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1 Abbreviations
HSC
DNA
NK cells
DC
PAMP
MHC
CMV
IFN
IL
IL-1RA
TNF
sTNF-R
TCR
E
EM
CM
EM3
TEMRA
CD
TSCM
PD
CNS
CRP
HDL
LDL
IgG
CI
EM
WM
Gf
IGF-1
SOEP
ELISA
CBA
CC
CPL
Elocal
Eglobal
SWNs
DHEA
IGF-1
IGFBP-3
BDNF
HPA

Hematopoietic stem cells
Deoxyribonucleic acid
Natural killer cells
Dendritic cells
Pathogen-associated molecular patterns
Major histocompatibility complex
Cytomegalovirus
Interferon
Interleukin
Interleukin 1 receptor antagonist
Tumor Necrosis Factor
Soluble Tumor Necrosis Factor receptor
T-cell receptor
Effector
Effector memory
Central memory
Late differentiated effector memory
Effector Memory T cells re-expressing CD45RA
Cluster of differentiation
T-stem cell-like memory
Programmed cell death protein
Central nervous system
C-reactive protein
High-density lipoprotein
Low-density lipoprotein
Immunoglobulin G
Confidence interval
Episodic memory
Working memory
Fluid intelligence
Insulin-like growth factor 1
German Socio-Economic Panel
Enzyme-linked Immunosorbent Assay
Cytometric bead array
Clustering coefficient
Characteristic path length
Local efficiency
Global efficiency
Small-world networks
Dehydroepiandrosterone
Insulin-like growth factor-1
IGF-binding protein
Brain-derived neurotrophic factor
Hypothalamic-pituitary-adrenal axis

Summary

2 Summary
“Successful aging” - defined as long life in a good mental and physical health, requires appropriate immune function. However, dysregulated immunity in later life, known as “immunosenescence,” results in compromised immune functions and disturbed pro- and antiinflammatory balance. The impact of these age-related immune alterations on physical and
mental health, and hence successful aging, is currently not well understood. With few exceptions, the studies on aging have not attempted to integrate psycho-neurological, metabolic,
and endocrine parameters with immune function in order to dissect out which influences
which. Few have taken CMV-infection into account and even gender has not always been
considered. The present dissertation contributes to this developing research field both conceptually and empirically. It is publication-oriented and consists of four publications.
Publication I presents data obtained from a subgroup of the Berliner Aging Study participants, which show significant age-associated differences of T-cell subset distribution. The
modulatory impact of both sex and CMV-infection on T-cell naïve and memory phenotypes,
but unaffected frequencies of T-stem cell-like memory cells, were found. For the first time,
the frequency of the TSCM phenotype and of PD-1+ T-cells in peripheral circulation has been
investigated, and the effects of age, CMV-serostatus, and sex on their frequency have been
examined.
Publication II reviews the relevant literature on the dynamic neuroimmune interactions between the immune and the nervous systems. Bringing these two strands of research together, we propose that immunosenescence and peripheral low-grade inflammation at least partly contribute to neuroinflammation inducing neurodegeneration and age-related cognitive
impairments. We review and discuss possible interventions that can prevent or at least postpone these age-related changes.
Publication III characterizes the baseline inflammatory status of aged individuals, recruited to
undergo the cognitive, physical, and combined training interventions. By analyzing multiple
circulating peripheral biomarkers and measures of objective cognitive function, we show that
both CMV-serostatus and sex may modulate inflammatory immune factors, cognitive performance, and the relationship between the two domains, and should therefore be considered
in comparative and interventional studies with elderly people.
In study IV, we propose a new strategy that allows the quantitative investigation of multiple
interactions between different cytokines, receptor molecules, metabolic and neurotrophic
factors, hormones, immune cells, and measures of cognitive performance. Using a graphtheoretical approach enables us not only to visualize biologically meaningful interconnections
between different variables but also to compare the network topology dynamics between
different groups of CMV-seronegative and -seropositive men and women in a statistically
sound manner. In summary, results obtained from the studies III and IV suggest that highly
integrated and segregated networks have optimal neuroimmune interactions.
Taken together, this dissertation contributes to the study of age-related functional alterations
of immune and related physiological functions in two major ways. First, it expands the analysis methods that have been used to investigate markers of immunosenescence. Second, it
has generated new findings on the modulatory effects of CMV-latency and sex on multiple
peripheral biomarkers and cognitive function in older men and women.
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3 Zusammenfassung
"Erfolgreiches Altern" - definiert als langes Leben bei guter geistiger und körperlicher Gesundheit - erfordert eine adäquate Immunfunktion. Allerdings im späteren Leben führt dysregulierte Immunität zu einer Beeinträchtigung der Immunfunktionen und zu einer Störung des
pro- und anti-inflammatorischen Gleichgewichts. Die Auswirkungen dieser altersbedingten
Veränderungen auf die Gesundheit und die kognitiven Fähigkeiten, und damit auf das erfolgreiche Altern, sind derzeit nur unzureichend verstanden. Bis auf wenige Ausnahmen wird in
Altersstudien kaum versucht, psycho-neurologische, metabolische und endokrine Parameter
mit der Immunfunktion integrativ zu untersuchen, um die gegenseitigen Einflüsse herauszufinden. Nur wenige Studien haben die Einflussnahme der CMV-Infektion in die Analyse einbezogen und auch das Geschlecht wurde kaum berücksichtigt. Diese Dissertation leistet
somit konzeptuelle, methodologische und empirische Beiträge zu diesem wachsenden Forschungsfeld. Sie ist publikationsorientiert und basiert auf vier Veröffentlichungen.
Publikation I präsentiert Daten aus einer Stichprobe von Teilnehmern der Berliner Altersstudie, die signifikante altersbedingte Unterschiede in der Verteilung der T-Zell-Subpopulationen
zeigen. Es wurden modulierende Auswirkungen von Geschlecht und CMV-Infektion auf naive
T-Zell- und Gedächtnis-Phänotypen, aber unveränderte Frequenzen von T-Stammzellähnlichen Gedächtniszellen (TSCM) gefunden. Zum ersten Mal wurde die Häufigkeit des
TSCM-Phänotyps und der PD-1+ T-Zellen im peripheren Kreislauf erforscht und die Auswirkungen von Alter, CMV-Serostatus und Geschlecht auf ihre Frequenz untersucht.
In der Publikation II wird die relevante Literatur über dynamische neuroimmune Wechselwirkungen zwischen Immun- und Nervensystem behandelt. Es wird festgehalten, dass Immunseneszenz und periphere Inflammation zumindest teilweise zur Neuroinflammation beitragen, die für altersbedingte kognitive Beeinträchtigungen verantwortlich sein könnte. Es werden mögliche Interventionen erörtert und diskutiert, die diese altersbedingten Veränderungen
verhindern oder zumindest verschieben können.
Publikation III charakterisiert den basalen Inflammationsstatus von älteren Menschen, die für
die Teilnahme an kognitiven, physischen und kombinierten Trainingsmaßnahmen rekrutiert
wurden. Die Analyse umfangreicher zirkulierender peripherer Biomarker und der Kognitionseigenschaften zeigen, dass sowohl der CMV-Serostatus als auch das Geschlecht die inflammatorischen Immunfaktoren, die kognitive Leistung, und die Beziehung zwischen den
beiden Domänen modulieren können und daher in vergleichenden und interventionsbezogenen Studien mit älteren Menschen berücksichtigt werden sollen.
In der Studie IV schlagen wir eine neue Strategie vor, die quantitative Untersuchung von
multiplen Wechselwirkungen zwischen verschiedenen zirkulierenden Biomarkern und kognitiver Leistungsfähigkeit ermöglicht. Die Verwendung eines graphen-theoretischen Ansatzes
ermöglicht es uns, nicht nur biologisch sinnvolle Zusammenhänge zwischen verschiedenen
Variablen zu visualisieren und darzustellen, sondern auch die Dynamik der Netzwerktopologien zwischen verschiedenen Gruppen von CMV-seronegativen und -seropositiven Männern
und Frauen auf statistisch fundierte Weise zu vergleichen. Die Ergebnisse der Studien III und
IV deuten darauf hin, dass hochintegrierte und segregierte Netzwerke optimale neuroimmune Interaktionen aufweisen.
Zusammenfassend, leistet diese Dissertation einen Beitrag zur Erforschung altersbedingter
funktioneller Veränderungen auf zwei wesentliche Arten. Erstens, durch Erweiterung der

Publications embedded in this thesis

Analysemethoden, die verwendet werden, um Marker der Immunseneszenz zu untersuchen.
Zweitens, durch neue Erkenntnisse über modulierende Wirkung von CMV-Infektion und Sex
auf periphere Biomarker und die kognitive Leistungsfähigkeit bei älteren Männern und Frauen.
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Introduction

7 Introduction
Changes in the human immune system accompanying aging represent a universal, multidimensional process, the spectrum of which is generally referred to as “immunosenescence.”
Many factors and mechanisms are attributed to immunosenescence, including defects in
haematopoiesis, thymus involution and changes in formation, maturation, migration, and homeostasis of peripheral lymphocytes

1,2

. Aging affects both the innate and adaptive arms of

the immune system and is commonly accompanied by an increased tendency to low-grade
inflammation thought to be the contributory factor to neuroinflammation and to impairments in
cognitive functioning of elderly people. The following sections of this introduction

2-5

briefly

describe the modulatory effects of aging on different components of the immune system,
beginning at the origin of all hematopoietic cells—in the bone marrow (Fig. 1, left).

Figure 1. A simplified schematic illustration of hematopoiesis in bone marrow and thymopoiesis in
thymus. CD: cluster of differentiation. Modified from 6.

7.1 Aging of hematopoietic stem cells
Age-related changes in hematopoiesis that plays a decisive role in the continuous processes
of the renewal of blood and immune cells, are at least partly responsible for the functional
impairments of the immune system with aging

5,7

. Throughout life, adult hematopoietic stem

cells (HSCs), which consist of a heterogeneous subgroup of multipotent and unipotent progenitors (Fig. 1, left), produce the entire spectrum of cells of lymphoid and myeloid lineages
of the immune system

8,9

. The microenvironment of the HSCs (so-called "niche") supports

9
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these processes and plays an important role in the self-renewal potential of the HSCs, controlling their number and functions (Fig. 2, left). The HSC niches are populated with endothelial and mesenchymal stromal cells, adipocytes, macrophages, neutrophils, osteoclasts, and
regulatory T cells, which interact with each other directly - through cell-to-cell contact, and/or
indirectly - via soluble factors and molecules 7. These reciprocal communications appear to
be disturbed in the aging bone marrow - the hematopoietic compartment gradually shrinks
and is progressively replaced by fatty tissue 10-12.

Figure 2. A schematic illustration of age-related alterations in the HSC compartment of bone marrow
(left) and in the thymic stroma (right). EC: endothelial cells; MSC: mesenchymal stromal cells; NF: neutrophil; Mf: macrophage; OC: osteoclast; MC: monocyte; ADPC: adipocytes; HSC: hematopoietic stem
cell; SC: stromal cell; TEC: thymic epithelial cell; FB: fibroblast; IL: interleukin. Modified from 6.

The consequences of these age-related changes in the HSC niche may include: insufficient
DNA-repair capacity and epigenetic changes; increases in HSC numbers with a simultaneous decrease in their homing efficiency; a myeloid skewing of their differentiation potential,
leading to downregulation of lymphoid and upregulation of myeloid differentiation genes.
Whether these changes are predominantly caused by gradual intrinsic changes within the
individual HSC itself or by changes in the cellular composition and supportive activity of the
HSC niche is not yet fully understood. In all probability, both processes play a decisive role.
Aging HSC is characterized by an accumulation of DNA damage and telomere shortening
combined with an increase in intracellular reactive oxygen species - the events that eventual-
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ly lead to its reduced functionality and genomic instability

7,13-16

. This may contribute to a ma-

lignant transformation of HSCs, especially in the myeloid lineage, and to an increased incidence of myeloproliferative disorders. Age-associated alterations in the lymphoid and myeloid lineage resulting in the skewing towards myeloid differentiation are thought to be one of
the central mechanisms contributing to the deterioration of the immune competence in aged
individuals 5,7,17.

7.2 Age–related changes to the thymus
Another aging-related major event that is thought to have pronounced influence on the aging
immune system is the process of thymic involution beginning at puberty and continuing over
the lifespan. This is a conserved developmental event, but contributes to immunosenescence
in later life by decreasing the capacity to generate new naïve T cells, which are essential for
development of adaptive immunity against new challenges (Fig. 1, right). The role of the
thymus in establishing and providing a suitable microenvironment is crucial for supporting the
proliferative expansion of progenitors and the maturation and selection of T lymphocytes 18.
In general, thymopoiesis is dependent on (i) a continuous supply of T-lymphoid progenitors,
(ii) the existence of a suitable thymic microenvironment for progenitor engraftment, and (iii)
the maintenance of thymocyte migration, as well as (iv) their dynamic expansion in the cortical stroma. These processes are controlled by mutual inter-communications between the
thymic and bone marrow components as well as by developing lymphocytes

19

. Age-related

alterations at this level of regulation may have crucial consequences for global immune functions. The progressive reduction of thymic epithelial areas of active thymopoiesis

20

with a

concomitant increase of the perivascular areas comprising connective, adipose and fibrous
tissue
21

11

are accompanied by changed immunometabolism in the thymic microenvironment

, reduced production of thymo-supportive interleukin (IL)-7

22

and enhanced secretion of

thymo-suppressive mediators. These modifications adversely impact the functions and numbers of thymic epithelial and stromal cells (Fig. 2, right), what has negative consequences for
thymopoiesis. The age-related decline in thymic function leads to a contraction of the T-cell
repertoire and contributes significantly to the age-related increase in the incidence of infectious disease

23

. Furthermore, a decline of thymic function may also be additionally induced

by environmental factors – prenatally and postnatally, as well as by genetic predisposition,
and sexual dimorphism – with men presenting different patterns and dynamics of thymic involution than women

24

. The thymectomy in early childhood was found to be associated with

an early onset of immune changes reminiscent of immunosenescence

25,26

. Thus, the re-

duced thymic output and consequently diminished capacity for replacement of the naïve T

11
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lymphocytes after their activation and differentiation in the peripheral circulation is considered
to be a decisive factor in the development and progression of immunosenescence 20,27.

7.3 Effects of aging on innate and adaptive immune system
Age-related changes in haematopoiesis combined with thymic involution contribute at least
partly to the diminished immune functions of the cells both innate and adaptive immune system. In this section, we start with the short overview of the age-associated changes in the
cells of the innate immunity and further focus on the adaptive immunity, where the most agerelated alterations can be found.
The innate immune cells possess an exclusive capacity to respond immediately to pathogens
in a generic way by activating such defence mechanisms as phagocytosis, inflammatory reactions, activation of the complement system, and recruitment of essential cells such as eosinophils, neutrophils, macrophages, natural killer cells (NKs), and dendritic cells (DCs) to
sites of detected infection (Fig. 3). Various age-associated functional impairments have been
reported in phagocytic mechanisms, in chemotaxis and the generation of toxic free radicals,
as well as in the susceptibility to apoptosis 28. Some of the diminished functions in neutrophils
with advanced age were found to be associated with the altered production of chemokines
and cytokines, with the reduced expression of receptors recognising Pathogen-Associated
Molecular Patterns (PAMPs; such as Toll-like receptors), and with the lower expression of
the Major Histocompatibility Complex class II (MHC-II) molecules29.
Monocytes and macrophages also play an important role in terms of phagocytosis and antigen presentation (Figs. 3 and 4). Monocytes act very efficiently in controlling invading bacteria - the feature that is most important for the aged population, characterized by a high prevalence of infectious diseases. Macrophages are involved in the initiation of inflammatory responses, in the direct destruction of pathogens and elimination of malignant cells, as well as
in interactions with, and activation of, the adaptive immune response by means of antigen
presentation

30

. They are then able to eliminate their target antigens directly or indirectly -

through production and secretion of immune molecules and immune factors, such as interleukin (IL)-1, Tumor Necrosis Factor (TNF), and Interferon (IFN)-γ, which in turn, are capable
of activating and recruiting additional immune cells 31,32.
The proportion of circulating monocytes in the peripheral blood of aged individuals does not
seem to be significantly changed with age, but decreased numbers of macrophages were
reported in the bone marrow of 80 to 100-year-old people. The phagocytic and functional
features of macrophages are also impaired with age, accompanied by a decreased produc-
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tion of reactive oxygen species, such as NO2 and H2O2, and pro-inflammatory cytokines, TNF
and IL-1 27,33,34.

Figure 3. Modulatory effect of aging on functions in innate and adaptive immunity. EC: endothelial
cells; MSC: mesenchymal stromal cells; TLR: toll-like receptor; PAMP: pathogen-associated molecular
pattern; MHC: major histocompatibility complex; TCR: T-cell receptor; Treg: regulatory T cell; NK: natural killer cell; DC: dendritic cell; Ab: antibody. Adopted from 6.

Dendritic cells (Fig. 3) are important players in the immune response and are said to bridge
the innate and adaptive immune systems. They are capable of recognising PAMPs and take
up and process pathogens to present MHC-bound antigens to T lymphocytes. Thus, it is un-

13
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derstandable that even small age-related alterations in the function of dendritic cells could
greatly affect T-cell functionality.
DCs do appear to be impaired by aging in terms of their migratory capacity and distribution,
in their ability to process antigen, in their expression of costimulatory signals, and in their
ability to secrete cytokines (Fig. 4). Despite the fact that the antigen presentation by DCs
appears to be relatively unimpaired in the elderly, slightly decreased numbers of DC found in
peripheral blood and follicles could probably explain reduced immune supportive capacity of
this cell fraction in immune defence against pathogens and tumours 31,34,35.
NK cells are cytotoxic lymphocytes that are responsible for and are involved in early defence,
with their specific role in the detection and elimination of virus-infected cells in an MHCunrestricted manner (Fig. 3). Due to this exceptional immune competence of NK cells, they
are considered as the most important players in cancer immune surveillance during aging. It
was shown that in elderly individuals the numbers of NK cells may be increased, but they
have mostly a more mature phenotype compared to NK cells in young individuals as well as
an impaired cytotoxic function 36,37.
Adaptive immunity is involved in, and contributes to, a highly regulated multidirectional interplay between innate cells and adaptive cells - such and T and B lymphocytes (Figs. 3 and 4).
These specific interactions activate, induce, and support pathogen-specific immunologic effector pathways and the generation of immunological memory mediated by subpopulations of
long-lived memory T and B cells 27,38.
Concerning age-related alterations occurring in B cells and their subpopulations is relatively
less known than in T cells. It has been consistently reported that there are decreased numbers of functional immunoglobulin-secreting B cells in aged people, correlating with decreased titres of antigen-specific antibodies. Not only the B-cell subsets themselves but also
the repertoire of immunoglobulins produced by them are altered in both specificity and isotype. The consequence of this may well be the reduced duration of humoral response with
reduced B-cell capacity for providing specific primary and secondary responses seen in aged
individuals

39,40

. Age-associated deficiencies in T cells can have modulatory effects on their

cognate interactions with B cells and reduce the quality of antibodies in terms of their avidities, and their titres

41

. Age-related alterations in the epigenetic status are likely to be playing

an important role here as well, and might be responsible for altered B-cell function. Such epigenetic changes may induce important modifications in the B-cell differentiation pathways
27,39,42

. During the course of aging, after long-term residence in the aging host, naïve T cells

begin to suffer impaired differentiation into effector cells after antigen stimulation, as well as
further functional impairments, such as an altered production of cytokines, and a more re-
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stricted T-cell receptor (TCR) repertoire 43,44 . Epigenetic age-related changes, such as methylation of cytokine gene promoters can also lead to impaired immune function

34,45

. The al-

tered DNA methylation profiles were found to be present over the course of aging for both
immune-specific genes and for the genes involved in common pathways normally related to
cell homeostasis 33,42 (Fig. 4).

Figure 4. Immunosenescence and related processes. CMV: cytomegalovirus; Ag: antigen; HSC: hematopoietic stem cell; DC: dendritic cell; TCR: T-cell receptor. Modified from 6.

Basically, the functional potency of T lymphocytes from aged individuals was found to be
reduced relative to cells of the same phenotype from the young individuals

46

. For an appro-

priate activation and differentiation of T cells, a necessary requirement is the integrity of the
genes coding for the main key factors. This in turn, may be dependent on different environmental factors, such as exposure to hormones or chemicals, infection with different pathogens etc., which influence this process. Such factors can change the epigenetic profile of T
lymphocytes, affecting their gene expression and modifying these processes. The consequence of such immune remodelling that usually accompanies aging is a significantly increased morbidity and mortality commonly observed in the elderly population

33,41,47,48

. An-

other important driver of the remodelling of the peripheral T-cell compartment over the
lifespan is chronic immune activation by different pathogens and particularly by persistent
cytomegalovirus (CMV).

15
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7.4 Modulatory effect of CMV on immunosenescence and loss of T-cell diversity
CMV resides in a latent form in cells, which are broadly distributed throughout the body, including HSC, monocytes, macrophages, dendritic cells and endothelial cells

49-51

. A lifelong

coexistence with CMV has significant implications for the immune system, leading to functional alterations and eventually driving immunosenescence

52

. It is expected that latent CMV

undergo sporadical reactivations, but it is not definitely confirmed that such reactivations
happen more often in the elderly than the young

53

. It is anticipated that virus reactivation

produces immunogenic viral transcripts, which then induce the expansion of CMV-specific
cytotoxic memory lymphocytes. Thus, CMV-persistence represents a dynamic process of
continuous balancing over the lifetime between virus immune evasion and host immune
recognition 54,55. As result of such persistent CMV-infection, an expansion of the CD8+ T cells
occurs, with an accumulation of late-stage differentiated effector memory T cells in the peripheral circulation

52

. In people infected with CMV and especially in the elderly, a large pro-

portion of circulating CD8+ T cells is specific for CMV. This phenomenon of sequential increases of CMV-specific CD8+ T cells over the lifespan is known as “memory inflation”

56,57

.

Therefore, due to memory inflation, the absolute number of functional CMV-specific T cells
may be even higher in the old than in the young individuals – the fact highlighting the crucial
importance of immunosurveillance against this virus 58.
In a systematic review, Weltevrede and colleagues analyzed existing evidence regarding the
link between immunosenescence and CMV

59

. They found that, in the majority of studies,

CMV-seropositivity appears to induce the accumulation of T-cell phenotypes known to be
generally associated with immunosenescence (i.e., increased proportions of Effector Memory
(EM) and TEMRA (Effector Memory T cells re-expressing CD45RA) cells in both CD4+ and
the CD8+ T-cell subsets) in the peripheral circulation of CMV+ versus to CMV- old individuals.
No strong evidence, however, was found for a decrease in proportions of naïve T lymphocytes in CMV+ related to CMV- elderly

59

. It was suggested that CMV might contribute to im-

munosenescence in a clinically-relevant sense - by being associated with mortality in the
elderly 50,52,58,60,61 - as well as with frailty and with impaired survival 62-64.
An intact TCR repertoire is generally considered to be important for supporting adequate
immune competence, in particular, against new pathogens. In this concern, the ageassociated limitations regarding diversity are supposed to have negative implications. The
TCR-repertoire shrinkage may lead or at least contribute to the lowered responses to new
pathogens and to poor vaccination response in this age group
cient amount of data are available on this issue.

52

, but surprisingly an insuffi-
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Thus, as we have seen above, age-related changes in peripheral T-cell dynamics are associated with altered haematopoiesis, with thymic involution and with lifelong immune stimulation by multitudinous antigens, and particularly by CMV. Such alterations may contribute to
lowered proportions of naïve T cells due to the lower HSC output and to the minimal remaining thymic function and, possibly, to a reduced diversity of the T-cell repertoire

23,65,66

. In the

peripheral circulation, a shift occurs towards accumulations of T-cell populations with
memory and effector phenotypes, as well as to an accumulation of putatively senescent immune cells.

7.5 Inflammaging and its contribution to neuroinflammation
The aging-related accumulation of the functionally exhausted memory T lymphocytes, commonly secreting pro-inflammatory cytokines, together with mediators and factors of the innate
immune system, is considered to be one of the sources contributing to the low-grade inflammation (inflammaging) often observed in old people

67-69

. The senescent immune cells not

only secrete inflammatory mediators but are also able to modulate their microenvironment. It
was hypothesized that inflammaging appears to be a decisive contributor of, and is associated with, different age-related diseases, and may play an essential role in their aetiology and
pathology 68,70-73.
Even in overtly healthy individuals, chronic low-grade inflammation has repeatedly been
identified during aging, as reflected by increased levels of circulating pro-inflammatory cytokines such as IL-6, IL-1b, TNF, and IFN-γ

69

. These cytokines influence nearly all physiologi-

cal systems and affect their functional ability, including neurological functions, and, accordingly, have an impact on behavioral and cognitive parameters

4,74

. It is assumed that periph-

eral immunosenescence may contribute at the systemic level to the age-related alterations in
the proportions and functions of cells in the circulation (Fig. 5) and that cytokines released
from such aged and functionally deteriorated cells in the periphery can approach the brain
via several routes and disturb neurological functions. The phenotype and function of microglia can be changed due to low-grade brain inflammation; the astrocytes and neurons as well
as peripheral immune cells such as T cells, monocytes, and macrophages may participate in
the neuroinflammation

4,75

. Such altered conditions may lead to a loss of neuroprotective

functions (normally provided by microglia) and consequently to neuronal dysfunction 76-78 and
contribute to the risk of developing age-related cognitive impairment, neurodegenerative
changes and neurological disorders

4,79-81,82

. A more pronounced degree of cognitive impair-

ment after immune challenge is often seen in the elderly relative to the young individuals.
Neuroinflammation is often accompanied by an elevated and more sustained release of proinflammatory cytokines in the otherwise healthy brain of aged people 83.
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Figure 5. Immunosenescence, inflammaging, and neuroinflammation. HPA: Hypothalamic-pituitaryadrenal axis; CRH: corticotropin releasing hormone; ACTH: adrenocorticotropin; IL: interleukin; IFN: interferon; TNF: tumor necrosis factor; LTP: long term memory potentiation; BDNF: brain-derived neurotrophic factor; IGF: insulin-like growth factor. Modified from 4.

It is also known that aging together with chronic stress affects the neuroendocrine system,
activating the hypothalamic-pituitary-adrenal axis and stimulating the production of glucocorticoids and releasing them into the peripheral circulation

84

. The main glucocorticoid, cortisol,

can modulate immune functions in a bidirectional way: by controlling the production and release of cytokines, chemokines, and adhesion molecules, and by modifying maturation, differentiation, and migration of immune cells

83,85

. Raised levels of cortisol can have negative

consequences for hippocampal neurogenesis 4. The produced modulatory effects result in
the induction of an inflammatory milieu that contains resident and peripheral immune cells,
which participate in complex mutual interactions between secreted inflammatory mediators
and cell surface receptors

86

. Activated microglia and astrocytes change under the influence

of the inflammatory milieu their morphological and functional features and start, in turn, to
release pro-inflammatory cytokines IL-1β, IL-6, and TNF (Fig. 5). It was reported that microglia in an aged brain experience a process of senescence, comparable to the immune cells
in the peripheral circulation. Recent studies report a detection of senescent and hyperactive
microglia, which was found in the diseased and aged brain

87

. It is supposed that also an

aging brain can, through different mechanisms, be able to modulate and to regulate the immune functions and to support the recruitment of immune cells from the periphery, contributing further to immunosenescence and to neuroinflammation 4,88.
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7.6 Short description of BASE-II and AKTIV studies
Longitudinal Berliner Aging Study II (BASE-II)
The aging trajectories of different individuals are distinctive – whereas some people preserve
their physical and cognitive health into advanced ages, others experience age-related impairments and early decline. With the aim of identifying and characterizing mechanisms responsible for such different outcomes, researchers from Berlin and Tübingen launched the
Berlin Aging Study II (BASE-II). BASE-II is a multidisciplinary and multi-institutional longitudinal study ascertaining a wide range of aging-related variables from different functional domains. The project consists of a baseline sample of 1,600 older adults aged 60 to 80 years
and 600 younger adults aged 20 to 35 years. The research teams that are involved in the
BASE-II study as well as various phenotypic domains, which are examined in each participant (for more details see 89,90) are briefly described below:
•

Internal medicine and geriatrics (Charité Research Group of Geriatrics, Berlin): performs in-depth medical assessment accompanied by providing a history of previous
and current physical conditions as well as an extensive array of functional and laboratory tests.

•

Immunology (University of Tübingen): performs assessments of immunological parameters with the aim of determining specific “immune risk profiles” for each participant and identifying potential biomarkers of immunosenescence.

•

Psychology (Max Planck Institute for Human Development): performs a comprehensive array of cognitive tests characterizing a large number of cognitive and behavioural abilities, exploring self-rated health and well-being, as well as coping and general attitudes towards the aging process.

•

Socio-economics and survey methodology (German Socio-Economic Panel Study):
this assessment is carried out by TNS Infratest on behalf of the German Institute for
Economic Research. The BASE-II participants complete two questionnaires at home one individual and one on their household, which consist of over 120 socio-economic
and behavioural variables and are comparable to a representative longitudinal survey
of 20,000 adults in the whole Germany.

•

Genetics (Max Planck Institute for Molecular Genetics, Berlin): each study participant
is subjected to genome-wide microarray-based genotyping of single nucleotide polymorphisms to reveal the impact of genetic polymorphisms on the phenotypes assessed by the other research groups.

Thus, applying a multidisciplinary approach, BASE-II investigates the physical, cognitive,
immunological, genetic and social conditions that may lead to successful aging.
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Interventional study “Aktives Altern für Körper und Geist“ (AKTIV)
Some modifiable lifestyle factors, such as poor diet as well as physical and cognitive inactivity have been identified in animal and in human studies to negatively influence individual aging trajectories. It was demonstrated that physical activity in advanced age and also cognitive
training programs may elicit positive benefits in elderly people. Furthermore, interventional
studies using a training design that combines cognitive and physical training programs
demonstrated a synergistic effect. It was postulated that physical activity might create a balanced and neuroprotective environment (associated with reducing or abrogating neuroinflammation) that is more receptive to cognitive stimulation. Cognitive training in combination
with physical activity were hypothesized to promote essential plastic brain changes that
might significantly increase the potential of neurogenesis and synaptogenesis.
Based on this hypothesis, the aim of the interventional AKTIV study was to identify the kind
of motivating and meaningful training intervention that older adults can easily integrate into
their daily lives, with the aim of promoting healthy ageing. For this purpose, the intervention
study was designed to investigate the effects of physical activity (using bicycle ergometers)
and cognitive stimulation (by learning a foreign language) as well as their combined effects.
The healthy elderly participants (aged from 64 to 75 years) were partly drawn from the Berlin
Aging Study II, where a longitudinal dataset had already been collected. Participants were
randomly assigned to one of the four different groups:
•

a language training group,

•

a physical exercise training group,

•

a combined language and exercise training group, and

•

an active control group.

All participants underwent a sports medicine type of assessment of their fitness levels including blood collection, cognitive assessment, and magnetic resonance imaging before training.
In the peripheral circulation of the study participants examination of the main inflammatory
and anti-inflammatory biomarkers, such as cytokines, receptor antagonists, soluble receptors, immune cells, hormones, neurotrophins and their regulators, as well as relevant metabolic factors was accomplished.
The cognitive assessment was performed immediately before beginning the training period
and included a broad range of measures of learning and memory performance, processing
speed, working memory, and executive functioning. After 6 months of training all participants
were re-invited for post-testing consisting of the same assessments.
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7.7 Objectives
The aim of the research presented within this dissertation was to increase our understanding
of the mechanisms and multiple interactions contributing to the age-related functional alterations in immune, cognitive, and related physiological functions. Using datasets and biobanked materials from both the BASE-II and AKTIV studies we intended to investigate the
influence of age, sex, and CMV-serostatus on the peripheral biomarkers and functional abilities of aged people. For this purpose, the present work posited four main goals:
First, we aimed to examine phenotypic changes and the distribution of different T-cell subpopulations influenced by age, sex, and CMV-serostatus in the circulation in a subgroup of
157 participants of the Berlin Aging Study II. Applying polychromatic flow cytometry allowed
us to define and to characterize changes in the following T-cell subpopulations: naïve, central
memory, effector memory, terminally-differentiated T-effector memory cells, “exhausted” T
cells, potentially “senescent” T cells and T-stem cell-like memory T cells.
Second, we reviewed the current literature on normal aging bringing together the findings of
immunological research with information from neuroscience, in order to provide the most
comprehensive picture of the complex interactions between the two most complex physiological systems of the organism and to convince the neuroscientists that immunological investigations should be an indispensable part of aging-related and interventional studies.
In the next step, we measured and characterized the baseline inflammatory status of 161
aged individuals recruited for an AKTIV intervention study before starting the cognitive, physical, and combined training. To this end, we evaluated major inflammatory and antiinflammatory biomarkers, such as circulating cytokines, receptor antagonists, soluble receptors, immune cells, and relevant metabolic markers. By analyzing multiple circulating peripheral biomarkers and measures of objective cognitive function, we aimed to examine the
modulatory effect of CMV-serostatus and sex on inflammatory immune factors, cognitive performance, and the relationship between the two domains.
Finally, we aimed to develop a new strategy that allows the quantitative investigation of multiple interactions between different cytokines, receptor molecules, metabolic and neurotrophic factors, hormones, immune cells, and measures of cognitive performance. With
help of a graph-theoretical approach we intended not only to visualize biologically meaningful
interconnections between different variables but also to compare the network topology dynamics between different groups of CMV-seronegative and -seropositive men and women in
a statistically sound manner.
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8 Overview of papers
8.1 Paper I: Impact of age, sex and CMV-infection on peripheral T-cell phenotypes: Results from the Berlin BASE-II study.
Although it is widely known that with advancing age the phenotypic characteristics of immune
cells are altered, the influence of gender, age, and CMV-infection on these alterations are not
completely understood. The present study examines phenotypic changes and the distribution
of different T-cell subpopulations under the influence of age, sex, and CMV-serostatus in
peripheral circulation of 157 (98 old and 59 young) participants of the Berlin Aging Study II.
Graphical abstract

Figure 6. A schematic illustration of summarized results on the influence of age, gender and CMVserostatus on peripheral T-cell phenotypes. The names of the analyzed parameters with significantly
higher values are placed in the corresponding column of the CMV-negative or CMV-positive old or
young men and women accordingly, whereby the notation (#) implies: a gender-related-higher value,
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the notation (*) implies: a CMV-related-higher value, and the notation (§) implies: an age-related-higher
value.

Results and discussion
For the simultaneous assessment of multiple surface marker phenotypes, we applied polychromatic flow cytometry that allows to define the following T-cell subpopulations: (N) naïve
(CD45RA+CCR7+CD27+CD28+); (CM) Central Memory (CD45RA−CCR7+CD27+CD28+);
(EM3) effector memory (CD45RA−CCR7−CD27−CD28−); (E) terminally-differentiated Teffector memory cells as an extended TEMRA phenotype (CD45RA+CCR7−CD27−CD28−);
“exhausted” T cells [PD-1+ (CD279+)]; potentially “senescent” T cells (CD57+), and T-stem
cell-like memory T cells (TSCM, defined as CD45RA+CCR7+CD27+CD28+CD95+).
If we look at the frequencies of the naïve T cells, we can see that the main differences are
age-related. Within the CD4+ population, both young CMV-negative females and young
CMV-positive males show a significantly higher percentage of naïve T cells compared to older subjects (publication 1, Fig. 1c). These results confirm the, already known from literature,
general tendency of naïve T cells to decrease with age even independently of CMV-infection
91

.

Within the CD8+ T-cell population, we also found that the young generation has an advantage in the distribution of naïve T cells. Their frequency is significantly higher in young
CMV-negative and -positive men, and also in young CMV-positive women, than in the older
participants from the corresponding groups (publication 1, Figure 1d). Most previous studies
have reported that the age-related decrease in the frequency of naïve T cells is more pronounced in the CD8+ compared to CD4+ T lymphocytes. Our results, however, show that
both CD8+ and CD4+ populations of naïve T cells decrease under the influence of age.
Among other known factors, age-related thymic involution could play an enormous role in
such reduction, as progressive thymic involution is associated with the reduced efficiency of
T-cell development and reduced migratory capacity of naïve T cells to the periphery 23,92.
We also found a gender-specific effect, where the CMV-positive group of older female subjects showed a significantly higher proportion of naïve T cells compared to older men (publication 1, Fig. 1d). In general, surprisingly little is known about gender differences in the ageing immune system and age-related distribution of T-cell subpopulations in men and women
93

. It has been reported that the total number of lymphocytes in the peripheral blood of both

sexes does not differ, although men had a lower proportion of T cells in their lymphocyte
population than women

94,95

. However, the gender-specific distribution of the naïve T cells

was not considered in these studies.
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Age also has a decisive influence on the CM T cells. In the CMV-seronegative group, older
men have a significantly higher frequency of CM T cells within the CD8+ fraction, and older
women within the CD4+ population compared to young subjects. In addition, the CMV influence is evident in older males, since, within the CD8+ population, the CMV-negative group
has a higher proportion of CM T cells compared to CMV-positive individuals (publication 1,
Fig. 1e-f).
The late-differentiated Effector Memory (EM3) T cells within the CD4+ fraction show not only
an age-related influence, but also a much more pronounced modulatory effect of CMV infection. Here, the CMV-positive older females have a higher proportion of EM3 T cells compared to the young women, and the same applies to both young and older men as well as
young and older women in the CMV-positive group compared to the CMV-negative subjects
(Publication 1, Fig. 2a).
If we look at the E T cells within the CD4+ population, we can find an influence of CMVseropositivity on the distribution of these cells. The frequency of E T cells in women of both
age groups and in old men is significantly higher in CMV-positive subjects compared to individuals without CMV-infection (publication 1, Figure 2c). Within the CD8+ population, the
same phenomenon is observed, but limited to older men and women. Furthermore, the older
men and women show a significantly higher percentage of E T cells compared to the young
individuals (publication 1, Fig. 2d).
In summary, we found a higher frequency of CM CD4+ and CD8+ T cells exclusively in CMVnegative older subjects, while CMV-positive individuals exhibited a phenotype of latedifferentiated EM3 and E in CD4+ T cells. This is in line with previous findings, in which it was
demonstrated that CMV predominantly drives the accumulation of late-differentiated CD4+
and CD8+ memory T cells

49,96,97

. Thus, the CMV-seropositivity seems to have a decisive in-

fluence on the distribution of these subpopulations. The prolonged coexistence with the latent CMV over the course of life and recurrent immune stimulation during virus reactivation,
requires continuous immune surveillance and may explain the accumulation of "late differentiated" subpopulations of T cells in the peripheral circulation of elderly people.
The higher frequency of E T cells of the CD8+ fraction observed exclusively in older participants is consistent with our earlier results from other cohorts as well as with results already
described in the literature. Presumably, the CMV reactivation may occur more frequently in
elderly people, leading to an age-related increase in memory T-cell pools in this age group
53,91,98

. However, it is also understandable that this increase can also be additionally influ-

enced by other factors such as genetic background or general health. The importance of
considering CMV-infection as one of the central parameters in our study was also previously
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illustrated by results of the Swedish longitudinal studies OCTO and NONA, which defined an
immune risk profile (IRP) predicting 2, 4, and 6 years survival

60,99

. They showed that CMV-

induced accumulation of late-differentiated T cells can correlate with elevated mortality with
increasing age.
The data of our experiments summarized here suggest that in the course of aging the differentiation status of CD4+ and CD8+ T cells progresses towards “late-differentiated” phenotype
and that CMV-associated "senescence of T cells" may be more pronounced in older men
than in older women. The results of the other studies also reported a significant increase in
EM cells in older men but not in older women, although their CMV-serostatus was not investigated

100

. On the contrary, another study from Cuba reported an increased frequency of

highly differentiated T cells in women compared to men

101

. Therefore, the influence of sex

and CMV-persistency on the distribution of different T-cell subpopulations in peripheral blood
still remains incompletely investigated and understood.
In our study, we found that the gender-related alterations in the differentiation status of T
cells do not seem to play a decisive role in the group of CMV-negative individuals. This fact
might be considered as another hint towards the notion that the differentiation status of T
cells is primarily under the immunomodulatory effect of long-term immune surveillance to
control CMV-infection. In general, it can also be assumed that the frequency and magnitude
of CMV reactivations may also be different in men and women, but this should be the subject
of future investigations, as no serological detection methods are currently available to determine the duration of virus persistence or/and the number of reactivations that occur over the
lifespan.
Broadly speaking, the gender-specific divergence in the influence on immunity in men and
women may be due to the different secretion patterns of sex hormones and their changes
over the lifespan

102,103

. It is known that estrogens enhance humoral immunity, while andro-

gens and progesterone tend to suppress it

104,105

. In particular, thymic involution is more pro-

nounced in men compared to women, due to their higher androgen levels

106

. On the contra-

ry, women appear to have a stronger humoral and cell-mediated immune response and generally, higher antibody levels, and increased concentrations of circulating IL-1, IL-4 and IFN-γ
100,107

. It is also known that the incidence of infectious and autoimmune diseases varies be-

tween men and women and may also be explained by gender-specific differences in the immune system 108,109.
The study of the expression of CD57 on T lymphocytes, which also acts as a biomarker for
the late-differentiated T cells, revealed a CMV-induced increase of these cells within the
CD4+ fraction in both young and older men and women. Among CD8+ T cells, only older men
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and women showed a significantly higher CMV-related population of CD57-expressing cells.
In addition, an age-related influence was also observed in CMV-positive individuals in both
CD4+ and CD8+ populations (publication 1, Figs. 3a-b). Since CD57 is considered to be a
potential "senescence marker" for late-differentiated T cells

91,110-112

, our results are con-

sistent with the results known from literature, where also the age- and CMV-related differences within the CD4+ and CD8+ subpopulations were clearly visible - with more pronounced
differences in the CD4+ fraction.
PD-1 (programmed cell death protein 1) is a protein that is regarded as an inhibitory immune
regulator and is mostly expressed on CD8+ T cells. Our results show a significantly higher
frequency of PD-1-expressing CD8+ T cells in older males relative to younger males in the
CMV-negative group (publication 1, Fig. 3c). This is consistent with the results known from
literature, which suggest that an increased expression of PD-1 on T cells is associated with
exhausted T-cell phenotype and replicative senescence

113,114

. In addition, the CMV influ-

ence is evident in the old men – whereby the group with the negative CMV-serostatus unexpectedly shows a significantly higher percentage of PD-1-expressing T cells than the CMVpositive male group. We can only speculate that possibly CMV-induced chronic activation of
T cells might suppress the expression of these inhibitory molecules. However, further investigations are necessary to confirm and to investigate this phenomenon more deeply.
We have assessed a novel T-cell subpopulation of TSCM (T-stem-cell-like memory) cells
known for its stem cell-like properties. This rare subpopulation seems to have an increased
capacity for self-renewal and for the generation of multipotent CM-, EM-, and E- cells. In the
context of age-related reduced precursor-cell production from bone marrow and impaired
thymus function 14, this population may represent an important additional source of peripheral
T-cell regeneration in old age. This novel population, however, has not been studied for the
influence of age or CMV-serostatus yet. The results of our study demonstrate that neither
CMV-serostatus nor age or sex had a significant influence on the frequency of TSCM cells
(publication 1, Fig. 3d-f). Since the maintenance of the constant TSCM population might possibly represent evolutionary beneficial adaptation later in life by retaining functionality of the
aging immune, this finding seems to be very important – but needs, however, to be confirmed in further studies. Another important question that remains to be unanswered and
needs further investigations is, whether these cells are still functionally intact in the elderly
people.
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8.2 Paper II: Contribution of neuroinflammation and immunity to brain
aging and the mitigating effects of physical and cognitive interventions.
This review played an important role in the further work included in this dissertation. It was
supposed to represent a kind of bridge, to bring together the findings of immunological research with the facts from neuroscience, in order to provide the most comprehensive picture
of the complex interactions between two major physiological systems of the organism. It
should provide a basis for convincing the neuroscientists that immunological investigations
should be an indispensable part of the aging-related and interventional studies. The publication of this review article and positive feedback on it, have played a decisive role for, and
contributed to, the inclusion of immunological assessment in the design of the AKTIV study.
The aim of the AKTIV study was to identify the kind of motivating and meaningful training
intervention that older adults can easily integrate into their daily lives, with the aim of promoting healthy ageing.
While the most of the review articles are dealing rather with pathological conditions, the publications that are dedicated to the so-called “normal aging” are much scarcer. Therefore, the
aim of this review was to describe the neuroimmune processes and the age-related functional changes that are important in “non-pathological” ageing. Ageing of the immune system
usually has negative consequences for the entire ageing organism and vice versa. Unfortunately, very often age-related changes are investigated and described rather isolated in one
or another physiological system. Especially the multiple reciprocal connections and complex
interactions between the immune and nervous systems were ignored for a long time. The
prevailing opinion of the scientific community was, that the existence of the blood-brain barrier makes it impossible for the immune system to participate in, and to influence, processes of
the brain. Consequently, the appearance of immune cells in the CNS was mostly attributed
exclusively to the pathological states associated with neurodegenerative processes. It has
also long been thought that the brain has no lymphatic system and therefore no anatomical
pathways exist to allow immune cells to enter this sensitive area. For a long time, the opinion
prevailed that neurogenesis is exclusively limited to the embryonic phase of development,
and the important role of microglia was not properly understood.
New technological developments have made it possible to reconsider many of these dogmatic notions. With the discovery of the meningeal lymphatic system involved in the transport of
macromolecules and immune cells, as well as with the new findings in the field of neuroscience, it has become clear that the two largest and most important physiological systems of
the organism are involved in a constant and very intense cross-talk (Fig. 7). Even more, it is
now widely accepted that these continuous intercommunications play an immense role in
maintaining the functionality and integrity of the individual.
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The main focus of our review on the current literature was on the dynamic neuroimmune interactions that are becoming modulated or disrupted with advancing age as well as on the
possible interventions that can prevent or at least postpone these age-related changes.
Graphical abstract

Figure 7. Overview of the mechanisms contributing to brain aging and the mitigating effects of physical
activity in elderly people. BDNF: brain-derived neurotrophic factor; IGF: insulin-like growth factor.

In a first step, we have summarized the current findings describing the involvement of the
immune system in supporting such important brain processes as neuroprotection, neurogenesis, learning, and memory. We have shown that in a homeostatic brain environment the
CNS-specific CD4+ T cells produce cytokines and neurotrophic factors that are able to exert
a direct neuroprotective function on the neurons or indirectly stimulate the microglia cells to
produce neurotrophins and cytokines that promote neurogenesis, learning, and memory processes (publication 2, Fig. 1).
In the next step, we described the function of three major brain barriers, their role in neuroimmune interactions, and their specific and complex mechanisms that enable these dynamic
interactions (publication 2, Fig. 2). In the area of Pia Arachnoid, we have also schematically
depicted the recently discovered lymphatic vascular system that is thought to be responsible
for the transport of immune cells and macromolecules.
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In the next section of our review, we describe the processes of immunosenescence and inflammaging and discuss the potential mechanisms responsible for this (publication 2, Fig. 3).
Although immune senescence seems to affect both arms of the immune system (adaptive
and innate), most of the described age-related changes are manifested in the adaptive immunity. The relatively low numbers of naïve T cells in peripheral circulation, with concurrently
increased numbers of late-differentiated memory cells, which exhibit a reduced antigen receptor repertoire, belong to the hallmark of immunosenescence. The central mechanisms
involved in these changes include: (i) age-related impairment in the functions of the hematopoietic stem cell compartment, (ii) progressive thymus involution, and (iii) lifelong stimulation
with various antigens, whereby a latent infection with CMV plays the most important role in
these alterations.
Immunosenescence is often accompanied by inflammatory aging, which is characterized by
increased secretion of pro-inflammatory cytokines and is generally considered to be the major contributor to the age-related mortality and morbidity. Immunosenescence, together with
inflammatory processes in the peripheral circulation, can also contribute to neuroinflammation in the brain - by modulating microglia cells towards the more pro-inflammatory phenotype. Such activated microglia are characterized by a changed morphological appearance
and by losing their neuroprotective function, which can further lead to neuronal dysfunction,
increased damage of the brain cells, and neurodegeneration.
The most important immuno- and neuromodulators, which play a decisive role in these processes (publication 2, Fig. 4), are described and characterized in detail in the next review
section. These include glial cells, which represent macrophage-like immune cells of the central nervous system. The glial cells can appear in different stages of activation and are accordingly involved in performing of different functions. Their role ranges from the active support of the brain plasticity through the release of various cytokines, neurotransmitters, and
neurotrophins, to the pruning of synapses and the removal of cellular waste.
T cells stimulated either in the periphery or in the choroid plexus can differentiate into different types of effector cells. Depending on the function and type of cytokines they produce,
CD4+ T cells can be separated into Th1 T cells secreting pro-inflammatory cytokines and Th2
T cells producing predominantly anti-inflammatory cytokines. Monocytes, which are able to
differentiate either to inflammatory macrophages of the M1- or to anti-inflammatory macrophages of the M2-phenotype (depending on the cytokine environment surrounding them),
varying also in their functions.
Cytokines represent, in general, a type of signalling molecules that enable vitally important
communications between different cells of the organism. They are not only involved in a con-
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stant cross-talk between these cells but also possess immense modulatory abilities that allow
them to influence almost all systemic processes in the body. Cytokines, act within complex
networks and modulate metabolic and neuro-endocrine interactions, neurotransmitters’ and
neurotrophins’ production, processes of neurogenesis and brain plasticity – all of which can
ultimately lead to the modulation of cognitive function and are particularly vulnerable in the
elderly.
Peripheral immunosenescence and inflammaging may also lead to functional changes in the
immune cells, which produce more inflammatory cytokines and less anti-inflammatory mediators. The consequence of the chronic influence of inflammatory factors may lead to a disruption of the brain barrier functions and permit the unhindered entry of the immune cells and
inflammatory mediators into the brain parenchyma (publication 2, Fig. 5). These disorders
may induce functional and morphological changes in the glial cells, which develop an activated phenotype. The microglia and astrocytes start to produce more inflammatory cytokines, and also macrophages change their homeostatic M2-phenotype into the inflammatory
M1-phenotype. All these alterations can induce a neuroinflammatory environment in the
brain, disturb production and release of neurotrophic factors, and eventually impair the neuronal functions.
In the last section of our review, we focus on the overview of the recent literature that describes the impact of the different types of intervention (in both humans and animals) with the
aim of maintaining and, in the best case, improving physical and cognitive health in old age.
In Figure 6 (publication 2), we schematically summarize in a simplified way the potential effects of physical intervention and its contribution to mitigating neuroimmune senescence and
inflammaging. Physical training appears to exert its effects in a multidirectional manner - with
most effects being on the function of immune and CNS cells, on muscle and fat tissues, and
on cardiovascular and metabolic systems. All these changes seem to induce antiinflammatory and neuroprotective effects, which together may lead to the maintenance or
even enhancement of neuronal plasticity and neurogenesis and to the improvement of cognitive processes in elderly people.
Some intervention studies have also demonstrated positive effects by applying cognitive
training programs. Even more, a training design combining physical and cognitive programs
showed significantly better results than the separate variants of both training options, suggesting a synergy effect. This hypothesis was confirmed by some cross-sectional, longitudinal, and controlled intervention trials. It could therefore be postulated that physical training
could create a balanced and neuroprotective environment (partly by neutralizing neuroinflammation) that is more susceptible to cognitive stimulation. Cognitive training in coopera-
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tion with physical activity seems to induce important plastic brain changes that significantly
increase the potential of neurogenesis and synaptogenesis.
Based on this hypothesis, the intervention study with healthy elderly participants (AKTIV)
was designed to investigate the effects of physical activity (using bicycle ergometers) and
cognitive stimulation (by learning a foreign language) as well as its combined effect. Originally, it was planned to limit the investigation of different training options to the assessment of
changes in brain structure and behavior. However, as it has been recognized how important
it would be, to assess the inflammatory status in participants of different training groups, the
study design was supplemented by the assessment of the pro- and anti-inflammatory parameters.

8.3 Paper III: The modulatory effect of gender and Cytomegalovirusseropositivity on circulating inflammatory factors and cognitive performance in elderly Individuals.
Aging is characterized by a chronic increase in the systemic levels of circulating inflammatory
cytokines even in seemingly healthy people. The disbalance between pro- and antiinflammatory equilibrium can be linked to the increase in age-related functional alterations.
Cytomegalovirus, operating as a persistent pro-inflammatory driver, may contribute to chronic inflammation, and together with metabolic and other risk factors might represent a causal
factor for age-related cognitive impairments – with sexual dimorphism additionally influencing
these underlying processes. Very few studies, however, focused on the investigation of the
influence of CMV and sex on the cognitive abilities of elderly people and their findings are
inconsistent. Therefore, in the present study we pursued four main aims. First, we intended
to measure and characterize the baseline inflammatory status of aged individuals recruited
for an intervention study of “active aging” before starting the cognitive, physical, and combine
training. For this reason, we evaluated the main inflammatory and anti-inflammatory biomarkers, such as circulating cytokines (IL-1β, TNF, IL-6, IL-10, IL-18), receptor antagonist
IL-1RA, soluble receptor (sTNF-R), immune cells (lymphocytes, leukocytes, monocytes, neutrophils), and relevant metabolic markers: high-density lipoprotein (HDL), low-density lipoprotein (LDL), and triglycerides. Second, we investigated the impact of sex and CMVseropositivity on the immune and metabolic markers assessed at baseline. Third, we studied
the associations among pro- and anti-inflammatory mediators and metabolic factors, and
evaluated whether CMV-seropositivity modifies these interactions. Fourth, we investigated
the influence of the assessed pro- and anti-inflammatory factors on the measures of cognitive performance, such as fluid intelligence, episodic memory, speed, and working memory,
in the context of CMV-serostatus and gender.
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Graphical abstract

Figure 8. A schematic illustration of summarized results on the influence of gender and CMVserostatus on circulating pro- and anti-inflammatory cytokines, receptor antagonist, metabolic factors,
immune cells, and cognitive abilities in the baseline cohort of elderly participants. The names of the
analyzed parameters with significantly higher values are placed in the corresponding column of the
CMV-negative or CMV-positive men and women accordingly, whereby the notation (#) implies: a gender-related-higher value, and the notation (*) implies: a CMV-related-higher value. The proinflammatory mediators are written in red; the anti-inflammatory are green; the cognitive latent factors
are blue; and immune cells are left in black. TNF: tumor necrosis factor; sTNF-R: soluble tumor necrosis factor receptor; IL: interleukin; IL-1β: interleukin 1 beta; IL-1RA: interleukin 1 receptor antagonist;
HDL: high-density lipoprotein; LDL: low-density lipoprotein.
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Results and discussion
In a first step, we investigated the influence of sex and CMV-serostatus on circulating proand anti-inflammatory mediators, immune cells and metabolic factors using MANOVA (multivariate ANOVAs), and, in the next step, we additionally applied bootstrapping analysis (publication 3, Figs. 2-3). The results obtained by these different statistical methods appears to be
mostly consistent and complement each other.
In short, the analyses showed that both sex and CMV-seropositivity played a pronounced
modulatory role by influencing in individual or/and combine action circulating peripheral proand anti-inflammatory biomarkers in older participants. As for inflammatory TNF, we were
able to determine both a gender-specific influence and an effect of the CMV-infection. In the
CMV-seronegative group, female participants showed a significantly elevated level of TNF
compared to men. Furthermore, the concentration of TNF in the CMV-seropositive group of
male participants was significantly increased compared to CMV-seronegative males (publication 3, Fig. 3).
In contrast, the anti-inflammatory soluble receptor sTNF-R showed elevated levels in CMVseropositive women compared to non-infected female participants. In addition, the concentration of sTNF-R in men was significantly higher compared to women in the CMVseronegative group. While the analysis of pro-inflammatory IL-1β showed no significant differences between the groups, its receptor antagonist, IL-1RA, experienced both a modulating
effect of CMV and an influence of gender. The IL-1RA levels were significantly higher in
CMV-seropositive women compared to CMV-seronegative female participants. In addition,
women had a higher concentration of this inhibitory receptor than men in the CMVseropositive group (publication 3, Fig. 3).
The analysis of the pro-inflammatory IL-18 revealed both gender-specific and CMV-related
differences. Cytokine levels were significantly higher in men compared to women in the
CMV-seropositive group. In addition, the IL-18 concentration of CMV-seropositive males was
increased compared to CMV-seronegative males. The study of anti-inflammatory IL-10
showed the influence of gender (male > female) in both CMV-seronegative and CMVseropositive groups.
We can speculate that the gender-specific difference, where CMV-positive men demonstrated a significantly lower level of anti-inflammatory IL-1RA compared to their female counterparts, was probably responsible for the increased levels of pro-inflammatory IL-18 in their
circulation, as IL-1RA is known for its ability to attenuate the effects of inflammatory cytokines 28,115-117.
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In general, there are only few and rather controversial reports on the investigations of gender-specific differences in the cytokine profile of older individuals

118,119

. One study provided

in vitro evidence that testosterone was able to suppress the production of the proinflammatory cytokines TNF, IL-1β, and IL-6 and to amplify the release of the antiinflammatory cytokine IL-10 120. Our results are partly in line with these finding. We observed
in the CMV-negative male group lower levels of TNF and detected higher levels of IL-10 in
both CMV-positive and -negative groups compared to their female counterparts. But interestingly, infection with CMV however, appears to compromise this positive effect of testosterone
– the CMV-positive male subjects displayed less of anti-inflammatory sTNF-R and IL-1RA in
their blood, but significantly higher levels of pro-inflammatory TNF and IL-18 compared to
non-infected males.
In our earlier publication, we found that both the chronic presence of CMV and the stress of
the necessity for a continuous monitoring of latent CMV-infection can modulate the differentiation status of immune cells 2. In this case and with regard to the cytokines, a similar explanation can be applied, because it is precisely these CMV-exhausted, late-differentiated immune cells that may secrete pro-inflammatory cytokines, which, in turn, contribute to immunosenescence and may promote age-related functional changes through complementary
chronic inflammations

121

. The CMV-modulating influence on ageing immune cells (e.g., in-

creased levels of lymphocytes and reduced numbers of neutrophils in CMV-infected participants) and also gender-specific differences (e.g., men showing a higher proportion of monocytes than women) once again emphasized in our cohort the fact known from publications
that these cells can trigger inflammation and thus may promote "unhealthy" ageing 115.
The fact that, on the one hand, CMV-positive women exhibit elevated anti-inflammatory factors compared to non-infected subjects and, on the other hand, women in the CMV-negative
group showed a higher pro-inflammatory status compared to men (publication 3, Fig. 6) is
really remarkable. These results can also be attributed to both the historical coexistence of
the individuals with CMV

122,123

and to the gender-specific differences in immune responses

in previous years 97,124. It is a well-known fact that the immune responses of men are different
and less strong than those of women. For this reason, it may be assumed that the primary
immune response to CMV-infection in both sexes at a young age may have a quite different
course of actions. These differences, together with other factors, may later contribute to the
induction of a pro-inflammatory environment in older male subjects, whereas in the postmenopausal women it may lead to the production of anti-inflammatory factors arising in response
to pro-inflammatory cytokines.
Also, lipoproteins can be negatively influenced by inflammatory cytokines, which in turn can
modulate the production of pro-inflammatory cytokines. We found elevated levels of HDL in
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CMV-seronegative compared to CMV-seropositive males. In addition, women showed a significantly higher concentration of HDL than men, regardless of their CMV-status. Interestingly, CMV-seropositive males displayed significantly higher LDL levels compared to CMVseronegative males, while women showed an inverse picture. In addition, there were genderspecific differences in the CMV-seronegative group of subjects, with women having significantly higher LDL values compared to men.
In general, HDL possesses strong anti-inflammatory properties and the remarkable ability to
modulate the inflammatory response in different cell types. In a chronic inflammatory environment, however, HDL may itself become dysfunctional

125

and thus not relieve cells of ex-

cessive and oxidized LDL cholesterol. The most frequent consequences of chronic inflammatory conditions are declines in serum HDL and elevations of triglycerides, total cholesterol,
and LDL

126

. We found similar effects of increased LDL and triglyceride concentrations, but

reduced HDL levels in the inflammatory environments of CMV-negative women and CMVpositive men (publication 3, Fig. 6). In addition, it also appears that both CMV-seropositivity
and sex in combination (an increase in LDL in CMV-seronegative women and an increase in
triglycerides in CMV-positive men) and separately (a decrease in HDL in CMV-seropositive
men) contributed to these effects.
Findings from animal experiments showed that inflammatory cytokines, such as TNF, IL-1β,
and IL-6, significantly increased serum concentrations of triglyceride fatty acid

127,128

. We

have also observed a positive correlation between the proinflammatory IL-6 levels and triglyceride concentrations, but only among CMV-positive participants (publication 3, Fig. 4).
Moreover, our results also demonstrate several significant associations of HDL- and LDLcholesterols with pro- and anti-inflammatory cytokines and their receptors (publication 3, Fig.
4). Furthermore, the magnitude of these associations appears to be altered by CMVinfection. Moreover, the inflammatory environment in the groups with higher concentrations
of serum HDL seemed to be less pronounced (publication 3, Fig. 6). But it is obvious that
more research with different pro- and anti-inflammatory biomarkers and their modulators is
needed, to better elucidate these complex and dynamic interactions and their implications for
inflammaging and immunosenescence.
We investigated the influence of CMV-infection and the impact of sex on the cognitive performance of older people and found pronounced gender-specific effects on fluid intelligence
and on working memory. Males had significantly higher performance values in these domains compared to females, but only in the CMV-seronegative participant group (publication
3, Fig. 5). No influence of CMV or sex was found for processing speed and episodic memory
in any of the tested groups. Although some literature describes the modest influence of sex
on cognitive performance

3,129-131

and also attributes this impact with different mechanisms
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(e.g., to levels of sexual hormones, or/and sexual dimorphism in the brain structure), it does
not take into consideration the modulating effect of CMV-infection.
In our investigations, however, the group of CMV-positive males showed no advantageous
differences in cognitive performance compared to CMV-positive women. Both these groups
were found to have a relative adverse inflammatory environment in their peripheral circulation (publication 3, Fig. 6). Therefore, our results suggest that an environment with increased
inflammatory factors (high TNF and IL-18 concentrations), a comparatively unfavorable metabolic status (elevated LDL cholesterol and triglycerides), and high percentages of monocytes and lymphocytes in the peripheral circulation (e.g., of CMV-positive males vs. CMVnegative males) may possibly induce a state of persistent low-grade peripheral inflammation,
that may contribute to inflammatory conditions in the central nervous system and thus, to
impairments in cognitive functioning 3,132,133.
Our study has shown negative correlations of fluid intelligence as well as episodic and working memory with pro-inflammatory TNF in CMV-negative individuals (publication 3, Table 1).
It is known that TNF may elicit in the nervous system both physiological neuroprotective as
well as pathological neurodegenerative effects

134

. On the one hand, the cognitive deficits

have been found in transgenic mice overexpressing TNF 135. On the other hand, TNF and IL1β revealed that they were able to physiologically modulate synaptic plasticity and synaptic
scaling in several brain regions such as the hippocampus, striatum and cortex 136,137.
In the CMV-negative group we have detected a positive association of episodic memory with
anti-inflammatory IL-10, which is generally known to play an inhibitory role on the production
of inflammatory cytokines by microglia and for its neuroprotective function on neurons and
astrocytes 138.
Remarkably, in the CMV-seropositive group, fluid intelligence, and episodic- and workingmemory scores correlated negatively with the anti-inflammatory IL-1RA (publication 3, Table
1), whose values were seemingly concomitantly raised as a reaction to the elevations of proinflammatory cytokines in their periphery. Similar findings were reported by other groups
139,140

, who observed that persons with high levels of inflammatory markers also tend to show

increased levels of anti-inflammatory factors. We have also found in the CMV-positive group
a negative correlation of pro-inflammatory IL-6 with episodic memory and fluid intelligence. A
number of pro-inflammatory mediators, such as cytokines IL-6, IL-1β and TNF, were identified as being associated with cognitive impairments

139,141,142

, therefore our findings on the

negative association of cognitive functioning with inflammatory cytokines are congruent with
these results.
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In our study of the interrelations between different inflammatory markers, we also observed
that CMV-latency affected the relationships between various inflammatory mediators, potentially promoting the induction of these CMV-related inflammatory environments. In other
words, CMV infection appears not only to shift the levels of individual cytokines but also to
alter the relationships between different immune mediators and molecules. Considering the
exploratory nature of the study on these associations, further investigations are needed to
elucidate these associations and the changed interactions among multiple biomarkers under
the modulatory influence of CMV-infection.
Thus, we can conclude that CMV-latency can trigger a variety of modulatory effects on the
inflammatory and immune factors and their relationships in the peripheral circulation of elderly people. These modulatory effects may have different outcomes for older men and women
and may therefore have different functional and cognitive consequences. For this reason,
comparative and interventional studies with older people should always consider both CMVserostatus and sex dimorphism together with other factors.

8.4 Paper IV: Network topology dynamics of circulating biomarkers and
cognitive performance in older Cytomegalovirus-seropositive or
-negative men and women.
It is known that our immune system is not functionally isolated but depends on interactions
with other physiological systems in the organism. These systems communicate with each
other within complex networks through cytokines, receptor molecules, hormones, neuropeptides, and metabolic and neurotrophic factors

143,144

. With advancing age, however, impair-

ments in this communication can facilitate inflammatory environments, which may range from
a disturbance of homeostasis towards to pathological conditions 4,17,27. The importance of proinflammatory and anti-inflammatory homeostasis for cognitive health in old age and the decisive role of various inflammatory cytokines in neuroimmune communications have been repeatedly described 134,138,145-147. At the same time, it is also known that a latent CMV-infection
and the related chronic immune activity can modify the mode of action and function of inflammatory factors 4,148.
The aim of our present work was to quantitatively describe multiple interactions between different cytokines, receptor molecules, metabolic and neurotrophic factors, hormones, immune
cells and measurements of cognitive performance using a graph-theoretical approach. This
enabled us not only to visualize biologically meaningful interconnections between the nodes
of different variables, but also, for the first time, to statistically compare the network topology
metrics between different groups of CMV-seronegative and -positive men and women.
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Graphical abstract

Figure 9. Graphical abstract for study on network topology dynamics of circulating inflammatory markers and cognitive performance in CMV-seropositive and –negative men and women at baseline prior to
six-months training intervention. CMV: Cytomegalovirus.
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Results and discussion
The examination of the network patterns revealed that the connectivity matrices had a groupspecific structure in all four participant groups (manuscript 4, Fig. 3A). The calculation of the
network strengths as the sum of the connections of each individual node showed that cognitive nodes had high strengths, which appear to be mainly due to the strong connections between the cognitive nodes themselves, especially in the female groups (manuscript 4, Fig.
3B). In the male groups, cognitive nodes are also strongly linked to other variables such as
cytokines (CMV-negative group), metabolic factors (CMV-positive group), and immune cells
(manuscript 4, Fig. 4). The CMV-seronegative male group showed several strong connections between nodes of pro-inflammatory cytokines (IL-1β, TNF, IL-18) and cognitive nodes
(episodic memory and fluid intelligence). Currently available evidence suggests that proinflammatory cytokines can have a dose-dependent physiological neuroprotective effect, but,
under certain circumstances, for example, at elevated concentrations, can also mediate
pathological neurodegenerative effects

134

. Both IL-1β and TNF have been shown to have

such a dual function, in which they can act both as pro-inflammatory factors on the one hand,
leading to neuroinflammation, and as neuromodulators on the other, influencing cognitive
processes in a positive way 145,146.
Less strong, but still numerous, connections were found in the CMV-seronegative male
group between nodes of anti-inflammatory cytokines and cognition (manuscript 4, Fig. 4).
This is partly consistent with our previous findings on the positive association of episodic
memory with anti-inflammatory cytokine IL-10 in older men and women in the CMVseronegative group 3. It is known that IL-10 can play a neuroprotective role due to its inhibitory effect on inflamed microglia

138

. The same CMV-negative male group also showed signifi-

cantly increased levels of anti-inflammatory IL-10 and sTNF-R and reduced levels of proinflammatory cytokines in their peripheral circulation, as reported in our recent study 3. In the
light of this information, we can speculate that strong connections between cognitive nodes
and the nodes of (low concentration) pro-inflammatory cytokines, on the one hand, and numerous connections of cognition to the nodes of (high concentration) anti-inflammatory cytokines, on the other hand, might explain the cognitive advantage in fluid intelligence and working memory found for this group of participants in our previous work 3. Interestingly, this was
the only group in which pro- and anti-inflammatory cytokines showed no direct connections to
each other (manuscript 4, Fig. 4). The other three groups (two of which were CMVseronegative women and CMV-seropositive men, characterized in our previous study by heterogeneous unbalanced pro-inflammatory and anti-inflammatory mediators and an adverse
metabolic environment), showed various more or less strong connections between pro-
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inflammatory and anti-inflammatory cytokines. These numerous interactions were probably
important and necessary homeostatic responses to these imbalanced peripheral conditions.
In our previous study, the group of CMV-seropositive women (showing multiple connections
between nodes of pro- and anti-inflammatory cytokines in the present study) demonstrated
significantly higher values of the anti-inflammatory factors sTNF-R and IL-1RA. We also previously found that, in the CMV-seropositive group, fluid intelligence and episodic and working
memory were negatively associated with the anti-inflammatory factor IL-1RA, which was
thought to be simultaneously elevated in response to the increase in pro-inflammatory cytokines in the periphery 3 - the phenomenon that has also been reported by other researchers.
They supposed

140,149

that individuals with high levels of pro-inflammatory cytokines also ap-

parently tend to show an increased proportion of anti-inflammatory factors. The network
analyses in the present study made it possible, to visualize these diverse and mutual connections between pro- and anti-inflammatory biomarkers, which were only assumed in our
previous work 3.
It is known that pro-inflammatory cytokines are involved in dynamic interactions with the major neurotrophic factor IGF (insulin-like growth factor)-1 and its regulator IGFBP (IGF-binding
protein)-3 by reducing IGF-1 signaling and increasing IGFBP-3 production. Conversely, IGF1 is able to inhibit pro-inflammatory cytokine production by increasing anti-inflammatory IL-10
secretion

150-152

. Our results show that both IGF-1 and IGFBP-3 have relatively strong links to

metabolic nodes in CMV-seronegative males, but only a weak link to CRP. In contrast, all
three other networks showed multiple connections to pro- and anti-inflammatory cytokines,
possibly due to their involvement in dynamic interactions aimed at balancing the pro- and
anti-inflammatory equilibrium (manuscript 4, Fig. 4).
Regarding the connections between neurotrophins and cognitive nodes, there were few connections in CMV-seronegative and -positive men and only one connection in CMVseronegative and -positive women. There is substantial evidence that IGF-1 deficiency is
often seen in older people and might represent a contributory factor to reduced cognitive ability

153,154

. Thus, we can speculate that the relatively low number of connections between neu-

rotrophins and cognitive nodes, as seen in all four networks, may be due to the general agerelated decrease of these neurotrophic factors in the peripheral circulation of older participants.
Interestingly, the network of CMV-seronegative men showed some direct connections between Dehydroepiandrosterone (DHEA) and cognitive nodes but also to the nodes of antiinflammatory and metabolic factors. In general, it is known that inflammatory reactions are
influenced by various mechanisms, including neuroendocrine interactions. Both DHEA and
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cortisol represent multifunctional adrenocortical hormones with such immunomodulatory
properties. They exert strong and broad influences on the body and brain and together influence a multitude of processes associated with metabolic, immune and cognitive functions 155.
Interestingly, nodes of both cortisol and DHEA in the CMV-seronegative males represent
non-hub connectors exhibiting numerous links to diverse modules in the modular organization of the network. This indicates that these nodes play a crucial role in the communication
between different subsystems. Inverse correlations between DHEA concentrations and neuroinflammatory-related diseases have repeatedly been found in the elderly

132,133,154,155

. Simi-

lar to DHEA, the cortisol nodes in our study also demonstrated a very heterogeneous and
group-specific picture regarding their connections (manuscript 4, Fig. 4). This may be partly
due to the fact that being typically immunosuppressive, cortisol may induce (under certain
concentrations and in a delayed-response fashion) a delayed systemic augmentation of inflammation

156

, contributing to a further complexity in interpreting of these already complex

interactions.
Using graph-theoretical approach, we analyzed and compared the network topology metrics
between different groups of participants (manuscript 4, Fig. 5). Modularity analyses revealed
that all four networks of the CMV-seropositive and -negative men and women demonstrated
a highly differentiated modular organization (manuscript 4, Fig. 6). All four networks represented so-called “small-world networks” (SWNs) at all levels of wiring costs and were identified as SWNs with more random characteristics (manuscript 4, Fig. 7). Interestingly, the network of CMV-seronegative men contains more hub nodes but fewer connector nodes, compared to the other three groups. This indicates that modules in this group are more autonomous and the information flow between the modules may be realized through a small number of connector nodes. Interestingly, three of the four hubs are cognitive variables and the
fourth one is IGFBP-3. Thus, cognitive nodes, such as fluid intelligence, working memory,
and perceptual speed play a central role in the network of CMV-negative male participants,
driving or controlling the connections within the corresponding modules.
In this work, we also investigated the integration and segregation properties of the individual
networks of the CMV-seropositive and -negative men and women by applying such network
topology measures as a clustering coefficient, a characteristic path length, and local and
global efficiency (manuscript 4, Fig. 5). We compared network topology dynamics and found
that a mean clustering coefficient was the highest and CPL shortest in the network of the
CMV-seronegative males. Additionally, this network is also characterized through the highest
local and global efficiency, allowing it to be identified as the network with optimal features of
segregation and integration (manuscript 4, Fig. 5A). In our previous study, the same group of
participants displayed the most balanced inflammatory status in their peripheral circulation
(with low levels of pro-inflammatory cytokines and high levels of anti-inflammatory bi-
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omarkers) as well as significantly higher cognitive performance in working memory and fluid
intelligence 3, suggesting that highly integrated and segregated networks may have optimal
neuroimmune interactions. Further studies, however, are required to confirm these findings
and to better understand such complex relationships and network topology changes in older
CMV-seropositive and -negative men and women.

9 Concluding remarks, studies’ limitations, and future directions
Data obtained in both BASE-II and AKTIV studies have clearly suggested that age, sex, and
CMV-serostatus influence the peripheral circulating biomarkers and functional abilities of
aged people. In summary, the research presented in this dissertation contributes to the investigation of age-related functional alterations of immune and related physiological functions
in two major ways. First, it has extended the design and introduced novel analysis methods
that have been used to investigate markers of immunosenescence. Second, it has generated
new findings on the modulatory effects of CMV-latency and sex on multiple peripheral biomarkers and cognitive function in older men and women.
Results obtained from a subgroup of BASE-II participants have revealed significant crosssectional age-associated differences of T-cell subset distribution in a representative German
urban population and demonstrated the impact of both sex and CMV-infection on T-cell naïve
and memory phenotypes, but unaffected frequencies of T-stem cell-like memory cells. To
the best of our knowledge, this was the first study, in which the frequency of the TSCM phenotype and of PD-1+ T cells in peripheral circulation has been investigated, and the effects of
age, CMV-serostatus, and sex on their frequency have been examined. Certainly, further
analyses on the whole BASE-II cohort of 2200 participants are needed to confirm and to
generalize these results. Although the subgroup of participants was selected on the basis of
a distribution similar to the whole cohort, the sample size may have been too small, particularly after a further subdivision into subgroups, based on the differences in age, sex and
CMV-seropositivity. Additionally, differences in the number of CMV-seronegative young subjects compared to CMV-seropositive participants may potentially limit the power to identify
some significant associations and might affect our results. Due to the multidisciplinary nature
of the BASE-II study, future investigations will allow to search for associations of immunologic parameters with the health and socio-economic status of the subjects, their genetic background, and behavioral, and psychological characteristics. This will permit the investigation of
the influence of these parameters on the immune function, and vice versa, to better understand their complex relationships and the age-related alterations occurring in the process of
aging.

Concluding remarks, studies’ limitations, and future directions

Data obtained from a baseline cohort of the interventional AKTIV study with healthy elderly
participants have revealed that CMV-latency may induce various modulatory effects on the
inflammatory and immune factors in the circulation of aged men and women. This was the
first study to extensively characterize inflammatory and functional status in elderly participants by assessing various pro- and anti-inflammatory cytokines, receptor antagonists, soluble receptors, metabolic factors, immune cells, and multiple measures of objective cognitive
function at baseline prior to physical, cognitive, and combine interventions. We found that not
only both sex and CMV-seropositivity influence levels of circulating peripheral biomarkers,
but also that CMV-infection modifies the observed associations among the latter. Moreover,
we detected an interaction between CMV-serostatus and sex associations with cognitive abilities: Sex differences in fluid intelligence and working memory were found only in the CMVnegative participants. It was revealed that in CMV-seronegative individuals fluid intelligence,
episodic memory, and working memory correlated negatively with pro-inflammatory TNF levels; and episodic memory correlated positively with anti-inflammatory IL-10 levels. In CMVseropositive participants, episodic memory and fluid intelligence correlated negatively with
pro-inflammatory IL-6; and episodic memory, fluid intelligence, and working memory correlated negatively with anti-inflammatory IL-1RA. We conclude that both CMV-serostatus and
sex may modulate neuroimmune factors, cognitive performance and the relationship between the two domains and should therefore be considered in comparative and interventional
studies with elderly people.
There are also several other limitations for this study that should be acknowledged. The first
is related to the fact that our pre-training cohort contained comparatively healthy, non-obese,
and well-educated Berlin citizens with a relatively low CMV seroprevalence. Therefore, the
generalizability of some of our findings may be restricted to the Berlin healthy aging population or to similar European populations in urban areas. Another limitation is one that is also
frequently reported in studies by others, namely that cytokines such as IL-1β, TNF, and IL-6
are not very abundant in the circulation of relatively healthy non-obese people, and thus the
quantities of these cytokines may be tending towards the lower end or below the levels of
detection for these assays. Hence, a technical limitation may be the sensitivity of the assays
used for cytokine detection. The commonly applied quantification of cytokine concentrations
using the ELISA technique may occasionally not be sensitive enough, also due to potential
inhibition by some biological agents naturally present in blood. Also, multiplex techniques
(and even the CBA Enhanced Sensitivity Flex Set used in our study) are primarily designed
for a simultaneous assessment of numerous analytes, and, therefore, compromises made for
the individual analytes may be unavoidable. Despite these limitations, however, results obtained in the present study for most of the pro- and anti-inflammatory cytokines and other
factors related to low-grade inflammation are quite consistent.
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In the next study included in this dissertation, a new strategy was designed by means of a
graph-theoretical approach that allowed the quantitative investigation of multiple interactions
between different cytokines, receptor molecules, metabolic and neurotrophic factors, hormones, immune cells, and measures of cognitive performance. To the best of our
knowledge, simultaneous network analyses of multiple inflammation-related mediators and
cognitive performance in older CMV-seropositive and CMV-seronegative men and women
were not previously accomplished. We were able not only to visualize biologically meaningful
interconnections between various nodes, but also to compare the network topology dynamics
between different groups in a statistically sound manner. The examination of separate nodes
in the networks showed that these network topology differences were particularly evident for
cytokines and cognitive nodes. We investigated the segregation and integration properties of
the individual networks of CMV-seropositive and -negative older men and women by applying such network topology measures as a clustering coefficient, characteristic path length,
local and global efficiency. Using the rewiring procedure, we found that the mean clustering
coefficient was highest and characteristic path length shortest in the network of the CMVseronegative males. The same network also manifested the highest local and global efficiency, allowing it to be identified as the network with optimal features of segregation and integration. We conclude that analyses of network topology dynamics provide decisive information
about interactions between various circulating pro- and anti-inflammatory biomarkers, immune cells, and measures of cognitive performance and can be in general applied for analyzing interactions between different physiological systems and subsystems.
Due to the exploratory character of our study of the network patterns and their relationships,
we are well aware that our choice of variables in the present study, selected on the basis on
their involvement in the known age-associated functional alterations in the immune, nervous,
and other central physiological systems, does not necessarily cover all potential actors.
Therefore, we need further and more extended network analyses to obtain a comprehensive
picture on their dynamic interactions. Thus, further studies are required to confirm these findings and to better understand such complex relationships and network topology differences
between various groups of older CMV-seropositive and -negative men and women.
Moreover, it is anticipated that the graph-theoretical approach, that has been successfully
established for the investigation of the multifunctional networks in the AKTIV-study participants at baseline, will be useful for future analyses of the results obtained after six months of
training intervention. By using the advantages of this tool for investigating complex physiological interactions, it should be possible to both analyze the outcomes of the individual training
program within each interventional group and to compare training effects between different
interventional groups under consideration of CMV-latency and sexual dimorphism.
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Supplementary material (IV)

Cognitive Tests
Episodic Memory (EM)
Object Location task (Object). In this task, sequences of 12 colored photographs of real-world objects
were displayed at different locations in a 6-by-6 grid. After presentation, objects appeared at the side of
the screen and had to be moved to the correct locations by clicking on the objects and the locations with
the computer mouse. One practice trial and two test trials were included. The sum of correct placements
across the two test trials is used as the manifest variable.
Face–Profession task (Face). This task assesses associative binding on the basis of recognition of incidentally encoded face–profession pairs. During the study phase 45 face–profession pairs were each presented for 3.5 s on the computer screen and the participants had to indicate via button presses whether
the faces matched the profession or not. After a 3-min delay between study and test phase 54 face–
profession pairs consisting of 27 old pairs, 9 new pairs, and 18 newly arranged pairs were presented (in
newly arranged pairs the shown face is the same, but is associated with a new profession). The participants were asked to decide whether they had seen a given face–profession combination before or not
and to rate the confidence of their decision on a three-point scale ranging from 1 = not sure to 3 = very
sure. Recognition memory for the rearranged face–profession pairs (hit minus false alarms) served as the
manifest variable in the model.
Working Memory (WM)
Number-N-Back (Number). Three one-digit numbers (ranging from 0 to 9) were presented sequentially in
three cells situated horizontally followed by the next sequence of three digits. This cycle was repeated 30
times. In each cycle, two-choice decisions on whether the current stimulus matched the stimulus shown
three steps earlier had to be made. Four practice trials including 30 runs were followed by 6 test trials
with 30 runs. Subjects made their decision via button-box presses with their left and right index fingers
157
.
Letter Updating (LetterU). In this task subjects were presented with 7, 9, 11, or 13 letters in a sequence.
Once a sequence stopped, subjects had to report the last three letters in correct order by pressing buttons on the button box corresponding to A, B, C, and D.
Spatial Updating (Spatial). In each block of this task, a display of two or three 3-by-3 grids was shown for 4
s. In each of these, one blue dot was presented in one of the nine locations. Those two or three locations
had to be memorized and updated according to shifting operations that were indicated by arrows appearing below the corresponding field. The presentation time of the arrows was 2.5 s with an inter-stimulus
interval of 0.5 s. After six updating operations, the two or three grids reappeared and the resulting end
positions had to be clicked on. After ten practice blocks with memory loads of two and three grids, ten
test blocks with load two and three were conducted and used for scoring. The average percentage of
correct placements was used as one of the manifest variables for the working memory (WM) factor 157.
Fluid Intelligence (Gf)
Figural Analogies (Analog). Items in this test followed the format "A is to B as C is to ?". One figure pair
was presented in the upper left part of the screen and a single figure was shown beside it. Participants
had to use the same rule as the one applying to the complete figure pair to choose one of the five alternative responses presented below. Subjects entered their response by clicking on one of the five alternatives
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with the mouse. Before the test phase, instructions and three practice items were given. The test phase
was terminated when subjects made three consecutive errors, when they reached the maximum time
limit (10 min), or after they had worked on the last test item. Items were ordered by difficulty 158.
Practical Problems (Problem). This task consisted of 12 items depicting everyday problems such as the
times in a bus schedule, instructions for medication, a warranty for a technical appliance, a rail map, as
well as other forms and tables. For each item, the problems were presented in the upper part of the
screen, and five alternative responses were shown in the lower part. Subjects responded by clicking on
one of the five alternatives with the computer mouse. A single practice item was provided. The test phase
was terminated when subjects made three consecutive errors, or when they reached the maximum time
limit of 10 minutes, or after they had answered the last test item. Items were ordered by difficulty 158.
Letter Series (Letter). The task consisted of 22 items. Each item contained five letters followed by a question mark (e.g., c e g i k ?). Items were displayed in the upper half of the screen, and five response alternatives were presented in the lower half. Items followed simple rules such as +1, –1,+2, or +2 +1. Subjects
entered their response by touching one of the five answer alternatives. The score was based on the total
number of correct responses. Instructions and three practice items were given before the test phase. The
test phase was terminated when subjects made three consecutive false responses, when they reached the
maximum time limit (6 min), or after they had answered the last item of the test. Items were ordered by
difficulty. Sample items were used with respect to tests related to speed, reasoning, and knowledge 158.
Processing Speed / Comparison Task (Speed)
For the numerical version (number) of the comparison task, two strings of five numbers each appear on
the left and right of the screen, with participants having to decide as quickly as possible whether both
strings are exactly the same or different. If different, the strings differ by just one number. Number strings
are randomly assembled using digits 1–9.
The verbal version (verbal) of this task is equivalent to the numerical one, using strings of five consonants.
Figural version (figure). Two “fribbles” - the three-dimensional colored objects consisting of several connected parts, are shown to the left and right of the screen, with participants having to decide as quickly as
possible whether the two objects are exactly the same or different. If different, the objects differ with
respect to one part. The Fribble images in this task are courtesy of Michael J. Tarr, Brown University,
http://www.tarrlab.org/). In the session, two trials of 40 items were included for each of the verbal, numerical, and figural tasks.

155.
Schmiedek F, Lovden M, Lindenberger U. Hundred Days of Cognitive Training Enhance Broad Cognitive Abilities
in Adulthood: Findings from the COGITO Study. Front Aging Neurosci 2010; 2.
156.
Lindenberger U, Mayr U, Kliegl R. Speed and intelligence in old age. Psychol Aging 1993; 8(2): 207-20.
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Supplementary Figure 1. (A) CC is greatest in lattice networks (blue) and lowest in random
networks (green), whereas CC for the real networks (red) is in-between. In contrast, (B) CPL
is shortest in random and longest in lattice networks, while the real networks are inbetween. CMV, Cytomegalovirus; CMV- m, CMV-seronegative men; CMV+ m, CMVseropositive men; CMV- f, CMV-seronegative women; CMV+ f, CMV-seropositive women.
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Supplementary Figure 2. (A) Local efficiency was highest in regular networks (at least for the cost
levels under 45%) and lowest in random networks (at least for the cost levels under 20%), while (B)
global efficiency was highest in random (green) and lowest in lattice (blue) networks practically for all
levels of wiring costs, with real (red) networks were always in-between. CMV, Cytomegalovirus; CMVm, CMV-seronegative men; CMV+ m, CMV-seropositive men; CMV- f, CMV-seronegative women;
CMV+ f, CMV-seropositive women.
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