Chapter 6 ®)
Ageing Mucosal Immunity and Its e
Consequences for Infectious Diseases

in the Aged; A First Glance

Marieke van der Heiden and Debbie van Baarle

Abstract While our understanding on systemic immunological ageing has increased
in the past years, knowledge on ageing of the mucosal immune system is lacking
behind. Since the mucosa 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.
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6.1 Introduction

As aresult 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
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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).

The MALT 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 and Kiyono 2009).
Currently, knowledge on mucosal immunity is mainly based on findings in the GALT,
whereas the latter two are studied to a lesser extent. Below the most 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 (Fiilop et al. 2012, 2019; Pawelec 2020). This inflammageing is often
associated with age related diseases as well as frailty (Fiilop 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 naive T cells are a minority (Jung et al.
2010). Despite extensive studies on effects of age on the systemic T-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 naive
CDA4+ T cells, potentially resulting in decreased T-cell help during immune responses
(Martelli et al. 2016). This decline in naive T cells accompanies the findings observed
in the periphery and relates to the reduced production of naive 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 naive T-cell
numbers, systemic homeostatic proliferation of T cells is enhanced to maintain 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 and Weyand 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 and Weyand
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
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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
etal. 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 naive
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
and Aspinall 2009; Dunn-Walters 2016; Frasca et al. 2017). Moreover, reduced B-cell
receptor diversity (Dunn-Walters 2016), proliferation (Siegrist and Aspinall 2009)
and capacity for class-switching (Frascaetal. 201 1) 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 y§ T Cells

Finally, while present in low frequencies in the periphery, the innate like MAIT cells
as well as y8 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 circulating MAIT and y3 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 circulation was 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 aff T cells, alterations in the phenotype
of circulating y3 T cells were observed with advancing age. Importantly, within the
circulation, the major V82 4 y3 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 HIN1 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-prone RNA polymerases, often referred to as antigenic drift (Bouvier and Palese
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-
quentinfluenza 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 HIN1/09 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 specific memory CD4+ T cells were found to recognize
conserved viral proteins and cross-react between multiple 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 [gA
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).
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Table 6.1 Association between mucosal immune responses and immunity and/or protection against
infections with a high disease burden in the elderly

Infection Mucosal immunity associated with infection Species | References
specific immunity and/or protection
Influenza * Nasal influenza specific IgA Human | Gould et al. (2017)
* Influenza specific CD8+ T cells in respiratory | Mice | Nguyen et al.
tract (1999)
* Alveolar macrophages Mice |Heetal. (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 Human | Jochems et al.
mucosa (2019)
 Nasal pneumococcal specific IL17 +CD4+ Mice |O’Haraet al.
TRM cells (2020)
SARS-CoV2 |+ SARS-CoV2 specific airway CD8+ TRM cells | MHP | McMabhan et al.
(2021)
* SARS-Cov2 specific IgA in BAL Human | Sterlin et al. (2021)
VZV e VZV specific CD4+ TRM cells in skin Human | Vukmanovic-Stejic
et al. (2015)
* Innate immune responses in skin and dorsal Human | Laing et al. (2018)
ganglia
CMV * CMV specific cells in diverse tissues (bone Human | Gordon et al.
marrow, lymph nodes, spleen and lung) (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 Iung 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 from mouse
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 specific mucosal
immunity

Infection Age related change in infection Species | References
specific mucosal immunity

Influenza * Delayed activation innate Mice Toapanta (2009)
immunity in lung

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 Mice Wong et al. (2017)
alveolar macrophages

Decay of influenza specific Human | Nguyen et al. (2021)
CD8+ TRM cells in lung Mice 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 Mice Krone et al. (2013)

immunity
Pneumoniae |+ Dysbiosis nasal microbiome Human | Steenhuijsen Piters et al. (2016)
\VAY% * Increased expression regulatory | Human | Vukmanovic-Stejic et al. (2015)

markers on VZV specific CD4+
TRM cells in skin

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
understood whether ADE plays arole in the higher RSV disease 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 4-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 Thl 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 lung was found associated with disease
susceptibility in ahuman RSV challenge model (Habibi 2020). Finally, mouse models
indicated a critical role for alveolar macrophages in the early immune response
towards RSV 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, of which the serotypes
most associated with severe disease and high mortality in the elderly, serotypes 1,
3,4,5,6A,6B, 7F, 9V, 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 I[gAl proteases
dismantling IgA mediated 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;
Shivshankaretal. 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 TNFa and IL6 (Huang
et al. 2020; Schurink et al. 2020; Cunha et al. 2020). These inflammatory responses
were found persistent and not associated with 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 those with underlying chronic inflammatory diseases (Yanez
etal. 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-CoV?2 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 responses were also associated with 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
COVIDI19 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-CoV?2 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-CoV?2 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-CoV?2 specific
IgA warrants thorough investigation (Siggins et al. 2021) (Table 6.1).

Ageing and SARS-Cov?2 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 IFNy 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
that was associated with 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 of VZV specific CD4+ T cells expressing a TRM phenotype,
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 regulatory markers 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 (CMYV)
CMYV 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; Aratjo 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 4- T-cell compartment were detected (van den Berg
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etal. 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.

CMYV 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 CM V-infection have been topic of a lot of research, this has
mainly been focused on the influence of CMV on the ageing process from an 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 ageing'®*. 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.

Compliance with Ethical Standards Both authors declare that they have no conflict of interest.
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