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Chapter 1

General introduction

1



1. General introduction

1.1 Aging population
The proportion of elderly people is steadily increasing glob-
ally due to an increase in life expectancy and a decrease in
birth rates (Figure 1.1). This growth of the older population is
unprecedented; never before in history, have children under 5
years of age been outnumbered by elderly of 65 years or older
(United Nations et al., 2019). Moreover, this trend is not ex-
pected to stop anytime soon, with projections estimating that
16% of the world’s population will be above the age of 65 by
2050 (United Nations et al., 2019).

At higher ages, chronic diseases become more prevalent,
with the majority of elderly people suffering from one or more
chronic diseases (Barnett et al., 2012). In countries with a
high life expectancy, the average number of years of individuals
living with a disability or a chronic disease are also highest
(Max Roser & Ritchie, 2013) (Figure 1.2). This shows that a
longer life expectancy does not mean that people live longer in
good health, but that the increase in life expectancy generally
comes with a growing burden on health care (Bähler et al.,
2015; Sandra H. van Oostrom et al., 2014).

While elderly are generally more susceptible to disease,
the health-related problems that occur with increasing age
are very diverse, leading to a quite heterogenous older pop-
ulation. There are people above 70 years of age that have
many comorbidities and are frail, while others remain healthy
and physically fit and can live independently until old age.
Possible causes are differences in lifestyle and environment, in
(epi)genetics, and in exposure to infectious agents. Further-
more, women tend to live longer than men but with higher
morbidity, possibly due to (a combination of) hormonal and
genetic differences (Gordon & Hubbard, 2019). It is impor-
tant to understand how people age and why health outcomes
are so diverse at older age. Increasing knowledge about the
aging process can contribute to identifying groups that are at
high risk for accelerated aging and, subsequently, to develop-
ing strategies and interventions to promote healthy aging, so
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1.1. Aging population

Figure 1.1: Demography of the world population from 1950 to 2100, based on
data from the United Nations (United Nations, 2017). Figure adapted from
OurWorldInData.org (Ritchie & Roser, 2019).

Figure 1.2: Life expectancy per country compared to expected years lived with
disability or disease in 2016. Based on data from the Global Burden of Disease
Study (Global Burden of Disease Collaborative Network, 2016). Figure adapted
from OurWorldInData.org.
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1. General introduction

that as many people as possible can continue to participate in
communities and live independently until old age.

1.2 Frailty and healthy aging
Emphasizing healthy aging implies focusing less on specific dis-
eases and more on the well-being and independence of older
people in aging research. This is reflected by the world health
organization (WHO), that recently called for worldwide action
by announcing the ‘Decade of Healthy Ageing’ (WHO, 2020b).
To study healthy aging, a proper definition is needed. The
WHO describes healthy aging as the “process of developing
and maintaining the functional ability that enables wellbeing
in older age” (WHO, 2020a). In general, people that are able
to properly recover from damage to the body due to a chal-
lenge/stressor event (e.g. a falling incident) are called ‘resilient’;
these are the ones most likely to remain healthy in old age. A
closely related term, which is not necessarily the exact oppo-
site of resilience (Whitson et al., 2018), is frailty. There are
multiple definitions of frailty, but experts agree that frail peo-
ple are the ones that are vulnerable and are at higher risk to
suffer from adverse events such as falls or a delirium (Clegg et
al., 2013; Kenneth Rockwood & Howlett, 2019; Walston et al.,
2006). The health status of frail people changes disproportion-
ate after relatively minor stressor events (e.g. minor infection,
minor surgery) (Clegg et al., 2013).

One frequently used instrument to measure frailty is based
on the “frailty phenotype,” defined by Fried in 2001 (Fried et
al., 2001). This ‘phenotype’ is constructed from five param-
eters specifically measuring ‘physical wellbeing’ (exhaustion,
weight loss, low muscle strength, slow walking speed, low phys-
ical activity), with someone being qualified as frail when three
or more of these parameters are present (Fried et al., 2001).
It has been shown in multiple studies that people classified as
frail according to this scale, are at greater risk of adverse events
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1.3. Importance of immune system in healthy aging

such as mortality (Hanlon et al., 2018). This score is used ex-
tensively in aging research, partly due to its ease of use, since
only a few parameters have to be estimated. Moreover, it uses
cutoff points to define groups of ‘frail’ and ‘non-frail’ people,
which leads to a clear-cut binary classification. Many variants
have been proposed and used instead of the original parame-
ters, since parameters such as weight loss require consecutive
measurements (or accurate recall by participants) which may
not always be feasible in practice.

A different frailty instrument that is broadly used is
the frailty index score as developed originally by Mitnitski,
Mogilner, and Rockwood (Mitnitski et al., 2001). This scale
quantifies the accumulation of multiple ‘deficits,’ typically 30
or more (Searle et al., 2008). The deficits are defined as “symp-
toms, signs, disabilities and diseases” (K. Rockwood & Mitnit-
ski, 2007) that are related to health status and aging (Searle et
al., 2008). By design the frailty index score takes into account
a wider range of deficits than Fried’s frailty phenotype. These
deficits can be correlated, in the sense that having one may
increase the likelihood of having another. It has been shown
that, as long as enough deficits are included in the frailty index
score, the score behaves consistently in multiple study settings
and can be interpreted as a continuous measure of the risk of
adverse events such as mortality and morbidity (Searle et al.,
2008). Both the frailty phenotype and the frailty index score
have been shown to be related to the risk of adverse events, such
as mortality and morbidity, but this relationship is stronger
with the frailty index (Kulminski et al., 2008; K. Rockwood et
al., 2007).

1.3 Importance of immune system in
healthy aging

Crucial in healthy aging is an adequately functioning immune
system. The immune system helps the body to defend against
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1. General introduction

pathogens (Abbas et al., 2017), to repair damaged tissue (Ab-
nave & Ghigo, 2019) and to remove foreign substances and cells
that are potentially harmful to the body. Immune reactions
should be tightly balanced and specific; strong enough to main-
tain an adequate protection against harmful pathogens but not
so strong or nonspecific that they will inflict self-damage.

Signs of a poorly functioning, impaired immune system are
seen more frequently in the elderly, a phenomenon often re-
ferred to as ‘immunosenescence.’ It is, for instance, known that
elderly people become more severely ill from several newly en-
countered infectious diseases (Glynn & Moss, 2020), and re-
spond less well to vaccines (Goodwin et al., 2006; Gustafson
et al., 2020). Also, many diseases that are common at older
age are related to inadequately functioning of the immune sys-
tem and to uncontrolled inflammation, such as cardiovascular
disease (Libby, 2006), diabetes mellitus (Tsalamandris et al.,
2019) and cancer (Greten & Grivennikov, 2019).

The initial defense against a pathogen is orchestrated by
the innate immune system, which mechanisms are rapid and
independently of previous exposure to the pathogen. The first
innate defense mechanisms that a pathogen will encounter are
physical and mechanical barriers, such as the skin and mu-
cosal epithelia, which are of vital importance to prevent in-
fections. When a pathogen is able to penetrate these barri-
ers, it will encounter immune cells that are rapidly recruited
with cytotoxic (NK cells) and phagocytic capacity (neutrophils,
monocytes, and macrophages). These cells initiate the produc-
tion of several proteins such as inflammatory proteins, acute
phase proteins, chemokines and cytokines (Abbas et al., 2017;
Janeway Jr et al., 2001). These proteins regulate inflammation
and are important for communication between immune cells.
The innate immune responses mentioned above activate the
adaptive immune system, which is slow in its initial reaction
but develops a stronger immune reaction targeted to specific
pathogens. Once activated, the adaptive immune system also
develops pathogen-specific immune memory. Innate cells like
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1.4. Aging-related changes in the immune system

dendritic cells present pathogens to the T-and B- lymphocytes.
Cytotoxic T cells are able to actively kill pathogens themselves,
while helper T cells secrete pro-inflammatory cytokines and
stimulate B cells to produce pathogen-specific antibodies (Ab-
bas et al., 2017; Janeway Jr et al., 2001).

Important for the communication between the adaptive and
innate immune system and in the regulation of inflammation
by recruiting and activation of immune cells are cytokines.
Cytokines are secreted by several types of cells in the body,
with the main producers being macrophages and (helper) T
cells. Immune effector cells are drawn to sites of inflammation
by chemotaxis, mainly by chemotactic cytokines (chemokines).
Apart from their chemotactic properties, cytokines can also reg-
ulate inflammation by binding to cellular receptors which can
initiate intracellular changes and therefore increase or decrease
cellular activity. Cytokines are small proteins but are complex
in function; they have pleiotropic effects, meaning that their
function varies depending on various factors, such as the target
location, the specific cell it binds to or the presence or absence
of other cytokines that can act as “co-activators” (Dinarello,
2007).

1.4 Aging-related changes in the
immune system

Age-related changes of the immune system occur in both the
innate and adaptive immune system (Figure 1.3) and may be
a sign of impaired immune reactions in older individuals. One
well-known age-related change in the adaptive immune system
is the involution of the thymus;, starting at puberty, thymic
tissue is gradually replaced by fat under influence of hormones
(Steinmann et al., 1985), which contributes to reduced output
of T cells by the thymus during aging (Mitchell et al., 2010). In
line with this, it has been shown that with advancing age there
is a decline in the numbers of naive CD8+T cells (Britanova
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1. General introduction

et al., 2014; Li et al., 2019; Saule et al., 2006; Wertheimer et
al., 2014) and in the diversity of T-cell receptors (Britanova et
al., 2014). Not only the T-cell lineage is affected; also B-cell
diversity has been shown to decline with age due to the decline
in hematopoietic stem cells with aging (Gibson et al., 2009).
This loss of diversity in newly generated T and B cells could
lead to a less potent response to infectious diseases, which could
explain why elderly are more prone to react poorly to newly
encountered infections (Glynn & Moss, 2020). The innate im-
mune system also shows multiple changes when aging. While
numbers of phagocytes do not seem to be affected by age, their
function is thought to be impaired (Shaw et al., 10/25/online
2013). Neutrophils, which are the most abundant phagocytes
in peripheral blood, show a lower chemotactic and phagocytic
capacity in the elderly, (Sapey et al., 2014), which could clearly
affect the body’s ability to adequately respond to pathogens.

Chronic low-grade inflammation
Important observations regarding the aging immune system are
the signs of a chronic low-grade inflammation in the elderly,
mainly evidenced by elevated levels of inflammatory proteins
(Claudio Franceschi et al., 2006). This low-grade inflamma-
tion is thought to be unfavorable (Claudio Franceschi et al.,
2006) since an overactivation of the immune system could be
damaging to the body, for instance due to the release of harm-
ful reactive oxygen species, or due to the immune system re-
sponding less adequately to harmful threats (Shen-Orr et al.,
2016). The mechanisms that give rise to a state of continuous
low-grade inflammation are still poorly understood, but several
theories have been proposed. It is known that when cells accu-
mulate damage during their lifetime, they can enter a ‘senescent
state’ in which they produce several pro-inflammatory proteins
(senescence associated secretory phenotype), which can affect
functionality of nearby cells (van Deursen, 2014). Senescent
cells are more abundant in elderly due to more cells becoming
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1.4. Aging-related changes in the immune system

Figure 1.3: Changes in the cellular immune system with age for cells in the
myeloid and the lymphoid lineage.
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1. General introduction

senescent and less senescent cells being cleared appropriately
(van Deursen, 2014) and thus they could be a direct source
of chronic low-grade inflammation in the elderly. Senescent
cells can also indirectly enhance inflammation after they un-
dergo necrosis, since this can release cell debris that can acti-
vate several pattern recognition receptors (Claudio Franceschi
et al., 2017). In addition, It is thought that senescent cells
and their debris are less well cleared in the elderly because of
an impaired function of macrophages (Claudio Franceschi et
al., 2017), triggering a higher production of pro-inflammatory
cytokines. Another source of inflammation could be a reac-
tion to bacterial remnants entering the circulation through a
more dysfunctional gut mucosal barrier at higher age, which is
shown in animal models (Thevaranjan et al., 2017). In humans,
an altered gut microbiome has been found in older individuals
(Biagi et al., 2016), but convincing evidence is lacking whether
also gut permeability is increased with age, with researchers
recently ejecting this hypothesis after directly testing it in vivo
(Wilms et al., 2020). Lastly, adiposity could also contribute
to low-grade inflammation in elderly, since the prevalence of
obesity increases with age and fat cells are known to produce
pro-inflammatory cytokines and promote macrophage recruit-
ment (Ghigliotti et al., 2014).

CMV infection
Some herpes virus infections remain latent and are believed to
exert chronic ‘immunological stress’ throughout the life course,
of which an important one is cytomegalovirus (CMV) infec-
tion. Prevalence of chronic CMV infection in the population
increases with age due to the increasing accumulative risk of
exposure to the virus with age, with a CMV infection preva-
lence of approximately 45% in the Dutch population which in-
creases to >60% in individuals above 70 years of age. In many
other countries seroprevalence numbers are even higher (Korn-
dewal et al., 2015). Chronic CMV infection is known to impact
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the immune system, especially by the expansion of the CMV-
specific memory T cell compartment (Apoil et al., 2017; Paw-
elec, 2014; Wertheimer et al., 2014). Due to the large impact of
CMV infection on the memory T cell compartment and the per-
sistence of the viral infection, CMV is thought to negatively in-
fluence the immune system’s ability to control other pathogens,
especially after prolonged exposure to the virus. CMV infection
has also been linked to atherosclerotic cardiovascular diseases
which are well-known to be age-related (H. Wang et al., 2017).
Therefore, it is thought that CMV infection plays a major role
in specifically T-cell-related immunosenescence.

1.5 Missing knowledge
While aging of the immune system is a current topic of re-
search, essential knowledge is still lacking to understand why
people age successfully or not and how the immune system is
involved in this process. More specifically, it is still unclear how
the phenotypical and functional changes of the immune system
with age are related to healthy aging or frailty, and whether
sex-specific differences play a role in this process. Knowledge
is also lacking about how and when low-grade inflammation
develops in elderly. It is unknown when age-related changes of
the immune system develop during the life course, and whether
these changes precede a decline in general health or, rather, are
a result of such a decline. In order to gain insight into causality
of the role of the immune system in healthy aging, longitudinal
studies are necessary, which are sparse. We, however, had the
opportunity in this thesis to conduct longitudinal research into
age-related changes of the immune system.

1.6 Research aim
In this thesis, we aim to examine the effect of aging on the
immune system over a prolonged period of time and to deter-
mine how this relates to frailty, by identifying immunological
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1. General introduction

markers related to frailty. We hypothesize that immunological
alterations such as low-grade inflammation develop relatively
early in the life course, and that these could lead to a higher
chance of adverse events during life, and therefore to a higher
chance of becoming frail. The research questions addressed are:

1. Do chronically elevated levels of a pro-inflammatory
marker precede frailty in men and women?

2. How does the cellular immune profile change with age
and frailty in men and women?

3. To what extent does chronic cytomegalovirus infection
influence frailty in men and women and is the duration
of CMV infection important in this process?

4. Can specific ‘healthy’ or ‘unfavorable’ aging trajectories
be identified in the general population in either men or
women?

5. How does an inflammatory marker profile change with
age in men and women, which of these changes are related
to frailty and, most importantly, which of them precede
frailty?

6. Are low-grade inflammation and frailty related to a re-
duced cellular immune response?

1.7 Study cohort and study outline
To answer these research questions, we made use of the Doet-
inchem Cohort Study (DCS) with its unique longitudinal data
and stored biological samples. The DCS started in 1987-1991
with a random sample from the population in and around
Doetinchem, a provincial town in the Netherlands (n=7768,
aged 20-60 years). Participants are assessed every five years.
Six consecutive measurement and sampling rounds have been
completed (1993-1997, 1998-2002, 2003-2007, 2008-2012, 2013-
2017) every 5 years and the seventh round is ongoing (2018-
2022). At every DCS examination round, participants an-
swered questionnaires about general health, lifestyle, and in-
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curred current or previous diseases. In addition, physical ex-
amination was performed and blood samples were taken, as
described in detail previously (Picavet et al., 2017; Verschuren
et al., 2008). To select a subgroup of DCS participants in order
to investigate more in-depth the changes of the immune system
with age, we first evaluated and validated a frailty index score
and showed that it had similar characteristics in the DCS as in
previously compiled scores (Collerton et al., 2012; Mitnitski et
al., 2001; Kenneth Rockwood et al., 2005; Searle et al., 2008).
Then, we defined three frailty groups; frailest participants were
defined as those that had the highest age-and sex- adjusted
frailty index score (15% highest score), healthiest participants
as those with the (15%) lowest score, and finally a group com-
prising the remaining participants with an intermediate score.
Next, we performed a random selection stratified by sex, frailty
group and age category, to ensure an equal distribution of men
and women and younger and elderly ones (Figure 1.4). From
the people of this DCS subcohort, we obtained additional blood
samples so that we could perform cellular immunophenotyping
in fresh whole blood samples, and store additional peripheral
blood mononuclear cells for later analysis (Figure 1.4).

1.8 Thesis outline
In Chapter 2 we describe the selection of the DCS subco-
hort and the frailty index score compilation. Furthermore, in
this chapter we investigate differences in major immune cell
populations between healthy and frail individuals and explore
how chronic low-grade inflammation (as measured by CRP con-
centrations) is related to frailty. In Chapter 3 we study in-
depth changes in the cellular immune system, looking at vari-
ous subsets and their relationships with age and frailty cross-
sectionally. In Chapter 4 we compile and evaluate a relatively
simple general health score (Healthy Aging Index) for longitu-
dinal assessment in the entire Doetinchem Cohort Study. In
this chapter, we investigate the use of this healthy aging index
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Plasma: 
- Inflammatory marker 
trajectories 
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Figure 1.4: Selection of a subgroup of the Doetinchem Cohort Study and blood
sampling at the study cohort. Plasma samples from every participant were col-
lected and stored every five years for later use. In 2016 and 2017, we invited the
DCS subcohort participants for additional blood withdrawals, so that extensive
immune phenotyping could take place and additional mononuclear cells could be
stored. PBMCs: peripheral blood mononuclear cells.

to define different aging trajectories. In Chapter 5 we inves-
tigate how chronic CMV infection and especially duration of
CMV infection influences immune functioning and frailty. In
Chapter 6 we investigate longitudinal trajectories of multiple
inflammatory markers, such as cytokines and chemokines, and
evaluate how concentrations of these biomarkers change with
age in men and women separately. Secondly, we investigate
how these immunological changes are related to frailty and to
other physiological parameters that are known to change with
age, such as lung function and muscle strength. In Chapter
7 we study how immune cellular responsiveness and cellular
cytokine production are related to frailty. Finally, Chapter
8 contains the summary of the thesis and the discussion in
which we evaluate its broader perspectives, the clinical rele-
vance and the possible implications for further research to pro-
mote healthy aging.
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