonizing the nasopharynx asymp-
tomatically, becoming part of the upper respiratory tract (URT) commensal micro-
biota (Bogaert et al. 2004). After colonization, if not effectively cleared by the
immune system, the bacterium is spread and disseminates into the lower airways
as well as into other organs and tissues, becoming pathogenic (van der Poll and
Opal 2009). Streptococcus pneumoniae is shielded by an immunogenic polysaccha-
ride capsule that determines the specific serotype based on unique chemical struc-
tures. Serotypes differ in their ability to cause invasive disease and in prevalence of
nasopharyngeal colonization. In general, low invasive serotypes act as opportunistic
bacteria and are associated with higher fatality rates and disease in immunocompro-
mised patients, whereas highly invasive serotypes act as primary pathogens infecting
predominantly healthy, immunocompetent individuals (Littorin et al. 2018).

Infection, most commonly associated with pneumonia, represents a major cause
of morbidity and mortality, with the risk of infection being higher in older adults
(≥65 years of age) who experience up to fivefold increase in the incidence of
death due to pneumococcal community-acquired pneumonia as compared to younger
controls (Jain et al. 2015). Before antimicrobial treatments were available,≥ 70% of
patients hospitalized died of bacterial pneumococcal pneumonia and mortality rates
were higher in older adults (Austrian and Gold, 164). By the end of the twentieth
century, mortality rates significantly dropped to 20% in individuals ≥ 65 years of
age and to 40% in those ≥ 85 years of age (Bennett et al. 1992; Breiman et al. 1990;
Plouffe et al. 1996).

Inflammaging is associated with increased susceptibility to Streptococcus pneu-
moniae infection, with higher disease severity and decreased survival in older adults
versus younger controls (Antunes et al. 2002; Yende et al. 2005). Inflammaging
induces the expression of host proteins that enhance pneumococcus adhesion, and
is often accompanied by other co-morbidities that increase risk of S. pneumoniae
infections (Shea et al. 2014). Moreover, age-related changes in the URT microbiota
have been suggested to contribute to Streptococcus pneumoniae colonization and its
inefficient clearance, as shown by studies conducted in both mice (Thevaranjan et al.
2016) and humans (Whelan et al. 2014). The URT is colonized by different species of
pathogens and is continuously exposed to bacteria present in the environment, which
survive in the nasal and oral cavities of older individuals, due to loss of resistance to
colonization and altered immunity.
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5.3.3.1 Age Effects on Streptococcus Pneumoniae-Specific Humoral
Responses

The protective role of antibody responses to pneumococcal infection is well known.
IgM antibodies represent the first class of antibodies to be secreted and although they
bind antigens with low affinity they are characterized by broad specificities (Boes
2000). Experiments conducted inmice have shown that adoptive transfer of IgM anti-
bodies specific for pneumococcal polysaccharides can improve survival following a
lethal pneumococcal challenge, suggesting that IgM antibody may be sufficient to
confer protection against pneumococcal disease (Baxendale et al. 2008). Other exper-
iments inmice have shown that the subset of B-1a B cells provides immediate protec-
tion from Streptococcus pneumoniae infection through the secretion of natural IgM
antibodies. In particular, when Streptococcus pneumoniae-infected SCID mice were
injected with IgG-depleted serum from young and oldmice, theywere protected only
if they received IgG-depleted serum from young mice, suggesting an age-dependent
decrease in protective IgM antibodies (Holodick et al. 2016). Sequence analysis of
IgM antibodies secreted by B-1a B cells showed significant differences between
young and old mice in nucleotide sequences in the V region of the antibody respon-
sible for binding of B-1a cells to phosphorylcholine, the main antigen in the cell wall
of Streptococcus pneumoniae, in the length and charge of the CDR-H3 loop region,
and in VH, DH, and JH usage (Holodick et al. 2016).

Experiments in humans have also indicated that the amount of antibodies specific
for pneumococcal polysaccharides declines with aging, with the decrease in IgM
levels being more pronounced than the decrease in IgG levels (Araujo et al. 2021;
Leggat et al. 2013; Shi et al. 2005; Simell et al. 2008). However, IgM production
in response to the pneumococcal surface protein A (PspA) has also been reported
to be unchanged in some studies (German et al. 2018). PspA is a major virulence
factor of Streptococcus pneumoniae, expressed in themajority of clinically important
pneumococcal serotypes (Crain et al. 1990) and clade 4 in particular exhibits broad
cross-reactivity (Darrieux et al. 2008).

Both the quantity and the quality (ability of antibodies to enhance phagocytosis of
encapsulated Streptococcus pneumoniae) of naturally-acquired anti-pneumococcal
capsular polysaccharide IgG antibodies were found to be reduced in elderly indi-
viduals as compared to younger controls (Balmer et al. 2007; Simell et al. 2008,
2011), thus contributing to the increased susceptibility of the elderly to pneumococcal
diseases.

5.4 Importance of Vaccination

According to the CDC, vaccinations are among the top 10 public health accomplish-
ments of the twentieth century, being able to significantly reduce the incidence of
many serious infectious diseases. Vaccinations are needed throughout life, as immu-
nity from childhood vaccinations wears off over time, and adults may also be at risk
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for additional vaccine-preventable diseases. Vaccines are especially important for
older adults, as their immune system weakens and becomes less effective in fighting
off infections, with increased probability to get infected and to have complications
that can lead to long-term illness, hospitalization, and even death. Potential strategies
to improve vaccine immunogenicity have been developed and include higher antigen
dose, alternative routes of administration, and the use of adjuvants. All these strate-
gies, implemented for influenza vaccines, have shown moderately higher production
of specific antibodies. Research on universal vaccines against influenza and Strep-
tococcus pneumoniae is ongoing in order to overcome the limitations of the current
strain-specific vaccines. Universal vaccines have the advantage to abolish the need
for annual reformulation and vaccination with a seasonal vaccine. Their availability
would markedly increase pandemic preparedness.

The next three paragraphs summarize published results on the effects of aging on
vaccines specific for influenza, SARS-CoV-2 and Streptococcus pneumoniae.

5.4.1 Effects of Aging on Influenza Vaccine-Specific
Antibody Responses

Although numbers of people that receive the influenza vaccine have significantly
increased over the years, influenza is still a serious health concern for older adults.
In the U.S., 2/3 of the 200,000 influenza-related hospitalizations occur in individuals
≥ 65 years of age, independently of associated conditions. Moreover, the length
of hospital stay for elderly individuals is almost 3- and sixfold higher than middle
age (50–64 year old) and younger individuals, respectively (McElhaney et al. 2020).
These data suggest the need of vaccines with increased immunogenicity to improve
the response of older adults (Finco et al. 2014; Weinberger et al. 2018).

Different types of influenza vaccines have been used throughout the years, with
many of these still being in use, including whole inactivated virus vaccines, split
virus and subunit vaccines, live-attenuated influenza virus vaccines and recombinant
HA-based vaccines. Influenza vaccines induce virus-specific humoral and cellular
immunity (Murasko et al. 2020). The antibody response is the first line of protection
from subsequent infection with the secretion of IgM antibodies first and later with
secondary switched antibodies (IgA and IgG) with neutralizing activity (Burlington
et al. 1983). Although for a long time it has been believed that there is no pre-existing
immunity to newly emerging influenza variants in humans (McMurry et al. 2008;
Wrammert et al. 2008), it has been demonstrated that seasonal influenza vaccination
induces polyclonal heterosubtypic neutralizing antibodies, and these antibodies have
been shown to be cross-reactive with viruses of swine and avian origin, such as the
H1N1pdm09 and the H5N1, respectively (Corti et al. 2010).

Both the production and the duration of high affinity protective antibodies gener-
ated in response to the influenza vaccine decline with age (Saurwein-Teissl et al.
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2002). Young individuals respond better than elderly individuals to the first vaccina-
tion, but after repeated vaccinationswith the same vaccine differences between young
and elderly individuals are decreasing, suggesting the importance of pre-existing
immunity (Mosterin Hopping et al. 2016). Influenza vaccine-specific antibodies do
not persist year-round in older adults, suggesting the need for better strategies that
provide improved clinical benefits (Young et al. 2017), and vaccinated elderly indi-
viduals can still be infected and can also get severe secondary complications such
as hospitalization, catastrophic disability, exacerbation of underlying medical condi-
tions and death (Gross et al. 1995; Simonsen et al. 2007; Vu et al. 2002), due to
their compromised immunity. In addition to age, other causes are responsible for
the reduced responses to vaccination among elderly adults. These include preex-
isting immunity, genetic polymorphisms, and the presence of chronic underlying
conditions which may compromise the influenza vaccine response (Castrucci 2018;
Dhakal and Klein 2019).

Systems vaccinology approaches have been successfully used in recent years to
evaluate and characterize innate and adaptive immune responses to the influenza
vaccine. Systems vaccinology has made possible the identification of molec-
ular signatures pre-vaccination and at early and late post-vaccination time points,
providing a global picture of the immune response to the influenza vaccine. Results
from the numerous studies conducted in recent years have highlighted the importance
of identifying signatures of influenza vaccine-specific antibody responses that can
be shared across multiple seasons and can help to develop next-generation vaccines
that can be highly protective. In one of these studies conducted on 212 individuals
of different ages recruited from 2007 to 2011 in Atlanta and Miami, we found that
the antibody response to the vaccine was negatively associated with age, but not
with gender or race (Nakaia et al. 2015). Using a gene set enrichment analysis of
genes correlated with the antibody response in each season, we found that early
(3 days) post-vaccination signatures of inflammatory pathways in lymphocytes were
positively associated (whereas those in monocytes were negatively associated) with
serum antibodies. Baseline transcriptional signatures significantly associated with
vaccine-specific antibody responses were also found in a multicenter study in which
different cohorts recruited through the Human Immunology Project Consortium and
theCenter forHuman Immunologywere evaluated. Someof these signatures revealed
the involvement of genes involved in autophagy, anti-viral innate immunity, antigen
presentation, B cell receptor signaling (Team H-CSP Consortium H-I, 2017). In
another study, itwas found that the baseline transcripts found to be significantly corre-
lated with antibody responses were enriched for pattern recognition and interferon
signaling (Tsang et al. 2014), for age- and apoptosis-related gene module (Furman
et al. 2013) or for lipid biosynthesis, also associated with sex and testosterone-
dependent differences in the antibody response (Furman et al. 2014). Age-related
changes in the expression of markers of immunosenescence associated with gene
expression and regulation, cytokine secretion, telomerase expression and phenotype
were good predictors of the decreased response of older adults to seasonal influenza
A/H1N1 vaccination (Kennedy et al. 2016). These age-differences in gene expres-
sion patterns associated with vaccine-specific antibody responses were confirmed
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in another study in which post-vaccination levels of KLRB1 (killer cell lectin-like
receptor B1) and vaccine-specific antibody responses were positively associated only
in young and not in older adults (Avey et al. 2020). When vaccine-specific anti-
body responses were corrected by disease factor, significant disease-age associations
were found for genes involved in innate immune response, viral processes, defense
response to virus, andNF-kB signaling pathway (Rogers et al. 2019).Young influenza
vaccine responders are also characterized by higher levels of expression of genes and
proteins controlling mitochondrial biogenesis and pathways of oxidative phosphory-
lation (Thakar et al. 2015). This study has provided the first genome-wide transcrip-
tional analysis of metabolic measures performed before and after influenza vacci-
nation in young and elderly individuals, showing the crucial role of mitochondrial
pathways in influenza vaccine responses.

5.4.2 Effects of Aging on COVID-19 Vaccine-Specific
Antibody Responses

The current SARS-CoV-2 pandemic has pushed the development of vaccines to
protect the population from COVID-19. The U.S. Food and Drug Administra-
tion has granted emergency use authorization for the Pfizer/BioNTech and the
Moderna COVID-19 mRNA vaccines. In December 2020, the first vaccines were
approved worldwide and the vaccination campaign started. Both vaccines were
shown to provide immunity against SARS-CoV-2 infection in the general population
(Meoet al. 2021).However, althoughmanyPhase III trials havemade efforts to recruit
older adults, those with co-morbidities and frailty have been largely excluded. Only a
few studies on the effects of aging on antibodies generated in response to COVID-19
vaccines have been published so far. One of these studies has evaluated the antibody
response to the Pfizer/Biontech BNT162b2 vaccine in a cohort of young (<60 years)
and elderly (>80 years) individuals in Germany (n = 179 individuals total) (Muller
et al. 2021). The study has shown that the majority of participants in both age
groups made specific IgG antibody titers against the SARS-CoV-2 spike protein.
However, titers were significantly lower in elderly as compared to young partici-
pants. Although the increase in antibody levels after the second immunization was
higher in elderly participants, mean titers remained lower than those in young partic-
ipants. Importantly, after the second vaccination, only 70% of elderly and > 95% of
young individuals had detectable neutralizing antibodies.

Another study involving older adults vaccinated with the mRNA-1273 Moderna
vaccine (n= 20 individuals total) has shown high binding- and neutralizing-antibody
titers in 56–70 years old participants, even higher in participants > 71 years of age
(Anderson et al. 2020).

While we wait for better results on larger cohorts vaccinated in different coun-
tries with vaccines different from Pfizer/BioNTech and Moderna, we need to focus
on effective strategies to enhance immunogenicity (adjuvants, increased amounts
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or multiple doses of the same vaccine) not only in the general population, but in
populations at risk. These strategies may also consider the combination of different
vaccines for heterologous prime/boost protocols.

5.4.3 Effects of Aging on Streptococcus Pneumoniae
Vaccination

Two vaccines are available for adults ≥ 65 years for protection from pneumo-
coccus infection. The PPV23, a 23-valent pneumococcal polysaccharide vaccine,
that induces T-cell independent antibody responses that are short-lived and poorly
immunogenic in elderly individuals,with decreased IgMopsonic activity andpotency
(Park and Nahm 2011); and the PCV13, a 13-valent pneumococcal conjugate
vaccine, in which bacterial polysaccharides are covalently conjugated to an immuno-
genic carrier protein, which induces T-cell dependent antibody responses and B-cell
memory. As to vaccination schedule, PCV13 is given first, PPV23 is given at least
1 year later.

Data on efficacy of PPV23 against community-acquired pneumonia have been
reported to be highly heterogeneous, going from no effect to around 50% in many
studies. These differences depend on differences in cohorts, inclusion criteria and
parameters measured (Van Buynder and Booy 2018).

PCV13 is common in pediatric immunizations programs, and also licensed for
older persons, as shown by data from the CAPiTA study (Bonten et al. 2015). PCV13
has awell-established immunogenicity and safety profile, but data are lacking on effi-
cacy and effectiveness in adults (Marra and Vadlamudi 2019). Since few countries
have recently adopted PCV13 for routine adult immunization, future studies will
soon be available with better data to evaluate the effectiveness of PCV13. Never-
theless, vaccines with a broader coverage and duration of protection are needed.
Novel strategies should aim at improving the functionality of vaccine-induced anti-
bodies in older people, or targeting alternative molecules such as surface proteins or
non-capsular antigens (Adler et al. 2017). A mucosal vaccine, with an appropriate
adjuvant, would be an attractive strategy that is currently under investigation (Adler
et al. 2017; Kataoka et al. 2017).

5.5 Conclusions

Aging is associatedwith increasedRTIs, that represent themajor cause of death due to
infectious diseases in older adults.Both immunological (through immunosenescence,
inflammaging and dysfunctional immunity) and structural changes occur in the lungs
with aging and contribute to reduced lung function and increased frequencies of
RTIs. Humoral immune responses play a crucial role in the clearance of infectious
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agents and in the initial protection of the individual by controlling the infection
through the secretion of specific antibodies which gives time for cytotoxic T cell-
mediated immune responses to develop. However, antibody responses to viruses and
bacteria responsible for RTIs significantly decline with age. This has been shown for
influenza viruses and for the pneumococcus. It is still too early to know if SARS-
CoV-2 is also inducing a reduced antibody response in elderly individuals, but this is
what we expect. Vaccination is the most effective way to prevent RTIs and vaccines
developed with different technologies, but all based on the activation of B and T
cell-based immune responses, are saving countless lives. Unfortunately, aging also
decreases antibody response to vaccines, and vaccination recommendations in most
countries include specific guidelines for older adults. While novel vaccines with
higher immunogenicity and efficacy are needed for this vulnerable population, it is
also crucial to increase awareness for the importance of vaccination, as vaccination
coverage is still far from being optimal among older adults.
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Chapter 6
Ageing Mucosal Immunity and Its
Consequences for Infectious Diseases
in the Aged; A First Glance

Marieke van der Heiden and Debbie van Baarle

Abstract While our understandingon systemic immunological ageing has increased
in the past years, knowledge on ageing of the mucosal immune system is lacking
behind. Since themucosa provides the first barrier for invading pathogens and harbors
major part of the immune cells of the human body, this knowledge gap hampers our
understanding on infectious disease vulnerability in the elderly. We here summarize
the current limited knowledge as well as pinpoint major knowledge gaps of mucosal
immunity at old age. Moreover, we outline the potential relations between mucosal
immunity and the large burden of acute respiratory infections as well as reactivation
of chronic herpes viruses in the elderly. In light of the rapidly ageing population
and the increased spread of emerging infections, it is essential to enhance our under-
standing on immunological ageing at mucosal sites and investigate its consequences
for protection against infectious disease. This enhanced knowledge will allow us to
develop effective preventive measures, such as mucosal vaccines, for todays’ and
future populations.

Keywords Ageing · Infections ·Mucosa · Immune system

6.1 Introduction

As a result of the increased life expectancy, the number of persons above 60 years of
age is expected to double by 2050, with the highest growth predicted in the number
of persons above 80 years of age (United Nations 2019; Chang et al. 2019). With
age, important immune functions deteriorate, a process called immunosenescence,
which enhances the susceptibility towards disease (Pawelec and Solana 1997; Fulop
2018). Consequently, ageing results in increased numbers of persons susceptible to

M. van der Heiden · D. van Baarle (B)
Department of Medical Microbiology and Infection Prevention, University Medical Center
Groningen, University of Groningen, Groningen, The Netherlands
e-mail: d.van.baarle@umcg.nl

D. van Baarle
Center for Infectious Disease Control, National Institute for Public Health and the Environment
(RIVM), Bilthoven, The Netherlands

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
V. Bueno and G. Pawelec (eds.), Healthy Longevity and Immune System,
Healthy Ageing and Longevity 16, https://doi.org/10.1007/978-3-030-87532-9_6

91

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-87532-9_6&domain=pdf
mailto:d.van.baarle@umcg.nl
https://doi.org/10.1007/978-3-030-87532-9_6


92 M. van der Heiden and D. van Baarle

disease and disability, causing a strong rise in health care costs in the population. In
addition, the infection pressure of elderly is further enhanced by the increased global-
ization and spread of antibiotic resistance (Yoshikawa 2002). Therefore, the preven-
tion of infectious diseases in older age groups is a prerequisite to establish healthy
ageing and lower health care costs in todays’ and future populations. This requires
profound understanding of immunological ageing, its consequences for infectious
disease vulnerability, as well as effective prevention measures such as vaccination
programs.

As comprehensively reviewed elsewhere, immunological ageing is a complex
process already starting at the hematopoietic stem cells and is largely affected by fat
deposition in the bone marrow and thymus, along with thymic shrinkage (Boraschi
et al. 2013; den Braber et al. 2012; Mitchell et al. 2010; Pritz et al. 2014). Albeit
clear changes are observed in all branches of the immune system with age, the T-cell
compartment is most profoundly affected. Of importance, the pace of immunological
ageing largely deviates between individuals, indicating not only the importance of
age, but also genetic predisposition and even more important non-hereditable factors
(Brodin et al. 2015).

Current knowledge does however not allow us to distinguish between adaptive
and detrimental changes in the ageing immune system and subsequently our under-
standing of associations between the ageing immune system and infectious disease
vulnerability at older age is limited. A major reason for this limited understanding
relates to the fact that immunological ageing is largely investigated in peripheral
blood, that contains only 1–2% of the body’s total immune cells (Ganusov and
Boer 2007; Pawelec 2020). In contrast, the mucosa, the surfaces in contact with the
external world, harbors a major part of immune cells and provides a crucial first
line of defense against invading pathogens. This knowledge gap on ageing mucosal
immunity and its relation to infectious disease protection with advancing age greatly
affects our abilities to develop preventive measures against infectious diseases for
the aged. Here we summarize the current knowledge in mucosal immune ageing (as
schematically depicted in Fig. 6.1), its relation with systemic immune ageing, and
its potential consequences for infectious diseases susceptibility in the aged.

6.2 Ageing Mucosal Immunity

The mucosa-associated lymphoid tissue (MALT) contains major part of immune
cells at mucosal sites. The MALT is a complex system where immune cells are
integrated in a large network of tissue and mucosal epithelial cells, including its
effector molecules and secreting factors, and plays an important role in protection
against infectious disease (Martelli et al. 2016). This prominent role in protection is
not only related to its immunological monitoring functions, but also to its function as
the first physical barrier for invading pathogens. This physical barrier is formed by
epithelial cells lining the mucosa, which are closely connected by tight junctions and
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Fig. 6.1 Schematic overview of the ageing mucosal immune system

cadherin/catenin complexes (Parrish 2017). In addition, lymphocyte populations are
present to maintain these epithelial tight junctions in response to infection (Dalton
et al. 2006).

TheMALT can further be divided into the gut-associated lymphoid tissue (GALT)
(Buford 2017), nasopharyngeal-associated lymphoid tissue (NALT) and bronchus-
associated lymphoid tissue (BALT) (Martelli et al. 2016; Fujihashi andKiyono2009).
Currently, knowledge onmucosal immunity ismainly based on findings in theGALT,
whereas the latter two are studied to a lesser extent. Below themost prominent aspects
of the MALT as well as its relation with advancing age are described.

6.2.1 The Epithelial Barrier

First and foremost, ageing affects the first physical epithelial barrier that prevents
pathogenic microbes to enter the body. With advancing age the epithelial barrier
integrity diminishes, resulting in enhanced epithelial permeability and subsequent
enhanced risks for invading pathogens (Man et al. 2014; Branca et al. 2019). This
reduced barrier integrity is attributed to on the one hand increased damage to the
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barrier, while on the other hand cell renewal by epithelial stem cells is reduced
(Kirkwood 2004). In addition, this process is accelerated by an age related drop
in mucus production which leads to a thinning of the mucus barrier overlaying the
epithelial cells (Branca et al. 2019; Sovran et al. 2019). The increased incidence
of the leaky gut syndrome with advancing age is clearly linked to this diminished
epithelial barrier function (Kavanagh et al. 2019).

6.2.2 The Microbiota

Secondly, compositional changes and reduced stability of the microbial community
lining the epithelia, have been observed with advancing age, where bacteriodes and
bifidobacteria decline in abundance and pathogenic bacteria thrive (Buford 2017;
Fujihashi and Kiyono 2009; Jeffery et al. 2016; Biagi 2010; Popkes and Valenzano
2020). These compositional changes have been found associated with age related
tissue inflammation and contribute to the deterioration of the gut barrier integrity.
Importantly, research in mice has also indicated associations between the ageing
microbiota and systemic inflammation (Fransen et al. 2017), suggesting an important
role for the microbiota in the functioning of the immune system at older age. There-
fore, alterations in the microbiota with advancing age could potentially contribute
to the often observed low grade inflammation in the aged, commonly referred to as
inflammageing (Fülöp et al. 2012, 2019; Pawelec 2020). This inflammageing is often
associated with age related diseases as well as frailty (Fülöp et al. 2019; Samson
2019). Increased use of antibiotics in community-dwelling elderly combined with a
poor diet enlarge these microbiota compositional changes at old age (Buford 2017).
Importantly, a recent study observed clear compositional changes in the microbiota
during an event of Influenza like illness (ILI) as well as clear associations between
the abundance of certain bacteria and the vulnerability to ILI, proposing clear roles
for the microbiota composition in the vulnerability towards respiratory infections
(Fuentes et al. 2021).

6.2.3 M Cells

Moreover, specialized cells for transportation of antigens over the mucosal barrier,
referred to as M cells, show reduced capacity for transportation as well as reduced
maturation with advancing age. These M cells overlay the mucosal lymphatic folli-
cles, referred to as Peyer’s patches (Fujihashi and Kiyono 2009; Kobayashi et al.
2013; Donaldson et al. 2020). Consequently, reduced transportation leads to an
altered gut antigen monitoring in the aged as well as diminished initiation of immune
responses following pathogen encounter. Interestingly, this altered functionality of
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the M cells was found to be directly influenced by the changed microbiota in aged
mice, whereas transplanted microbiota from young mice was able to rejuvenate this
function (Donaldson et al. 2020).

6.2.4 Follicular Dendritic Cells (FDCs)

Underlying the epithelial barrier, FDCs patrol the mucosa in search for antigens and
present them to immune cells gathered in the Peyer’s patches and mesenteric lymph
nodes (MLN), where adaptive immune responses are initiated. While in old mice a
clear reduction in number and function of these FDCs is observed, this phenomenon
is currently less clear in humans (Fujihashi and Kiyono 2009).

6.2.5 T Cells

Peyer’s patches are key in mucosal immunity. However, knowledge on the composi-
tion of Peyer’s patches in humans is limited and suggests that these lymphoid follicles
mainly contain CD4 + T cells that are highly polarized towards the Th1 phenotype,
while a minor proportion of CD8+ T cells is present (Martelli et al. 2016; Jung et al.
2010). Research in mouse models indicates that large part of these CD4+ T cells are
of the effector/memory phenotype, while naïve T cells are a minority (Jung et al.
2010).Despite extensive studies on effects of age on the systemicT-cell compartment,
knowledge on association between age and mucosal T-cell immunity is scarce. It is
however known that with age Peyer’s Patches reduce in size and contain fewer naïve
CD4+T cells, potentially resulting in decreased T-cell help during immune responses
(Martelli et al. 2016). This decline in naïve T cells accompanies the findings observed
in the periphery and relates to the reduced production of naïve T cells in the aged
as a result of thymic shrinkage (den Braber et al. 2012; Herndler-Brandstetter et al.
2013; Goronzy and Weyand 2019). As a consequence of these reduced naïve T-cell
numbers, systemic homeostatic proliferation of T cells is enhanced tomaintain T-cell
numbers, which is generally accepted to maintain sufficient levels of CD4+ T cells
but leads to a large reduction in the CD8 T-cell compartment (Herndler-Brandstetter
et al. 2013; Goronzy andWeyand 2019; Whiting et al. 2015; Pawelec 2020). Defects
in this homeostatic proliferation with age could potentially lead to a reduced T-cell
receptor repertoire diversity affecting responses to infections (Goronzy and Weyand
2019; Whiting et al. 2015; Egorov et al. 2018; Lanfermeijer et al. 2020). Moreover,
as a result of antigenic pressure over the life course, increased numbers of late-
differentiated T cells, persisting a lower proliferative capacity (Goronzy andWeyand
2019; Appay et al. 2008) are observed with advancing age in the periphery. Further-
more, as a consequence of accumulating DNA damage in ageing T cells, part of the
circulating T cells develops into senescent cells. Even though the exact phenotype of
senescent T cells is still topic of fierce debate, consensus exists that these senescent



96 M. van der Heiden and D. van Baarle

cells contribute to the age-associated low grade inflammation, due to the secretion
of inflammatory mediators, indicated as the senescence-associated-secretory pheno-
type (Goronzy and Weyand 2019; Zhu et al. 2014). Finally, elevated numbers of
regulatory T cells (Tregs) are observed with age (Gregg et al. 2005; Jagger et al.
2016). These are mainly of the memory phenotype (van der Geest et al. 2014), which
suggests an enhanced suppression of immune responses at older age. Currently, it is
largely unknown whether these signs of systemic immunological ageing are equally
observed at mucosal sites, which urges the need for future research on the ageing
T-cell compartment in the MALT.

6.2.6 Tissue Resident Memory (TRM) Cells

More recently, TRM cells have been discovered in mouse models, which are special-
ized mucosal T cells that mainly refrain from the circulation (Szabo et al. 2019).
These TRMs are observed for both the CD4+ and CD8+ T-cell compartments and
have demonstrated important roles in protection against infectious disease as well as
in the initiation of effective secondary immune responses in mice (Behr et al. 2020;
Mueller and Mackay 2016). However, translation of these finding to the human situ-
ation is complicated due to major differences in T-cell homeostasis between mice
and men, especially at older age (den Braber et al. 2012). Besides the discovery of
TRM cells at human mucosal sites and the phenotypic characterization of these cells
in human tissue, the specificity of the cells as well as the effects of age remain largely
unknown (Sathaliyawala et al. 2013; Thome et al. 2016; Wong et al. 2016; Smolders
et al. 2018; Kumar et al. 2017; Thome et al. 2014). However, consistent with findings
in the periphery, scarce human evidence points to an age-related reduction in naïve
CD8+ TRM cells accompanied by an expansion of late differentiated CD8+ TRM
cells (Gordon et al. 2017).

6.2.7 IgA and B Cells

Based on murine models, Peyer’s patches contain high number of B cells (Jung
et al. 2010). These B cells are important in the production of IgA, the most abun-
dant antibody present at mucosal sites and important in protection and tolerance.
Currently, human data on the effect of age on mucosal B cells is lacking, whereas
age related changes are observed in the human circulating B-cell compartment, of
which major changes relate to a reduced production of B-cell progenitors (Siegrist
andAspinall 2009;Dunn-Walters 2016; Frasca et al. 2017).Moreover, reducedB-cell
receptor diversity (Dunn-Walters 2016), proliferation (Siegrist and Aspinall 2009)
and capacity for class-switching (Frasca et al. 2011) have been observed in circulating
B cells with advancing age.
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Remarkably, ageing models in mice indicate increased levels of IgA+ B cells in
Peyer’s patches and diminished numbers in the lamina propria with advancing age,
suggesting altered homing capacity of IgA + B cells in aged mice (Martelli et al.
2016). Interestingly, maintained or even slightly increased levels of total non-specific
IgA have been observed with advancing age in human gut lavages, whereas specific
IgA levels were found to decrease in aged mice (Arranz et al. 1992; Fujihashi and
Kiyono 2009). These findings are consistent with findings of elevated IgA levels
in the serum of aged humans (Beharka et al. 2001; Finkelstein et al. 1984) and do
suggest a general continuous production of IgA. Nevertheless, it is of importance to
investigate de novo IgA responses at the mucosa against new incoming pathogens in
a human setting.

6.2.8 Mucosal-Associated Invariant T (MAIT)
and the Unconventional γ δ T Cells

Finally, while present in low frequencies in the periphery, the innate like MAIT cells
as well as γδ T cells are perceived to play important roles in the mucosal immune
response against microbial infections (Loh et al. 2020; McCarthy and Eberl 2018).
Despite observations of reduced frequencies of circulatingMAIT and γδ T cells with
advancing age (Loh et al. 2020; Novak et al. 2014; Lee et al. 2014; Rubino et al.
2019; Kallemeijn et al. 2017; Xu et al. 2019), the effects of age on both cell types
at the mucosal sites is largely unknown. Interestingly, this age related reduction of
MAIT cells in the circulationwas not observed in centenarian offspring (Rubino et al.
2019). Moreover, at old age, circulating MAIT cells were found to gain central and
effector memory-phenotypes, as well as to express a low-grade basal inflammatory
profile. These observations are suggestive of terminal differentiation of MAIT cells
with advancing age. Nevertheless, these MAIT cells continued to show plasticity
in vitro, as well as express broad expansions and effector profiles (Loh et al. 2020).
Finally, comparable with the conventional αβ T cells, alterations in the phenotype
of circulating γδ T cells were observed with advancing age. Importantly, within the
circulation, the major Vδ2 + γδ T cell subtype was found resistant against these
age related changes and maintains its function until old age (Xu et al. 2019). It is
of interest to investigate whether their mucosal counterparts, which are presumed
to be abundant at mucosal tissues and to possess prominent functions in mucosal
immunity, mirror the findings in the periphery.

Depicted are important cell types and functions involved in mucosal immunity
and the changes occurring with ageing. The dark red arrows indicate a reduction with
age, while the green arrow indicates an increase. Gray arrows indicate knowledge
obtained from the circulation or research on mice, and have to be evaluated in human
mucosal sites. Created with Biorender.
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6.3 The Infectious Disease Burden in the Elderly: Crucial
Roles for the Ageing MALT?

The large burden of infectious diseases in the elderly is mainly attributed to acute
respiratory infections, as exemplified by the ongoing COVID19 pandemic as well
as the annual burden of influenza illness, but chronic virus infections also have
their significant share. The latter is mainly caused by reactivation of the chronic
latent herpesviruses Varicella Zoster Virus (VZV) and Cytomegalovirus (CMV)with
advancing age (Stowe et al. 2007). The ageing MALT has a potential large contri-
bution to this disease vulnerability, although knowledge on direct associations in
humans is scarce. Below we describe the major acute and chronic infections posing
a threat in the elderly and discuss the potential associations with the ageing MALT.

6.3.1 Acute Infections

6.3.1.1 Influenza

Influenza Disease Burden in the Elderly

Global seasonal influenza epidemics result in about 3–5 million severe cases and
290.000–650.000 deaths each year, mainly affecting the elderly and chronically
ill (World Health Organization 2018; McElhaney et al. 2020). This high influenza
disease burden is accompanied by high medical costs (Klepser 2014), which are
predicted to rise in light of the rapid ageing of the population. Influenza viruses are
negative-stranded RNA viruses and the strains able to infect humans are influenza
A, B, and C viruses (World Health Organization 2018; Bouvier and Palese 2008).
The majority of human seasonal influenza illnesses are caused by influenza A and
B viruses. Influenza A viruses are classified by the expression of the glycoproteins
hemagglutinin (HA) and neuraminidase (NA), of which the currently circulating
strains are of the H1N1 and H3N2 subtypes (World Health Organization 2018). In
contrast, influenza B viruses are typed by their lineages and currently mostly found
as either B/Yamagata and B/Victoria (World Health Organization 2018).

Influenza A viruses are known for their high mutation rates as a consequence of
error-proneRNApolymerases, often referred to asantigenic drift (Bouvier andPalese
2008). Moreover, combinations of new influenza strains frequently arise, a process
called antigenic shift (Bouvier and Palese 2008). As a consequence, influenza viruses
master immune evasion, which enables a high annual disease burden. In addition,
influenza viruses pose a large threat for the emergence of pandemic strains (Bouvier
and Palese 2008).
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Correlates of Protection

Currently, full knowledge on human correlates of protection (COPs) against influenza
disease is lacking and complicates the development of protective treatments and
vaccines. Historically, HA specific antibodies were considered essential in protec-
tion against influenza disease (Hobson et al. 1972). However, current consensus
indicates a multifaceted antibody mediated protection and many questions remain
unanswered (Krammer 2019). One complicating factor is the large influence of pre-
existing immunity from previous infections on the immune response against subse-
quent influenza infections. Theoretically, this phenomenon is referred to as imprinting
and explained in the antigenic sin theory (Krammer 2019; Francis 1960). On the basis
of this theory, the first exposure to influenza viruses during a lifetime, determines
the responses towards subsequent influenza infections. This phenomenon compli-
cates research on the associations between the ageing immune system and the high
influenza burden in the elderly. A large potential influence of pre-existing immunity
was clearly visualized during the H1N1/09 pandemic, during which elderly suffered
less from disease as compared to other age groups. The observation was partly
explained by a difference in pre-existing immunity (Bansal et al. 2010; Hancock
et al. 2009).

In addition, the complex interplay between antibodies and cells of the innate and
adaptive immune system in response to influenza infection is incompletely under-
stood (McElhaney et al. 2020).As of today, cell-mediated-immunity,mainly obtained
by T cells, is considered to play essential roles in viral protection (McElhaney et al.
2020). Importantly, influenza specificmemory CD4+T cells were found to recognize
conserved viral proteins and cross-react betweenmultiple influenza strains (Zens and
Farber 2014).

Influenza Specific Mucosal Immunity

Mucosal immunity might play essential roles in protection against influenza disease,
which is evidenced by the discovery of a protective role of influenza specific nasal IgA
against disease in a human challenge model, whereas serum influenza specific IgG
was only poorly predictive for protection (Gould 2017). Moreover, research in mice
has indicated the initiation of protective CD8+ T-cell responses against influenza
A disease in the mucosal tissue of the respiratory tract (Nguyen et al. 1999), as
well as the importance of alveolar macrophages in protection, as a result of their
role in antibody-induced inflammation and antibody dependent phagocytosis (He
et al. 2017). Consequently, mucosal immune responses in the BALT might play key
roles in protection against influenza disease and warrant additional investigation in
a human setting (Table 6.1).



100 M. van der Heiden and D. van Baarle

Table 6.1 Association betweenmucosal immune responses and immunity and/or protection against
infections with a high disease burden in the elderly

Infection Mucosal immunity associated with infection
specific immunity and/or protection

Species References

Influenza • Nasal influenza specific IgA Human Gould et al. (2017)

• Influenza specific CD8+ T cells in respiratory
tract

Mice Nguyen et al.
(1999)

• Alveolar macrophages Mice He et al. (2017)

RSV • Nasal RSV specific IgA Human Habibi et al.
(2015)

• RSV specific CD8+ TRM cells in BAL Human Jozwik (2015)

• Neutrophil preparedness Human Habibi (2020)

• Alveolar macrophages Mice Pribul et al. (2008)

Streptococcus • Nasal pneumococcal specific IgG Human Mitsi et al. (2017)

Pneumoniae • Total CD8+ TRM and MAIT cells in nasal
mucosa

Human Jochems et al.
(2019)

• Nasal pneumococcal specific IL17 +CD4+
TRM cells

Mice O’Hara et al.
(2020)

SARS-CoV2 • SARS-CoV2 specific airway CD8+ TRM cells MHP McMahan et al.
(2021)

• SARS-Cov2 specific IgA in BAL Human Sterlin et al. (2021)

VZV • VZV specific CD4+ TRM cells in skin Human Vukmanovic-Stejic
et al. (2015)

• Innate immune responses in skin and dorsal
ganglia

Human Laing et al. (2018)

CMV • CMV specific cells in diverse tissues (bone
marrow, lymph nodes, spleen and lung)

Human Gordon et al.
(2017)

• CMV specific T cells in salivary glands Mice Smith et al. (2015)

Ageing and Influenza Specific Mucosal Immunity

Currently, our understanding of influenza specific mucosal immunity in relation to
ageing is highly limited in a human setting (Fulton and Varga 2009). Neverthe-
less, a decrease of influenza specific CD8+ TRM cells with age was observed in
human lung biopsies, as well as a reduced expression of activation markers on lung
T cells after in vitro stimulation with influenza virus (Nguyen 2021). These findings
were accompanied by a reduced type 1 interferon response in lung biopsies after
in vitro influenza specific stimulation (Nguyen 2021). In addition, results frommouse
models shed some light on differences in the mucosal immune response following
influenza infection between adult and aged mice and indicate a delayed activation
of innate immunity in the lungs of the aged mice, which came along with altered
cytokine and chemokine production in macrophages and DCs in the lung (Toapanta
and Ross 2009). These results were recently complemented with findings of reduced
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Table 6.2 Current limited knowledge on ageing associated alterations in infection specificmucosal
immunity

Infection Age related change in infection
specific mucosal immunity

Species References

Influenza • Delayed activation innate
immunity in lung

Mice Toapanta (2009)

• Altered cytokine and chemokine
production in lung macrophages
and DCs

• Reduced influenza specific CD4+
and CD8+ T cell responses in the
lung

• Reduced phagocytic function
alveolar macrophages

Mice Wong et al. (2017)

• Decay of influenza specific
CD8+ TRM cells in lung

Human
Mice

Nguyen et al. (2021)
Bader and McKinsey (2005)

• Reduced expression of activation
markers lung T cells following
in vitro influenza stimulation

• Reduced type 1 IFN in lung after
in vitro influenza stimulation

• Relative increase in
mall-functioning influenza
specific CD8 + TRM cells

Streptococcus • Impaired innate nasal mucosal
immunity

Mice Krone et al. (2013)

Pneumoniae • Dysbiosis nasal microbiome Human Steenhuijsen Piters et al. (2016)

VZV • Increased expression regulatory
markers on VZV specific CD4+
TRM cells in skin

Human Vukmanovic-Stejic et al. (2015)

phagocytic function of alveolar macrophages in response to influenza infection in
ageing mice (Wong et al. 2017). Finally, reduced influenza specific CD4+ and CD8+
responses were observed in the lungs from aged mice (Wong et al. 2017), combined
with a relative increase of mall-functioning influenza specific CD8+ TRM cells that
have the potential to exacerbate lung inflammation (Golpen et al. 2020). Combined,
these results illustrate the potential importance of ageing mucosal immunity in light
of the high influenza disease vulnerability in the aged (Table 6.2).

6.3.1.2 Respiratory Syncytial Virus (RSV)

RSV Disease Burden in the Elderly

In addition to influenza, elderly individuals are increasingly vulnerable to infection
with the enveloped RNA respiratory syncytial virus (RSV) (Bader and McKinsey
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2005; Ebbert and Limper 2005). Infection with RSV occurs frequently throughout
life, already starting at young age, but causes complications in very young chil-
dren, the immunocompromised and elderly (Olson and Varga 2008; Shi et al. 2020).
Globally, the number of RSV related hospital admissions in 2015 was estimated
at about 336.000 and the associated number of deaths at 14.000. These numbers
were found substantially elevated in individuals over 65 years of age (Bader and
McKinsey 2005). Importantly, an elevated RSV disease burden was observed in
both community-dwelling older adults as well as elderly living in nursing homes
(Van Erp et al. 2019).

Correlates of Protection

As of today, no COPs have been established for RSV, mainly hampered by our
incomplete understanding on the role of antibodies in protection against disease.
Besides their role in virus neutralization, RSV specific antibodies might also enhance
infection, via the so-called process of antibody dependent enhancement (ADE). Full
knowledge on antibody characteristics that contribute to ADE is currently lacking,
but it is hypothesized to occur when insufficient neutralizing antibodies levels are
present for full protection (Habibi et al. 2015). Also, it is currently incompletely
understoodwhether ADEplays a role in the higher RSVdisease burden in the elderly.
However, this is the current dogma based on the previously observed presence of high
RSV specific antibody levels with low neutralizing capacity in elderly (Habibi et al.
2015). Up until now, clear association between circulating RSV specific T cells and
disease progression were not observed. Even though a decline of circulating long-
lasting CD8+CD127 +SV specific T cells was observed in the elderly, combined
with a lower proliferative capacity and increased RSV specific Th2 responses at the
expense of Th1 responses, it is questionable whether these findings contribute to the
disease vulnerability in the aged (Cusi et al. 2010).

RSV Specific Mucosal Immunity

Investigation of human immune responses following experimental RSV infection
indicates an important role for nasal IgA in protection against RSV infection.
However, these antibodies wane quickly after infection (Habibi et al. 2015). More-
over, in contrast to circulating CD8+ T cells, RSV specific CD8+ TRM cells in
the bronchoalveolar lavage (BAL) were associated with improved viral control and
less severe symptoms. Interestingly, these airway RSV specific TRMs did not alter
much after infection, showed low proliferative responses and reduced expression of
cytotoxic molecules, as compared to their circulating counterparts (Jozwik 2015).
These findings indicate a fundamental difference between RSV-specific circulating
T cells and TRM cells and underline the importance of mucosal immune responses
in protection against RSV (Jozwik 2015).
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In addition, neutrophil preparedness in the lungwas found associated with disease
susceptibility in a humanRSVchallengemodel (Habibi 2020). Finally,mousemodels
indicated a critical role for alveolar macrophages in the early immune response
towardsRSV infection.However, these alveolar al.macrophages did not affect subse-
quent adaptive immune responses or disease development, suggesting a role for local
T cells in disease protection (Pribul et al. 2008) (Table 6.1).

Ageing and RSV Specific Mucosal Immunity

Knowledge on RSV specific mucosal immunity in relation to ageing is currently
lacking, which limits our understanding on the vulnerability of elderly towards severe
RSV disease and once again urges the need for studies on mucosal RSV immunity
in relation to ageing (Wiseman et al. 2020). Human challenge models in older indi-
viduals will shed light on these and other aspects of protective immunity in future
research.

6.3.1.3 Streptococcus Pneumoniae

Pneumococcal Disease Burden in the Elderly

Streptococcus pneumoniae (S.pneumoniae), a Gram-positive encapsulated diplo-
coccus, is the leading causative microorganism for community-acquired pneu-
monia and bacterial meningitis among the elderly worldwide (Torres et al. 2018;
Drijkoningen and Rohde 2014; Cabellos et al. 2009). S. pneumoniae is estimated to
cause approximately one million deaths each year, greatly affecting elderly above
70 years of age (Vos et al. 2017). Consequently, the medical and economic costs of
pneumococcal disease are high and expected to rise in light of the ageing popula-
tion and growing antibiotic resistance (Lynch and Zhanel 2010; Bogaert et al. 2004;
Tacconelli et al. 2018).

More than 90 different pneumococcal serotypes are known, ofwhich the serotypes
most associated with severe disease and high mortality in the elderly, serotypes 1,
3, 4, 5, 6A, 6B, 7F, 9 V, 14, 18C, 19A, 19F, and 23F, are included in the 13-valent
pneumococcal conjugate vaccine (Torres et al. 2018; Garde et al. 2019). At young
age, asymptomatic carriage of S. pneumoniae in the nasopharynx is common, which
reduces towards below 10% at older age (Garde et al. 2019; Hussain et al. 2005).
Following nasal carriage, S. pneumoniae is able to cause invasive disease. Up until
now, we do not fully understand the factors driving the process of innocent nasal
carriage to invasive disease. Therefore, it is of ongoing debate whether protective
measures should aim to prevent invasive disease or already start by prevention of
colonization (Bogaert et al. 2004).
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Correlates of Protection

The capsular polysaccharides (PS) are the most important pneumococcal virulence
factors, and hence immunity towards these PS is important in protection (Garde
et al. 2019). The current opinion in the field is that antibodies that are able to
induce opsonophagocytosis are most essential in the protection against pneumo-
coccal disease, even though no clear COPs have been established yet (Kim et al.
1999; Van Deursen et al. 2017). Nevertheless, PS immunity is serotype specific and
might still allow other pneumococcal strains to colonize and cause disease, a process
called strain replacement (Bogaert et al. 2004). Subsequently, broader protection
against pneumococci might be prerequisite and therefore pneumococcal vaccines
with increasing numbers of serotypes are being developed. Additionally, protective
antibody levels in infants were found to differ between pneumococcal serotypes in
children (Voysey et al. 2018), suggesting pneumococcal serotype specific COPs.
As of today, no COP in elderly is identified and the immunological causes of the
increased vulnerability towards pneumococcal disease in the elderly is poorly under-
stood. Studies indicate a decrease in pneumococcal antibody concentrations, albeit
this phenomenon differed per serotype (Van Deursen et al. 2017).

Pneumococcal Specific Mucosal Immunity

Pneumococcal specific mucosal immunity in the nasal cavity is expected to prevent
pneumococcal nasal carriage. As a consequence of the bacteria’s IgA1 proteases
dismantling IgAmediated immunity, IgG antibodies in the nasal mucosa are required
to prevent colonization (Janoff et al. 2014). Human pneumococcal carriage research
discovered protective roles of this nasal IgG against pneumococcal colonization, due
to its agglutinating activity. Interestingly, these nasal IgG concentrations correlated
with its serum counterpart (Mitsi et al. 2017) and therefore serum IgG concentra-
tions can be used as a surrogate for nasal protection. In addition to antibodies, CD8+
TRM and CD8+ MAIT cells mediated protection was observed against pneumo-
coccal colonization in a human challenge model (Jochems et al. 2019). Interest-
ingly, these MAIT cells respond to precursors from the riboflavin synthesis pathway
highly present on pneumococci and have a potential for broad protection, surpassing
the stains specific protection of PS antibodies (Jochems et al. 2019). In addition,
mouse studies indicated nasal IL17+ CD4+ TRM cells mediated protection against
pneumococcal colonization (O’Hara et al. 2020). (Table 6.1).

Ageing and Pneumococcal Specific Immunity

While knowledge of human mucosal pneumococcal specific immunity in relation to
age is scarce, studies in mice relate age associated inflammation as well as cellular
senescence to a higher burden of pneumococcal pneumonia (Hinojosa et al. 2009;
Shivshankar et al. 2011).Moreover,mouse studies indicated reduced innate immunity
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following pneumococcal challenge in older mice, which potentially resulted from
higher baseline inflammation levels in the nasal (Krone et al. 2013). Furthermore,
human upper respiratory tract microbiome research indicated a relation between
pneumococcal pneumonia and dysbiosis of the respiratory tract microbiome (de
Steenhuijsen Piters et al. 2016). Hence, advanced knowledge of pneumococcal
specific mucosal immunity in humans in relation to age is highly needed to develop
preventive measures against the high disease burden in the elderly (Table 6.2).

6.3.1.4 SARS-CoV2

Covid19 Disease Burden in the Elderly

The ongoing COVID19 pandemic, caused by the SARS-CoV2 virus, painfully exem-
plifies the vulnerability of the elderly towards emerging viral infections. Data from
China indicates a case fatality ratio (CFR) of on average 1.38%, where the CFR in the
age groups below 60 years, 60–80 years of age, and above 80 years, was estimated
to be 0.32%, 6.4% and 13.4% respectively (Verity et al. 2020). Likewise, research in
16 countries overarching more than 2.4 billion people predicts that people aged 55–
64 years had an 8.1 times and those 65 years and older a 62 times higher incident rate
ratio as compared to those aged below 54 (Yanez et al. 2020). This increased risk of
severe COVID19 disease in the elderly is often linked to underlying co-morbidities,
such as cardiovascular diseases and diabetes type2 (Smorenberg et al. 2021). In order
to overcome this pandemic and be better prepared for potential future pandemics,
it is of crucial importance to understand the vulnerability for severe SARS-CoV2
infection in the elderly.

SARS-CoV2 enters the human body by binding of its spike protein to the ACE2
receptor on endothelial cells. This receptor is not only expressed on endothelial
cells of the lung and respiratory tract, but also on endothelial cells present in the
heart, kidney, blood vessels, brain, intestine and fat tissue (Perico et al. 2021). After
binding with SARS-CoV2, the ACE2 receptor is downregulated on the endothelial
cells, which may contribute to the inflammatory response and vascular permeability
in the lung (Mcmurray et al. 2020). Inflammatory responses and cytokine storms
are frequently observed in severe COVID19 patients and are most pronounced by
elevated plasma levels of the pro-inflammatory cytokines TNFα and IL6 (Huang
et al. 2020; Schurink et al. 2020; Cunha et al. 2020). These inflammatory responses
were found persistent and not associatedwith viral presence, which indicates a patho-
logical response of the immune system following infection (Schurink et al. 2020).
Moreover, these inflammatory responses were accompanied by high neutrophil infil-
trations in the lung of severe patients (Schurink et al. 2020) as well as a high circu-
lating neutrophil to lymphocyte ratio (Cunha et al. 2020; Zhang et al. 2020). The
underlying inflammageing in the elderly, might worsen the inflammatory outcome
after SARS-CoV2 infection and contribute to the enhanced pathology and mortality
in the aged, especially in thosewith underlying chronic inflammatory diseases (Yanez
et al. 2020; Cunha et al. 2020; Diao et al. 2020). Moreover, extreme reduced numbers
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of CD4+ and CD8+ T cells following infection associated with both inflammatory
responses and survival in the elderly (Diao et al. 2020; Rydyznski Moderbacher et al.
2020). Overall, an unbalanced immune responses following SARS-CoV2 infection
is observed in the elderly, which potentially enhances the development of severe
disease (Rydyznski Moderbacher et al. 2020).

Correlates of Protection

At the moment of writing, the establishment of COPs for COVID19 disease is
hampered by our limited understanding of the complex interplay between immu-
nity and disease severity (Rydyznski Moderbacher et al. 2020; Mathew et al. 2020).
Despite the association of COVID19 specific antibodies and T cells with disease
protection, specific characteristics of these responseswere also associatedwith severe
disease (Mathew et al. 2020). For example, low affinity SARS-CoV2 spike specific
CD4+ T cells (Bacher et al. 2020), and high levels of afucosylation of the SARS-
CoV2 IgG antibodies were associated with severe disease (Larsen et al. 2020; Fu
et al. 2020). Evidence for a dual protection of both antibodies and T cells against
COVID19 disease was provided by SARS-CoV2 challenge studies in non-human
primates (NHP). These studies indicated a clear role for neutralizing IgG antibodies
in protection against COVID19 disease. Interestingly this antibody mediated protec-
tion was partially diminished following depletion of CD8+ T cells and the challenge
studies suggest substantial roles for cellular immune responses once suboptimal anti-
body levels are present (McMahan et al. 2021). Therefore, based on current data, a
correlate of protection is expected based on the combined actions of both humoral
and cellular SARS-CoV2 specific immunity (Jin et al. 2021).

SARS-CoV2 Specific Mucosal Immunity

Albeit the current incomplete understanding of mucosal immunity in COVID19
disease, we speculate on paramount roles for immune responses in the respiratory
tract in disease protection. This is evidenced by the large influence of CD8+ TRM
cells in disease protection in the NHP challenge models (McMahan et al. 2021).
Moreover, human data derived from research on other emerging coronaviruses indi-
cates the importance of airway CD4+ T-cells in protection (Zhao et al. 2016), knowl-
edge that is expected to be translatable to SARS-CoV2 infection. The longevity of
these TRM cells is however questionable. I addition, mucosal IgA was previously
found protective against infection with other emerging respiratory viruses. Consis-
tently, recent research also indicates a dominant neutralizing role for IgA in the early
antibody response towards SARS-CoV2 (Sterlin et al. 2021). This neutralizing IgA
was found in the BAL of all ICU admitted COVID19 patients and suggest roles for
mucosal IgA in the immune response against SARS-CoV2. Nevertheless, SARS-
CoV2 specific IgA antibodies in serum and saliva waned quickly following infection
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(Sterlin et al. 2021) and consequently the long-term presents of SARS-CoV2 specific
IgA warrants thorough investigation (Siggins et al. 2021) (Table 6.1).

Ageing and SARS-Cov2 Specific Immunity

Knowledge on association between ageing and SARS-CoV2 mucosal immunity is
slowly gathered. Here it is importance to note that the majority of knowledge on
SARS-CoV2 immunity is gathered from severely ill patients, which are mainly of
older age. Therefore, comparison of these mucosal immune responses with younger
age groups is as of today hardly possible. Nevertheless, some interesting observations
have been done, such as a reduced expression of ACE2 on endothelial cells in aged
mice that is potentially exacerbate the inflammatory responses in the lung (Smoren-
berg et al. 2021; Yoon et al. 2016). Moreover, infection of the airway epithelial cells
with SARS-CoV2 might break the already deteriorating epithelial barrier integrity
in the elderly which results in enhanced inflammatory responses and infiltration of
immune cells. In addition, this diminished barrier integrity could lead to invasion of
secondary bacterial infections (Fu et al. 2020; Wolfe et al. 2020).

6.3.2 Chronic Infections

6.3.2.1 Varicella Zoster Virus (VZV)

VZV Disease Burden in the Elderly

Herpes Zoster, also known as Shingles, possess a large disease burden in the elderly,
with an approximate yearly incidence rate of 3–5 per 10,000 individuals (Kawai et al.
2014). Herpes Zoster is caused by the Varicella Zoster Virus (VZV), which becomes
latent in the ganglia of the human body following primary infection at childhood age,
that is also known as Chickenpox. Advancing age and immunosuppression are major
risk factors for disease development, with most cases revealing itself after the age of
50 (Johnson et al. 2015; de Melker et al. 2006). The disease mainly manifests itself
as painful rashes on the skin, but in parts of the cases develops into long-lasting and
painful post herpetic neuralgia (Kawai et al. 2014; Arvin 1996). The disease burden
and economic costs of this painful disease are expected to rise in the context of the
ageing population (Friesen et al. 2017).

Correlates of Protection

VZV-specific cell mediated immunity (CMI), especially IFNγ producing T cells, is
perceived essential in the protection against virus reactivation, whereas the role of
antibodies in disease protection is unclear (Steain et al. 2014; Schub et al. 2015). This
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perception was strengthened by a decrease of VZV-specific CMI with advancing age
thatwas associatedwith enhanced disease susceptibility (Schub et al. 2015;Weinberg
et al. 2010; Levin et al. 2003), whereas antibody levels were found stable over the
lifespan (van Lier et al. 2013).

VZV Specific Mucosal Immunity

Interestingly, high levels ofVZVspecificCD4+Tcells expressing aTRMphenotype,
were observed in human skin biopsies and outweighed the amount of VZV-specific
T cells in blood. This finding indicates important roles for VZV CMI in the skin
(Vukmanovic-Stejic et al. 2015; Laing et al. 2018). Knowledge on the role of CD8+
TRM cells in protection against VZV reactivation is currently lacking (Laing et al.
2018). Contrarily, innate immune responses in the skin and ganglia were important in
the control of VZV infection and was mediated by the secretion of type I interferons
and pro-inflammatory cytokines. Until now, VZV specific T cells have not been
found in the ganglia (Laing et al. 2018) (Table 6.1).

Ageing and VZV Specific Mucosal Immunity

Contrary to their circulatory counterparts, skin specific VZV CD4+ T cells did not
decrease in numbers towards old age and showed comparable functionality over the
lifespan. Nevertheless, an increased expression of regulatorymarkers on these T cells
was observed in older adults, potentially limiting the T-cell response due to enhanced
regulation (Vukmanovic-Stejic et al. 2015). Future research on mucosal and local
immunity in protection against VZV reactivation is highly needed to understand the
vulnerability of the elderly for painful VZV reactivation and to improve protective
strategies (Table 6.2).

6.3.2.2 Cytomegalovirus (CMV)

CMV Disease Burden in the Elderly

Even though reactivation of CMV is often asymptomatic, its association with accel-
erated ageing is often discussed, as well as its association with the development of
an immune risk profile, co-morbidity, and even increased mortality (Wikby et al.
2008; Araújo Carvalho et al. 2018; Savva et al. 2013; Gkrania-Klotsas et al. 2012.
Globally, CMV infects 40–100% of adults, after which the virus establishes a latent
infection in myeloid and epithelial cells (Stempel et al. 2019; van den Berg et al.
2019). CMV often reactivates over the life course and large CMV specific T-cell
clones were observed in the human T-cell compartment (Lanfermeijer et al. 2020).
Moreover, strong associations between CMV seropositivity and late-differentiation
of large part of the peripheral CD8+T-cell compartmentwere detected (van denBerg
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et al. 2019), an effect that is already visible before reaching old age (van der Heiden
et al. 2016; van den Heuvel et al. 2016). Interestingly, a recent human longitudinal
study indicated that the size of the CMV specific T-cell compartment was associated
with age of primary CMV infection and not the duration of CMV infection per se. In
addition, this study found no evidence of CMV related frailty, but a potential asso-
ciation with an increased prevalence of cardiovascular disease (Samson et al. 2020).
Therefore, it remains topic of fierce debate whether CMV indeed contributes to frail
health and accelerated ageing in the elderly (Gordon et al. 2017).

Correlates of Protection

Although CMV-specific T cells are thought to be crucial in protecting against latent
infection, as evidenced by the many immune evasion strategies of CMV targeting the
class I presentation pathway (Jackson et al. 2017), the exact correlates of protection
remain unclear, specifically against reactivation of CMV. Given the role of T cells
in the early phase of infection, a large role for CMV specific T-cell immunity is
however expected. As human studies remain difficult to execute, mouse models have
the potential to shed more light on this.

CMV Specific Mucosal Immunity

As T cells have been the major focus of CMV-specific immunity in general, also
investigation of mucosal immunity focused on T cells. TRM cells at mucosal sites
might be important in the control over CMV reactivation. Recently, the presence of
these CMV specific TRM cells has been observed both in mice and humans (Gordon
et al. 2017; Smith et al. 2015), whereas their precise distribution, role and function
in viral control remains unclear (Table 6.1).

Ageing and CMV Specific Mucosal Immunity

Although ageing and CMV-infection have been topic of a lot of research, this has
mainly been focused on the influence ofCMVon the ageing process froman immuno-
logical point of view and not so much on how CMV immunity is altered with ageing.
The latter is of high importance as altered CMV immunity may play a significant
role in the potential detrimental effects of CMV with ageing163. Given the fact that
research on local immune responses is in its early phase, the effect of ageing on CMV
specific mucosal immunity is still unexplored in human settings.
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Fig. 6.2 Changes occurring in the immune system during the ageing process and pathogens

6.4 Conclusions/ Future Perspective

Besides the increased attention in the past years, knowledge on ageing of mucosal
immunity remains scarce in comparison to its systemic counterpart. Nevertheless,
research suggests essential roles for nasal IgA as well as lung harboring CD8+
TRM cells in the protection against influenza, RSV, pneumococcal and SARS-CoV2
disease. Combined this substantiates the importance of mucosal immunity in the
respiratory tract and nasal cavity in the protection against acute respiratory infec-
tions. Therefore, future research should aim to identify protective levels of these
mucosal immune response, especially in relation to ageing. On the contrary, roles
for mucosal immunity in the protection against herpes virus reactivation is currently
less unambiguous, as it is understudied and the mucosal site under study is specific
for every herpesvirus (Fig. 6.2).

Historically, the study of mucosal immunity in a human setting has been compli-
cated due to the limited availability of study material, but recent extensive collabo-
rations and innovative techniques broaden our possibilities. It is essential to utilize
these tools to study human mucosal immunity and improve our knowledge on corre-
lates of protection against infectious disease as well as the disease susceptibility in
the elderly. Moreover, profound knowledge of mucosal immunity in relation to age
and disease is prerequisite for the development of targeted preventive measures, such
as mucosal vaccines, to protect the rapidly ageing population against recurrent and
potentially emerging infectious diseases.
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Chapter 7
Vaccines and Vaccination Strategies
for Older Adults

Birgit Weinberger

Abstract Age-related changes of the immune system contribute to increased inci-
dence and severity of infections in older adults. With demographic changes, preven-
tion of infections becomes increasingly important to ensure healthy aging for the
individual, but also to ease the socio-economic impact on societies. Vaccination is
the most effective measure to achieve this and vaccination guidelines in most coun-
tries include specific recommendations for older adults. This chapter summarizes
the benefits and limitations of vaccines for the older population (influenza, pneumo-
coccal disease, herpes zoster, SARS-CoV-2), and briefly discusses the importance
of other vaccines for this age group. Strategies to improve vaccine-induced immune
responses in older adults include increased antigen dose, the use of adjuvants, and
the development of conjugated vaccines to overcome some of the limitations of T
cell-independent polysaccharide antigens. Research on universal vaccines against
influenza and S. pneumoniae is ongoing in order to resolve the constraints of the
current strain-specific vaccines. There are still many infectious diseases causing
substantial morbidity in the older population, for which no vaccines are avail-
able. Extensive research is ongoing to develop vaccines against novel targets with
several vaccine candidates already being clinically tested, which have the potential
to substantially reduce health care costs and to save many lives. In addition to novel
vaccine developments, it is crucial to optimize the use of existing vaccines and to
increase awareness for the importance of vaccines for all age groups, as vaccination
coverage is still far from optimal for the older population.
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7.1 Importance of Vaccines for the Older Population

The percentage of persons older than 65 years of age is projected to increase from
18% to 25% in Europe and Northern America and from 9% to 16% worldwide
between 2019 and 2050. The rise in numbers of persons older than 80 is even faster
(United Nations et al. 2019). This demographic change leads to socio-econonomic
and health care challenges onmany levels. The focus of this chapters lies on vaccines
and vaccination for older adults to prevent infectious disease. The incidence of many
infections is higher in older compared to younger adults (Gavazzi and Krause 2002;
Chaps. 5 and 6). In addition, morbidity and mortality is higher in old age and infec-
tious diseases are frequently associated with long-term sequelae.Many older persons
do not recover fully after an acute episode of infection as described e.g. for influenza,
pneumonia and herpes zoster. This can lead to onset or increase of frailty, impair-
ments in activities of daily living, or even the loss of independence (Janssens 2005;
Herpes Zoster and Functional Decline Consortium 2015). This impacts not only the
individual patient, but also needs to be reflected in socio-economic and health care
considerations for an aging population. The prevention of infectious diseases can
therefore contribute to healthy aging and is an important measure to improve the
quality of life. Vaccination is the most promising strategy to achieve these goals.
The reasons for the increased incidence and severity of infections in the older popu-
lations are multifaceted and include age-associated anatomical and physiological
changes such as functional and cellular alterations in the respiratory and gastro-
intestinal tract, increased frequency of medical interventions (e.g. hospitalization,
invasive procedures and devices), which represent risk factors for infections, as well
as age-related changes of the immune system, referred to as immunosenescence. A
detailed review of immunosenescence is beyond the scope of this chapter, but can
be found elsewhere (Pinti et al. 2016; Crooke et al. 2019; Chaps. 1, 2, and 3). Age-
related functional deficits and dysregulation of many immune mechanisms are also
responsible for decreased immunogenicity and clincial efficacy of many currently
available vaccines. At the site of vaccine injection innate immune cells are crucial
for an efficient induction of vaccine-specific immune responses. Neutrophils elicit a
pro-inflammatory state at the site of injection, which leads to recruitment and activa-
tion of monocytes/macrophages, dendritic cells (DC) and other innate immune cells.
Neutrophils derived from older perons show reduced chemotaxis, as well as altered
signal transduction and cytokine production upon antigen recognition (Drew et al.
2018). Similar observations have been made for DC and monocytes/macrophages,
which in addition are deficient in antigen processing and presentation (Agrawal et al.
2017). Adjuvants are used in many vaccines to activate innate immune responses and
improve immunogenicity and can also be helpful to overcome age-associated limita-
tions of vaccines. This aspect will be discussed in the context of individual vaccines
below. A hallmark of immunosenescence is the involution of the thymus, which -
together with changes in hematopoiesis- leads to a dramatic decrease in the output
of newly generated naïve T cells, potentially limiting responses to neo-antigens.
Concomitantly, antigen-experienced and in particular chronically stimulated, highly
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differentiated T cells accumulate, which produce preferentially pro-inflammatory
cytokines, respond less efficient to antigenic stimulation, and limit the diversity of
the T cell repertoire (Goronzy et al. 2015; Jergović et al. 2018; Lorenzo et al. 2018).
T cell responses are crucial for protection against many pathogens and therefore T
cell deficits can have a direct impact on vaccine efficacy. However, as T cell help
provided by follicular T helper cells in the germinal center is required for optimal anti-
body responses, the effect of aged T cells on vaccine efficacy is evenmore substantial
(Gustafson et al. 2018). The composition of theB cell compartment also changeswith
age. Intrinsic defects of B cells, such as reduced isotype switch and somatic hyper-
mutation can be observed with age, and a reduced number of plasma cells further
contributes to reduced antibody responses after vaccination (Frasca et al. 2020). In
addition to chronological age, many other factors can influence immune responses to
vaccination. Frailty, obesity and underlying co-morbidities are risk factors for many
infectious diseases, but are also associatedwith lower immunogenicity and efficacy of
vaccines. These additional risk factors are very prevalent in the older population and
further aggravate age-associated immunological deficits. Comprehensive reviews of
these aspects have recently been published (Frasca and Blomberg 2020; Kwetkat
and Heppner 2020). As an example, in the clinical trial investigating the efficacy
of the 13-valent conjugated pneumococcal vaccine in persons older than 65 years
80% of the pneumonia cases observed in the placebo cohort occurred in persons
with at least one co-morbidity (e.g. chronic heart, kidney or liver disease, diabetes,
asthma). This translates to a 4.2-fold higher risk for community-acquired pneumonia
in this at-risk group compared to healthy participants. Concomitantly, vaccine effi-
cacy against pneumonia caused by vaccine-type S. pneumoniaewas 40.3% in partic-
ipants with comorbidities compared to 66.7% in the healthy vaccinees (Suaya et al.
2018).Whether latent infectionwith the humanherpesvirusCytomegalovirus (CMV)
is an additional factor influencing vaccine-induced immune responses is contro-
versially discussed. Some studies show that CMV-seropositivity or antibody levels
are associated with reduced responses to influenza vaccination (Trzonkowski et al.
2003; Frasca and Blomberg 2016) and long-term persistence of diphtheria-specific
antibodies was lower in CMV-positive older persons compared to CMV-negative
individuals in one study (Weinberger et al. 2017), while others demonstrated the
absence of a CMV-related effect on vaccine-induced immune responses (van den
Berg et al. 2019). In contrast, the impact of latent CMV-infection on immunose-
nescence, particularly on T cells and NK cells is well established (Weltevrede et al.
2016; Goodier et al. 2018).

This chapter summarizes the benefits and limitations of vaccines for the older
population (influenza, pneumococcal disease, herpes zoster, SARS-CoV-2), key
strategies, which have been tested or are under development in order to enhance
vaccine responses in the older population, and discusses policies to not only improve
vaccines, but also vaccination strategies for this vulnerable age group.
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7.2 Vaccines for Older Adults

7.2.1 Influenza

The course of infection with influenza virus can vary from asymptomatic and mild
self-limiting cases to severe disease requiring hospitalization and death, and older
adults are at higher risk for severe outcomes compared to younger age groups (Iuliano
et al. 2018). Influenza causes approximately 100,000 hospitalizations and 36,000
deaths annually in the USA, which occur mainly in persons over 65 years (Thompson
et al. 2003, 2004). In addition, complications, such as bacterial co-infections and
exacerbations of chronic pulmonary diseases, further contribute to morbidity and
mortality following influenza infection in older adults (Dugan et al. 2020). Preven-
tion of influenza infection by vaccination is therefore highly desirable in this age
group. Based on worldwide surveillance of circulating virus strains, the composition
of influenza vaccines is adjusted annually to reflect antigenic shift or drift. Histori-
cally, influenza vaccines comprised two influenza A strains (H1N1 and H3N2) and
one influenza B strain (Victoria or Yamagata lineage). As both B lineages have
co-circulated for several years, quadrivalent influenza vaccines containing two A
and two B strains have been developed and are now in widespread use (Tisa et al.
2016). A variety of different influenza vaccines are available each year. Virosomal
vaccines comprising only of the virus envelope have been used in the past, but, have
not been available for the last years and live-attenuated vaccines, which are used
in younger age groups, are not licensed for older adults and will therefore not be
discussed in this chapter. Standard influenza vaccines are either split virus vaccines,
which contain disrupted viral envelopes that lost infectivity but retained immuno-
genicity, or subunit vaccines, which undergo further purification steps that remove
the nucleocapsid from the split virus (Kon et al. 2016). It has been shown in many
studies that immunogenicity of standard trivalent influenza vaccines (TIV) is lower
in older compared to young adults (Goodwin et al. 2006) and that frailty and co-
morbidities further decrease vaccine-induced immune responses (Myśliwska et al.
2004; Yao et al. 2011). In addition, influenza-specific antibody titers decline faster
in older persons leading to loss of seroprotection until the following season, and
possibly rendering vaccinees susceptible to some influenza strains even towards the
end of the same season (Kissling et al. 2016; Carlock et al. 2019). It is important
to note, that haemagglutinin antibodies are widely used as surrogate of protection
in the context of influenza vaccination (McElhaney et al. 2017). However, HA anti-
bodies might not be an ideal measure in older adults as vaccinees with low titers
may be still protected and vice versa (Ward et al. 2018). It has been reported that
memory B cells and plasmablasts are retained in older adults, despite lower anti-
body titers compared to young adults even after repeated vaccination, and it has
been suggested that impaired differentiation from memory B cells towards plasma
cells is responsible for this (Frasca et al. 2016). Additionally, cell-mediated immune
responses are important to combat influenza virus infection and cellular parameters
(e.g. IFN-γ and IL-10 production, Granzyme B activity) might be better predictors
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of clinical protection (Shahid et al. 2010; Merani et al. 2018). Clinical efficacy of
TIV in preventing laboratory-confirmed influenza reaches up to 70% in placebo-
controlled trials enrolling young adults (Beran et al. 2009; Demicheli et al. 2018),
but is lower in older adults (Govaert et al. 1994; Kwong et al. 2013). Meta-analysis of
influenza vaccine immunogenicity, efficacy and effectiveness is difficult as vaccine
composition changes each year, different vaccine formulations are used (split vs.
subunit), clinical endpoints are variable (laboratory-confirmed influenza, hospital-
ization, influenza-like illness etc.) and history of exposure (infection and prior vacci-
nation) may vary between cohorts. Despite these uncertainties there is consensus that
influenza vaccines are less immunogenic and efficient in older compared to younger
adults and that improved vaccines for the older population are required.

An obvious strategy to improve immunogenicity of vaccines is to increase the
amount of antigen per dose. A higher antigen dose presumably results in increased
uptake and presentation by antigen-presenting cells and therefore in stronger acti-
vation of adaptive immune cells. A trivalent high-dose influenza vaccine containing
60 μg hemagglutinin for each strain instead of the standard 15 μg has been used
in the US, Canada, Australia, Brazil and the UK for several years in older adults.
Recently, this vaccinewasmodified to contain four instead of three different influenza
strains and is currently licensed in this form in the US and Canada as well as in many
European countries for older adults. Trials with the trivalent high-dose influenza
vaccine showed higher hemagglutinin antibody titers and seroprotection rates in
older adults compared to the standard vaccine (DiazGranados et al. 2014) as well
as increased numbers of specific IFN-γ+ CD4+ and CD8+ T cells (Cowling et al.
2019). However, PBMC of aged high-dose vaccine recipients produced significantly
higher IL-10 levels after live influenza virus stimulation, which might work against
the positive effect of higher antigen doses due to the potential immunosuppressive
properties of IL-10 (Merani et al. 2018). Meta-analyses also reported increased clin-
ical efficacy based on a lower risk to develop laboratory-confirmed influenza (relative
risk 0.76) (Wilkinson et al. 2017) and a higher relative efficacy against pneumonia
(rVE 24.3%), hospitalization for influenza (rVE 17.8%), and influenza-like illness
(rVE 19.5%) (Lee et al. 2018) for older adults vaccinated with the high-dose versus
the standard dose vaccine. Recent studies with the quadrivalent high-dose vaccine
confirmed higher immunogenicity compared to standard dose vaccine (Sanchez et al.
2020) and non-inferiority to trivalent high-dose vaccines (Chang et al. 2019). None of
the above-mentioned studies reported safety concerns regarding high-dose vaccines.

Adjuvants are used in various vaccines in order to enhance immunogenicity
and/or to direct the immune response in a favorable direction. As a result, adju-
vants can be beneficial in order to protect cohorts, which develop unsatisfactory
immune responses after standard immunization (e.g. older adults), or to induce
broader immune responses, which can confer cross-protection against viral variants
not present in the vaccine.

Aluminum salts were the first adjuvants in human vaccines and have been admin-
istered in various vaccines for approximately 100 years, but are not used for influenza
vaccines. The oil-in-water emulsionMF59,which comprises squalene and the surfac-
tants Tween 80 and Span85 was one of the first “modern” adjuvants and was first
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licensed as an adjuvant in a seasonal influenza vaccine for older adults in 1997. It
has subsequently also been approved for other age groups including children (6–
24 months) and in pandemic influenza vaccines. The molecular mechanisms behind
the adjuvanticity of MF59 have been studied extensively, but are probably still not
fully revealed. It has been shown that MF59 induces proinflammatory chemokines
and cytokines at the site of injection thereby recruiting innate immune cells and
facilitating efficient antigen uptake. In addition, MF59 enhances differentiation of
dendritic cells in the lymph nodes and is involved in shaping the germinal center
reaction (Lofano et al. 2015; Weinberger 2018).

The immunogenicity of the adjuvanted seasonal vaccine has been investigated in
numerous clinical trials (summarized in (Black 2015; Camilloni et al. 2015)), and
antibody responses are generally slightly higher compared to TIV. In addition, the
CD4+ T cell response is elevated, but the cytokine profile with high IL-2, but lower
IFN-γ production is similar (Galli et al. 2009). Interestingly, antibodies elicited by the
adjuvanted vaccine recognize additional epitopes within the influenza hemagglutinin
and thereby recognize drifted influenza strains more efficiently (Ansaldi et al. 2008;
Orsi et al. 2013). Ameta-analysis reported greater efficacy of the trivalent adjuvanted
vaccine in preventing laboratory-confirmed influenza (adjusted odds ratio 0.37 (95%
CI: 0.14–0.96) and hospitalizations due to pneumonia/influenza (adjusted risk ratio
0.75 (95% CI: 0.57–0.98)) compared to standard influenza vaccine (Domnich et al.
2017). Immunogenicity and safety of the quadrivalent adjuvanted vaccine have been
shown to be similar to the adjuvanted trivalent formulation in older adults (Essink
et al. 2020). Recently, two studies directly compared clinical efficacy for high-dose
and adjuvanted influenza vaccines. In a retrospective cohort study, which analyzed
data of persons above 65 years during the 2016/2017 and the 2017/2018 influenza
seasons, van Aalst et al. reported that high-dose trivalent influenza vaccine provided
better protection from respiratory-related hospitalizations compared to adjuvanted
trivalent vaccine, with a pooled relative vaccine effectiveness (rVE) of 12% (95%
CI: 3.3%–20%) (van Aalst et al. 2020). In a similar study, Boikos et al. reported
that the effectiveness against any influenza-related medical encounter was higher for
the adjuvanted trivalent vaccine 7.7% (95% CI: 2.3%-12.85) compared to the high-
dose trivalent vaccine during the 2017/2018 influenza season. Similar results were
obtained for the following season (Boikos et al. 2021). The quadrivalent adjuvanted
or high-dose vaccines, which have recently been licensed had not yet been available
at the time of these studies.

Intradermal administration of vaccines also is a promising strategy to improve
vaccine-induced immune responses. Antigen-presenting cells, such as dendritic cells
reside in the dermis and should theoretically facilitate efficient antigen uptake and
presentation upon intradermal delivery of vaccines. While some studies reported
increased antibody responses in older adults after intradermal influenza vaccination
compared to standard intramuscular vaccine (Nunzi et al. 2017), meta-analyses of
randomized controlled trials came to the conclusion that seroconversion and seropro-
tection rates in older adults are similar after intradermal or intramuscular influenza
vaccination (Pileggi et al. 2015; Hung and Yuen 2018). Higher reactogenicity at the
site of injection has been described after intradermal vaccination, but was classified
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as mild and transient and did not raise further concerns (Marra et al. 2013; Scheifele
et al. 2013;Hung andYuen 2018). There are no comparative data available on vaccine
efficacy or effectiveness for intradermal influenza vaccines (Young andMarra 2011).
Intradermal influenza vaccines have been used for several years, but are currently
not available in many countries.

Annual vaccination against influenza is recommended in many countries. Most
of the national recommendations include influenza vaccination for everybody with a
specific focus on vulnerable groups, e.g. older adults. In light of the recent develop-
ments of improved vaccines for this group some countries have issued specific recom-
mendations for preferred vaccine formulations for older adults. For the last few years,
the decision which influenza vaccine to choose was complicated by the fact that only
standard vaccines were available in the quadrivalent formulation, whereas high-dose
and adjuvanted vaccines were only trivalent and e.g. the trivalent adjuvanted vaccine
was only licensed in Europe, whereas the high-dose trivalent vaccine was only used
in the US. Only very recently, these “improved” influenza vaccines were licensed as
quadrivalent formulations e.g. in Europe and the US but availability was limited in
some countries. Specific recommendations are therefore still quite complex. For the
season 2020/2021Austria for instance recommended the trivalent adjuvanted vaccine
for persons older than 65 years of age over the quadrivalent standard vaccine, but
suggested an additional dose of quadrivalent standard vaccine should the second B
strain become dominant during the season. In addition, very limited quantities of the
high-dose quadrivalent vaccine were available for very high-risk populations (e.g.
nursing homes) (BMASGK 2021a). For the season 2021/2022 both adjuvanted and
high-dose quadrivalent vaccines are expected to be available and are preferentially
recommended for older adults (BMASGK 2021b). Germany issued its first recom-
mendation for a specific vaccine for the 2021/2022 season when the quadrivalent
high-dose vaccine should be used for older adults (Michaelis et al. 2021). In the UK,
trivalent adjuvanted or high-dose vaccine was recommended for older adults during
the 2020/2021 season (Joint Committee on Vaccination and Immunisation 2019),
whereas for the 2021/2022 season quadrivalent adjuvanted or high-dose vaccines
should beused (JointCommittee onVaccination and Immunisation2020). In contrast,
the Advisory Committee on Immunization Practices in the US did not recommend
a specific vaccine formulation for the older population for 2020/2021 despite the
fact that adjuvanted and high-dose quadrivalent formulations were expected to be
available (Grohskopf et al. 2020).

7.2.2 Pneumococcal Disease

Based on their polysaccharide capsule, which also is an essential virulence factor,
Streptococcus pneumoniae (pneumococcus) can be classified into more than 90
distinct serotypes. Only a limited number of serotypes of these gram-positive diplo-
cocci are pathogenic (Henrichsen 1995).According to theWorldHealthOrganization
(WHO) S. pneumoniae is among the top 12 bacterial pathogens for which research
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anddevelopment of newantimicrobial strategies are desirable (Tacconelli et al. 2018).
Clinical presentation of S. pneumoniae infection can be non-invasive (otitis media,
sinusitis, conjunctivitis, pneumonia) or invasive (bacteremic pneumonia, meningitis,
sepsis). Incidence for pneumococcal pneumonia as well as invasive pneumococcal
disease (IPD) increases with age. Incidence rates of community-acquired pneumonia
(CAP) are estimated to be 18.2 per 1000 person-years in people aged 65–69 years,
and up to 52.3 per 1,000 person-years in those aged over 85 years, with S. pneu-
moniae being the most frequently isolated pathogen in this age group. In the US
nearly 30,000 cases of invasive pneumococcal diseases (IPD) and over 500,000
cases of non-bacteremic pneumococcal pneumonia were estimated to occur yearly
in persons older than 50 years, resulting in more than 25,000 pneumococcus-related
deaths (Drijkoningen and Rohde 2014). Antimicrobial resistance of S. pneumoniae
is an increasing problem (Kim et al. 2016).

Transient colonization of the upper respiratory tract by S. pneumoniae (asymp-
tomatic carriage) is frequent in children (up to 85%), but less prevalent in the elderly
(approx. 20%). Due to differences in detection methods and sampling sites study
results vary greatly (Adler et al. 2017). Colonizing bacteria spreading to tissues of
the lower respiratory tract, the ear, the eye or the blood stream are responsible for
pneumococcal disease. Bacterial co- or secondary infection is a frequent compli-
cation of influenza infection. A meta-analysis reported a rate of bacterial co- or
secondary infection in influenza patients between 11% and 35% in most cohorts.
The exact numbers of co-infections vary greatly in different studies, but S. pneumo-
niaewas themost common pathogen, which accounted for 35% (95%CI: 14%-56%)
of the bacterial co-infections (Klein et al. 2016).

The first vaccines against S. pneumoniae were developed based on the purified
bacterial capsule polysaccharides. The 23-valent polysaccharide vaccine (PPV-23),
which contains the serotypes 1, 2, 3, 4, 5, 6B, 7F, 8 9 N, 9 V, 10A, 11A, 12F,
14, 15B, 17F, 18C, 19A, 19F, 20, 22F, 23F and 33F (Table 7.1), was licensed for
adults in the early 1980s and is still in use. Purified polysaccharides are T cell-
independent antigens, and as such elicit a distinct immune response. They directly
cross-link the B cell receptor, which leads to B cell activation and differentiation into
antibody-producing plasma cells. Without T cell help this happens independently
of germinal centers resulting in short-term antibody production, a lack of B cell
memory and mainly IgM and IgG2 responses (Kelly et al. 2006). In addition, the
B cell pool might be depleted of the relevant specificities, which potentially leads
to hyporesponsiveness upon re-vaccination (Pollard et al. 2009). In addition to the
burden of pneumococcal disease in the older population, non-invasive and invasive
pneumococcal disease is most prevalent in infants. However, the immune system is
not able to elicit immune responses to most polysaccharide antigens in the first two
years of life (Smith et al. 1973; van den Biggelaar and Pomat 2013), and therefore
the PPV-23 vaccine is not suitable for young children. It has only been licensed for
adults and has been recommended and utilized for the older population in many
countries. A second generation of pneumococcal vaccines was developed with the
goal to make them available for infants. Chemical conjugation of carrier proteins
to the polysaccharides leads to uptake of the conjugate by polysaccharide-specific
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Table 7.1 Serotypes included in pneumococcal polysaccharide (PPV) and conjugate (PCV)
vaccines

Serotype PPV-23§ PCV-7* PCV-10* PCV-13§ PCV-15& PCV-20&

1
2
3
4
5
6A
6B
7F
8
9N
9V
10A
11A
12F
14
15B
17F
18C
19A
19F
20
22F
23F
33F

*licensed, but not for older adults
§licensed for older adults
&in development

B cells, which then process and present the protein component in the context of
MHC-II molecules to CD4+ T cells recognizing these peptides. Thereby carrier-
specific T cells provide T cell help for polysaccharide-specific B cells eliciting T
cell-dependent immune responses to the polysaccharides (Pollard et al. 2009). Class
switch and avidity maturation can take place, memory B cells are generated, and the
conjugate vaccines (PCV) are immunogenic in infants. The first conjugated vaccine
(PCV-7) contained the serotypes 4, 6B, 9 V, 14, 18C, 19F, 23F (Table 7.1) and
the carrier protein Crm-197, a derivative of diphtheria toxin, and was introduced
in the late 1990s/early 2000s for young children. Subsequently the incidence of
invasive pneumococcal disease caused by the seven vaccine serotypes decreased not
only in the targeted age group of infants and toddlers, but also to a lesser degree
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in the older population (Pilishvili et al. 2010). PCV does not only prevent disease,
but also carriage of S. pneumoniae in children, potentially reducing transmission
to older adults and providing benefits to them via herd immunity effects. In the
following years a certain degree of serotype replacement was observed in children
and older adults and particularly the increased number of cases caused by serotype
19Awas a reason for concern (Pilishvili et al. 2010). Conjugated vaccines containing
10 (PCV-10; PCV-7 serotypes plus 1, 5, and 7F) and PCV-13 (PCV-10 serotypes
plus 3, 6A, and 19A) (Table 7.1) were developed and replaced PCV-7 in childhood
vaccination programs in many countries. PCV-13 was licensed also for adults and is
now used for the older population inmany countries. Serotype replacementwas again
observed in all age groups, but the epidemiological situation is very heterogenous in
different countries and depends on the interplay of childhood vaccination programs,
vaccination coverage in different age groups, dynamics of transmission and other
factors. As an example, the incidence of IPD per 100.000 persons older than 65 years
inEngland andWaleswas 24.67, 14.97, and 6.25 for PCV-13 serotypes in 2000–2006,
2008–2010, and 2016–2017, respectively, while at the same time the incidence of
non-PCV-13 serotypes increased from 9.55 to 12.76 and 22.68 (Ladhani et al. 2018).

Detection and quantification of polysaccharide-specific antibodies in clinical
studies is complex. ELISA-basedmethodsmeasure the amount of antibodies binding
to the antigen. This assay usually only detects IgG antibodies but no other anti-
body classes. Early ELISA methods were often unspecific, and improvements of
the protocols solved this problems, but some older studies need to interpreted with
caution (Henckaerts et al. 2006). Many studies measure also functional antibodies
by opsonophagocytosis assay (OPA). Whereas the antibody titers obtained by these
two assays show a strong correlation in young children, this is not the case in older
adults and immunocompromised patients (Song et al. 2013). As an example, despite
persisting IgG antibodies measured by ELISA, opsonizing antibodies were found
to considerably wane in a cohort of frail elderly over 6 years following vaccination
(MacIntyre et al. 2019). Probably due to a decline in the generation of IgM-producing
memory B cells and a lack of IgM antibodies, which have opsonizing function,
OPA-titers are frequently lower in older adults even after natural infection (Park and
Nahm 2011; Adler et al. 2017). Vaccination with seroptype 19F does not protect
against 19A and this clinical finding is confirmed in OPA-assays, where there is no
cross-reactivity of antibodies for these serotypes. In contrast, cross-reactivity can be
observed in ELISA-assays (Lee et al. 2009). OPA titers are also more suitable to
predict vaccine failures compared to data obtained by ELISA (Oishi et al. 2013). In
conclusion, OPA-measurements are probably a more reliable correlate of protection
and should be utilized, despite the fact that they are more complex and expensive
and less standardized. Local antibody responses after pneumococcal vaccination have
been investigated in tears and saliva, but nasal secretions were not analyzed and the
clinical relevance of local IgM, IgG or IgA antibodies is unclear (Lue et al. 1988).

Immunogenicity of PPV-23 decreases with age as shown by reduced
opsonophagocytic activity in older adults and alterations in class and subclass usage
as well as in somatic hypermutation (Romero-Steiner et al. 1999; Kolibab et al. 2005;
Wu et al. 2012). PCV-13 was the first conjugated pneumococcal vaccine licensed for
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all age groups (children, young and old adults), whereas PCV-7 and PCV-10 are
only licensed for children. With two different vaccines available for older adults
direct comparisons of immune responses elicited by polysaccharide versus conju-
gate vaccines are of interest and have already been performed with PCV-7 prior to
the development of PCV-13. Several studies reported similar antibody responses to
PCV-7 and PPV-23 (Miernyk et al. 2009; Ridda et al. 2009; MacIntyre et al. 2014),
but other trials demonstrated higher antibody levels (OPA and ELISA) elicited by
PCV-7 in a cohort of older adults receiving their first pneumococcal vaccine (de
Roux et al. 2008). Most of these studies were relatively small, the patient popula-
tions were heterogenous and previous vaccination with PPV-23 impacts the immuno-
genicity, which might explain the discrepancies in results. One of these studies also
showed that antibody responses after pneumococcal vaccination are lower in frail
older individuals (Ridda et al. 2009). Similar to the situation with influenza vaccines,
higher antigen dose can increase antibody responses. A two-fold higher antigen dose
of PCV-7 induced significantly higher OPA titers compared to PPV-23 for five of
the seven serotypes (Jackson et al. 2007). Systematic meta-analyses of more recent
studies, which compare PPV-23 and PCV-13 reported significantly higher antibody
levels for 10 of the serotypes after vaccination with PCV-13. For serotype 6A this
finding has to be taken with a grain of salt as it is not included in PPV-23. For
the remaining 3 serotypes, namely 3, 7F and 14, immunogenicity of both vaccines
is similar (Marra and Vadlamudi 2019; Vadlamudi et al. 2019). There is ongoing
discussion regarding the benefit of sequential vaccination with both vaccines and/or
regular booster vaccination. Early studies showed that a second dose of PCV-7 one
year after primary vaccination with PPV-23 or PCV-7 leads to similar or slightly
higher antibody responses compared to the first vaccination (de Roux et al. 2008).
OPA titers were observed to wane already in the first year after vaccination with
PPV-23, but not in persons who received PCV-7 followed by PPV-23 (MacIntyre
et al. 2014), indicating that sequential vaccination is beneficial for long-term main-
tenance of antibodies. A meta-analysis showed that prior vaccination with PPV-23
did not influence the immunological response PCV-13 and that safety profiles were
similar for both vaccines (Vadlamudi et al. 2019).

But of course, the ultimate read-out parameters for vaccination success are effi-
cacy and effectiveness, which have been mainly studied for IPD and to a lesser extent
for pneumococcal pneumonia. Pooled vaccine efficacy/effectiveness (VE) of PPV-23
against IPD was 73% (95% CI: 10–92%) in clinical trials, 45% (95% CI: 15–65%)
in cohort studies and 59% (95% CI: 35–74%) in case-control studies in systematic
meta-analysis, while VE against pneumococcal pneumonia was 64% (95% CI: 35–
80%) and 48% (95% CI: 25–63%) in clinical trials, or cohort studies, respectively
(Falkenhorst et al. 2017). The authors of this meta-analysis excluded several studies
in their calculations, because they suspected a high risk of bias, due to insufficient
specificity of the antibody test used to diagnose cases of pneumococcal pneumonia.
This might explain the discrepancy with other meta-analyses, which did not demon-
strate efficacy of PPV-23 against pneumococcal pneumonia (Moberley et al. 2013;
Diao et al. 2016;Kraicer-Melamed et al. 2016; Schiffner-Rohe et al. 2016). LowerVE



130 B. Weinberger

estimates for cohort and case-control studies can be explained e.g. by longer follow-
up times compared to clinical trials, which suggests waning protection over time.
In a large Phase IV randomized, placebo-controlled trial (>84,000 participants over
65 years) VE of PCV-13 against first episodes of community-acquired pneumonia
(CAP) caused by vaccine-type strains was 45.6% (95% CI: 21.8–62.5%) and against
vaccine-type IPD 75.0 (95% CI: 41.1–90.8%), respectively in the per-protocol anal-
ysis. The protective effect was stable for the 4-year follow-up period (Bonten et al.
2015). Data on clinical efficacy of combined schedules or repeated doses of either
vaccine are lacking and it is still debated which pneumococcal vaccination strategies
provide optimal protection for the older population. Antibody responses are stronger
after vaccination with PCV-13, seem to be longer lasting and have the potential
to be boostered with additional doses. However, with high vaccination rates in the
pediatric population and the accompanying herd immunity effects, prevalence of the
PCV-13 serotypes in older adults decreases and other serotypes become more clin-
ically relevant (serotype replacement). PPV-23 covers additional serotypes, but the
immune responses are shorter-lived and lack memory generation. In addition, there
are concerns that PPV might induce tolerance or hyporesponsiveness upon repeated
vaccination, similar to the meningococcal polysaccharide vaccine (Richmond et al.
2000). Vaccination recommendations are very heterogenous in different countries.
In Europe, various countries recommend either PCV-13 or PPV-23, or a combination
of both. This combination tries to exploit the advantages of both vaccines and should
include PCV-13 as the first vaccine administered. After recommending sequential
use of both vaccines for several years, only PPV23 is generally recommended in
the US since 2019 and the addition of PCV should be considered for the individual
patient in a shared decision process (Matanock et al. 2019). Vaccination coverage
for pneumococcal vaccine is still low in many countries and the uncertainties and
inconsistencies in national recommendations might contribute to this phenomenon
(Black et al. 2017; Norris et al. 2017; Kaplan et al. 2019; Vila-Córcoles et al. 2019).

7.2.3 Herpes Zoster

As a member of the herpes viruses, varicella-zoster virus (VZV) establishes life-
long latency in the sensory ganglia after primary infection, which usually occurs in
childhood and manifests as varicella (chickenpox). Reactivation of VZV is usually
controlled by T cell-mediated immunity (CMI) and is clinically silent. Upon decline
of VZV-specific immune responses, e.g. with age, retrograde viral spread through the
sensory nerve to the corresponding dermatome can occur upon reactivation, mani-
festing as herpes zoster (HZ). The typical unilateral, segmented skin rash on the
abdomen or face can be painful and affection of the eye can lead to severe conse-
quences. The risk of developing HZ increases substantially with age. In a system-
atic review of 130 studies from 26 countries a sharp increase in the incidence rate
was observed around age 50 rising from approximately 2/1,000 person-years to 6–
8/1,000 person-years at 60 years of age and 8–12/1,000 person-years at 80 years
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of age (Kawai et al. 2014). Patients with a compromised immune system due to
underlying conditions (HIV infection, hematological malignancies etc.) or immuno-
suppressive therapy also have an increased risk of developing HZ (Weinberg et al.
2010). Post-herpetic neuralgia (PHN) is a frequent complication of HZ and is defined
as pain occurring or persisting more than 3 months after onset of the rash. The inci-
dence of PHN also rises with age from 18% in HZ patients older than 50 years to
33% in HZ patients older than 80 years (Yawn and Gilden 2013). PHN can persist
for several months and is associated with often severe pain. Management of this
pain is frequently of limited success leading to a substantial impact on activities of
daily living and quality of life (Opstelten et al. 2010; Johnson and Rice 2014). HZ
and PHN are prominent examples of infectious disease leading to long-term sequelae
including loss of independence and institutionalization. In contrast to other vaccines,
herpes zoster vaccination does not aim to prevent infection, but to restore and boost
the VZV-specific immunity that was generated in response to the primary infection,
but waned over time. Thereby the clinical consequences of viral reactivation, namely
HZ and PHN can be prevented improving quality of life for the individual, but also
relieving social and health care systems.

A live-attenuated vaccine based on the Oka Merck virus strain, which prevents
primary infection with VZV (chickenpox), is available for children, and the same
attenuated virus strain was used in a 14-fold higher dose as the first vaccine for
older adults. This vaccine has a well-tolerated reactogenicity profile and is safe
in immunocompetent persons. Similar to other live-attenuated vaccines it cannot
be used in immunocompromised patients, which is problematic considering that
they are at high risk for developing HZ. In a large Phase III randomized, double-
blinded, placebo-controlled trial with more than 38,000 participants above 60 years
of age the vaccine was 51% efficient in preventing HZ and 67% in preventing PHN,
respectively (Oxman et al. 2005). However, efficacy was declining with age and was
shown to be 64% in the age group 60–69y, 41% in the age group 70–79y, and <20%
for persons older than 80y. An additional study confirmed this trend demonstrating
better efficacy of 70% in a younger cohort aged 50–59 years (Schmader et al. 2012).
The age-dependent decline in efficacy was mirrored by reduced humoral and cellular
immune responses in older participants. Neither T cell responses nor antibody levels
were found to be suitable correlates of protection for further vaccine development
(Levin et al. 2008). The protective effect of the vaccine waned over time and was lost
approximately 10 years after vaccination (Morrison et al. 2015). Re-vaccination after
10 years results in a booster effect and would be a feasible strategy to overcome the
waning protective effect (Weinberg et al. 2019). As live-attenuated vaccines usually
elicit robust humoral and cellular immune responses, the limited efficacy of this
vaccine is somewhat unexpected.

A second-generation HZ vaccine was developed and introduced in Europe,
Canada, the US, Japan and many other countries. It contains the viral envelope
glycoprotein E (gE) and the adjuvant system AS01B. This adjuvant consists of 3-
O-desacyl-4´-monophosphoryl lipid A (MPL), which is a detoxified derivative of
Salmonella minnesota lipopolysaccharide and QS-21, a saponin found in the bark
of the tree Quillaja Saponaria Molina, fraction 21. The two adjuvant components
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are formulated in liposomes, which act as antigen delivery systems. This combina-
tion activates innate immune functions via the toll-like receptor (TLR) 4 pathway,
targets subcapsular macrophages in the lymph node and enables uptake of the antigen
via endocytosis. (Garçon and Van Mechelen 2011; Detienne et al. 2016; Welsby
et al. 2017; Del Giudice et al. 2018; Lacaille-Dubois 2019) The AS01B-mediated
activation of the innate immune system at the site of injection and in the draining
lymph node is rapid and transient leading to efficient activation of adaptive immune
responses (Didierlaurent et al. 2017).

More than 30,000 participants were enrolled in two randomized placebo-
controlled phase III trails in order to demonstrate efficacy in persons older than
50 or 70 years, respectively (Lal et al. 2015; Cunningham et al. 2016). Two doses of
the vaccine were administered 8 weeks apart. The majority of adverse effects were
transient reactions at the site of injection, but systemic symptoms, such as headache,
fatigue or myalgia were also relatively frequent. However, no major safety concerns
were identified. Autoimmune reactions in response to the adjuvant system were
raised as a potential concern, but after administration of more than three million
doses within the first year following licensure there was no evidence of an increased
risk (Heineman et al. 2019). Immunogenicity of the vaccine was analyzed in sub-
cohorts of the large trials. As expected, immune responses peaked 4 weeks after the
second dose and robust humoral and cellular immune responses were found during
the follow-up period of 3 three years (Cunningham et al. 2018). The kinetics of
gE-specific T cell responses were comparable to VZV-specific responses induced
by the live-attenuated vaccine, but overall the immune response was stronger after
the recombinant vaccine (Levin et al. 2008). In a longer follow-up study, gE-specific
CD4+ T cell responses substantially above pre-vaccination levels were detected for at
least 9 years (Schwarz et al. 2018). A small negative effect of age on T cell responses
was observed (Cunningham et al. 2018), confirming previous reports on slightly
declining T cell, but not antibody responses with age (Leroux-Roels et al. 2012;
Chlibek et al. 2013, 2014).Clinical efficacy against HZ was 97.2% (95% CI: 93.7–
99.0) in persons over 50 years of age and did not significantly decrease in older age
groups in the first study (Lal et al. 2015). In the second study, the vaccine prevented
89.8% (95% CI: 86.8–94.5) of HZ cases in vaccinees older than 70 years and in a
combined analysis of both trials vaccine efficacy did not differ between age groups
70–79 and≥80 years (Cunningham et al. 2016). Efficacy dropped slightly over time,
but remained above 85% for the first 4 years after vaccination. PHN did not occur
in any participant younger than 70 years of age in the vaccine arm and for persons
older than 70 efficacy against PHN was 88.8% (95% CI: 68.7–97.1) (Cunningham
et al. 2016). Long-term follow-up is ongoing to determine the duration of protection.

Frailty status was determined for more than 90% of the participants of the two
studies, and 45.6% and 11.3% were classified as pre-frail or frail, respectively. As
expected, prevalence of frailty increased with age. Vaccine efficacy against HZ was
95.8% (95% CI, 91.6–98.2) for non-frail, 90.4% (95% CI, 84.4–94.4) for pre-frail
and 90.2% (95% CI, 75.4–97.0) for frail participants, indicating that the adjuvanted
HZ vaccine is also very potent in frail elderly. Reactogenicity was slightly lower in
the frail cohorts compared to non-frail (Curran et al. 2021).
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In contrast to the live-attenuated vaccine, the recombinant vaccine is suitable
for immunocompromised patients. Safety and immunogenicity have been demon-
strated in patients after renal transplantation (Vink et al. 2019), in HIV-positive
patients (Berkowitz et al. 2015) and in patients receiving chemotherapy or immuno-
suppressive treatment for hematologic malignancies (Dagnew et al. 2019). Vacci-
nation before chemotherapy against solid tumors elicited higher immune responses
compared to vaccine administration at the start of therapy (Vink 2017). Clinical effi-
cacy was 68.2% (95%CI 55.6–77.5) in adult patients after autologous hematopoietic
stem cell transplantation (Bastidas et al. 2019). Safety profiles were acceptable in all
of these studies. In an observational post-licensure study vaccine effectiveness was
70.1% (95% CI, 68.6–71.5), independent of age (65–79y vs. ≥80y). This study also
showed that timing of the second dose (<180 days or >180 days after dose 1) did not
make a difference, but that the second dose is required as protection is lower after the
first dose and that effectiveness was slightly lower in immunocompromised patients
(Izurieta et al. 2021).

7.2.4 COVID-19

The current SARS-CoV-2 pandemic poses tremendous challenges for the whole
world. The highest incidence of severe disease and death from COVID-19 is seen
in older adults, obese individuals, and persons with underlying co-morbidities, with
male sex being an additional risk factor (Booth et al. 2021; Flook et al. 2021; Pijls et al.
2021). In addition to the impact of the acute infection for the individual patient many
more aspects need to be considered in this extraordinary situation. Reports of long-
lasting health sequelae after recovery from COVID-19 (“long COVID”) are accu-
mulating (Korompoki et al. 2021; Nalbandian et al. 2021), financial, socio-economic
and psychological repercussions of lock-down and quarantine measures are obvious
and the impact of the pandemic on health care for patients with COVID-19-unrelated
health problems needs to be taken into account (Hassan andArawi 2020; Rosenbaum
2020). The long-term impact on health, economy and societies is still unforeseeable
and depends substantially on our ability to develop and implement efficient treatment
options and vaccines. Due to the high incidence of severe disease, older adults are an
important target population for vaccines against SARS-CoV-2 and have been priori-
tized in national vaccination programs. Several vaccines against SARS-CoV-2 have
been licensed in different countries, clinical trials with additional vaccine candidates
are ongoing and a plethora of vaccine candidates are in pre-clinical development
(World Health Organisation 2021). This summary focusses on the SARS-CoV-2
vaccines currently licensed in Europe, namely the mRNA-based vaccines of BioN-
Tech/Pfizer and Moderna and the adenoviral vectors of AstraZeneca (chimpanzee
adenovirus ChAdOx1) and Johnson&Johnson/Janssen (human Adenovirus-26) and
highlights their safety, immunogenicity, efficacy and effectiveness in older adults.
With the exception of the AstraZeneca vaccine, they are also licensed for emergency
use in the US. All four vaccines deliver genetic information for the SARS-CoV-2
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spike protein, which is then expressed by cells of the vaccinated person. A complete
overview of SARS-CoV-2 vaccine development is beyond the scope of this article
(McDonald et al. 2021).

First-in-human clinical trials are usually performed in young, healthy adults. In
case ofSARS-CoV-2vaccines clinical developmentmovedquickly towards the inclu-
sion of older adults, as they are an important target group for vaccination. As an
example, the phase-1 dose escalation trial for the Moderna vaccine was extended to
include participants >55 and>70years and showed similar humoral andTcell cellular
immunogenicity for the older age groups compared to the original cohort of 18–
55 years (Anderson et al. 2020b). A similar study with the BioNTech/Pfizer vaccine
included the age groups 18–55 and 65–85 years and also found no differences in anti-
body responses between the two age groups (Walsh et al. 2020). Immunogenicity
was also investigated in Phase II and in subcohorts of larger Phase III studies. For
the adenoviral AstraZeneca vaccine participants were stratified into three age groups
(18–55y, 56–69y, ≥70y). Antibody levels and neutralizing titers after two standard
doses of the vaccine and T cell responses after the first and second dose were similar
for all age groups. Until now immunogenicity data on the Johnson&Johnson/Janssen
vaccine were only published for adults under the age of 55 (Stephenson et al. 2021),
but antibody and T cell responses in aged non-human primates were similar to those
of younger animals (Solforosi et al. 2021). Several immunogenicity trials including
older adults are still ongoing for the different vaccines.

Safety of the SARS-CoV-2 vaccines has been investigated in Phase I, II and III
clinical trials. This summary focusses on age-related aspects and therefore mainly on
the safety data from the later stage trials, which includedmore older adults. The safety
profiles of the mRNA vaccines (Moderna and BioNTech/Pfizer) are very similar.
Local pain at the site of injection was reported by the majority of vaccine recipients,
whereas redness and swelling were rare. Fatigue, headache, muscle pain and chills
were themost frequent systemic events. Local and systemic reactogenicitywas higher
after the second than after the first dose, and older participants (>65 years forModerna
or >55 years for BioNTech/Pfizer, respectively) reported less reactogenicity (Polack
et al. 2020; Baden et al. 2021).

Reactogenicity of the AstraZeneca adenoviral vaccine is described in detail in
the assessment report of the European Medicines Agency with pain and tender-
ness reported as the most common local, and fatigue and headache as the most
common systemic reactions, respectively. Reactogenicty was generally lower after
the second compared to the first dose (European Medicines Agency 2021a), which
is in contrast to the profile of the mRNA vaccines. Reactogenicity for older adults
was reported for a small cohort (18–55y, 56–69y, ≥70y; n ≤ 50 in each group) and
showed a very similar pattern of reactions with reduced incidence and severity after
the second dose. As observed for the mRNA vaccines, reactogenicity was lower in
the older age groups (Ramasamy et al. 2020). The profile of reactogenicity after the
single dose of the Johnson&Johnson/Janssen adenoviral vaccine was very similar,
with pain being the most frequent local reaction, and headache, fatigue and myalgia
reported as most prevalent systemic events. Reactogenicity was also higher in the
younger (18–59y) compared to the older (≥60y) age group (Sadoff et al. 2021).
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Severe adverse events were rare for all vaccines andmostly not vaccine related. After
introduction of the vaccines and use in a large number of persons very rare severe
adverse events were observed including allergic reactions, mainly against the mRNA
vaccines (Banerji et al. 2021; Shimabukuro et al. 2021) and thrombosis with throm-
bocytopenia syndrome (TTS) after vaccination with the adenoviral vector vaccines
(Cines and Bussel 2021). Very recently, cases of myocarditis have been reported in
adolescents and young adults (<30y) after vaccination with mRNA vaccines. Inves-
tigations whether there is a causal link to vaccination are still ongoing (Centers for
Disease Control and Prevention 2021). These rare complications are more relevant
for younger adults and will therefore not be discussed in detail.

Clinical efficacy has been determined for all four vaccines in Phase III clinical
trials. Older adults have been included in the pivotal trials, but not in every trial
in sufficient numbers, particularly for the oldest age groups. More than 40% of the
participants in the BioNTech/Pfizer Phase III trial were older than 55 years, but
less than 5% were over 70 years. Overall vaccine efficacy after 2 doses with a 3-
week interval was 95.0% (95% CI: 90.0–97.9) against symptomatic SARS-CoV2
infection, and did not differ in the age groups 16–55y, >55y, and ≥65y. Due to the
limited number of participants over 75 years, analysis in this age group was not
statistically significant, with 5 cases of COVID-19 in the placebo group versus zero
cases in the vaccinated group (Polack et al. 2020). In the pivotal Moderna mRNA
vaccine trial approximately 25% of the participants were older than 65 years and
efficacy against symptomatic SARS-CoV-2 infection after two doses of vaccine with
a 4-week interval was 86.4% (95% CI: 61.4–95.2) in this age group compared to
95.6% (95% CI: 90.6–97.9) in younger adults (overall efficacy 94.1% (95% CI:
89.3–96.8)) (Baden et al. 2021). More detailed sub-group analyses are provided
in the assessment report of the European Medicines Agency showing an efficacy
of 82.4% (95% CI: 46.9–93.9) for persons aged 65–75y. In the subgroup older
than 75 years no COVID-19 cases occurred in the vaccinated group, whereas 7
cases were reported in the placebo group (European Medicines Agency 2021b).
Despite the limited data on the oldest age groups, it can be concluded that efficacy of
both mRNA vaccines against COVID-19 disease is high, even in older adults. The
first publications on efficacy of the Oxford/AstraZeneca adenovirus vector vaccine
included data from several clinical trials with differences in age of participants,
dosing of the vaccine and interval between the two doses. Overall clinical efficacy
against symptomatic SARS-CoV-2 infection was 62.1% (95% CI: 41.0–75.7) after
two standard-dose vaccinations. Twelve percent of the participants were older than
55 years, but no age-based subgroup analysis was provided (Voysey et al. 2020).
Press releases announced 79.9% efficacy against symptomatic disease in persons
older than 65 years for a Phase III trial, which is ongoing in the US, but the data
are not published yet (NCT04516746; (News Releases 2021)). In the pivotal trial for
the single-dose Adenovirus-26 vector vaccine (Johnson&Johnson/Janssen) 33% of
the participants were older than 60 years. 28 days after the vaccination clinical effi-
cacy against moderate to severe COVID-19 disease was 66.1% (95% CI: 55.0–74.8)
without differences between the age groups younger or older than 60 years (Sadoff
et al. 2021).
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Efficacy of the SARS-CoV-2 vaccines against asymptomatic infections is more
difficult to assess. In theory, this can be achieved in two ways. The first strategy is
regular testing for viral RNA or antigen e.g. in nasopharyngeal swabs or saliva in all
participants, irrespective of symptoms. This has to be done in quite high frequency,
e.g. once per week for PCR testing and even more often for antigen tests in order
to catch all infections. An alternative strategy is to monitor seroconversion to viral
proteins other than spike after a longer observation period, e.g. after 6 months.

A fraction of the participants in the AstraZeneca Phase III trials were monitored
for asymptomatic infection by weekly self-swabs, which were tested for viral RNA,
but efficacy was not statistically significant for the subgroup receiving the full-dose
vaccine regimen (Voysey et al. 2020). The trial investigating the single-dose aden-
oviral vaccine (Johnson&Johnson/Janssen) determined antibodies against the viral N
protein at day 71 after vaccination. Based on this preliminary analysis (not all partic-
ipants had already reached day 71) vaccine efficacy against asymptomatic infection
was 65.5% (95% CI: 39.9–81.1) (Sadoff et al. 2021). The pivotal trials investigating
the BioNTech/Pfizer and Moderna mRNA vaccines (Polack et al. 2020; Baden et al.
2021) announced to provide seroconversion follow-ups at a later time point.

The goal of many countries was to vaccinate their population as quickly and as
completely as possible. As vaccine supplywas extremely limited in the beginning and
still by far falls short of world-wide demand, priorization of risk groups was imple-
mented. Despite differences in the details, there was consensus that the first groups to
be vaccinated are health-careworkers, particularly those treatingCOVID-19 patients,
and the very old, as they are at highest risk for severe disease outcomes.Vaccine effec-
tiveness has been and is still studied extensively after licensure and wide-spread use
in various countries. Several studies confirmed that effectiveness in the “real-world”
situation matches efficacy in clinical trials, but in addition, substantial information
regarding asymptomatic infection and the impact of vaccination in older age groups,
which were underrepresented in the efficacy trials, is emerging. Investigations of
asymptomatic infections are mainly performed in health care workers. Irrespective
of vaccination, they are routinely tested for active infection on a regular basis, which
facilitates this type of study. In summary, several studies demonstrate high effective-
ness of the mRNA vaccines against asymptomatic infection, which can already be
observed after the first dose, but increases after full vaccination (Hall et al. 2021;
Thompson et al. 2021). In some instances, age has been considered in the analyses
and does not seem to decrease efficacy, but that of course is limited by the age-range
in the health care work force and does not include very old individuals. However,
effectiveness against COVID-19 disease has been investigated also in older adults and
this confirms data obtained in clinical trials. Most studies also include analyses after
the first dose of vaccine, and in general, protection is already seen approximately
2 weeks after the first dose, but increases after the second dose. Israel´s national
vaccination campaign with the BioNTech/Pfizer vaccine was carried out exception-
ally fast and therefore nation-wide data from Israel was available early after vaccine
licensure. Vaccine effectiveness was calculated against SARS-CoV-2 infection (and
separately for asymptomatic and symptomatic infection), COVID-19-related hospi-
talization and COVID-19-related death for different age groups (16–44y; 45–64y;
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≥65y). The lowest effectiveness was 85.9% (95% CI: 80.2–89.9) for asymptomatic
infection in the oldest age group, all other outcomes were higher, most of them above
95% (Haas et al. 2021). No differences were observed, when further stratifying the
oldest age group into subgroups≥65y,≥75y, and≥85y. These findings demonstrate
excellent effectiveness against infection and disease of any severity in all age groups,
even in the very old. Additional effectiveness studies were performed in other coun-
tries confirming these results. Effectiveness of mRNA vaccines was 94% (95% CI:
49–99) among hospitalized adults ≥65 years of age in the US (Tenforde et al. 2021).
Persons older than 80 years were vaccinated with the BioNTech/Pfizer vaccine in the
UK. Vaccine effectiveness against symptomatic disease was 89% (95% CI: 85–93)
after the second dose. In the same study persons older than 70 years vaccinated with
the AstraZeneca vaccine were followed, and effectiveness in this group was 73%
(95% CI: 27–90) (Lopez Bernal et al. 2021).

The “real-world” scenario is even more complicated, but a detailed discussion of
all these aspects is beyond the scope of this chapter. In brief, it has to be considered
that optimal vaccination schedules are still being evaluated. There is clear evidence
that longer time-intervals between two doses of AstraZeneca vaccine are benefi-
cial (Voysey et al. 2021), and preliminary results suggest a similar effect for the
BioNTech/Pfizer vaccine (Parry et al. 2021). Heterologous prime-boost schedules
with AstraZeneca and mRNA vaccines are tested and first results indicate slightly
higher reactogenicity of the heterologous regime (Shaw et al. 2021), but no data on
immunogenicity or efficacy are available yet. There is a lively discussion whether
and when booster vaccinations will be necessary. To address this question, the dura-
tion of protection needs to be determined. The initial clinical trials continue their
follow-up and observations in the large number of persons vaccinated in the national
vaccine campaigns will contribute to our understanding of (hopefully) long-term
protection. It is important to monitor long-term protection specifically in high-risk
populations, such as older adults, and to consider specific recommendations for these
groups. In addition, newly emerging virus variants endanger the protective effect of
vaccines and extensive research is ongoing to evaluate the existing vaccines in the
context of virus variants and to develop modified vaccines, which incorporate the
crucial changes in the viral genome. In the future, SARS-CoV-2 vaccines might
become part of our “regular” vaccination schedules for everybody, or at least for risk
groups. First studies are already ongoing investigating co-administration of SARS-
CoV-2 vaccines with other vaccines, such as influenza or pneumococcal vaccines
(NCT04848467, NCT04790851). In addition, development of combination vaccines
(e.g. SARS-CoV-2 and influenza) has started (Massare et al. 2021).

7.2.5 Other Vaccines

Vaccinations, which are recommended for all adults should also be considered in the
context of aging. The most prominent example for this is regular booster vaccina-
tion against tetanus and diphtheria, in some cases combined with pertussis and/or
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polio, which is recommended in many countries. Regular vaccinations against other
pathogens are advocated in some countries, e.g. against tick-borne encephalitis in
endemic areas. Most countries do not specifically mention older adults, but some
countries such as e.g. in Europe Austria, Liechtenstein, France and Portugal recom-
mend shortened booster intervals for older adults. Tetanus- and diphtheria-specific
antibody concentrations are frequently below the levels considered to be protective
for adults, and are even lower in older age groups (Bayas et al. 2001; Van Damme
and Burgess 2004; Kaml et al. 2006; Launay et al. 2009; Weinberger et al. 2013).
In one of our studies in Austria a single booster shot of a combined vaccine was
administered and approximately 10% of the older cohort (>60y) did not develop
protective diphtheria-specific antibody levels. Almost half of the participants did no
longer have protective antibody concentrations five years later, and a second booster
vaccination at this time point did again not provide long-term protection (Wein-
berger et al. 2013; Grasse et al. 2016). Antibody levels for tetanus and diphtheria
vary greatly in different European countries. In general, protection against tetanus
is adequate in most countries, whereas diphtheria-specific antibody levels are below
the protective level for a substantial fraction of the population in some countries,
and are decreasing with age (Weinberger et al. 2018b). A more extensive summary
of vaccination against tetanus and diphtheria can be found elsewhere (Weinberger
2017). Antibody responses after booster vaccination against tick-borne encephalitis
are also lower in old compared to young adults and decline over time (Weinberger
et al. 2010; Stiasny et al. 2012).

Over the last years, an increased incidence of pertussis has been observed in
adults, and particularly in older age groups, for whom infection can be severe (Gil
et al. 2001; Rendi-Wagner et al. 2010; Ridda et al. 2012). Adults can also transmit the
infection to newborns, who are too young to be vaccinated. Therefore, vaccination
against pertussis is not only relevant for children, where it is widely accepted, but
also needs to be considered for adults. Few countries recommend regular booster
immunization with combination vaccines containing the pertussis component (Tdap)
and some recommend one booster dose during adulthood, but many countries do not
include pertussis in their recommendations for adults. Regular booster doses of Tdap
vaccine are well tolerated and immunogenic in young and older adults, but antibody
concentrations are lower in the older age groups (Kaml et al. 2006; Halperin et al.
2012).

Health,mobility andfinancial prospects of older adults have improved over the last
years and decades leading to an increased number of older long-distance travelers.
As a consequence, travel vaccines are becoming more important in this age group,
particularly as some tropical diseases such as typhoid fever and Japanese encephalitis
are more frequent and severe in older adults (Taylor et al. 1983; Hennessy et al.
1996). Unfortunately, little data are available regarding immune responses of older
adults to travel vaccines and immunization guidelines rely primarily on studies with
young adults. Many travel vaccines represent neo-antigens for older travelers (e.g.
rabies, yellow fever, Japanese encephalitis) and most older travelers probably also
never had contact with Hepatitis B and to a lesser extent Hepatitis A. The loss of
naïve adaptive immune cells is a hallmark of immunosenescence, and experiments
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in animal models have demonstrated an impaired generation of memory responses
in old age (Haynes et al. 2003; Haynes 2005), suggesting that primary vaccination
in old age might be impaired. A reduction in antibody production after Hepatitis A
and B vaccination can already be observed in middle-aged adults and the percentage
of non-responders to Hepatitis B vaccine increases with age (Fisman et al. 2002;
Wolters et al. 2003; Stoffel et al. 2003; Weinberger et al. 2018a). Vaccination against
Hepatitis B is of relevance for older adults beyond the travel setting. Other risk
groups for whom HBV-vaccination is of importance are e.g. health care workers,
household contacts of infected patients and hemodialysis patients, and all of these
groups also include older persons. The live-attenuated yellow fever vaccine is highly
immunogenic also in older adults, but a higher risk for rare severe adverse events
such as e.g. yellow fever vaccine-associated viscerotropic disease, which mimics
infection with the wild-type virus and has a high mortality of up to 60% (Rafferty
et al. 2013), has been reported. Therefore, the decision to vaccinate the individual
older traveler needs to weigh the risks and benefits carefully. However, yellow fever
vaccination is mandatory for travels to some countries in Africa and South America
and therefore a next-generation yellow fever vaccine with an improved safety profile
in the older population would be useful. A detailed summary of vaccines for older
travelers has recently been published (Jilg 2020).

7.3 The Future of Vaccines for Older Adults

7.3.1 Novel Adjuvants

Novel adjuvants for older adults would need to counteract the diminished respon-
siveness of the aged immune system and the accelerated decline of protection and to
overcome the low-grade inflammatory state observed in older adults. (Ciabattini et al.
2018). Several novel adjuvants are evaluated in the context of influenza vaccines and
some also in combination with other antigens. This summary highlights examples
of adjuvants, which are in clinical development without claiming to be complete
(Table 7.2). Basic research and pre-clinical development are ongoing for a large
number of additional adjuvant candidates. More extensive reviews on this topic can
be found elsewhere (Tregoning et al. 2018; Weinberger 2018).

MF59® in influenza vaccines and AS01B in the recombinant herpes zoster
vaccine are currently the only adjuvants specifically licensed for older adults (see
above). AS03, another squalene-based oil-in-water based adjuvant has been used
in the pandemic influenza vaccine of 2009 and induced higher antibody concentra-
tions and seroprotection levels in older adults compared to a whole virus vaccine
(Nicholson et al. 2011). A second study found higher antibody concentrations in
young and older adults after vaccination with the adjuvanted pandemic vaccine
compared to the non-adjuvanted split vaccine (Yang et al. 2013). In both studies
the amount of antigen in the adjuvanted vaccine was substantially lower than in the
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Table 7.2 Overview of adjuvants in vaccines and vaccines candidates for older adultsa

Adjuvant Adjuvant type Vaccine Licensed

MF59 Squalene-based oil-in-water
emulsion

Seasonal influenza +

Pandemic influenza +

AS01B Liposomes, saponin,
TLR4-agonist (MPL)

Herpes zoster +

AS02V Oil-in-water emulsion, saponin,
TLR4-agonist (MPL)

S. pneumoniae (protein and
conjugate)

–

AS03 Squalene-based oil-in-water
emulsion

pandemic influenza +

AF03 Squalene-based oil-in-water
emulsion

Pandemic influenza +§

Seasonal influenza −
Montanide ISA51 Non-squalene-based oil-in-water

emulsion
Seasonal influenza −
Universal influenza
(peptide)

−

Matrix M Saponin Influenza (HA
nanoparticles)

−

GLA-SE Squalene-based oil-in-water
emulsion, TLR4-agonist (GLA)

Pandemic influenza −
RSV −

Flagellin TLR5-agonist Influenza (fusion protein) −
Imiquimod TLR7/8-agonist Intradermal influenza −
1018 TLR9-agonist

(CpG-oligonucleotide)
Hepatitis B +

AdVax-CpG55.2 Inulin, TLR9-agonist
(CpG-oligonucleotide)

Seasonal influenza −

aThis table summarizes the adjuvants and their use asmentioned in this chapter and does not provide
a complete overview of all substances and vaccine candidates in development
§licensed, but not marketed
TLR: Toll-like receptor
MPL: 3-O-desacyl-4´-monophosphoryl lipid A
HA: hemagglutinin
GLA: glucopyranosyl Lipid A
RSV: respiratory syncytial virus

comparator vaccines. The adjuvant mechanism of AS03 includes the stimulation
cytokine and chemokine production leading to local influx of innate immune cells,
the induction of CD4+ T helper cells with potential cross-reactive specificities and
the generation of memory B cells resulting in longer antibody persistence (Moris
et al. 2011; Shi et al. 2019). In a Phase III trial enrolling more than 43,000 older
adults clinical efficacy of trivalent seasonal influenza vaccine adjuvanted with AS03
was compared to standard TIV. Superiority of the adjuvanted vaccine could be
demonstrated for protection against influenza A, and particularly A/H3N2 infection,
but not against infection with any influenza strain. In addition this study showed
higher efficacy against hospital admission for pneumonia and all cause death in
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descriptive estimates (McElhaney et al. 2013). Another H1N1 pandemic influenza
vaccine containing AF03, which is also a squalene-based oil-in-water emulsion was
licensed, but has never been marketed (Tregoning et al. 2018). AF03 is currently
tested in a Phase I trial in combination with a seasonal influenza vaccine in young
adults in parallel with Advax-CpG55.2, an adjuvant containing the plant-derived
polysaccharide inulin and a CpG oligonucleotide targeting TLR9 (NCT03945825).
A detailed summary of squalene-based adjuvants and their mode of action can be
found elsewhere (Nguyen-Contant et al. 2021).

GLA-SE combines the approach of squalene-based oil-in-water emulsions with
GLA (glucopyranosyl Lipid A), which is a synthetic variant of Salmonella minnesota
LPS and acts as a TLR4 agonist. It is a promising adjuvant for influenza vaccines.
Antibody responses to GLA-SE adjuvanted influenza vaccine are higher only in
mice, but of broader specificity in mice and non-human primates compared to stan-
dard influenza vaccine (Baldwin et al. 2009;Coler et al. 2010). In vitro studies showed
that the stimulatory effect of GLA on innate immune cells is well preserved in cells
from old donors (Weinberger et al. 2016) and that T cells from old donors respond
with enhanced cytokine production to influenza virus in the presence of GLA-SE
(Behzad et al. 2012). GLA-SE-adjuvanted H1N1 influenza vaccine induces higher
immune responses in aged mice compared to unadjuvanted vaccine (Baldwin et al.
2018). GLA-SE has been used in a clinical study in combination with a recombinant
H5 pandemic influenza vaccine candidate and showed increased immunogenicity
in healthy young adults (Treanor et al. 2013). GLA-SE has also been tested in
vaccine candidates against Respiratory Syncytial Virus (RSV), which are discussed
below (Sect. 7.3.2). Other TLR agonists have also been tested together with influenza
vaccines. The TLR5 agonist flagellin has been tested as a fusion proteinwith different
influenza proteins, namely the head domain of hemagglutinin (VAX125) and the
ectodomain of matrix protein (M2e; VAX102). High levels of antibodies and sero-
protection in persons over 65 years were reported for VAX125, but this study did
not include a direct comparison with standard TIV (Taylor et al. 2011). Concomi-
tant administration of VAX102 and standard TIV improved hemagglutinin-specific
antibody responses compared to TIV alone, and induced a M2e-specific antibody
response in young adults (Keipp Talbot et al. 2010). Imiquimod is a TLR7/8 agonist,
which-applied as an ointment prior to intradermal trivalent influenza vaccination-
could elicit higher antibody titers, seroconversion and long-term seroprotection over
one year in older adults with comorbidities (Hung et al. 2014). Stimulation of TLRs
has also been shown to improve immunogenicity and protection in mouse models of
pneumococcal vaccination (Moffitt et al. 2014; Vecchi et al. 2014).

The adjuvant 1018, containing a TLR9 agonist (CpG oligonucleotide), has been
approved by the FDA recently in the context of a hepatitis B vaccine. Primary vacci-
nation of healthy individuals between 40 and 70 years of age led to higher sero-
protection and antibody titers after a 2-dose regimen at 0 and 4 weeks compared to
the licensed alum-adjuvanted vaccine containing the same antigen amount (20 μg
HBsAg) applied three times at weeks 0, 4 and 24 (Heyward et al. 2013). Although
seroprotection rates were lower in the 60–70 year old participants, levels were still
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higher with the 1018-containing vaccine compared to alum (Jackson et al. 2018).
Overall, TLR agonists seem to be a promising class of adjuvants for use in older
adults.

Several adjuvants based on oil-in-water emulsions are successfully used in
vaccines for older adults (see above) and a variety of alternative oil-in-water formu-
lations are being developed. Montanide ISA 51 (mineral oil plus mannide mono-
oleate surfactant), has been applied with TIV in a phase I trial to adults between
55 to 75 years, however results are not yet published (NCT01010737) and has also
been investigated in two broad spectrum/universal peptide-based influenza vaccine
candidate in young adults (Atsmon et al. 2012; Pleguezuelos et al. 2020). The anti-
body concentrations elicited by peptide vaccines cannot be compared to the HAI
titers induced by conventional influenza vaccines, as they contain different anti-
gens. The adjuvant effect of Montanide ISA51 is based on depot formation, stim-
ulation of inflammatory signals, and enhancing lymphocyte interaction in lymph
nodes leading to increased antibody and CD8+ T cell responses (Van Doorn et al.
2016). The adjuvant AS02V (oil-in-water emulsion, combined with MPL and QS21)
enhances humoral and cellular immune responses to the pneumococcal protein PhtD,
PhtD-dPly and an 8-valent conjugated polysaccharide formulation in young and
older adults (Pauksens et al. 2014; Leroux-Roels et al. 2015). Saponins are used
in several multi-component adjuvants e.g. in AS01 and AS02. Matrix M, is also
based on saponin and has been tested in combination with quadrivalent recombi-
nant influenza hemagglutinin nanoparticles. This vaccine candidate induced higher
hemagglutination inhibiting antibodies against homologous and drifted influenza
strains compared to standard quadrivalent seasonal influenza vaccine and to high-
dose trivalent seasonal influenza vaccine in older adults (Shinde et al. 2020). Results
of a phase 3 trial in older adults have not yet been published (NCT04120194).

There are many more potential adjuvants, such as e.g. cytokines, T cell stimu-
lating adjuvants, DNA-based adjuvants etc., whichmight be good candidates to boost
vaccine-induced immune responses in older adults, but have not yet been tested in
this age group or other high-risk groups. Many of them are investigated in the context
of influenza and pneumococcal vaccines.

7.3.2 Novel Target Antigens and Pathogens

But even with novel adjuvants, which improve immune responses in older adults,
pneumococcal and influenza vaccines suffer from the limitations of strain-specific
immune responses. Therefore, many studies investigate the potential of broad spec-
trum or universal vaccines for these pathogens. Pneumococcal vaccines induce
only antibodies specific for the polysaccharides present in the vaccine. There
is almost no cross-reactivity with other pneumococcal serotypes, no protection
against other serotypes, and serotype replacement has been observed after the
introduction of conjugated pneumococcal vaccines containing a limited number of
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different serotypes (see above). Therefore, development of next-generation conju-
gated vaccines containing additional serotypes is ongoing. Safety and immuno-
genicity of a 15-valent conjugated vaccine (Table 7.1) in older adults was similar
to that of 13-valent PCV in early stage clinical trials (Stacey et al. 2019). This
vaccine candidate has been tested in Phase III trials in older adults (NCT03950622,
NCT03950856, NCT03615482, NCT03547167) demonstrating adequate efficacy
when administered alone or concomitantly with influenza vaccine or followed by
the23-valent polysaccharide vaccine and has been submitted for licensure. A 20-
valent PCV (Table 7.1) also showed promising safety and immunogenicity in older
adults (Hurley et al. 2020). Phase III trials are ongoing in older adults (NCT03835975,
NCT04875533, NCT03760146, NCT04526574). It might be worthwhile to consider
the option of including different serotypes in pediatric compared to adult vaccines in
order to reflect the distinct pattern of serotype prevalence in the different age groups.
However, to fully overcome the risk of serotype replacement universal vaccines
against S. pneumoniae would be needed. A whole cell vaccine utilizing an engi-
neered pneumococcal strain, which lacks a polysaccharide capsule and bacterial
toxins has been tested successfully in animal models (Lu et al. 2010a, b; Campos
et al. 2017), and induced T cell responses and antibodies to conserved epitopes of
several pneumococcal proteins in early clinical trials (Campo et al. 2018; Keech
et al. 2019). Various vaccine candidates are developed, which utilize individual
pneumococcal proteins or peptides and most of them focus on virulence factors
and well-conserved surface proteins, frequently in combination with adjuvants. The
most prominent proteins selected for potential vaccines are pneumococcal histidine
triad protein D (PhtD), detoxified pneumolysin derivative (PlyD) and pneumococcal
surface protein (PspA) or combinations of those. Several of them have been tested
in early-stage clinical trials demonstrating an acceptable safety profile and immuno-
genicity in humans. Several more are still in pre-clinical development (Pichichero
et al. 2016; Pichichero 2017; Lagousi et al. 2019; Masomian et al. 2020). The situ-
ation is similar for influenza vaccines. Despite the fact that influenza-specific anti-
bodies show some degree of cross-reactivity towards related viral strains and that
influenza-specific T cells can recognize conserved epitopes, clinical data show that
efficacy and effectiveness of influenza vaccines are decreased in situations where
there is a mismatch between circulating virus strains and the vaccine strains. As an
example, in the 2014/2015 season the circulating influenza A H3N2 strains changed
significantly (antigenic drift) after selection of the vaccine strains (Xie et al. 2015),
and due to this mismatch vaccine effectiveness was only 19% against influenza and
only 6% against the drifted H3N2 strains in this season (Zimmerman et al. 2016).
Similar effects were observed in the seasons 2004/2005 and 2005/2006 (Belongia
et al. 2009). In contrast, overall vaccine effectiveness is usually 40–60% in years
with adequate matching of vaccine and circulating virus strains (Zimmerman et al.
2016). It has been shown that currently used (MF59, AS03) and novel adjuvants
(e.g. TLR agonists and saponin-based formulations) are capable of inducing cross-
reactive antibodies, which recognize drifted strains and therefore potentially offer
broader protection. A detailed overview of this topic has recently been published (Li
et al. 2021). But to effectively tackle the immense antigenic variability of influenza
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viruses universal vaccines are desirable. They need to be able to induce broadly
neutralizing antibodies to highly conserved epitopes and other effector mechanisms,
such as FcR-mediated phagocytosis or cellular cytotoxicity. For optimal protection
they should induce long-lasting immunity for more than one season and should
cover Influenza A and B strains (Nachbagauer and Krammer 2017; Krammer 2019).
Various approaches, such as antigens based on the stem-region of hemagglutinin,
chimeric hemagglutinin proteins, peptides and nucleic acid platforms, are currently
tested in clinical trials. Antibody responses as well as T cell-mediated cytotoxicity
will probably be important for clinical efficacy and it is very likely that adjuvants
and/or vaccine-delivery platforms will be essential for optimal vaccine responses,
particularly in the older population (Estrada and Schultz-Cherry 2019; Nachbagauer
and Palese 2020; Wei et al. 2020). It has also been reported in a small study that
primingwith a universal recombinant protein vaccine can enhance immune responses
to subsequent seasonal influenza vaccination (Atsmon et al. 2014).

There aremany additional pathogens,which cause highmorbidity andmortality in
the older population, and for which vaccines would be highly desirable. Respiratory
syncytial virus (RSV) is a major cause of severe respiratory infection in infants
but also older and particularly frail individuals and patients with underlying co-
morbidities can experience severeRSVdisease.An estimated 18,000 hospitalizations
and 8,400 deaths per year are caused byRSV in theUK, andmost of these cases occur
in the older population (Fleming et al. 2015). The first RSV vaccine in the 1960s
was associated with risk for disease enhancement in infants and this experience
has substantially slowed down RSV vaccine development in the following decades.
Over the last years several candidate vaccines against RSV have been developed
and are in clinical testing. However, despite promising safety and immunogenicity
data, several failed to provide protection for older adults in clinical trials (Mazur et al.
2018). As an example, a RSV F-protein nanoparticle vaccine failed in a phase III trial
in older adults (NCT02608502), and also adjuvantation of F protein with GLA-SE
did not confer clinical efficacy (Falloon et al. 2017b), despite positive results during
immunogenicity testing (Falloon et al. 2016, 2017a). An alternative strategy is the
use of viral vectors. An MVA-BN (Modified Vaccinia Ankara—Bavarian Nordic)
poxviral vector encoding five RSV proteins induces broad cellular and antibody
responses in older adults (Jordan et al. 2021), but clinical data is not yet available for
this vaccine candidate.

Due to more frequent invasive procedures, hospitalization and residence in long-
term care facilities the risk of nosocomial infections is high in older adults. Antibiotic
resistance of bacterial nosocomial pathogens is a growing problem and vaccina-
tion could be an effective strategy to prevent such infections. Clostridium difficile,
which is the most common cause of nosocomial diarrhea, Staphylococcus aureus,
which is responsible for infections of prostheses, catheters or surgical wounds and
Escherichia coli, which causes mainly catheter-associated urinary tract infections,
but also surgical wound infections are among the most relevant bacterial nosoco-
mial pathogens (Poolman and Anderson 2018). Clinical development of two vaccine
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candidates against C. difficile utilizing different modifications of bacterial toxins
has been terminated (Tian et al. 2012; Sanofi 2017) and only one toxoid-based
candidate is still actively investigated in a Phase III study (NCT03090191). Two
vaccine candidates against S. aureus have been clinically tested in the past in high-
risk patients, but did not confer protection (Shinefield et al. 2002; Fowler et al.
2013). Two newer vaccine candidates, one containing conjugated polysaccharides
and bacterial proteins, the other an adjuvanted protein vaccine are in early stages
of clinical development (Levy et al. 2015; Creech et al. 2017). It still remains to be
seen, whether they will be able to provide clinical protection. There are currently no
vaccines to prevent E. coli infection. However, E.coli is also relevant as the cause
of recurrent urinary tract infections outside of health-care settings and whole cell as
well as subunit (bioconjugates of polysaccharides) vaccines have been developed for
prevention of recurrent episodes. Clinical outcomes were mixed and can be found in
detail elsewhere (Aziminia et al. 2019). Norovirus is also highly relevant as a nosoco-
mial pathogen. Outbreaks in hospitals and other institutions, such as long-term care
facilities are frequent, and the disease can be severe in older adults. Virus-like parti-
cles, which lack the viral genome, have been tested as a vaccine candidate and showed
limited clinical efficacy in healthy adults (Bernstein et al. 2015), but older adults have
only been included in safety and immunogenicity studies (NCT02661490).

Vaccines against these and other nosocomial pathogens, such as Klebsiella pneu-
moniae, Acinetobacter ssp., Pseudomonas aeruginosa and fungal pathogens such
as Candida spp. have the potential to substantially reduce health care costs and to
save many lives (McIntosh 2018). A detailed summary on vaccines for nosocomial
infections of older adults has recently been published (Anderson et al. 2020a)

7.4 Vaccination Strategies

Improvements of existing vaccines and the development of novel vaccines for older
adults have the potential to prevent substantial morbidity and mortality. However,
even the best vaccines can only provide protection if they are actually administered.
It is important to not only optimize vaccines for older adults, but also vaccination
strategies, schedules and implementation. This section will discuss these aspects for
selected vaccines, exemplifying data from individual countries, mainly in Europe
and the US. Even within Europe, there are major differences between countries and
of course the situation is even more distinct for middle- and low-income countries,
where additional factors need to be considered.
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7.4.1 Vaccination Coverage and Documentation
of Vaccination

Vaccination coverage is unsatisfactory in the older population for many vaccines.
Various barriers to vaccine uptake exist including access to vaccines, personal deci-
sions for or against vaccines, as well as financial aspects. Systematic data on vacci-
nation coverage is not collected in all countries, and the mode of data collection
varies substantially, with some countries documenting only the number of vaccines
distributed, which may not reflect the number of doses actually administered, and
also does not allow analysis of individual risk groups, e.g. based on age. A summary
of the WHO on influenza vaccine uptake among older adults in Europe provides
data for 72% of the eligible countries for the season 2014/2015. Vaccination uptake
ranged from 0.03% to 76% and only one country reached the WHO goal of 75%
coverage in this season. For more than half of the countries where data were avail-
able for the seasons 2008/2009 and 2014/2015 vaccination coverage dropped during
this time span (Jorgensen et al. 2018). In the US, influenza vaccine coverage was
approximately 50% in all adults (>18y; 2017/2018) and pneumococcal vaccination
coverage was 72.6% (at least one dose, irrespective of vaccine type) in persons
older than 65 years (Lu et al. 2021). Uptake of pneumococcal vaccine in older
adults also varies greatly in European countries. Some countries reach quite high
coverage, such as e.g. Spain, where a survey reported coverage with the 23-valent
pneumococcal polysaccharide vaccine of 63.1% and 81.2% for persons aged 65–
79y or ≥80y, respectively (Vila-Córcoles et al. 2019), whereas other countries do
not generally recommend pneumococcal vaccine for older adults. Vaccine uptake
of the live-attenuated herpes zoster vaccine was low in many countries, e.g. 31.8%
(95% CI: 31.4–32.2) coverage was estimated for 2014 in the US (Lu et al. 2017),
which is substantially lower than the rates for influenza and pneumococcal vaccine.
Data are still scarce for the recombinant adjuvanted herpes zoster vaccine, as it was
only introduced 2–3 years ago. Two doses are required for full protection and first
studies reported completion of the vaccination series for 70–80% of persons, who
received the first dose (Ackerson et al. 2021; Patterson et al. 2021). Vaccine uptake
for other adult vaccinations is not sufficiently documented in most countries and e.g.
data on adult vaccination coverage against tetanus and diphtheria is only available
for 5 of 29 European countries (Kanitz et al. 2012). On the national level, documen-
tation of vaccine uptake is crucial to identify gaps in coverage, and to target groups
for efforts to improve vaccine uptake. Ideally, this includes data, which are detailed
enough to stratify for age, underlying co-morbidities or other risk factors for optimal
targeting. However, vaccination documentation is also of utmost importance for the
individual person and is crucial, e.g. to deliver booster vaccinations at the right time
points, and is the basis for any kind of reminder system. Unfortunately, this docu-
mentation is often fragmentary for older adults, and it is therefore difficult to reliably
assess adequate primary vaccination earlier in life and the number of booster immu-
nizations received throughout life. Several studies on tetanus/diphtheria vaccination
reported only incomplete immunization histories (Van Damme and Burgess 2004;
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Kaml et al. 2006; Launay et al. 2009). It has been reported that the number of vaccine
doses received in life decreases from 7.1 (95% CI: 6.9–7.2) doses of tetanus vaccine
in young adults, which corresponds well with recommendations of 5 doses during
childhood/adolescence and 10 year-booster intervals afterwards, to only 5.7 (95%
CI: 4.6–6.8) doses for adults aged 50–60 years (Launay et al. 2009). This indicates
a lack of regular booster immunizations during adulthood for this age group.

7.4.2 Life-Long Vaccination Strategies and Harmonization
of Vaccine Recommendations

Childhood vaccination programs are well-accepted and widely used, but awareness
for adult vaccination is by far less prominent. Historically, the burden of infectious
disease was highest in infants and young children, but changes in epidemiology
and demography, and the development of vaccines against pathogens, which affect
adolescents, adults or the older population have altered the objectives of immuniza-
tion strategies. Today, vaccination is a highly relevant topic for all age groups, and if it
is not perceived as such, we should strive to achieve this goal. A life-long vaccination
strategy is required to ensure protection of all target groups. This includes adolescents
(e.g. human papillomavirus vaccine), pregnant women and their surroundings (e.g.
pertussis and influenza vaccine), older adults and persons with underlying medical
conditions (influenza, pneumococcal and herpes zoster vaccine). In addition, regular
booster vaccinations (e.g. tetanus/diphtheria/pertussis vaccine) need to be consid-
ered throughout adulthood. National vaccination guidelines must be tailored to fit the
local requirements, e.g. consider local epidemiology, but inconsistencies of vaccine
recommendations can also contribute to insecurity and vaccine hesitancy within the
population. In many countries financial considerations also play an important role
in decisions on vaccine recommendations. Vaccination schedules need to be as easy
and convenient as possible. It seems that age-based recommendations are followed
better than recommendations based on other risk factors. The option of concomi-
tant administration of vaccines could also improve uptake. Studies demonstrating
safety and efficacy of co-administration are available for combinations of influenza
vaccination with pneumococcal vaccines (Ofori-Anyinam et al. 2017; Thompson
et al. 2019) and adjuvanted herpes zoster vaccine (Schwarz et al. 2017). There have
been efforts to harmonize adult vaccine recommendations in Europe, but so far this
endeavor has not been successful. A plethora of statements have been published advo-
cating life-long vaccination and harmonization of vaccine schedules and suggesting
strategies to improve vaccine uptake throughout adulthood (Gusmano and Michel
2009; Michel et al. 2009; Bonanni et al. 2014; Esposito et al. 2016, 2018; Antonelli
Incalzi et al. 2020; Ecarnot et al. 2020). For childhood vaccines it is obvious that
pediatricians are the primary providers and programs of regular early childhood
visits including scheduled vaccinations are implemented in the health care systems
of industrialized countries. But who is providing vaccinations later in life? Family
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physicians and general practitioners play an important role, as they often take care of
patients over long periods of time and are familiar with underlying conditions. They
are also highly suited to keep track of vaccination histories and to provide reminders,
e.g. for booster vaccinations. However, specialist physicians such as cardiologists or
pneumologists also need to be aware that vaccination is relevant for their patients
suffering from chronic conditions which increase the risk for severe infection. Every
contact with a physician should be an opportunity to check the vaccination status
and to offer the appropriate vaccines. As mentioned above, adequate documentation
of immunizations is essential for the success of all implementation strategies.

7.5 Conclusions

Older adults are at high risk for infections and vaccination is an important strategy
to prevent disease and facilitate healthy aging. Several vaccines against influenza, S.
pneumoniae and herpes zoster are available for older adults and vaccines that are used
throughout adulthood, such as tetanus, diphtheria and pertussis, are also relevant for
seniors. The first step towards optimal protection of older adults is the comprehensive
use of existing vaccines. Vaccination recommendations for older adults differ from
country to country and increased efforts to harmonize them e.g. throughout Europe
would be desirable in order to increase confidence in vaccination programs and to
increase vaccine uptake. Awareness needs to be raised that vaccination is impor-
tant for all age groups, and could be accomplished by educating medical personnel
and decision makers, as well as by increasing health literacy in the general public.
In addition, easy access and financial coverage are crucial to improve vaccination
coverage.

Improved vaccines against influenza, pneumococcal disease and herpes zoster
have been developed over the last years and continuous effort is put into further
increasing their potential to provide broad and long-lasting protection. Novel
vaccines are needed to target the many infectious diseases causing substantial
morbidity in the older population, for which no vaccines are available so far, such as
RSV or nosocomial pathogens. And finally, a more detailed knowledge about age-
related changes of the immune system will enable us to rationally design vaccines,
which specifically target the aged immune system and are hopefully able to overcome
its limitations.
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Chapter 8
Immunosenescence and Cancer

Gisele W. B. Colleoni and Valquiria Bueno

Abstract The probability to develop invasive cancer increases enormously for indi-
viduals aged 70 years and more. In addition, cancer has been the first cause of death
for individuals aged 60–79 years. In oldest age individuals (80 years and more)
cancers such as breast and colorectal are mostly diagnosed at a metastatic stage with
the low survival compared to other age groups. The treatment of cancer in old indi-
viduals is a challenge and a further knowledge of the tumor development in aged
host immune system is crucial to develop individualized therapy and thus benefit this
population. The lifelong exposition to carcinogens and insults increases the risk for
cancer development and a physiological induction of cell senescence facilitates the
clearance of damaged cells by the immune system. However, senescence seems to
play a dual role leading to the clearance of tumor cells but also inducing proliferation
and induction of tumor vascularization. Immunosenescence is another age-related
event linked to cancer progression both for the decreased immunosurveillance and
for the chronic low-grade of systemic inflammation (inflammageing) observed in
ageing individuals. In this context, cancer immunotherapy has been administered
aiming the enhancement of the immune response against the tumor but only a frac-
tion of patients has achieved long lasting remissions. Senolytics such as dasatinib
and querceting have been developed to selectively kill senescent cells and potentiate
anticancer therapies.
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Abbreviations

ARG1 Arginase 1
B-ALL B cell Acute Lymphoblastic Leukemia
BCG Bacille Calmette-Guerin
Bregs B Regulatory cells
CAR Chimeric Antigen Receptors
CMV Cytomegalovirus
COVID-19 Coronavirus 19
CTLA-4 Cytotoxic T-lymphocyte-associated protein 4
DC Dendritic cells
DNA Deoxyribonucleic Acid
gMDSC Granulocytic Myeloid-derived suppressor cells
HPV Human Papillomavirus
IDO1 Indoleamine 2,3-dioxygenase
IL-10 Interleukin 10
iNOS Inducible Nitric Oxide Synthase
l-Arg L-Arginine
M1 Macrophage type 1
M2 Macrophage type 2
mMDSC Monocytic Myeloid-derived suppressor cells
MDSC Myeloid-derived suppressor cells
MHC class I Major histocompatibility complex class I
MHC class II Major histocompatibility complex class II
NK Natural killer
Nor-NOHA N-hydroxy-nor-L-arginine
PD-1 Programmed death 1
PD-L1 Programmed death-ligand 1
ROS Reactive Oxygen Species
TAA Tumor-associated antigens
TAM Tumor-Associated Macrophages
TCR T cell receptor complex
TGF-β Transforming Growth Factor beta
Th1 T cell helper 1
Th2 T cell helper 2
Tregs T regulatory cells
USA United States of America
UV Ultraviolet



8 Immunosenescence and Cancer 167

8.1 Cancer and Ageing

AUSA study showed that the probability to develop invasive cancer in all sites during
the period 2014–2016 for individuals aged 50–59 years was 6.2% for men and 6.4%
women, whereas for individuals aged 60–69 years the probability was 13.3% and
10.2% respectively. These probabilities increased enormously for the individuals
aged 70 years and more to 32.7% (men) and 26.7% (women). Breast (7.0%), lung
(6.0% men and 4.8% women), prostate (8.2%), and colorectal cancer (3.3% men
and 3.0% women) were the most incident sites for the population aged 70 years and
more. In addition, cancer was the first cause of death for male and female aged 60–
79 years and second cause of death for the age of 80 andmore (Siegel et al. 2020). The
higher incidence of cancer development and death in individuals older than 60 years
compared to younger counterparts are not exclusive of the USA population but have
been a common finding around the world (Bray et al. 2018). In Americans aged
85 years and more (oldest age), DeSantis et al. (2019) observed that some cancers
(i.e. breast and colorectal) are mostly diagnosed at a metastatic stage with a relative
lowest survival of any age group.

The treatment of cancer in oldest age individuals is a challenge due to comor-
bidities, decrease of the functional reserve, impaired cognition, reduced immuno-
surveilance, and polypharmacy which could increase the risk of toxicity to cancer
therapies. A further knowledge of how tumor cells develop and escape from the aged
host immune system could lead to individualized oncology and thus benefit older
individuals.

8.2 Cancer Initiation and Progression

Considering that the human organism is exposed to carcinogens and insults capable
to transform healthy cells in tumor cells, the lifelong exposition to these agents
will increase the probability to develop malignancies (Fulop et al. 2010; Sportès
and Hakim 2009). The common carcinogens such as tobacco, obesity, sedentarism,
alcohol consumption, exposure to ultraviolet sunlight or tanning devices (http://
cancerprogressreport.org/) could be avoided or reduced and therefore, many cases
of cancer are preventable. However, several years of DNA damage in healthy
cells disrupts their physiological growth and induces the development of malig-
nant tumors. As a consequence, cancer cells present thousands of mutations, but
only a small subset are “drivers” that trigger tumor growth and allow cancer cells
to survive. Therefore, accumulation of mutations can be considered an age-related
event that impact the pathogenesis of malignancies (Hanahan and Weinberg 2011).
Another age-related cause that leads to tumor development is the lower efficacy of the
immune system with decreased immunosurveillance and impaired immunity against
tumor antigens (Foster et al. 2011) (Fig. 8.1).

http://cancerprogressreport.org/
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One mechanism that fight cancer initiation and progression due to continuous
DNA damage is the physiological induction of cell senescence which facilitates
the clearance of damaged cells by NK cells, macrophages, and T cells (Burton
and Stolzing 2018). Oncogene activation induces senescence and cell cycle arrest
inhibiting thus a benign tumor progression to malignant tumor (Wajapeyee et al.
2008). In addition, the loss of tumor suppressor genes (TSG) can also induce cell
senescence (Ahmad et al. 2011).

The senescence-associated secretory phenotype (SASP, cytokines and
chemokines) activate innate and adaptive immunity for the clearance of tumor
cells (Vicente et al. 2016). However, SASP play a dual role in the tumor microen-
vironment and can also induce tumor cell proliferation and induction of tumor
vascularization (maladaptive senescence) (Toso et al. 2015). In addition, SASP
is capable to attract myeloid-derived suppressor cells (MDSCs) which infil-
trate the tumor microenvironment, block the immune response, and impairs the
chemotherapy-induced senescence (Jackson et al. 2012).

Therapy induced-senescence (TIS) has been used to treat cancer and it can
both impair the proliferation of tumor cells (Ewald et al. 2010) but also, some
chemotherapy agents prevent the destruction of senescent tumor cells from the
immune system. In addition, TIS enhances the process of ageing in normal cells
of the patient (Marcoux et al. 2013).

8.3 Cancer and Immune System

Immune cells are attracted to tumor microenvironment and recognize molecules
in senescent cells such as the receptor for CD58/ICAM (recognized by NK cells);
macrophages express receptors (CD36, IgM, SIRPα, and leptins) for glycans, lipids,
and vimentin that are present in senescent cells; T cells recognize antigens via TCR
(Vicente et al. 2016; Burton and Stolzing 2018). Cytotoxic NK kills senescent cells
via granules secretion (Sagiv et al. 2013). Macrophages polarized toM1 are essential
for the adequate function of CD4+ T cells and for the phagocytosis of senescent cells
(Kang et al. 2011).

During the ageing process, changes occurring in the immune system alter the
immunity, increasing thus the susceptibility to cancer development (Isidori et al.
2018) (Fig. 8.1). In older individuals the different subsets of NK cells are redis-
tributed, there is a reduced expression of activating receptors, and the cytotoxicity is
impaired. NK activating receptors are also altered in cancer patients suggesting that
age and cancermayhave a synergistic action inNKcell by decreasing tumor immuno-
surveillance (Tarazona et al. 2017). T cells present senescence, anergy, and exhaus-
tion which contributes differently for cancer progression. The reduced percentage of
naïve T cells and increased percentage of effector memory T cells (mainly terminally
differentiated CD8+) are common findings in aged individuals (Alves et al. 2018)
and in addition to the reduced diversity of the TCR (T cell receptor) that impairs the
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Ageing

Cancer

Fig. 8.1 Ageing and cancer: findings and risk factors

response to new cancer antigens (Foster et al. 2011), have been suggested as risks
for the development of cancer.

The tumor microenvironment (TME) contains senescent tumor cells, stromal
cells, proliferating tumor cells (non-senescent), and immune system cells. Tumor
cells present suppressive mechanisms that act on healthy cells before the infiltration
of cells from the immune system (Lowe et al. 2004). As T cells (CD4 and CD8)
infiltrate the TME, they act as the main eliminators of tumor lesions (elimination
phase). The incapacity from the immune system to total clearance of tumor cells
but with prevention of tumor outgrowth (equilibrium phase), generates variants of
tumor cells which are less immunogenic and thus maintained occult. Tumor cells
with less immunogenic capacity expand and reach clinical stages (escape phase).
Elimination, equilibrium and escape are phases described for the cancer initiation-
progression and are known as cancer immunoedition (reviewed in Ostroumov et al.
2018). Thus, either tumor cells can be suppressed by the immune system or they
can escape from immunosurveillance. As example Katlinski et al. (2017) showed
that colorectal cancer cells resisted to cytotoxic (CTL)-mediated growth control by
downregulation of interferon receptor chain (IFNAR1). In prostate and breast cancer
patients with residual drug resistant tumors it was shown that MMPs in senescent
cancer cells play a role to avoid immune recognition by NK receptors (NKG2D) cell
(Muñoz et al. 2019). TME can also drive T cells to exhaustion causing loss of the
effector function and upregulation of receptors of inhibition in T cells (Wherry et al.
2015) which leads tumor cells to escape from immune attack (Figs. 8.2 and 8.3).

Considering that “tumor promoting inflammation” is one of the Hallmarks of
Cancer, some cells of the immune system with inflammatory profile are crucial as
they provide conditions within the TME that contribute for tumor growth (Hanahan
and Weinberg 2011). Therefore, angiogenesis, proliferation, and tissue evasion are
facilitated in tumor cells due to the inflammatory cells support. As an example,
macrophages polarized as M2 (anti-inflammatory) has been linked to immune
suppression, angiogenesis, and tissue remodeling (Mantovani and Sica 2010). In this
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Fig. 8.2 The three phases of cancer immuno-editing: elimination, equilibrium, and escape

context, ageing has been associated with a chronic low-grade of systemic inflamma-
tion and thus, cancer and ageing could be linked by the inflammatory process (review
in Leonardi et al. 2018).

The most studied group of cells in cancer in the last few decades which are also
linked to inflammatory processes are myeloid-derived suppressor cells (MDSCs).
In older healthy individuals, two different groups demonstrated an increase in the
number of MDSC (Verschoor et al. 2013; Alves et al. 2018) and the maintenance of
their suppressive capacity (Magri et al. 2020). These findings suggest an increased
suppressive action on the immune system during the ageing process, thereby favoring
tumor development. On the other hand, as the tumor itself induces emergency
myelopoiesis, and in turn MDSCs, it is difficult to distinguish between the role
played by age and by the tumor in the increased frequency and suppressive action
of MDSCs. Some studies have shown that MDSCs contribute to tumor progres-
sion through suppression of tumor-specific T cell responses, stimulation of tumor
angiogenesis, or facilitating tumor cell metastasis. Considering all available cancer
therapies, their impaired efficacy has been related, at least in part, to the accumula-
tion of MDSCs and their contribution to an immunosuppressive microenvironment
(Shipp et al. 2016; Marvel and Gabrilovich 2015).

SinceMDSCs are enhancers of other immunosuppressive cells, such as regulatory
T cells (Tregs) and B cells (Bregs), we can assume that MDSCs remodel the immune
system, preventing excessive inflammation during the aging process (Salminen et al.
2019).

MDSCs cause suppression of immune cells via oxygen species (ROS) gener-
ated by g-MDSCs (granulocytic MDSC), nitric oxide (NO) generated by m-MDSCs
(monocytic MDSC), production of arginase and also by secretion of cytokines such
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Fig. 8.3 The early and presentation phases of the immune system against cancer
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as IL-10 and TGF-β. Arginine is used metabolically by MDSC and, therefore, by
removing this substrate from the microenvironment that is also used by T cells,
MDSC interferes with T cell proliferation. The consumption of L-arginine (Arg) to
produce arginase 1 (ARG1) represents a well-known immunoregulatory mechanism
explored by MDSCs and also M2 macrophages (Mondanelli et al. 2019). Another
via used by MDSCs is PD-L1- and cytokine-dependent inhibitory mechanisms that
inhibit the antitumor effector T cell response (Timosenko et al. 2017).

In cancer MDSCs and DCs overexpression of ARG1 and IDO1 contribute to
the reduction of the host anti-tumor immunity (Mondanelli et al. 2019). The use
of arginase inhibitors such as Nor-NOHA (N-hydroxy-nor-L-arginine) abrogated
the arresting effects of arginase on T-cell proliferation and allowed lymphocyte-
dependent tumor reduction (Rodriguez et al. 2017). In addition, as MDSCs polarizes
macrophages toward theM2phenotype, arginase inhibitors could have a double effect
in favor of T cells proliferation and preventing the expansion of immunosuppressive
TAMs (Mussai et al. 2013).

Considering that the relationship between the immune system and cancer is
dynamic and complex, it is not a surprise that cells from the immune system can play
dual role in cancer development. The immune system can not only suppress tumor
growth by destroying cancer cells and inhibiting their outgrowth, but also promote
tumor progression by establishing conditions within the tumor microenvironment
that facilitate tumor outgrowth. Human tumors harbor a multitude of somatic gene
mutations and epigenetically dysregulated genes, the products of which are poten-
tially recognizable as foreign antigens. The immune system must recognize danger
signals and respond accordingly. In this scenario, immune escape and immunotol-
erance are considered the main mechanisms linked to cancer development (Hong
et al. 2019). Therefore, it is essential to further understand the changes occurring in
the immune system that could contribute for cancer development and response to
current therapy.

In this context, cancer immunotherapy has been developed aiming the enhance-
ment of the immune response against the tumor. The common feature of the
immunotherapy is increase T-cytotoxic lymphocytes capability to attack tumor cells
(Pisconti et al. 2018).

Immunotherapy approaches aim: (1) “trigger” powerful T cell responses via
immune control point block (checkpoint); (2) infusion of immune cells that fight
tumors in the body (adoptive cell therapies); (3) be prophylactic or therapeutic (cancer
vaccines) (Waldman et al. 2020).

Monoclonal antibodies against the CTLA-4 (cytotoxic T-lymphocyte-associated
protein 4) and PD-1 (programmed death 1)/PD-L1 (programmed death-ligand 1)
resulted in antitumor responses by regulation of activation at various stages of the
immune cycle (Pisconti et al. 2018). However, despite the clinical efficacy of check-
point block, most cancer patients do not yet have long lasting benefits from these
therapies: many important types of tumor do not or minimally respond to checkpoint
block, including pancreatic cancer, to most colorectal and prostate tumors.
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Even in responsive tumors, such as melanoma or lung cancer, only a fraction of
patients will achieve long lasting remissions.

Animalmodels suggest that tumors often activate several receptors in the immuno-
suppressive pathways. Antibodies to PD-1 / PD-L1 and CTLA-4 showed that the
response to blockage in one pathway does not exclude the response to the other.
Thus, combining two checkpointswith ipilimumab and nivolumab conferred a signif-
icant survival benefit in patients with metastatic melanoma and advanced renal cell
carcinoma, leading to FDA approval for these conditions. In addition, some of these
tumors may respond to the blocking of alternative checkpoint receptors (Dougan
et al. 2019).

Allogeneic hematopoietic stem cell transplants for leukemia represented the first
effective adoptive transfer approach clinically implanted, and clinical positive results
were mediated by the graft of T cells against the tumor (Waldman et al. 2020).

T-cell chimeric antigen (CAR) receptors are chimeric proteins that assemble a
signaling portion similar to the T cell receptor complex (TCR) and the variable
domain of an antibody directed to an antigen of interest. CAR T cells designed with
specificity for the CD19 cell surface molecule, which is expressed by all B cells,
have been successful in treating B cell malignancies. The first clinical implantation
of second generation CD19-specific CAR T cells led to durable responses in chronic
lymphocytic leukemia (Waldman et al. 2020).

Prophylactic vaccines are used for the prevention of infection with oncogenic
viruses.Vaccines against hepatitisBandhumanpapillomavirus reduced the incidence
of hepatocellular carcinoma and cervical cancer, respectively. Therapeutic vaccines
action is based on the immune system cells which eliminate disease-causing cells
that are already neoplastic. The bacillus vaccine Calmette-Guérin (BCG, attenuated
Mycobacterium bovis), which is generally used as a prophylactic vaccine against
tuberculosis, has been reused as a primitive therapeutic vaccine for bladder cancer.
Tumor-associated antigens (TAAs) which are highly expressed in tumor cells but
not in normal tissues led to new approaches based on therapeutic vaccines, and are
in clinical trials for specific tumors, associated or not with other immunotherapies
(Waldman et al. 2020).

In summary, despite the promising results of immunotherapy, a minority of cancer
patients achieve long-lasting responses against tumor. Therefore, immunotherapies
are in expansionmainly approaching checkpoints (Dougan et al. 2019.Moreover, the
decline in the incidence of some common cancers after age 80, such as prostate and
breast cancer, has directed research for the further understanding of the age process
and its effect on the immune system. Senolytics such as dasatinib and querceting have
been developed to selectively kill senescent cells and potentiate anticancer therapies
(Birch and Gil 2020).
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In conclusion:

• Cancer is a leading cause of morbidity and mortality worldwide

• > 50% of new cancer cases are diagnosed in people aged 65+ years

• Exposure to carcinogens and accumulation of cellular damage are important cancer risk
factors in all populations, mainly in 65+ patients

• Immunosenescence is extremely important for cancer development, including
immunotolerance and immune escape

• Immunotherapy is an important tool to enhance loss of function in immune system in cancer
patients, in special in old individuals
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Chapter 9
Immunosenescence and Alzheimer’s
Disease

T. Fulop , A. Larbi, A. Khalil, A. Plotka, B. Laurent, C. Ramassamy,
N. Bosco, K. Hirokawa, E. H. Frost, and J. M. Witkowski

Abstract Alzheimer’s disease (AD) is the most frequent cause of dementia due to
neurodegeneration. It is stated that the most important risk factor for the late onset
AD development is age. AD develops during decades and appears most of the time
after 65 years of age. Even though its incidence is increasing with age but not all
the centenarians are suffering from AD. The most important underlying age-related
factor is immunosenescence/inflammaging. Indeed, aging is associated with immune
changes which are thought to be the most prevalent cause of the age-related chronic
inflammatory diseases. However, it is now postulated that the changes occurring with
aging in the immune systemmay not be only detrimental but also adaptive. Therefore,
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in this review we will describe whether and how immunosenescence/inflammaging
may contribute to the development of AD. We will also examine whether this can
lead to novel treatment approaches different form the current.

Keywords Alzheimer’s disease (AD) ·Mild cognitive impairment (MCI) ·
Immunosenescence · Inflammaging neuroinflammation ·Monocytes ·
Macrophages · Phagocytosis · Free radicals · Cytokines · Signaling

9.1 Introduction

Aging is considered by many scientists as the most important risk factor for the
development of the so-called chronic age-related diseases (ARD) (Fülöp et al. 2016;
Franceschi et al. 2018; Barbé-Tuana et al. 2020). What are these diseases and why
it is so? This concept gained popularity mainly because most of these diseases
such as diabetes, neurocognitive disorders (dementia), cancers and cardiovascular
diseases have a common denominator which is chronic inflammation (Hansen 2018;
Kurakim and Bredsen 2020). Therefore, as aging is associated with immunosenes-
cence including its corollary the inflammaging, the slipping extension of this fact
became a true overarching paradigm (Barbé-Tuana et al. 2020). Thus, as aging is char-
acterised by immunosenescence/inflammaging and most of the ARD have inflam-
mation as a common root, therefore age is the most important risk factor for these
chronic inflammatory diseases, especially AD (Tam and Pasternak 2012; Kern and
Behl 2009). However altogether only around 10% of older subjects over 65 of age
are affected by AD (Solana et al. 2018). So, could age be the greatest risk factor
for AD? Considering these data, the obvious conclusion is no, however it should be
recognised that the age-related immune changes may contribute.

Among these diseases one of the most frequent and devastating is dementia and
most specifically the Alzheimer’s disease (AD) (Prince et al. 2013). This disease
was named after Alois Alzheimer who more than 100 years ago described the main
pathological hallmarks of the disease from the pathological and clinical point of
view (Hardy et al. 2002). This led to the extraordinary development of the research
on AD but unfortunately this was not translated neither in the real understanding
of the etiology of AD nor in even a minimal capacity of treatment (Mehta et al.
2017; Long et al. 2019). So, until now we struggle with a devastating disease that
we do not know the cause and have no cure nor prevention. In this chapter we will
briefly describe what is AD, what are the putative causes of its onset and how it
may be considered as a consequence of the age-related immune changes and what
could be the resulting interventions to mitigate the effects of this eventual role of
immunosenescence (Fig. 9.1).
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Fig. 9.1 Schematic conceptualization of the role of various factors in the development and clinical
development of Alzheimer’s disease

9.2 What is AD?

As a systemic inflammatory and clinical syndrome, AD is the most frequent type of
dementia mainly affecting the brain (Solana et al. 2018; Paouri and Georgopoulos
2019;Walker et al. 2019). This starts inmost of the cases with the loss ofmemory and
speech capacity to continue until the complete disorganization of the whole cognitive
sphere and even personality. However, the clinical presentationmay bemore nuanced
and sometimes starting by other symptoms like frontal manifestations. From a patho-
logical aspect, the AD is characterized by the deposition of the extracellular amyloid
plaques composed by amyloid beta (Aβ) and by intracellular neurofibrillary tangles
composed by hyperphosphorylated tau protein (pTau) (McGeer and McGeer 2013;
Hardy and Allsop 1991). This was originally described by Alois Alzheimer, however
he already noted that this was not the whole story, but some other alterations might
be as important as these changes in the brain. This is even more important as the
patient who served to describe the later named AD was most probably a familiar
AD, and so her disease was genetically driven (causing around 5% of all cases of the
disease).

It is now recognized that AD is a lifelong process which is revealed clinically as
we age but the whole pathological process occurs well before old ages when we are
only able to diagnose it (Shen et al. 2020). When the cognitive alterations become
clinically noticeable the pathological process has been present for decades. There-
fore, the pathological process whatever is its cause would not exist as a disease if
some changes related to the physiological aging process would not reveal it. It could
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be strongly suggested that the immune changes manifesting as so called immunose-
nescence/inflammaging are the driver of this clinical manifestation of the lifelong
process, but not of the disease as currently conceptualized (Constantini et al. 2018;
Zhao et al. 2020).

9.3 What Could Be the Cause(s) of AD?

There are many theories to explain the causes of AD. The most prevalent theory is
the amyloid cascade hypothesis. This hypothesis states that the depot of Aβ, forming
amyloid plaques and initiating the Tau hyperphosphorylation, causes the AD by
destroying first the synapses and later leading to a neurodegeneration. Moreover,
according to this hypothesis, the deposition of amyloid-beta (Aβ) in senile plaques,
leads to inflammation and ultimately to the death of neurons (McGeer and McGeer
2013; Hardy and Allsop 1991; Beyreuther and Masters 1991). However, attempts
to decrease the Aβ load or to prevent its formation had no effect on AD (Sacks
et al. 2017; Cummings et al. 2018), even if we consider the recent very controversial
approval of Aducanumab by the FDA. No cure whatsoever exists or seems to be
on the horizon (Mehta et al. 2017; Long et al. 2019). These facts seriously question
the validity of this mainstream hypothesis (Itzhaki et al. 2016; Herrup et al. 2015;
Ricciarelli and Fedele 2017).

Therefore, new research needs to be pursued to unravel new pathomechanisms
whichmay include theAβ cascade hypothesis. It is certain thatAD is initiated decades
before its clinical diagnosis, suggesting that the driving pathological processes occur
well before the appearance of symptoms. It has been also observed that AD, as
an irreversible condition, displays signs of a systemic inflammation (Paouri and
Georgopoulos 2019; Walker et al. 2019; McManus and Heneka 2017; Bolós et al.
2017), suggesting that systemic inflammation could precede the well-establishedAD
hallmarks i.e. deposit of Aβ plaques, neurofibrillary tangles and neuroinflammation
(Akiyama et al. 2000; Giunta et al. 2008). This implies that AD results from the
chronic progression of these noxious inflammatory events in the brain, notably via
Aβ production and accumulation (Webers et al. 2020). This local neuroinflamma-
tion continues at a low level throughout life with little negative effect, but repeated
stimulations by infections, dysbiosis, vascular (ischemia), metabolic (glucose, lipids)
or other insults (free radicals) result each time in an acute inflammatory response
which culminate and is particularly severe in the elderly (Maloney and Lahiri 2016;
Whalley et al. 2006; Fülöp et al. 2013; Fülöp et al. 2016; Li et al. 2010). These insults
gradually cause damage to the blood–brain-barrier (BBB) (Nation et al. 2019; Noe
et al. 2020) allowing brain inflammatory mediators to reach the periphery and trigger
peripheral innate and adaptive inflammatory responses (Le Page et al. 2018; Ellwardt
et al. 2016; Šimić et al. 2019; Dionisio-Santos et al. 2019; Shad et al. 2013).

Recent studies also suggested that neuroinflammation and systemic inflammation
could progress over decades following triggering events of infectious origin. Latent
virus infections e.g. cytomegalovirus (CMV) have been described as major chronic
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innate immunity activators that contribute to inflammaging and therefore to AD
development Bauer and Fuente 2016; Biagi et al. 2012; Thevaranjan et al. 2017).
It could sound provocative to propose that AD may result from infection, but some
major scientific discoveries were made from offensive hypotheses. Nobody would
have bet few years ago that peptic ulcer diseases and cervical cancerwere both caused
by infections (respectively by Helicobacter pylori and human papillomavirus) (Kelly
1998; Caselli et al. 1997; Kessler 2017).

Infection by specific microorganisms as a plausible AD pathomechanism had
been voiced several years ago but did not receive significant attention (Block 2019;
Dominy et al. 2019; Osorio et al. 2019; Singhrao and Olsen 2019). The demon-
stration of the presence of HSV-1 viral DNA or spirochetes in AD brains was too
instrumental to consider infections as contributors of AD pathogenesis (Wozniak
et al. 2007, 2009; Miklossy 2016). Based on the most recent evidence, the infec-
tious hypothesis provides a plausible stimulus for neuroinflammation. Local brain
neuroinflammation may exist at a low level throughout life with little negative
effect. However, when exacerbated by reactivation of infections or by the persis-
tence of microbial metabolites, the ongoing inflammatory response combined with
immunosenescence/inflammaging becomes difficult to control in order to repair the
injury (Kritsilis et al. 2018; Blach-Olszewska et al. 2015; Busse et al. 2017). When
it becomes chronic and a threshold of neuron death is surpassed, the disease mani-
fests itself clinically in the brain with irreversible damages (Leszek et al. 2016; Di
Benedetto et al. 2017; Goldeck et al. 2016).

It is of interest to mention that this infection hypothesis was strongly supported by
the recent discovery that Aβ is an antimicrobial peptide able to protect the brain tissue
from viral and bacterial infections (Bourgade et al. 2015, 2016; Soscia et al. 2010).
The epidemiological data as well as the susceptibility genes (e.g. Apolipoprotein
E4) also support the infection hypothesis (Lopatko et al. 2019). The fact that Aβ is
an antimicrobial peptide explain also why these amyloid plaques may be found in
normal brains as the so-called cemetery for microbes inside the biofilms (Miklossy
2016; Perl 2010; Fülöp et al. 2018a, b, c).

Besides this infection hypothesis since many years other hypotheses gain
importance for the development of AD, the vascular hypothesis being one of the
oldest. Even if there are plaques, AD is only clinically manifested when the vascular
burden becomes overwhelming as it was shown in the Nunn study. Ischemia was
also shown to be one of the triggers of Aβ production (Li et al. 2007; Han and
Fukunaga 2009). Ischemia is a powerful trigger of the neuroinflammatory process
by the production of the free radicals, pro-inflammatory cytokines and chemokines.
All these processes initiated by ischemia contribute to AD development by inducing
the preceding linflammation (Marchesi 2011). Recently, the cellular senescence was
also favoured as the main source of the neuroinflammation (Walton et al. 2020).

Whatever is the exact cause of AD the main factors are age, genetics, epige-
netics and environmental factors in its development (Kurakin and Bredesen 2020;
Komleva et al. 2021; López-Otín et al. 2013). Besides central or peripheral infec-
tions, other peripheral stressors including gastrointestinal inflammation, dysbiosis,
toxic products as well as metabolic disorders (diabetes, obesity and atherosclerosis)
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via innate immunity activation leads to neuroinflammation resulting in AD (Komleva
et al. 2021; Kowalski and Mulak 2019; Cai et al. 2013). These environmental factors
contribute for at least 40% to AD development, beside the well-established genetic
markers (Kremen et al. 2019). This means that age could be a risk factor but in
reality, lifelong environmental factors have much more influence in the develop-
ment of the disease. All the envirobiographic changes, including nutrition, physical
activity, cognitive stimulation/education, hand-in-hand with the lifelong immunobi-
ography and genetic susceptibility, contribute to the development of AD (Ngandu
et al. 2015). This envirobiography is the key to explain the heterogeneity of the
pathological process, the clinical manifestations and the difficulty to find a single
treatment. Therefore, it seems to be much more important that age but also an elusive
health parameter to measure yet.

9.4 What is Immunosenescence/Inflammaging?

Aging is accompanied by many physiological changes which lead to the decrease
of the body reserves ending up with a homeostenosis condition (i.e. a reduction in
the ability to maintain homeostasis/homeodynamics). The immune system is not an
exception from this dynamic change leading also, due to the lifelong immunobiog-
raphy/envirobiography, to a homeostenosis state composed from adaptative and mal-
adaptative parts depending on the hormesis capacity of the entire organism (Fülöp
et al. 2020a, b). The preponderance of one or the other will determine the protective
role or disease-favouring-role of the older immune system.

The constant internal and external challenges are shaping the immune system
through the entire life. Immune cells are able to react to various challenges via
the damage associated molecular patterns (DAMPs) generated by injured cells and
pathogen associated molecular patterns (PAMPs) (Kumar et al. 2011; Magrone et al.
2020). This is occurring through patterns recognition receptors (PRR) including the
Toll-like receptors (TLRs), NOD-like receptors (NLR) and retinoic acid-inducible
gene-I-like receptors (RLRs). As the immune system is in a such central position
via its fundamental role for life by fighting all noxious stresses that its changes
during aging will likely influence the clinical manifestation of most of the age-
related diseases (Fülöp et al. 2018). Therefore, it is conceivable that these changes in
the immune systemmay also drive the clinical apparition of AD (Fülöp et al. 2018a).

We will briefly describe the most important changes which may affect the devel-
opment of AD. The innate immune system is an ancestral immune response assuring
the first line of defence against internal and external challenges such as pathogenic
microorganisms and damaged cells. In its prime, the innate immune system is able
to return to a quiescent state after neutralizing the aggressions, but with the time-
dependent accumulation of stressors, the innate immune cells become more perma-
nently activated even at its “resting” state constituting the “trained innate memory”
(Fülöp et al. 2016; Kleinnijenhuis et al. 2012; van der Heijden et al. 2017; Arts et al.
2016; Domínguez-Andrés et al. 2020). This is an excessively adaptable and useful
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process based on epigenetic and metabolic changes in innate immune cells. This
contributes at any moment of the organism life to protect earlier and stronger to each
successive challenge (Ciarlo et al. 2019; Fransceschi et al. 2017).

However, constant challenges lead to an exhaustion and the system become
tolerogenic and could result in detrimental effects (Salani et al. 2019). The pro-
inflammatory and anti-inflammatory balance will determine the outcome of the
aggression as being resolved with an innate memory or becoming chronic and
harming the organism. Therefore, this permanent antigenic stimulation contributes
to low but significant secretion of pro-inflammatory mediators creating an activa-
tion/inhibition disequilibrium and participating to inflammaging (Fransceschi et al.
2000, 2007, 2018a, b).

Non-infectious agents have been implicated in the spreading of inflammatory
processes fueling inflammaging over time. The senescence-associated secretory
phenotype (SASP) is considered as the main non-infectious trigger of inflammaging
(Walton et al. 2020; Magrone et al. 2020; Coppé et al. 2018; Tchkonia et al.
2013; Birch et al. 2017). Senescent cells secrete pro-inflammatory molecules but
also exosomes that can modulate immune system functions by transporting regula-
tory micro-RNAs and proteins through bodily fluids (Campisi 2016; Giuliani 2017;
Terlecki-Zaniewicz et al. 2018). The appearance of senescent cells is primarily a
protective mechanism against cancer development and reinforcing immunosurveil-
lance, but their continuous formation is becomingdetrimental along aging. Therefore,
cellular senescence represents a dual process depending on its time of manifestation
and the type of secretome induction (Walton et al. 2020).

The innate immune system as the main primary defense of the organism
contributes to the immune changes and to inflammaging (Franceschi et al. 2000). All
cells composing the innate immune response are impacted by aging but to different
degrees (Müller et al. 2019; Goldberg et al. 2020; Bandaranayake and Shaw 2016).
Their phenotypic and functional changes may all contribute to the development and
progression of AD (Le Page et al. 2018). The monocytes are particularly changing in
their phenotypes shifting towards themore inflammatory and senescent type of the so
called intermediary and non-classical phenotype (Costantini et al. 2018; Zhao et al.
2020; Magrone et al. 2020). The monocytes at the periphery are also more activated
than in physiological conditions. Paradoxically, essential defense functions such as
chemotaxis and killing are decreased. These monocytes are able to infiltrate the brain
because of the increased permeability of the BBB (Di Benedetto et al. 2017; Huang
et al. 2020). Their differentiation in macrophages is skewed with mainly M2 subset
with immunosuppressive functions (Nyugen et al. 2010). There is also alteration
in Natural Killer (NK) cell phenotype and function with aging (Solana et al. 2018;
Solana et al. 2012). Similarly, dendritic cell (DC) antigen presentation to T cells is
altered with aging (Gupta 2014). Noteworthy, most of the changes are controversial
as they were obtained in laboratory animal models. In humans as it was shown that
controlled inflammation was a better predictor of longevity than any other previously
thought biomarkers such as telomere shortening (Arai et al. 2015).

The adaptive immunity is taking over when the innate immunity may not cope
efficiently with the aggression. Therefore, the adaptive immune system functioning
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is basically dependent on the efficiency of the innate immune system and its antigen
presenting capacity (e.g. with DCs) and the controlled cytokine production (e.g. IL-
12). The antigenpresenting capacity but also the number of the naïveCD4+andCD8+
T cells are decreased with aging (Wong et al. 2013). These data led to the common
concept that the adaptive immune system is profoundly altered with aging being
responsible for the well-known ARD (Castelo-Branco and Soveral 2014; Pawelec
2018). However, there are still many unsettled questions to really declare that the
adaptive immunity is globally decreased. We do not know to what extent the antigen
presentation is altered, to what extent the naïve T cells are decreased with aging and
most importantly, how these changes may be part of an adaptative process occurring
with aging (Fülöp et al. 2020a, b; Pawelec 2020; Pawelec et al. 2020). Therefore, it
will be important to optimize the immune resources to assure a better survival and
functionality inside the already known challenges. There should be also a balance
between the proinflammatory Th17 T cells and regulatory T cells (Tregs) (Magrone
et al. 2020). With aging this equilibrium is perturbed; while Th17 become more
inflammatory the anti-inflammatory control of Tregs is decreasing as even if their
number is increasing the secretion of IL-10 by Tregs is decreased (Schmitt et al.
2013; Salminen 2020; Churov et al. 2020).

Inflammaging was introduced by Franceschi et al. (2000) as a basic characteristic
of the biology of aging. Since its original description, the concept of inflammaging
evolved considerably. From the concept of disbalance between the innate and adap-
tive immunity, in favour of the innate part other factors have been discovered and the
molecular bases were also described. Thus, the roles of cellular senescence (SASP),
the microbiome, the mitochondrial metabolic changes have been associated (Fülöp
et al. 2019). The central role of the NF-kB is nowwell recognized as it is activated via
various receptors and transduction pathways, but also by ROS, cellular senescence
and DNA damage, in the increased production of IL-6, TNFα as hallmark of inflam-
maging (Smale 2011; Salvioli et al. 2013). In the meantime, another way to produce
pro-inflammatory cytokines (e.g. IL-1) is via the NLR mediated the inflammasome
activation (Humphries and Fitzgerald 2019). Inflammasome activation has numerous
similar mediators than the NF-kB activation and among them, particularly the ROS
and Aβ (Hu et al. 2019). It is also to mention that the nature has foreseen many
possible control mechanisms to avoid the overactivation of inflammasome such as
the stimulation of AMPK, Sirtuins, the type I interferon and autophagy (Bae et al.
2016; Price et al. 2012; de Kreutzenberg et al. 2015).

Together, inflammaging is characterized by an inflammatory status that is chronic,
systemic and low grade. The level of cytokines often remains within the normal range
(Sanada et al. 2018; Frasca et al. 2017; Rubino et al. 2019), justifying why inflam-
maging is also referred as low-grade inflammation. Considering all these factors,
aging, associated with inflammaging, may be the most important risk factor for
the clinical manifestation of late onset AD (Tam et al. 2012; Kern and Behl 2009;
Castellani et al. 2010). Thus, this progressive pro-inflammatory situation, exacer-
bated with age, creates local and systemic inflammatory responses that activate cyto-
toxic microglia, unbalanced cytokine production, Aβ accumulation and irreversible
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brain damage. Therefore, the innate immune system activation by some still unspeci-
fied triggers will result over time in a baseline inflammatory state. At younger age this
is compensated by the anti-inflammatory environment however with the passage of
time in susceptible individuals the ravages of the environmental damages would lead
to AD as it is not anymore counterbalanced. It is of note that in many older subjects
this scenario is either delayed or efficiently combatted. This once again means that
aging is not the most important risk factors, but the conglomerates of patholog-
ical processes driven by lifelong bad habits/envirobiographie. Thus, the question is
naturally occurring how immunosenescence/inflammaging may contribute to AD?

9.5 What is the Role of Inflammation in AD Development
and Progression?

It took many years to the AD community to accept that inflammation is part of the
pathogenesis of AD however it is still mainly considered as the direct result of the
Aβ deposition (McGeer and McGeer 2013). In this concept the neuroinflammation
is the consequence of AD and not the cause as Aβ produced under various situations
would trigger the activation of microglia in the brain via TLR2 and TLR4 receptors
resulting in pro-inflammatory cytokine and chemokine production (Selkoe andHardy
2016; Kumar 2019). Assuming the antimicrobial role of Aβ as described above
(Bourgade et al. 2015, 2016; Soscia et al. 2010), still this protective process becomes
detrimental when the Aβ can not be anymore ingested and cleared by the cumulative
exhausted/senescent microglia and become deposited in diffuse amyloid plaques
which in turn continue to activate/stimulate/exhaustmicroglia (Costantini et al. 2018;
Cunningham et al. 2013; Regen et al. 2017; Floden et al. 2011; Wyatt-Johnson and
Brutkiewicz 2020). In the meantime, the peripheral immune system is also activated
(as the Aβ is both an antigen and enhancer of the T cell reactivity) (Jóźwik et al.
2012) making AD a systemic disease and could be an earlier biomarker of brain
inflammation. Therefore, changes in peripheral innate immune biomarkers may also
precede by decades the clinical appearance of AD (Busse et al. 2017; Morgan et al.
2019).

Considering the recent progress, the picture is much more complicated than that.
It is now well-recognised that the inflammation is preceding by decades the clinical
manifestation of dementia. This inflammation may originate from the brain where
it would be a reaction to local noxious agents of any sort which would initiate an
inflammatory reaction and results in the activation of the local innate system by
the stimulation of PAMP and DAMP (Paouri and Georgopoulos 2019; Walker et al.
2019; McGeer and McGeer 2013). One of the most important cytokines implicated
is IL-1β which has also a dual role. IL-1β is beneficial at the beginning by activating
the microglia to protect the brain, but at long-term becomes deleterious and causes
microgliosis in AD (Licastro et al. 2000; Dansokho et al. 2016). The local innate
system is composed mainly from microglia and astrocytes. These cells under
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continuous stimulation will secrete pro-inflammatory mediators via the activation of
NF-kB and inflammasome which will reinforce the secretion of antimicrobial Aβ by
neurons (Kurakin and Bredesen 2020; Costantini et al. 2018). This Aβ will initially
fight the infections and may neutralize other toxic substances (Kumar et al. 2016a,
b). Thus, the activated microglia will try to eliminate the aggressors and create dense
core plaques which will be a sort of Aβ dense cemetery for the aggressors fueled and
organized by the Aβ (Fyfe 2021). These new data shed light on the complex role of
microglia which at the beginning of the process, by their inflammatory action, have
a strongly protective activity (Wyatt-Johnson SK and Brutkiewicz 2020). Indeed,
this is a very efficient way for decades to control both the aggressions/pathogens
and the Aβ deposition by creating the dense-core plaques. Therefore, amyloid
plaques may be seen in almost every aging brain (Rodrigue et al. 2009). However,
as we will describe later the specific changes occurring concomitantly with aging
may alter this equilibrium and AD may eventually develop. Indeed, meanwhile this
neuroinflammation will have progressive systemic effects and induce a peripheral
inflammation. The inflammatory mediators released from the brain will stimulate
the peripheral innate immune response. Among these cells at a very early stages are
monocytes and NK cells (Solana et al. 2018). This will result to the maintenance
of the activation of the innate immune system which will in turn activate the
adaptive immune response. We should mention that this phenomenon may also
occur in another way, specifically a systemic inflammation by the mediation of the
inflammatory molecules and the migration of peripheral innate cells to the brain
(Kurakin and Bredesen 2020). This may increase the BBB permeability which is
letting to penetrate the inflammatory mediators and cells to penetrate into the brain
and leading to neuroinflammation. Thus, a vicious circle will develop either whether
the inflammation originate from the brain and spread to the periphery or vice versa
(Paouri and Georgopoulos 2018; Tejera et al. 2019; Yang et al. 2020).

The reactive permeability of the blood brain barrier (BBB) is an important aspect
of neuroinflammatory process (Nzou et al. 2020; Kowalski and Mulak 2019; Festoff
2016). In normal situation this is a semi-impermeable entity between the periphery
and the central nervous system. Either aging or any inflammatory processes will
impair this impermeable status of BBB (Chen 2011). This results in the passage of
pro-inflammatory mediators and cells from the periphery to the brain and vice versa.
Not only the BBB becomes permeable, but also the transporters are also altered.
Comorbidities occurring with aging such as obesity and diabetes (diabesity) favor
the increased BBB permeability and are also risk factors for AD (Chiu et al. 2015).
Another probable contribution of the periphery to control the brain inflammation and
physiology is the gut-brain axis (Kowalski and Mulak 2019; Cattaneo et al. 2017).
This was known for a while but recently it became a major way for the interaction
and mutual control between the brain and the gut. The study of this crosstalk axis is
of utmost importance to understand the role of immunity and inflammation in central
nervous degenerative diseases.

Collectively, this data suggest that inflammation is the basic process fighting and
later maintaining the development and progression of AD.
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9.6 Immunosenescence/Inflammaging and AD

From what we have described it can be easily concluded that the are-associated
immune changes may contribute to the development of AD and consequently, it
is very tempting to blame immunosenescence/inflammaging for the development of
AD.However, it would be very reductionist to think that age-related immune changes
may play a fundamental role in the development of AD. Nevertheless, considering
what are themain characteristics of immunosenescence/inflammaging it is more than
plausible that they play a role in the clinical manifestation/appearance of AD.

Immunosenescence/inflammaging will result in a clinically imperceptible,
chronic low-grade inflammatory state which will maintain the innate immune system
stimulation, the production of more than normal pro-inflammatory cytokines and
finally the stimulation of the adaptive immune system (Franceschi et al. 2000; Fülöp
et al. 2019). This will manifest by the decrease in naïve cells and the increase in
memory cells, further contributing to the inflammation (Müller et al. 2019). This is
clearly occurring as a reaction to the lifelong (immunobiography) constant external
and internal challenges (Fülöp et al. 2020; Franceschi et al. 2017). Therefore, this is
primarily a defense mechanism that may lead to AD in the long run. In this way the
age-related immune changes may contribute by several ways.

The constant inflammation may have detrimental role and induce the neuronal
death. Furthermore, the constant stimulation will result in the sustained production
of pro-inflammatorymediators preventing the action of anti-inflammatory processes.
We should alsomention that these pro-inflammatory challenges will result in exhaus-
tion of the immune cellsmainly that of the adaptive immune system by the increase of
memory CD8+ T cells. In the brain this stimulation will result in the apparition of the
senescentmicrogliawhichwill contribute to the inflammation and neurodegeneration
instead of fighting this.

However, if we consider that AD develops through decades before its clinical
apparition, immunosenescence/inflammaging will have a very little role in the devel-
opment of AD as the neuroinflammation is independent of the aging process. Never-
theless, when the process proceeds the immunosenescence/inflammaging through
the exhaustion of the innate and adaptive immune response, it may contribute to the
clinical appearance of AD (Solana et al. 2018; Costantini et al. 2018; Magrone et al.
2020).

As mentioned, under the constant stimulation, microglia will become exhausted
and instead of being protector it becomes harmful. This has been shown through the
progression of AD. It was a major progress to establish the dual role of microglia
(Subhramanyam et al. 2019; Colonna and Butovsky 2017). The same process may
also affect the astrocytes (Garwood et al. 2017).

Another way that the aging immune system may contribute is the deregula-
tion of the immune suppressive system. The changes in Tregs and myeloid-derived
suppressor cells (MDSC) cells will favor the appearance of higher specific immune
reactions suppression but concomitantly the fueling of the chronic inflammatory
process (Le Page et al. 2017).
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Therefore, we should be very cautious beforewe attribute themajor risk factor title
to aging with its immunological attribute because this can have far reaching concep-
tual and treatment consequences. However instead if we integrate these changes
in a complex systems biology view of the AD development we could perhaps
improve the possibilities of prevention and slowing down the disease progression
(Ardura-Fabregat et al. 2017).

9.7 Cues for Intervention Targeting the Inflammation
and the Immune Changes Contributing to AD

So far, most of the anti-inflammatory drug trials were failures besides many epidemi-
ological data demonstrating the use of non-steroidal anti-inflammatory drugs (espe-
cially in arthritis patients) reduced the risk of AD (Rivers-Auty et al. 2020). This
may be explained by considering that these trials did not consider the complex role
of inflammation in the pathogenesis of AD. At the beginning inflammation should be
sustained to fight the aggression and later it should be downsized to avoid the aggrava-
tion and the ongoing nature of the neuroinflammation reinforced by the dysregulated
immunosenescence/inflammaging.

Presently many trials are ongoing targeting different molecules, pathways and
cells of the immune system to modulate the inflammation (Fülöp et al. 2020, 2021).
None of them directly is addressing the altered immune system with aging, with the
exception perhaps the tentative reduction of Tregs (Ballard et al. 2020). All of them
targets the original neuroinflammation. This should lead either to the prevention or
the decreasing/delaying of the progression of AD (Munafò et al. 2020).

Presently the only way to prevent and influence the immune changes with aging
is the intervention in multimodal way on the envirobiography (Ngandu et al. 2015).
This intervention would consist of a very early implementation of good nutritional
habits, regular exercise, decrease of bad stress (hormetically negative), cognitive
reserve increase implemented since the middle age (Komleva et al. 2021; Atri 2019;
Eiser and Fülöp 2020; de Oliveira Silva et al. 2019). In this way the use of a ketogenic
diet may increase some cognitive functions in MCI subjects by potentially acting as
a better fuel for the brain and an inhibitor of the inflammasome (Fortier et al. 2021;
Myette-Côté et al. 2021; Wissler et al. 2020).

Another popular anti-aging intervention is the use of senolytics which would
eliminate one source of aging, namely the senescent cells and as such would alleviate
inflammaging, hoping that the organism will be capable to better fight against the
aggressions (Zhao et al. 2020; Schubert et al. 2018;Mannick et al. 2014; Kang 2019).
We really at this stage do not know neither the short nor the long-term effects of such
interventions.
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9.8 Conclusion and Translational Perspectives

AD is clearly a neuroinflammation mediated neurodegenerative disease. Aging is
considered as one of themost important risk factorsmainly by its attribute influencing
the immune system changes. The development of inflammation is preceding decades
before the clinical apparition of AD. In this way immunosenescence/inflammaging
may play some role. The clear conceptualization and better understanding of ADwill
tone down the role of aging and will bring viable treatment opportunities. However,
considering the envirobiography and the genetic origins ofAD it is hardly conceivable
that a monotherapy may be available, even if the aducanumab (Aduhelm) was very
recently approved by the FDA.We should aim to treat AD by a multimodal approach
in a system biology perspective which could lead to a real personalized approach
(Gauthier et al. 2018; Fülöp et al. 2021).

Acknowledgements This work was supported by grants from Canadian Institutes of Health
Research (CIHR) (No. 106634) and No. PJT-162366) to AK and TF, the Société des médecins de
l’Université de Sherbrooke and the Research Center on Aging of the CIUSSS-CHUS, Sherbrooke
and the FRQS Audace grant to TF and EF; by the Polish Ministry of Science and Higher Educa-
tion statutory grant 02-0058/07/262 to JMW; by Agency for Science Technology and Research
(A*STAR) to AL.

Compliance with Ethical Standards

Conflict of Interest Author declare no conflict of interest.

Ethical Approval This article does not contain any studies with human participants or animals
performed by the author.

References

Akiyama H, Barger S, Barnum S, Bradt B, Bauer J, Cole GM, Cooper NR, Eikelenboom P, Emmer-
ling M, Fiebich BL, Finch CE, Frautschy S, Griffin WS, Hampel H, Hull M, Landreth G, Lue
L, Mrak R, Mackenzie IR, McGeer PL, O’Banion MK, Pachter J, Pasinetti G, Plata-Salaman
C, Rogers J, Rydel R, Shen Y, Streit W, Strohmeyer R, Tooyoma I, Van Muiswinkel FL, Veer-
huis R, Walker D, Webster S, Wegrzyniak B, Wenk G, Wyss-Coray T (2000) Inflammation and
Alzheimer’s disease. Neurobiol Aging May–June 2021;21(3):383–421. https://doi.org/10.1016/
s0197-4580(00)00124-x

AraiY,Martin-RuizCM,TakayamaM,AbeY,TakebayashiT,KoyasuS, SuematsuM,HiroseN, von
Zglinicki T (2015) Inflammation, but not telomere length, predicts successful ageing at extreme
old age: a longitudinal study of semi-supercentenarians. EBioMedicine 2(10):1549–1558. https://
doi.org/10.1016/j.ebiom.2015.07.029

Ardura-Fabregat A, Boddeke EWGM, Boza-Serrano A, Brioschi S, Castro-Gomez S, Ceyzériat
K, Dansokho C, Dierkes T, Gelders G, Heneka MT, Hoeijmakers L, Hoffmann A, Iaccarino L,
Jahnert S, Kuhbandner K, Landreth G, Lonnemann N, Löschmann PA, McManus RM, Paulus A,
Reemst K, Sanchez-Caro JM, Tiberi A, Van der Perren A, Vautheny A, Venegas C, Webers A,
Weydt P, Wijasa TS, Xiang X, Yang Y (2017) Targeting neuroinflammation to treat Alzheimer’s
disease. CNS Drugs 31(12):1057–1082. https://doi.org/10.1007/s40263-017-0483-3

https://doi.org/10.1016/s0197-4580(00)00124-x
https://doi.org/10.1016/j.ebiom.2015.07.029
https://doi.org/10.1007/s40263-017-0483-3


190 T. Fulop et al.

Arts RJ, Joosten LA, Netea MG (2016) Immunometabolic circuits in trained immunity. Semin
Immunol 28:425–430

Atri A (2019) Current and future treatments in Alzheimer’s disease. Semin Neurol 39(2):227–240.
https://doi.org/10.1055/s-0039-1678581

Bae HR, Kim DH, Park MH, Lee B, Kim MJ, Lee EK, Chung KW, Kim SM, Im DS, Chung HY
(2016) β-Hydroxybutyrate suppresses inflammasome formation by ameliorating endoplasmic
reticulum stress via AMPK activation. Oncotarget 7(41):66444–66454. https://doi.org/10.18632/
oncotarget.12119

Ballard C, Aarsland D, Cummings J et al (2020) Drug repositioning and repurposing for Alzheimer
disease. Nat Rev Neurol 16(12):661–673. https://doi.org/10.1038/s41582-020-0397-4

Bandaranayake T, ShawAC (2016)Host resistance and immune aging. ClinGeriatrMed 32(3):415–
432. https://doi.org/10.1016/j.cger.2016.02.007

Barbé-Tuana F, Funchal G, Schmitz CRR,Maurmann RM, BauerME (2020) The interplay between
immunosenescence and age-related diseases. Semin Immunopathol 42(5):545–557. https://doi.
org/10.1007/s00281-020-00806-z

Bauer ME, de la Fuente M (2016) The role of oxidative and inflammatory stress and persistent viral
infections in immunosenescence. Mech Ageing Dev. 158:27–37

Beyreuther K, Masters CL (1991) Amyloid precursor protein (APP) and beta A4 amyloid in the
etiology of Alzheimer’s disease: precursor-product relationships in the derangement of neuronal
function. Brain Pathol 1(4):241–251. https://doi.org/10.1111/j.1750-3639.1991.tb00667.x

Biagi E, Candela M, Fairweather-Tait S, Franceschi C, Brigidi P (2012) Aging of the human
metaorganism: the microbial counterpart. Age (dordr) 34:247–267

Birch J, Passos JF (2017) Targeting the SASP to combat ageing: Mitochondria as possible
intracellular allies? Bioessays 39(5)

Blach-Olszewska Z, Zaczynska E, Gustaw-Rothenberg K, Avila-Rodrigues M, Barreto GE, Leszek
J, Aliev G (2015) The innate immunity in Alzheimer disease—relevance to pathogenesis and
therapy. Curr Pharm Des 21:3582–3588

Block J (2019) Alzheimer’s disease might depend on enabling pathogens which do not necessarily
cross the blood-brain barrier. Med Hypotheses 125:129–136

Bolós M, Perea JR, Avila J (2017). Alzheimer’s disease as an inflammatory disease. Biomol
Concepts 8(1):37–43. https://doi.org/10.1515/bmc-2016-0029

Bourgade K, Garneau H, Giroux G, Le Page AY, Bocti C, Dupuis G, Frost EH, Fülöp T Jr (2015)
β-Amyloid peptides display protective activity against the human Alzheimer’s disease-associated
herpes simplex virus-1. Biogerontology 16:85–98

Bourgade K, Le Page A, Bocti C, Witkowski JM, Dupuis G, Frost EH, Fülöp T Jr (2016) Protective
effect of amyloid-β peptides against herpes simplex virus-1 infection in a neuronal cell culture
model. J Alzheimers Dis 50:1227–1241

Busse M, Michler E, von Hoff F, Dobrowolny H, Hartig R, Frodl T, Busse S (2017) Alterations in
the peripheral immune system in dementia. J Alzheimers Dis 58:1303–1313

Cai Z, Yan Y, Wang Y (2013) Minocycline alleviates beta-amyloid protein and tau pathology
via restraining neuroinflammation induced by diabetic metabolic disorder. Clin Interv Aging
8:1089–1095. https://doi.org/10.2147/CIA.S46536

Campisi J (2016) Cellular senescence and lung function during aging. Yin and Yang. Ann Am
Thorac Soc. 13(Supplement_5):S402.

Caselli M, Trevisani L, Tursi A, Sartori S, Ruina M, Luzzi I, Gaudenzi P, Alvisi V, Gasbarrini G
(1997) Short-term low-dose triple therapy with azithromycin, metronidazole and lansoprazole
appears highly effective for the eradication of Helicobacter pylori. Eur J Gastroenterol Hepatol
9(1):45–48

Castellani RJ, Rolston RK, Smith MA (2010) Alzheimer disease. Dis Mon 56:484–546
Castelo-Branco C, Soveral I (2014) The immune system and aging: a review. Gynecol Endocrinol
30(1):16–22. https://doi.org/10.3109/09513590.2013.852531

https://doi.org/10.1055/s-0039-1678581
https://doi.org/10.18632/oncotarget.12119
https://doi.org/10.1038/s41582-020-0397-4
https://doi.org/10.1016/j.cger.2016.02.007
https://doi.org/10.1007/s00281-020-00806-z
https://doi.org/10.1111/j.1750-3639.1991.tb00667.x
https://doi.org/10.1515/bmc-2016-0029
https://doi.org/10.2147/CIA.S46536
https://doi.org/10.3109/09513590.2013.852531


9 Immunosenescence and Alzheimer’s Disease 191

CattaneoA, CattaneN,Galluzzi S, Provasi S, LopizzoN, Festari C, Ferrari C, GuerraUP, Paghera B,
Muscio C, Bianchetti A, Volta GD, TurlaM, Cotelli MS, GennusoM, Prelle A, Zanetti O, Lussig-
noli G, Mirabile D, Bellandi D, Gentile S, Belotti G, Villani D, Harach T, Bolmont T, Padovani
A, Boccardi M, Frisoni GB; INDIA-FBP Group (2017) Association of brain amyloidosis with
pro-inflammatory gut bacterial taxa and peripheral inflammation markers in cognitively impaired
elderly. Neurobiol Aging 49:60–68. https://doi.org/10.1016/j.neurobiolaging.2016.08.019

Chen RL (2011) Is it appropriate to use albumin CSF/plasma ratio to assess blood brain
barrier permeability? Neurobiol Aging 32(7):1338–1339. https://doi.org/10.1016/j.neurobiol
aging.2008.08.024

Chiu C, Miller MC, Monahan R, Osgood DP, Stopa EG, Silverberg GD (2015) P-glycoprotein
expression and amyloid accumulation in human aging and Alzheimer’s disease: preliminary
observations. Neurobiol Aging 36(9):2475–2482. https://doi.org/10.1016/j.neurobiolaging.2015.
05.020

Churov AV, Mamashov KY, Novitskaia AV (2020) Homeostasis and the functional roles of CD4(+)
Treg cells in aging. Immunol Lett 226:83–89. https://doi.org/10.1016/j.imlet.2020.07.004

Ciarlo E, Heinonen T, Théroude C, Asgari F, Le Roy D, Netea MG, Roger T (2019) Trained
immunity confers broad-spectrum protection against bacterial infections. J Infect Dis pii:jiz692

Colonna M, Butovsky O (2017) Microglia function in the central nervous system during health
and neurodegeneration. Ann Rev Immunol 26(35):441–468. https://doi.org/10.1146/annurev-
immunol-051116-052358

Coppé JP, Patil CK, Rodier F, Sun Y, Muñoz DP, Goldstein J, Nelson PS, Desprez PY, Campisi
J (2018) Senescence-associated secretory phenotypes reveal cell- nonautonomous functions of
oncogenic RAS and the p53 tumor suppressor. PLoS Biol 6:2853–2868

Costantini E, D’Angelo C, Reale M (2018) The role of immunosenescence in neurodegenerative
diseases. Mediators Inflamm 8(2018):6039171. https://doi.org/10.1155/2018/6039171

Cummings J,RitterA,ZhongK (2018)Clinical trials for disease-modifying therapies inAlzheimer’s
disease: a primer, lessons learned, and a blueprint for the future. J Alzheimers Dis 64(s1):S3–S22.
https://doi.org/10.3233/JAD-179901

Cunningham C (2013) Microglia and neurodegeneration: the role of systemic inflammation. Glia
61(1):71–90. https://doi.org/10.1002/glia.22350

Dansokho C, Ait Ahmed D, Aid S, Toly-Ndour C, Chaigneau T, Calle V, Cagnard N, Holzenberger
M, Piaggio E, Aucouturier P, Dorothée G (2016) Regulatory T cells delay disease progression in
Alzheimer-like pathology. Brain 139(Pt 4):1237–1251. https://doi.org/10.1093/brain/awv408

de Kreutzenberg SV, Ceolotto G, Cattelan A, Pagnin E, Mazzucato M, Garagnani P, Borelli V,
BacaliniMG, Franceschi C, Fadini GP, Avogaro A (2015)Metformin improves putative longevity
effectors in peripheralmononuclear cells from subjectswith prediabetes.A randomized controlled
trial. Nutr Metab Cardiovasc Dis 25(7):686–693. https://doi.org/10.1016/j.numecd.2015.03.007

de Oliveira SF, Ferreira JV, Plácido J, Sant’Anna P, Araújo J, Marinho V, Laks J, Camaz DA (2019)
Threemonths ofmultimodal training contributes tomobility and executive function in elderly indi-
viduals with mild cognitive impairment, but not in those with Alzheimer’s disease: a randomized
controlled trial. Maturitas 126:28–33. https://doi.org/10.1016/j.maturitas.2019.04.217

Di Benedetto S,Müller L,Wenger E, Düzel S, PawelecG (2017) Contribution of neuroinflammation
and immunity to brain aging and the mitigating effects of physical and cognitive interventions.
Neurosci Biobehav Rev 75:114–128

Dionisio-Santos DA, Olschowka JA, O’Banion MK (2019) Exploiting microglial and peripheral
immune cell crosstalk to treat Alzheimer’s disease. J Neuroinflammation 16(1):74. 48. https://
doi.org/10.1186/s12974-019-1453-0

Domínguez-Andrés J, Fanucchi S, Joosten LAB, Mhlanga MM, Netea MG (2020) Advances in
understanding molecular regulation of innate immune memory. Curr Opin Cell Biol 63:68–75

https://doi.org/10.1016/j.neurobiolaging.2016.08.019
https://doi.org/10.1016/j.neurobiolaging.2008.08.024
https://doi.org/10.1016/j.neurobiolaging.2015.05.020
https://doi.org/10.1016/j.imlet.2020.07.004
https://doi.org/10.1146/annurev-immunol-051116-052358
https://doi.org/10.1155/2018/6039171
https://doi.org/10.3233/JAD-179901
https://doi.org/10.1002/glia.22350
https://doi.org/10.1093/brain/awv408
https://doi.org/10.1016/j.numecd.2015.03.007
https://doi.org/10.1016/j.maturitas.2019.04.217
https://doi.org/10.1186/s12974-019-1453-0


192 T. Fulop et al.

Dominy SS, Lynch C, Ermini F, BenedykM, Marczyk A, Konradi A, Nguyen M, Haditsch U, Raha
D, Griffin C, Holsinger LJ, Arastu-Kapur S, Kaba S, Lee A, RyderMI, Potempa B,Mydel P, Hell-
vard A, Adamowicz K, Hasturk H,Walker GD, Reynolds EC, Faull RLM, Curtis MA, Dragunow
M, Potempa J (2019) Porphyromonas gingivalis in Alzheimer’s disease brains: evidence for
disease causation and treatment with small-molecule inhibitors. Sci Adv 5(1):eaau3333

Eiser AR, Fulop T (2020) Extra-cranial factors in the development of Alzheimer’s disease. Brain
Res 1(1748):147076. https://doi.org/10.1016/j.brainres.2020.147076

Ellwardt E, Walsh JT, Kipnis J, Zipp F (2016) Understanding the Role of T Cells in CNS
Homeostasis. Trends Immunol 37:154–165

Festoff BW (2016) HMGB1 and thrombin mediate the blood-brain barrier dysfunction acting as
biomarkers of neuroinflammation and progression to neurodegeneration in Alzheimer’s disease.
J Neuroinflam 13:194

Floden AM, Combs CK (2011) Microglia demonstrate age-dependent interaction with amyloid-β
fibrils. J Alzheimers Dis 25(2):279–293. https://doi.org/10.3233/JAD-2011-101014

FortierM,CastellanoCA,St-PierreV,Myette-CôtéÉ, Langlois F,RoyM,MorinMC,Bocti C, Fulop
T, Godin JP, Delannoy C, Cuenoud B, Cunnane SC (2021) A ketogenic drink improves cognition
in mild cognitive impairment: results of a 6-month RCT. Alzheimers Dement 17(3):543–552.
https://doi.org/10.1002/alz.12206

Franceschi C, Bonafè M, Valensin S, Olivieri F, De Luca M, Ottaviani E, De Benedictis G (2000)
Inflamm-aging. An evolutionary perspective on immunosenescence. AnnNYAcad Sci 908:244–
254

Franceschi C, Capri M, Monti D, Giunta S, Olivieri F, Sevini F, Panourgia MP, Invidia L, Celani
L, Scurti M, Cevenini E, Castellani GC, Salvioli S (2007) Inflammaging and anti-inflammaging:
a systemic perspective on aging and longevity emerged from studies in humans. Mech Ageing
Dev 128:92–105

Franceschi C, Salvioli S, Garagnani P, de Eguileor M, Monti D, Capri M (2017) Immunobiography
and the heterogeneity of immune responses in the elderly: a focus on inflammaging and trained
immunity. Front Immunol 8:982

Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A (2018a) Inflammaging: a new immune-
metabolic viewpoint for age-related diseases. Nat Rev Endocrinol. 2018 Oct;14(10):576–590.
https://doi.org/10.1038/s41574-018-0059-4

Franceschi C, Zaikin A, Gordleeva S, Ivanchenko M, Bonifazi F, Storci G, Bonafè M (2018b)
Inflammaging 2018: an update and a model. Semin Immunol 40:1–5

Frasca D, Blomberg BB, Paganelli R (2017) Aging, obesity, and inflammatory age-related diseases.
Front Immunol 8:1745

Fülöp T, Lacombe G, Cunnane S, Le Page A, Dupuis G, Frost EH, Bourgade-Navarro K, Goldeck
D, Larbi A, Pawelec G (2013) Elusive Alzheimer’s disease: can immune signatures help our
understanding of this challenging disease? Part 2: new immune paradigm.DiscovMed 15(80):33–
42

Fülöp T, Dupuis G, Baehl S, Le Page A, Bourgade K, Frost E, Witkowski JM, Pawelec G, Larbi A,
Cunnane S (2016) From inflamm-aging to immune-paralysis: a slippery slope during aging for
immune-adaptation.Biogerontology17(1):147–157. https://doi.org/10.1007/s10522-015-9615-7

Fülöp T, Witkowski JM, Olivieri F, Larbi A (2018a) The integration of inflammaging in age-related
diseases. Semin Immunol 40:17–35. https://doi.org/10.1016/j.smim.2018.09.003

Fülöp T, Larbi A, Dupuis G, Le Page A, Frost EH, Cohen AA, Witkowski JM, Franceschi C
(2018b) Immunosenescence and inflamm-aging as two sides of the same coin: friends or foes?
Front Immunol Jan 10;8:1960. https://doi.org/10.3389/fimmu.2017.01960

Fülöp T, Witkowski JM, Bourgade K, Khalil A, Zerif E, Larbi A, Hirokawa K, Pawelec G, Bocti C,
Lacombe G, Dupuis G, Frost EH (2018c) Can an infection hypothesis explain the beta amyloid
hypothesis of Alzheimer’s disease? Front Aging Neurosci Jul 24;10:224. https://doi.org/10.3389/
fnagi.2018.00224

Fülöp T, Larbi A,Witkowski JM (2019) Human inflammaging. Gerontology 65(5):495–504. https://
doi.org/10.1159/000497375

https://doi.org/10.1016/j.brainres.2020.147076
https://doi.org/10.3233/JAD-2011-101014
https://doi.org/10.1002/alz.12206
https://doi.org/10.1038/s41574-018-0059-4
https://doi.org/10.1007/s10522-015-9615-7
https://doi.org/10.1016/j.smim.2018.09.003
https://doi.org/10.3389/fimmu.2017.01960
https://doi.org/10.3389/fnagi.2018.00224
https://doi.org/10.1159/000497375


9 Immunosenescence and Alzheimer’s Disease 193

Fülöp T, Munawara U, Larbi A, Desroches M, Rodrigues S, Catanzaro M, Guidolin A, Khalil A,
Bernier F, Barron AE, Hirokawa K, Beauregard PB, Dumoulin D, Bellenger JP, Witkowski JM,
Frost E (2020a) Targeting infectious agents as a therapeutic strategy in Alzheimer’s disease. CNS
Drugs 2020 Jul;34(7):673–695. https://doi.org/10.1007/s40263-020-00737-1

Fülöp T, Larbi A, Hirokawa K, Cohen AA, Witkowski JM (2020b) Immunosenescence is both
functional/adaptive and dysfunctional/maladaptive. Semin Immunopathol 2020 Oct;42(5):521–
536. https://doi.org/10.1007/s00281-020-00818-9

Fülöp T, Tripathi S, Rodrigues S, Desroches M, Bunt T, Eiser A, Bernier F, Beauregard PB, Barron
AE, Khalil A, Plotka A, Hirokawa K, Larbi A, Bocti C, Laurent B, Frost EH, Witkowski JM
(2021) Targeting impaired antimicrobial immunity in the brain for the treatment of Alzheimer’s
disease. Neuropsychiatr Dis Treat 4(17):1311–1339. https://doi.org/10.2147/NDT.S264910

Fülöp T, Dupuis G, Witkowski JM, Larbi A (2016) The role of immunosenescence in the
development of age-related diseases. Rev Invest Clin March–April 2016;68(2):84–91

Fyfe I (2021) Dense-core plaques could be beneficial in AD. Nat Rev Neurol 17(6):328. https://doi.
org/10.1038/s41582-021-00513-9

Garwood CJ, Ratcliffe LE, Simpson JE, Heath PR, Ince PG,Wharton SB (2017) Review: astrocytes
in Alzheimer’s disease and other age-associated dementias: a supporting player with a central
role. Neuropathol Appl Neurobiol 43(4):281–298. https://doi.org/10.1111/nan.12338

Gauthier S, Ng KP, Pascoal TA, Zhang H, Rosa-Neto P (2018) Targeting Alzheimer’s disease at the
right time and the right place: validation of a personalized approach to diagnosis and treatment.
J Alzheimers Dis 64(s1):S23–S31. https://doi.org/10.3233/JAD-179924

Giuliani A, Prattichizzo F, Micolucci L, Ceriello A, Procopio AD, RippoMR (2017) Mitochondrial
(Dys) function in inflammaging: domitomirs influence the energetic, oxidative, and inflammatory
status of senescent cells? Mediators Inflamm 2017:2309034

Giunta B, Fernandez F, Nikolic WV, Obregon D, Rrapo E, Town T, Tan J (2008) Inflammaging as
a prodrome to Alzheimer’s disease. J Neuroinflam 11(5):51. https://doi.org/10.1186/1742-2094-
5-51

Goldberg EL, Shaw AC, Montgomery RR (2020) How inflammation blunts innate immunity in
aging. Interdiscip Top Gerontol Geriatr 43:1–17. https://doi.org/10.1159/000504480 Epub 2020
Apr 9

Goldeck D, Witkowski JM, Fülop T, Pawelec G (2016) Peripheral immune signatures in Alzheimer
disease. Curr Alzheimer Res 13(7):739–749

Gupta S (2014) Role of dendritic cells in innate and adaptive immune response in human aging.
Exp Gerontol 54:47–52. https://doi.org/10.1016/j.exger.2013.12.009

Han F, Fukunaga K (2009) Beta-amyloid accumulation in neurovascular units following brain
embolism. J Pharmacol Sci 111(2):101–109. https://doi.org/10.1254/jphs.09r02cp

Hansen PR (2018) Chronic inflammatory diseases and atherosclerotic cardiovascular disease: inno-
cent bystanders or partners in crime? Curr Pharm Des 24(3):281–290. https://doi.org/10.2174/
1381612824666180110102341

Hardy J, Allsop D (1991) Amyloid deposition as the central event in the aetiology of Alzheimer’s
disease. Trends Pharmacol Sci 12(10):383–388. https://doi.org/10.1016/0165-6147(91)90609-v

Hardy J, SelkoeDJ (2002)The amyloid hypothesis ofAlzheimer’s disease: progress andproblemson
the road to therapeutics. Science 297(5580):353–356. https://doi.org/10.1126/science.1072994

Herrup K (2015) The case for rejecting the amyloid cascade hypothesis. Nat Neurosci 18(6):794–
799. https://doi.org/10.1038/nn.4017

Hu MY, Lin YY, Zhang BJ, Lu DL, Lu ZQ, Cai W (2019) Update of inflammasome activation
in microglia/macrophage in aging and aging-related disease. CNS Neurosci Ther 25(12):1299–
1307. https://doi.org/10.1111/cns.13262

Huang Z, Wong LW, Su Y, Huang X, Wang N, Chen H, Yi C (2020) Blood-brain barrier integrity in
the pathogenesis of Alzheimer’s disease. Front Neuroendocrinol 59:100857. https://doi.org/10.
1016/j.yfrne.2020.100857

Humphries F, Fitzgerald KA (2019) Assembling the inflammasome Piece by Piece. J Immunol.
203(5):1093–1094. https://doi.org/10.4049/jimmunol.1900764

https://doi.org/10.1007/s40263-020-00737-1
https://doi.org/10.1007/s00281-020-00818-9
https://doi.org/10.2147/NDT.S264910
https://doi.org/10.1038/s41582-021-00513-9
https://doi.org/10.1111/nan.12338
https://doi.org/10.3233/JAD-179924
https://doi.org/10.1186/1742-2094-5-51
https://doi.org/10.1159/000504480
https://doi.org/10.1016/j.exger.2013.12.009
https://doi.org/10.1254/jphs.09r02cp
https://doi.org/10.2174/1381612824666180110102341
https://doi.org/10.1016/0165-6147(91)90609-v
https://doi.org/10.1126/science.1072994
https://doi.org/10.1038/nn.4017
https://doi.org/10.1111/cns.13262
https://doi.org/10.1016/j.yfrne.2020.100857
https://doi.org/10.4049/jimmunol.1900764


194 T. Fulop et al.

Itzhaki RF, Lathe R, Balin BJ, Ball MJ, Bearer EL, Braak H, Bullido MJ, Carter C, Clerici M,
Cosby SL, Del Tredici K, Field H, Fulop T, Grassi C, Griffin WS, Haas J, Hudson AP, Kamer
AR, Kell DB, Licastro F, Letenneur L, LövheimH,Mancuso R,Miklossy J, Otth C, Palamara AT,
Perry G, Preston C, Pretorius E, Strandberg T, Tabet N, Taylor-Robinson SD, Whittum-Hudson
JA (2016) Microbes and Alzheimer’s disease. J Alzheimers Dis 51(4):979–984. https://doi.org/
10.3233/JAD-160152
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