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Foreword

The post-World War II generation of babies born in the USA between 1946 and 1964
began to reach their 65th birthday earlier this year. This explosion in births, amounting
to 76 million American children, temporarily stemmed the tide in the USA’s declin-
ing birth rate. Similarly, most western European countries experienced an increase
in births immediately following the end of World War II. As these baby boomers
join organizations like the American Association of Retired Persons (AARP), they
want clearer answers and more effective treatments for their medical ailments. This
book, Immunosenescence: Psychosocial and behavioural determinants, specifically
addresses those needs.

Arguably, baby boomer kids across the United States and Western Europe grew
up to become the largest, wealthiest, most rebellious, optimistic and free-thinking
generation that the modern world has ever known. Baby boomers redefined traditional
values of the Western world. In 1946, the year following the end of World War II,
Winston Churchill described an “Iron Curtain” that had fallen over the European
continent. The baby boomer generation grew up under this dark shadow and the
constant threat of a nuclearArmageddon, only to witness dismantling of the infamous
BerlinWall in 1989 and an end to the ColdWar in 1992. During this time, major events
occurred. Baby boomers throughout the world remember names and movements
like Fidel Castro, the Suez Canal crisis, Charles de Gaulle, Neil Armstrong, John
F. Kennedy, Martin Luther King, freedom riders of the civil rights movement, the
Chicago Seven, Elvis Presley, anti-Vietnam protests that pervaded Europe and the
USA, Kent State killings, Watergate scandal, Beatles, hippies, free love, Woodstock,
Three Mile Island and Chernobyl, just to name a few. These names stir the collective
memory of baby boomers because this was their generation.

The post-World War II era witnessed incredible discoveries in medicine. The med-
ical community saw birth of the first test tube baby, hip transplants, the birth control
pill, heart-lung transplants, polio vaccine, genetic engineering, pacemakers, lasers,
MRI scanners, stem cells, Prozac and the discovery of and treatment for human
immunodeficiency virus. These advances encouraged development of specialists,
such as surgeons who were experts in orthopedic, vascular, neurological, maxillofa-
cial, cardiovascular, colon/rectal, hand, thoracic and plastic surgery. Other medical
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vi Foreword

specialties developed, such as interventional cardiologists, nuclear medicine special-
ists, addiction psychiatrists, sleep disorders specialists, sports medicine specialists,
reproductive endocrinologists, preventative medicine specialists, pain management
specialists, medical geneticists, hyperbaric physicians and nuclear medicine spe-
cialists. These kinds of doctors remind of the Pete Seeger song of the early ’60s,
“Where have all the flowers gone?” Baby boomers did not grow up with these kinds
of physicians. Today, as they begin to turn 65 years of age, they are asking, “Where
have all the doctors gone?”

Baby boomers were born into a world that considered doctors to be what is now
known as “infectious disease specialists.” But, perhaps because of the logarithmic
explosion in medical specialists during the past 30 years, a new “specialist” has ap-
peared on the scene. Just two years ago, it became possible for M.D.s to be certified
and boarded as Diplomates of the American Board of Hospital Medicine (ABHM;
http://abpsus.org/hospital-medicine). Hospitalists are interdisciplinary since they
care for all cases of acutely ill patients in hospitals and serve to coordinate and
manage medical care between patients and medical specialists. It could be that de-
spite all the wonderful advances that have been made in medicine since the birth
of the first baby boomer, medical “providers” are finally being asked to consider
patients as more than simply a human body with some sort of dysfunction. This
reminds of the oft-repeated phrase, “The whole is greater than the sum of its parts.”

It is the baby boomer recognition of the need for interdisciplinary and integrative
medicine that created a niche for this book, Immunosenescence: Psychosocial and
behavioural determinants. It is ironic that this idea in nothing more than a return
to their roots. When boomers were babies, most physicians were well-trained in
all aspects of physiology. This integrative science is derived from the Greek prefix
“physis” which means “nature or origin” and the suffix “logia,“ or “the study of.”
For me, systemic physiology means the study of function, and it focuses on how
the major organs of the body, such as the heart, lungs, kidneys and brain, not only
function independently but also communicate with each other. Lungs depend on
the heart to pump blood through oxygen-rich alveoli, and the heart depends on
kidneys to regulate plasma volume. The study of regulatory physiology conveys
a sound understanding of the numerous routes of communication among different
organ systems. One strength of this book is that it reminds us of the important theme
of immunophysiology because it emphasizes the concept that the immune system is
just another organ system, like the heart, lungs and kidneys. It is a diffuse system
that wanders throughout the entire body searching for foreigners. Once a stranger
is recognized by cells of the immune system, it sends an alert message to the brain
and other organs. The five classical sensory systems of touch, sight, smell, taste and
sound did not evolve to recognize a foreign substance that invades the body. But
the innate immune system can detect these foreigners. Indeed, cells of the immune
system are now known to send both neuronal and humoral signals to inform the brain
that an infection has occurred in the periphery. As Ed Blalock correctly hypothesized
in his seminal paper published in the Journal of Immunology in 1984 (132:1067),
the innate immune system is our “sixth sense.”
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The 13 chapters in this timely book highlight the multiple physiological systems
that are impacted by the immune system during aging. As the immune system grows
older, its dialogue with the brain changes. These changes affect how the aging baby
boomer population responds to stress, how well they sleep, how they adjust to loss
of independence that often accompanies aging, the rate at which they will heal after
surgery and how they will deal with losing a spouse or living alone. The authors
are internationally-respected scholars in the interdisciplinary field of brain, behavior
and immunity. They have all published cutting edge, peer-reviewed papers in leading
journals on the multitude of issues that confront gerontologists on topics that range
from health psychology to host resistance to infections.

Immunosenescence: Psychosocial and behavioural determinants helps to push
back the frontiers of immunophysiology. It espouses the philosophy that a better
understanding of the aging immune system will be achieved only if we learn how
its afferent and efferent communication signals affect other organs, particularly the
brain. As a child who was born at the beginning of the baby boom, I applaud the
direction and learning trajectory that this book is taking us.

August 9, 2011 Keith W. Kelley, Ph.D.
University of Illinois at Professor of Immunophysiology
Urbana-Champaign, Editor-in-Chief,
Champaign, USA Brain, Behavior, and Immunity
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Chapter 1
Introduction to Ageing of the Innate
Immune System

Niharika A. Duggal and Janet M. Lord

1.1 Introduction

Over the past century, human life expectancy has doubled in developed countries
and is continuing to increase at a rate of 2 years per decade. However, although life
expectancy has increased, advanced age is accompanied by an increase in suscep-
tibility towards infection and development of chronic illnesses that have a negative
impact on an individual’s quality of life. Even adults considered to have undergone
healthy ageing show a significant decline in immune competence, termed immunose-
nescence, which is responsible for the increased rate of infections with advancing
age (DiCarlo et al. 2009). Recent studies have also reported a reduced ability to
mount a robust immune response to vaccination, combat new pathogens or maintain
immunity to persistent infections such as Herpes zoster in older adults (Gavazzi and
Krause 2002b; Trzonkowski et al. 2009; Weinberger et al. 2008). Delaying or revers-
ing the effects of ageing on the immune system may therefore be extremely beneficial
to the health and quality of life of the elderly population (Dorshkind et al. 2009).

1.2 Inflammaging

A universal feature of physiological ageing is a higher basal production of pro-
inflammatory cytokines (IL-1β, IL-6, IL8, TNFα and IL-15), accompanied by a
reduced production of anti-inflammatory cytokines (IL-10) known as ‘Inflammag-
ing’ (Franceschi et al. 2007). Importantly, inflammaging is a predictor of frailty and
mortality in aged humans. Studies in centenarians (Di Bona et al. 2009) and extremely
long-lived mice (Arranz et al. 2010) show that long-lived individuals maintain the
cytokine profile of younger adults. In addition to increased cytokines, other inflam-
matory markers including C-reactive protein (CRP) and clotting factors (fibrinogen)

J. M. Lord (�) · N. A. Duggal
MRC Centre for Immune Regulation, School of Immunity and Infection,
University of Birmingham, Edgbaston, Birmingham B15 2TT, UK
e-mail: J.M.Lord@bham.ac.uk

J. A. Bosch et al. (eds.), Immunosenescence, 1
DOI 10.1007/978-1-4614-4776-4_1, © Springer Science+Business Media New York 2013
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are also increased with age. The underlying mechanisms driving inflammaging are
thought to be varied (Krabbe et al. 2004) and include: the increase in adipose tis-
sue which is a significant source of inflammatory cytokines and pro-inflammatory
hormones termed adipokines (Fantuzzi 2005); decreased production of sex steroids
many of which are anti-inflammatory (Nilsson 2007); sub-clinical infections (Effros
2001); a sedentary lifestyle (Lavoie et al. 2010) and constitutive low-level production
of cytokines by monocytes (discussed below).

The rest of this chapter will focus upon the age-related changes to the functioning
of the cells of the innate immune system as it is these changes that dramatically affect
the ability to combat bacterial and viral infections in old age.

1.3 Age-Related Changes to Innate Immune Cell Production

The innate immune system acts as the first barrier encountered by pathogens and is
responsible for immediate and robust responses to micro-organisms. In aged subjects,
a breakdown in the integrity of innate physical barriers such as the skin, gastroin-
testinal tract and lung occurs, resulting in increased susceptibility to invasion by
pathogens and an increased burden on the cells of the innate immune system.

All immune cells are formed from differentiation of the multipotent haematopoi-
etic stem cell (HSC) which is responsible for continuously replenishing the immune
system. HSCs differentiate into multipotent progenitor cells, which can produce cells
of either myeloid (neutrophils, monocytes, macrophages, dendritic cells, eosinophils
and megakaryocytes/platelets) or lymphoid (T cells, B cells and NK cells) lineage.
HSCs from older donors have a reduced ability for self-renewal and a myeloid skew-
ing of their differential potential; suggesting profound changes in multiple levels
of HSC differentiation during ageing (Chambers et al. 2007; Dykstra and de Haan
2008). Molecular factors contributing to HSC ageing include accumulation of DNA
damage, altered gene expression patterns and epigenetic deregulation (Warren and
Rossi 2009). Skewing of the HSCs with age is thought to be responsible for declining
immuno-competence, increased autoimmunity, anemia, diminished stress response
and increased predisposition to a spectrum of diseases including myeloid leukemia
(Warren and Rossi 2009).

1.4 Neutrophils

Neutrophils are the most abundant leukocyte and a key element of the innate immune
system and are one of the first cells to migrate into the site of infection. They are
responsible for recognising, ingesting and destroying pathogens, most importantly
rapidly dividing bacteria, yeast and fungi. The increased incidence of bacterial in-
fections in older adults suggests (Bonomo 2002; Gavazzi and Krause 2002a) that
neutrophil numbers and/or function are reduced with age.
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Neutrophils have a very short life span (5.4 days) in peripheral blood and are
lost due to spontaneous apoptosis, and as a consequence they are produced in large
numbers (1–2 × 1011 per day) (Wessels et al. 2010). The bone-marrow content
of precursors for the neutrophil lineage as well as their number in blood remains
unchanged in the healthy elderly (Chatta et al. 1993; Gomez et al. 2008). During
an infection, a large increase in neutrophil production is observed (neutrophilia)
in order to combat infection. Studies have shown that older adults are able to
mount a normal neutrophilia in response to an infection (Lord et al. 2001). Neu-
trophil’s life span is controlled by growth factors (IL-3), chemokines and lineage
specific cytokines, specifically granulocyte-colony stimulating factor (G-CSF) and
granulocyte-macrophage colony stimulating factor (GM-CSF) (Chatta et al. 1993).
Even though neutrophils from older donors have a diminished ability to respond to
anti-apoptotic mediators such as G-CSF, their responses to GM-CSF and IL-3 are
unaltered with age; resulting in an ability to maintain neutrophil numbers with age
(Fulop et al. 2002).

During an infection, neutrophils leave the circulation (extravasation), roll along
and then adhere to vascular endothelial cells, followed by migration to the site of
infection along a gradient of chemotactic factors. Once the neutrophils have reached
the site of infection via chemotaxis, they engulf the invading microbes by phago-
cytosis. Pathogen phagocytosis by neutrophils is followed by microbial killing by
several mechanisms, including generation of reactive oxygen and nitrogen species,
release of proteolytic enzymes from intracellular granules and the extrusion of DNA
coated with antimicrobial compounds, termed neutrophil extracellular traps (NETs).

Adherence of neutrophils to endothelium, which is essential for neutrophil ex-
travasation, is slightly increased or unaltered with age. The expression of markers
CD11a and CD11b, necessary for neutrophil extravasation, remains unaltered with
age. However, an increase in the expression of CD15, responsible for binding of
E-selectin on endothelium, has been reported in older adults (Butcher et al. 2001;
Esparza et al. 1996), suggesting that reduced extravasation of neutrophils is not
responsible for the increase rate of bacterial infections in older adults.

Chemotactic molecules (IL-8, fMLP, complement C5a) are responsible for attract-
ing neutrophils to the site of infection. There is a significant degree of discordance in
the literature regarding chemotaxis of neutrophils from the elderly; some studies have
reported that it remains unchanged with age (MacGregor and Shalit 1990), whilst
others have reported reduced chemotaxis (directional movement) of neutrophils in
response to fMLP and GM-CSF in the elderly, whilst chemokinesis (non-directional
movement) remains unaltered (Antonaci et al. 1984; Niwa et al. 1989; Wenisch et al.
2000). The decrease in chemotaxis may be particularly important, as it would com-
promise efficiency of recruitment of neutrophils to the infection focus. Even though
neutrophils are capable of migrating towards the infection site, the data suggest that
they have reduced directional control and will take a longer route to the infection
site. This will result in an increased exposure of tissue to proteases that neutrophils
release during the migratory process, consequently damaging healthy tissue. Further
research is required to determine the mechanisms underlying reduced directional
migration in neutrophils from older donors.
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An age-related decline has also been reported in the percentage of phagocytos-
ing neutrophils and the ability of neutrophils to ingest opsonised bacteria and yeast
(Butcher et al. 2001; Wenisch et al. 2000). However, neutrophil ability to phago-
cytose unopsonised bacteria remains unaltered with age (Emanuelli et al. 1986),
suggesting that it is the response via opsonin receptors (Fcγ and C3b complement
receptors) that is affected by ageing. A number of intracellular defects that contribute
to reduced phagocytic ability with age may include: impaired calcium mobilisation,
reduced hexose transport (phagocytosis is an energy-dependent process), reduced
CD16 expression, impaired downstream signalling events (PI-3 kinase, MAP kinase
activation) and reduced ligand-induced actin polymerisation (Butcher et al. 2001;
Rao 1986; Wessels et al. 2010). In addition to these intrinsic factors, extrinsic factors
such as altered circulating cytokine levels also contribute towards reduced neutrophil
functioning efficiency with age.

Ingested microbes are destroyed by two different microbicidal mechanisms; pro-
duction of reactive oxygen species and degranulation, both of which lead to the
release of cytotoxic proteases. Regarding the first mechanism, studies of neutrophil
respiratory burst have reported unaltered superoxide production in response to phor-
bol myristate acetate (PMA) (Braga et al. 1998; Butcher et al. 2000; Esparza
et al. 1996). Antibody Fc-receptor-mediated neutrophil superoxide generation in
response to gram-positive bacteria such as Staphylococcus aureus has been shown
to be reduced (Wenisch et al. 2000), whereas superoxide generation in response to
Escherichia coli is unaltered with age (Panda et al. 2009; Wessels et al. 2010) or
reduced (Tortorella et al. 2000). Studies have also reported a decline in degranulation
in response to microbial products (Fulop et al. 1986).

In addition to phagocytosing pathogens and destroying them by generation of
ROS, neutrophils are also capable of engulfing and destroying pathogens via extru-
sion of NETs (Brinkmann et al. 2004). So far, no studies have examined the effect
of age on NET generation.

Impaired neutrophil functioning detected in older adults can be a result of modifi-
cations in signalling pathways and receptor distribution with age. Alterations in phys-
iochemical properties of neutrophil membranes such as reduced membrane fluidity
due to altered cholesterol/phospholipid content and changes in actin cytoskeleton
have been reported with age in rodents (Alvarez et al. 2001). Altered membrane flu-
idity results in impaired neutrophil signal transduction as the functioning of lipid rafts
is affected and this could explain, to a large extent, the reduced signalling through
PI-3 kinase, MAP kinase, protein kinase B, Jak-STAT and SHP-1 signalling seen in
neutrophils with increasing age (Shaw et al. 2010). Ca2+ ion mobilisation plays a
central role in intracellular signal transduction resulting in activation of cytosolic pro-
teins. Resting neutrophils of older adults have an increased level of Ca2+ (Wenisch
et al. 2000). As a result, older adults are unable to mount a proper Ca2+ mobilisation
response (Fulop et al. 1989). TREM-1 is a recently identified receptor, responsible
for initiating neutrophil inflammatory responses including phagocytosis, superoxide
production and degranulation. TREM-1 engagement is impaired in the neutrophils
of aged donors resulting in altered neutrophil early activation events; potentially due
to alterations in lipid raft engagement of TREM-1 with age (Fortin et al. 2007).
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1.5 Macrophages/Monocytes

Macrophages are widely distributed innate immune cells that act as ‘pathogen sen-
sors’and are essential for the initiation of immunological responses (against bacteria,
viruses, parasites and tumour cells) as well as regulation of adaptive immune re-
sponses. Monocytes leave the bone marrow and enter the bloodstream to migrate
into body tissues including skin, liver, lungs, spleen, where they differentiate into
macrophages. Numerous studies have reported alterations in macrophage function-
ing with age; altered gene expression, accumulation of DNA mutations and impaired
DNA repair appear to be the basis of this impairment in functioning (Lloberas and
Celada 2002). Although the absolute number of blood monocytes remains unaltered
with age (Gomez et al. 2008; Takahashi et al. 1985), the bone marrow of the elderly
has lower numbers of CD68+ macrophage precursors (Lloberas and Celada 2002;
Ogawa et al. 2000). A decline in haematopoietic cell proliferation due to replicative
senescence and increased apoptosis could explain the reduction in macrophage pre-
cursors. However, the number, size, DNA content and cell-surface markers expressed
during macrophage maturation (e.g., Mac 1) are similar in macrophages from aged
to young mice (Sebastian et al. 2005).

Interestingly, monocytes share some functions with neutrophils they can directly
resolve infection by migrating towards invading pathogens followed by phagocytosis
and killing. A decline in the ability of macrophages to migrate towards the site of in-
fection has been reported with age. Impaired chemotactic responses of macrophages
in older adults towards complement factors may contribute towards delayed pathogen
clearance (Fietta et al. 1993). However, the data examining the effect of ageing on
macrophage phagocytic ability are contradictory. Studies of murine and human cells
have reported a decline in macrophage phagocytic ability with age (Fietta et al. 1994;
Khare et al. 1996; Plowden et al. 2004; Swift et al. 2001). In contrast, studies in rats
have reported an increase in the phagocytic ability of specialised liver macrophages
(kuppfer cells) and alveolar macrophages with age (Hilmer et al. 2007; Mancuso
et al. 2001). The impact of ageing on phagocytosis-promoting receptors (CD14,
CD36, mannose receptor, scavenger receptor, MARCO and MER) and signal trans-
duction pathways still remain unreported. Further research in this direction might be
helpful in developing a better understanding of the effect of ageing on macrophage
phagocytosis.

Macrophages from old donors also demonstrate impaired intracellular killing of
pathogens due to lower production of reactive oxygen intermediates in response to
IFNγ, PMA or opsonised zymogen stimulation with age (Davila et al. 1990; Ding
et al. 1994). Studies examining an alternative macrophage anti-microbial mecha-
nism, reactive nitrogen intermediate production, have reported conflicting results.
Reduced levels of inducible nitric oxide synthase (iNOS) mRNA have been shown
in response to lipopolysaccharide (LPS), resulting in decreased production of reac-
tive nitrogen intermediates (Kissin et al. 1997). Conversely, an increase in iNOS
levels and NO2− and other intermediates in response to LPS stimulation has also
been reported (Chen et al. 1996). Macrophages display different production of re-
active nitrogen intermediates in response to different stimuli (LPS, IFNγ ), and the
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different experimental protocols and conditions used during these studies might be
responsible for the conflicting data.

Importantly, macrophages activate other inflammatory cells via secretion of a
range of cytokines (TNFα, IL-6), chemokines (IL-8), growth factors (GM-CSF,
M-CSF), coagulation factors and prostaglandin E2. As stated above, ageing is asso-
ciated with an increase in constitutive levels of serum pro-inflammatory cytokines.
In contrast, macrophage production of pro-inflammatory cytokines (IL-6, TNFα,
IL12, IL-1β) upon LPS stimulation is less in aged mice and humans in comparison
with the young (Boehmer et al. 2004; Chelvarajan et al. 2005; Delpedro et al. 1998;
Renshaw et al. 2002), which may contribute to reduced immune responses. Re-
duced expression of several genes including MHC class II, TLR1 and TLR4 in aged
macrophages, due to epigenetic modifications and reduced levels of transcription
factors with age, contribute to the observed reduction in cytokine production upon
stimulation (Chelvarajan et al. 2005; Gomez et al. 2005; Renshaw et al. 2002; van
Duin and Shaw 2007). Studies have also reported impairments in TLR-mediated sig-
nalling pathways including lower expression of MAP kinases p38 and Jun Kinases in
macrophages with age resulting in lowered activation upon LPS stimulation, which
will also contribute to the decline in macrophage pro-inflammatory cytokine pro-
duction (Boehmer et al. 2004; Chelvarajan et al. 2005). In addition to impaired
TLR expression on monocytes with age, a decline in their ability to upregulate co-
stimulatory molecules such as CD80 upon TLR engagement has been reported with
age (van Duin and Shaw 2007).

Interestingly, an up-regulation of the production of the anti-inflammatory cytokine
(IL-10) has been observed in macrophages by some groups (Chelvarajan et al. 2005;
Kelly et al. 2007), which may also contribute to poor macrophage-based immunity.
Activated macrophages produce higher levels of prostaglandin E2 with age, which is
responsible for increased IL-10 production and decreased expression of class II major
histocompatibility (MHC) on macrophages resulting in lower antigen presentation
and poorer CD4+ T-cell responses (Herrero et al. 2001; Solana et al. 2006).

Macrophages also play an essential role during wound repair by keeping the site
free from infection and secreting growth factors to promote angiogenesis (VEGF) and
infiltration of fibroblasts (Barbul and Regan 1995). Studies in human and rodent mod-
els have reported a significant decline in wound healing with age (Gosain and DiPietro
2004). A delay in macrophage infiltration in the wound site due to lower expression
of adhesion molecules (VCAM-1, ICAM-1), occurs with age (Ashcroft et al. 1998),
and a 37 % decline in VEGF production has been reported in macrophages from aged
mice resulting in diminished angiogenesis, delayed wound closure and a higher risk
of developing an infection at site of injury (Swift et al. 1999; Thomas 2001).

1.6 Dendritic Cells

Dendritic cells (DC) represent a rare population of circulating cells that form about
1 % of total peripheral blood cells and play a key role in bridging the adaptive and
innate immune systems (Schuurhuis et al. 2006). They are major antigen-presenting
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cells interacting with T and B cells and modulating the composition of cytokines
produced by T cells (Th1, Th2, Th17), which in turn influences the nature of the
immune response. DCs in humans have been divided into two categories—those
that are present in peripheral blood (myeloid and plasmacytoid DC) and those that
are present in tissues such as mucosa, skin and internal organs. Developmental and
functional alterations in DCs with age are additional factors contributing towards
immune malfunctioning.

Using multiple cell-surface marker analysis to define DC’s one study reported no
significant differences in numbers of circulating myeloid DCs and plasmacytoid DCs
between aged and young humans (Agrawal et al. 2007). Also, a decreased frequency
of tissue DCs has been reported in Peyer’s patches with age, which might contribute
towards age-associated mucosal dysregulation (Fujihashi and McGhee 2004). How-
ever, there have been contradictory reports that have failed to find alterations in
numbers of DCs with age (Grolleau-Julius et al. 2006). Furthermore, another study
reported that a dense network of DCs pervaded brain areas in aged mice (Stichel and
Luebbert 2007). In addition to alterations in DC numbers, their phenotype appears
to alter with age, with a decline in expression of MHC class II, CD86, CD40 and
CD54 expression reported in DCs from older individuals (Varas et al. 2003).

Immature DCs are remarkably efficient in capturing antigens, which is essential
for generating specific immune responses. DCs capture antigens by several mech-
anisms including: macropinocytosis (non-selective endocytosis), receptor-mediated
endocytosis and phagocytosis (Agrawal et al. 2007). DCs are capable of recognising
pathogens through the presence of pathogen recognition receptors (PRRs) such as
TLRs, NODs and C-type lectin receptors. According to a recent study, normal TLR
function and expression has been reported in circulating mDCs and bone marrow
derived DCs from aged mice (Tesar et al. 2006). Even though expression of PRRs
is unaltered in DCs with age, a decline in DC’s ability to uptake antigens has been
reported (Tesar et al. 2006), which may have an effect on antigen presentation by
MHC class II molecules to T cell resulting in decreased T-cell priming and reduced
vaccination responses.

DCs are also responsible for phagocytosing self-antigens such as apoptotic cells
and for maintaining peripheral tolerance to the body’s own tissues. With age, ineffi-
cient removal of apoptotic cells by DCs has been reported, which may be responsible
for higher risk of autoimmunity and reduced capacity to clear infections associated
with ageing (Agrawal et al. 2007, 2008). In addition to antigen presentation, DCs
are also capable of secreting cytokines that stimulate T-cell proliferation. LPS acti-
vated DCs in the elderly produce increased levels of IL6 and TNF-α but IL-10 levels
remain unaltered (Agrawal et al. 2008). Increased secretion of pro-inflammatory
cytokines by DCs might be one of the factors responsible for chronic inflammation
(inflammaging) in the elderly.

Phosphatidylinositol 3 Kinase (PI3 K) acts as a negative feedback regulator of in-
flammation (Guha and Mackman 2002). PI3 K is responsible for blocking p38 MAPK
activation in DCs, whilst AKT acts as a negative regulator of MAPK activation. A
decline in AKT activation has been reported in DCs from older adults, which can
be associated with upregulation of p38MAPK activity in DCs (Fukao et al. 2002).
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PI3 K-AKT pathway positively regulates DC migration and phagocytosis, lowered
PI3 K activation results in impaired phagocytic ability and migration of DCs with
age (Agrawal et al. 2007).

DCs regulate T and B cells via co-stimulatory and inhibitory molecules expressed
on their surface. With age, no significant alteration in the expression of co-stimulatory
molecules has been observed. While the effect of ageing on expression of inhibitory
molecules has not been examined (Agrawal et al. 2007). DCs are capable of driving
T-cell polarisation via cytokine production, secretion of pro-inflammatory cytokines
(IL-12) drives TH1 responses while IL-10 drives Th2 responses. A decline in TNFα

and IL-6 output and increased IL-10 secretion upon LPS stimulation has been ob-
served in DCs of aged subjects (Agrawal et al. 2009). The stimulatory capacity of
DCs to induce proliferation of T cells is preserved with age (Steger et al. 1997).
With respect to B-cell stimulation, aged DCs have lower cell surface expression of
complement receptors (CD21) and lower antigen: antibody complexes, resulting in
lower B-cell stimulation (Plackett et al. 2004). Follicular DC of aged mice often
remain trapped within the sub-capsular sinus of lymph nodes and are unable to reach
B-cell follicles resulting in decreased germinal centre formation (Kapsenberg 2003).

1.7 NK/NKT Cells

1.7.1 NK Cells

Natural killer (NK) cells are non-T-lymphocyte cytotoxic cells capable of recognising
and killing cells infected with intracellular pathogens (predominantly viruses) and
tumour cells. NK cells account for about 10–20 % of peripheral blood lymphocytes
and have been divided into two separate subsets on the basis of relative expression of
the adhesion molecule CD56 and the Fcγ receptor CD16, namely CD16+, CD56dim

and the CD16+, CD56bright (Cooper et al. 2001). Approximately 90 % of NK cells are
CD56dim; these cells have high cytotoxicity towards virus-infected cells and tumour
cells. Even though only 10 % of NK cells in the blood are CD56bright; these cells make
up to 90 % of NK cells in lymph nodes. CD56bright cells have immunomodulatory
properties and are capable of initiating adaptive immune responses, activation of
DCs and production of immunoregulatory cytokines (IL-10, IL-13, TNFα, IFNγ ;
Cooper et al. 2001; Vitale et al. 2004).

NK cell functioning and dynamics are affected by ageing. There is a 40–60 %
decline in NK-cell proliferation with age in response to IL-2 due to lower Ca2+
mobilisation (Borrego et al. 1999), but this is balanced by an increased number of
circulating NK cells (Almeida-Oliveira et al. 2011; Franceschi et al. 1995; Sansoni
et al. 1993) possibly due to a higher proportion of long-lived NK cells in aged donors.
The increase in the number of NK cells results from an expansion of the CD56dim

subset but there is also a decline in the number of CD56bright NK cells (Chidrawar
et al. 2006; Vitale et al. 1992) suggesting a phenotypic and functional shift in NK
cells with age.



1 Introduction to Ageing of the Innate Immune System 9

A decline in NK cell cytotoxicity on a per cell basis has been consistently reported
with age (Di Lorenzo et al. 1999; Mariani et al. 1998), though the mechanisms are
only partially understood. NK cells’ ability to recognise and bind to target cells and
perforin (a key component of cytotoxic granules) expression in NK cells is preserved
with age (Mariani et al. 1992; Vitale et al. 1992), but defective transmembrane sig-
nalling; especially involving protein kinase C (PKC)-dependent pathways has been
reported. Antibody-dependant cellular cytotoxicity (ADCC) in NK cells is mediated
via signalling molecule CD16, and CD16 expression on NK cells is unaltered with
age resulting in unaltered ADCC in NK cells with age (Mariani et al. 1998; Sansoni
et al. 1993).

In addition to cytotoxic functions during early responses against infection, NK
cells are also responsible for promoting adaptive responses against infections via
secretion of immunoregulatory cytokines. Cytokine (IFNγ , IFNα) and chemokine
(MIP-1α, Rantes, IL-8) production by NK cells in response to IL-2 is lower in elderly
subjects compared with the young (Mariani et al. 2002). However, an increase in IL-4
and IL-10 production by NK cells and unaltered TNFα production has been reported
with age (Solana et al. 1999). NK cells in the elderly show lower proliferation
responses to IL-2 and a parallel impaired expression of CD69 activation antigen
(Solana et al. 1999). The decreased proliferation response has been ascribed to
reduced Ca2+ mobilisation with age (Borrego et al. 1999).

Natural cytotoxicity receptors (NCRs) such as NKp46 play an important role in
NK cell cytotoxicity and cytokine production. NKp30 plays a central role in the
crosstalk between NK cells and DCs. Recently, a study has reported a decline in
NKp46 and NKp30 receptor expression with age (Almeida-Oliveira et al. 2011).
CD94/NKG2 and KIR receptors have been known to regulate NK cell activation.
An increase in KIR expression and decreased CD94/NKG2 A expression has been
reported with age (Lutz et al. 2005). Altered NK cell receptor expression pattern with
age may have an influence on susceptibility to infections and inflammatory diseases.

1.7.2 NKT Cells

NKT cells are “innate immune lymphocytes” that in addition to NK cell markers
express T-cell receptor (TCR). The origin and function of NKT cells is poorly un-
derstood, although they have been suggested to play an important role in immune
regulation via cytokine production. In addition to immune regulation, NKT cells have
cytotoxic potential and are directly capable of killing target cells. Studies done in
rodents have reported an increase in the number of NKT cells with age (Dubey et al.
2000; Faunce et al. 2005), and a decline in NKT cell cytotoxicity and impaired IFNγ

production has been reported in aged mice and humans (Mocchegiani and Malavolta
2004). Thus, the limited data available suggests that the age-related changes in NKT
cells are similar to those of NK cells.
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Table 1.1 Significant changes in innate immune cells with advancing age

Cell population Changes with age Direction of change

Neutrophils Numbers at site of infection ↔
Chemotaxis ↓
Phagocytic ability ↓
Superoxide production ↓
Ability to be rescued from apoptosis ↓

Monocytes Absolute numbers ↔
Migratory ability ↓
Phagocytic ability ↓
Intracellular killing of pathogens ↓
Production of pro-inflammatory cytokines upon activation ↓
Wound-healing function ↓

Dendritic cells Number of circulating DCs ↓
Migratory ability ↓
Phagocytic ability ↓
Ability to induce T-cell proliferation ↔
Production of pro-inflammatory cytokines ↑

NK cells NK cell numbers in circulation ↑
NK cell cytotoxicity ↓
Cytokine and chemokine production ↓

NKT cells Absolute numbers ↑
NKT cell cytotoxicity ↓
Cytokine production (IFNγ ) ↓

1.8 Concluding Remarks

Over the past decades, extensive evidence concerning a decline in immune system
functioning has increased in parallel with other biological systems with age. Age-
related alterations in several immunological parameters in both adaptive and innate
immune systems have been reported. Given this decline in immune functioning in
the aged, their ability to mount an adequate immune response to infection is ques-
tionable, resulting in increased susceptibility towards infections. Defects have been
reported in functioning of all cells of the innate immune system as a result of in-
trinsic defects and altered extrinsic environment, summarised in Table 1.1. Impaired
immune responses in the elderly thus appear to be a major factor responsible for
the increased risk of bacterial and viral infection in the aged, resulting in increased
morbidity and mortality. Although the past decade has seen a rapid explosion in
research in the field of immunosenescence, the effect of ageing on innate immune
responses is still incompletely understood, notably our understanding of the underly-
ing molecular causes is incomplete. Moreover, our understanding of how the changes
in the immune system with age are influenced by psychosocial factors mediated via
neuroendocrine-immune interactions is a field that is still in its relative infancy. A
detailed understanding of the impact of ageing on the innate immune system and
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its interaction with endocrine factors will enable us to develop therapeutic strate-
gies; both lifestyle and pharmaceutical, to provide protection against infections and
develop better strategies to control diseases in older adults.
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Chapter 2
Introduction to Ageing of the Adaptive
Immune System

Ludmila Müller and Graham Pawelec

2.1 Introduction

Like other somatic tissues and organs, the vertebrate immune system manifests age-
associated alterations to its components and their functions. Unlike in invertebrates,
in addition to the innate arm, vertebrates also possess adaptive immunity mediated by
both cellular and humoral components. This chapter reviews data on age-associated
alterations to adaptive immunity specifically in humans, mostly originating from
cross-sectional studies (i.e., comparing young with old people). We summarise what
is known about the effects of age on the different components of the adaptive immune
system, particularly T cells, which appear most obviously different in the elderly. We
consider the serious limitations inherent in cross-sectional studies, and discuss the
crucial requirement to perform longitudinal studies (i.e., following the same individu-
als over time). Despite the logistical and financial constraints, longitudinal follow-up
has provided the most biologically meaningful information about which of the many
biomarkers apparently changing with age are actually relevant to medical parameters
and for late-life health and longevity, and which, in contrast, may change with age
but without clinical relevance. Given the lack of consistent data currently available,
as a result of performing studies on heterogeneous populations using different ana-
lytical techniques, we emphasize the necessity for more numerous, more extensive
and more detailed studies including assessments of the impact of psychosocial, nu-
tritional and other thus-far rarely considered parameters on immunological and other
biomarkers in longitudinal studies. We consider the mechanisms responsible for the
disparate age-associated changes observed, beginning at the level of hematopoiesis,
where alterations in the stem cell niches and the stem cells themselves contribute to
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age-associated differences in the constantly self-renewing immune system. There-
after, because T-cell progenitors require further processing in the periphery, thymic
involution at puberty also results in a severely decreased production of naïve T cells
in later life. This helps to explain why the observed alterations in peripheral T cells
seem more extreme than in B cells, which do not require such further processing
after their release from the bone marrow. We consider T cells and B cells separately,
and describe the constellations of biomarkers, which we term “immune signatures”
that may associate with age and/or disease. Determining which of the many potential
biomarkers that can be measured nowadays are clinically relevant remains a chal-
lenge; thus, we finally introduce the concept of “immune risk profiles” able to predict
morbidity and mortality in the elderly, and which may be informative for responses
to vaccination, a very important aspect of immunosenescence for public health.

2.2 Overview of the Adaptive Immune System

We begin with a greatly simplified survey of the origins, components and functions
of adaptive immunity in humans, and go on to consider what is known concerning
the age-associated changes to these. Our adaptive immune system possesses the
important function of destroying invading pathogens and neutralising their toxic
molecules. Because these responses are potentially destructive to host tissues as well,
it is crucial that they act with a high degree of specificity to avoid excessive collateral
damage. The ability to distinguish what is “foreign” from what is “self” in this regard
is a fundamental feature of the adaptive immune system. This ability relies on clones
of immune cells expressing highly heterogeneous clonotypic receptors recognising
one single epitope or a limited range of cross-reacting epitopes, with the ability to
“remember” the antigen they have encountered. Thus, one hallmark of the adaptive-
immune response is its ability to produce memory cells after the infection is cleared,
providing long-lasting protection. This allows a more rapid and efficient clearance of
the pathogen in case of a re-infection (Rollinghoff 1997). Cellular memory resides
in (1) quantitative changes, that is, increase in number of antigen-specific cells and
in (2) qualitative changes, that is, altered subset distribution of memory cells with
different activation requirements compared to naïve cells. This applies to both the
antibody-producing B cells and the cellular effector and helper T cells.

Innate-immune responses, which will be discussed in detail in the next chapter,
initially call adaptive-immune responses into play and both work together to eliminate
the pathogen. Recently, however, the strict distinction between these two arms of
immunity, classically viewed as completely separate, has become less obvious. It
has been shown that innate-immune cells can demonstrate memory characteristics
under certain conditions, and reciprocally that adaptive-immune cells can express
receptor characteristic of innate cells, especially at late stages of differentiation, that
is, commonly present in increased numbers later in life and with the appearance of
age-associated, potentially senescent, changes (Lanier and Sun 2009).
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Adaptive-immune defence is evolutionarily more recent than innate immunity,
probably emerging around 500 million years ago with the appearance of clonotypic
immunity in both jawed and jawless vertebrates (Cooper and Herrin 2010). The so-
matic development of a pool of clonally diverse lymphocytes with a myriad of unique
antigen-recognition receptors that when ligated under appropriate conditions, trig-
ger cell activation, clonal expansion, and differentiation from naïve cells to effector
and memory cells does seem to be a unique feature of an adaptive-immune system.
This feature allows a combinatorial generation of an extremely diverse lymphocyte
antigen-receptor repertoire by recombining genetic elements at random, increasing
the chances of being able to recognize an almost infinite number of potential anti-
gens, and hence elicitation of highly specific responses to them (Litman et al. 2010).
In the case of pathogen recognition, this multistep process encompasses (1) recog-
nition of epitopes derived from the pathogen on the surface of antigen presenting
cells (APC) and activation of the responding T cells; (2) clonal expansion of initially
small numbers of T cells carrying the specific receptor for that antigen in order to
produce sufficiently high cell numbers to combat the pathogen, (3) differentiation of
some of these to effector cells for elimination of the pathogen by direct cytotoxicity
in the case of intracellular pathogens or help B cells to produce antibody against ex-
tracellular pathogens, and finally (4) retention of a small fraction of antigen-specific
cells as memory cells to respond faster and more vigorously to re-exposure to the
same pathogen (see Fig. 2.1 and Fig. 2.3, left).

Adaptive immunity is thus constituted by two separate cell types, depending for
its function on B lymphocytes which produce antibody (part of so-called humoral-
immune response) and T lymphocytes which mediate cytotoxicity, secrete pro- and
anti-inflammatory cytokines, and provide help for B cells (part of so-called cellular
immunity, see Fig. 2.1). Immature B cells are continuously formed in the bone mar-
row, exported to the periphery and there differentiate to antibody-producing cells
under appropriate activation by antigen and help by T cells. Several steps of somatic
recombination at the receptor (antibody) loci lead to production of a unique vari-
able domain in surface immunoglobulin functioning as the antigen receptor of each
individual B cell. Millions of different clonotypes of B cells circulate continuously
in the blood and lymphatic system, carrying out immune surveillance. Upon direct
recognition of foreign antigen and on receiving additional signals from a helper T
cell, they differentiate into plasma cells and produce antibodies specific for the target
antigen, and may further differentiate into memory B cells (see Fig. 2.1).

Similarly, T-cell progenitors are also originally produced in the bone marrow from
hematopoietic stem cells (see Fig. 2.2), but they must further migrate to the thymus,
where they give rise to a large population of CD4- and CD8-double-negative imma-
ture thymocytes (which do not express either main coreceptors facilitating binding
to MHC class II or class I molecules, respectively) (Schwarz and Bhandoola 2006).
These cells then rearrange antigen receptor genes to express the surface receptor
for antigen (the TCR) and become CD4- and CD8-double-positive, expressing both
CD4 and CD8 and differentiate into single-positive CD4 (MHC class II-restricted
“helper”) or CD8 (class I-restricted “cytolytic”) T cells. These mature cells are then
released from the thymus. Within the thymus, two steps of selection are required to
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Fig. 2.1 Overview of the components of the adaptive immune system. APC Antigen Presenting
Cells

Fig. 2.2 Overview of thymopoiesis and haematopoiesis
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Fig. 2.3 Requirement for co-stimulatory signals for T-cell activation. DC Dendritic Cell, MHC
Major Histocompatibility Complex, TCR T-Cell Receptor, IL2 Interleukin 2

prevent T cells from recognising self antigens and to ensure recognition of a variety
of different pathogens: This is known as negative selection of thymocytes binding
strongly to self antigen presented by MHC class I or II and then positive selection for
thymocytes binding weakly to self in the thymus (see Fig. 2.2, right). The released
CD4+ cells mainly act as helper T cells providing signals required by B cells for their
activation and antibody production, as well assisting CD8 + T cells to differentiate to
cytotoxic effectors. The CD4 subset also contains T-regulatory cells (Tregs), which
inhibit responses of other T cells. Most CD8+T cells are cytotoxic and are involved
in lysis of infected cells, but some may also function as regulatory cells. Although the
majority of mature peripheral T cells carries either CD4 or CD8 as outlined above,
and expresses a TCR composed of an α chain and a β chain, a minority of around
5 % remains CD4-CD8-double negative and expresses a genetically distinct TCR
composed of a γ- and a δ-chain. These latter cells possess markedly different anti-
genic specificity, recognising mostly lipid antigens, and commonly remaining CD4-
and CD8-double-negative and not MHC-restricted (Rollinghoff 1997).

In the periphery, αβT-cell activation occurs through binding of the TCR to its
cognate peptide–MHC complex presented on specialised APC, particularly dendritic
cells (Fig. 2.3, left). This interaction between the APC and the T cell provides signal
1 for T-cell activation. In addition to the signal from their receptor, T cells require
a second signal in the form of costimulation, provided by the ligation of T-cell
surface receptors by their respective ligands on the APC (Fig. 2.3, left), of which
CD27 and CD28 recognising CD70 and CD80/86 (B7.1/B.7.2), respectively, are
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two major examples. Thus, the first signal determines specificity, while the second
signal ensures that a response is executed when needed. Provided that appropriate
signals are received, the T cells become fully activated and embark on a program
of clonal expansion and differentiation, controlled by the availability of antigen and
other signals from the APC (mostly prominent cytokines such as IL 12 and IFN-γ),
and giving rise to a large pool of effector cells. In the absence of a costimulatory
signal, or the presence of negative regulatory signals, however, ligation of the TCR
leads to inactivation of the T cell, and development of a state termed anergy, thought
to be important in immune tolerance (see Fig. 2.3, right).

We will now briefly consider in what way adaptive-immune parameters differ in
younger and older people, in terms of cell generation, function, representation in the
periphery and implications for health status. As the immune system is a dynamic
self-renewing tissue, depending on sustained production of peripheral cells from the
hematopoietic system in the bone marrow, we will start there.

2.3 Ageing and Hematopoietic Stem Cells

The impact of ageing on the immune system is broad (see Fig. 2.4) and ranges from
effects on hematopoietic stem cells and lymphoid progenitors in the bone marrow
and thymus to mature lymphocytes in secondary lymphoid organs. These changes
combine to result in a perceived diminution of immune responsiveness in the elderly
(Linton and Dorshkind 2004). Age-associated functional decline of the immune sys-
tem is likely to be attributable, at least in part, to changes in the hematopoietic stem
cell (HSC) compartment. HSCs continuously replenish the blood and immune sys-
tem throughout life, giving rise to all cellular (lymphoid and myeloid) components
(Fig. 2.2, left). Age-related changes within the HSC compartment may be dependent
on or independent of “intrinsic” cellular ageing of HSCs themselves. Hallmarks of
age-dependent changes in the HSC compartment include an increase in HSC num-
bers, but decreased DNA repair capacity, a decrease in their homing efficiency, and
a myeloid skewing of their differentiation potential (see Fig. 2.4). It remains unclear
whether these changes are caused by gradual intrinsic changes within individual HSC
and/or by changes in the cellular composition of the HSC compartment (microen-
vironment). However, an accumulation of DNA damage combined with an increase
in intracellular reactive oxygen species has been found to characterize aged HSCs
(Dykstra and de Haan 2008; Warren and Rossi 2009). Additional events such as ge-
nomic damage and epigenetic instability can also lead to malignant transformation
of HSCs, progenitors or effector cells, manifesting as cancer or myeloproliferative
disorders.

Age-associated changes in the lymphoid and myeloid lineage (Fig. 2.4) are be-
lieved by some investigators to be central to the decline of immune competence
and predisposition to myelogenous diseases in the elderly. Their results indicate that
ageing does not change individual HSC, but rather changes the clonal composition
of the HSC compartment (Cho et al. 2008). Several studies have recently provided
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Fig. 2.4 Overview of effects of age on the different components of the immune system. HSC
Haematopoietic Stem Cell, APC Antigen Presenting Cell, Ag Antigen, CMV Cytomegalovirus,
TCR T-Cell Receptor

evidence in support of such a model using limiting dilution of whole bone marrow
(BM) or purified stem cell assays (Beerman et al. 2010; Dykstra and de Haan 2008).
The hematopoietic stem cell pool contains a heterogeneous mixture of HSCs, and
ageing is associated with a marked shift in the proportions of these HSC subsets.
Additionally, the stromal matrix of the bone marrow compartment, which normally
nurtures and drives stem cell production, might play a role (i.e., extrinsic microenvi-
ronmental effects). The BM hematopoietic compartment decreases with age and is
increasingly composed of fatty adipose tissue, suggesting a very early morphological
impact of ageing on immune system ontogeny (Compston 2002; Gruver et al. 2007).
Taken together, the results of different studies indicate that age-related alterations
in multiple systems are likely to combine to affect the development and function of
hematopoietic cells and thus the immune system, but much detail still needs to be
filled in.
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2.4 Age-related Changes to the Thymus

Thymopoiesis is dependent upon a continuing supply of T-lymphoid progenitors,
maintenance of open thymic niches for progenitor engraftment and support of thymo-
cyte migration and productive expansion by the cortical stromal microenvironment.
These processes are regulated by reciprocal interactions between the marrow and
thymic elements and developing lymphocytes, involving both cytokine signals and
direct cell contact-mediated signalling (Hakim and Gress 2005). Age-associated
changes at this level of regulation are also considered to have profound consequences
for immune function.

The age-dependent involution of the thymus (Fig. 2.4) is associated with subse-
quent losses in repertoire diversity of T lymphocytes due to decreased production
of naïve cells. Loss of thymic function and TCR diversity is thought to contribute
to weaker immunosurveillance of the elderly, including increasing incidence of dis-
eases such as cancers, autoimmunity, and new infections (Lynch et al. 2009). The
overall physical size of the thymus remains relatively constant after early childhood,
but perivascular spaces containing connective tissue expand, and thymic epithelial
spaces where thymopoiesis occurs shrink, until thymic medullary and cortical tis-
sue are limited to small islands surrounded by adipose and fibrous tissue (Gruver
et al. 2007). The relative levels of thymocytes and stromal cells are reduced pro-
portionately. Despite the quantitative reductions in cortical and medullary tissue,
thymopoiesis at some level continues throughout life. Thus, the main effect of thymic
involution is quantitative—concomitant with involution, the level of productive thy-
mopoiesis declines (Fig. 2.4). Thymic productivity is determined not only by the
immigration into the thymus of progenitor cells (themselves affected by age), but
also by the proliferative expansion of thymocytes, the process by which small num-
bers of progenitors can increase many thousand-fold. Thus, the structural changes
in the thymus are associated with a lower intrathymic proliferative expansion of
progenitors, contributing to a lower thymic productivity (Hakim and Gress 2005;
Hakim et al. 2005). Nonetheless, thymic involution occurs so early in life that it
must be viewed as a normal developmental process rather than as a degenerative
process associated with senescence. However, the consequences of reduced thymic
output of naïve T cells are felt throughout life, perhaps with sequelae not foreseen
by evolution but manifesting during the present extended human lifespan.

Several studies suggest that the thymic stroma has a crucial role in driving thymic
involution (Alpdogan et al. 2006). It has recently been demonstrated that thymic
atrophy can be mediated by a shift from a stimulatory to a suppressive cytokine
microenvironment. Thymopoiesis may also be significantly affected by the endocrine
system (Shanley et al. 2009) through such systemic hormones as growth hormone-
insulin-like growth factor 1 and the stress hormone cortisol (Dykstra and de Haan
2008; Savino 2007). Thus, factors including systemic hormonal shifts and intrinsic
cytokine programs within thymocytes and thymic stromal cells (Gruver et al. 2007)
can all affect thymopoiesis. These findings indicate a working model in which age-
related defects in both T-cell progenitors and thymic stromal cells and their products
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contribute to involution of the thymus. These changes could occur simultaneously
in each compartment or one could precede the other. In either case, changes in one
compartment with age could initiate a downward spiral of degenerative events that
affect other compartments (Linton and Dorshkind 2004).

2.5 Age-associated Changes to Cell-Mediated Immunity

Immunosenescence is a descriptive term applied to the multiple age-associated
changes to immunity observed in all mammals studied so far. These are perceived
as deleterious, although under certain circumstances (e.g., acute organ allograft
rejection) they might even be beneficial. In most cases, the question of whether
age-associated changes are actually deleterious or not is not well-studied and of-
ten more an assumption than a fact. However, an important senescent alteration
which is definitely clinically significant in the elderly is the decreased responsive-
ness to vaccination (Chen et al. 2009; Derhovanessian et al. 2008; Fulop et al. 2009;
Grubeck-Loebenstein et al. 2009; Joshi et al. 2009; Lang et al. 2011; McElhaney
and Effros 2009; Mysliwska et al. 2004; Ongradi et al. 2009; Pawelec and Larbi
2008; Targonski et al. 2007; Vezys et al. 2009), although even this, with its broad
public health implications, is surprisingly poorly researched. There is nonetheless
widespread acceptance of the notion that the competence of the adaptive-immune sys-
tem decreases with age, giving rise to the observed increased incidence and severity
of infectious disease, increased incidence of myeloid diseases including leukemias,
as well as the onset of anemia in the elderly (Hock 2010; Linton and Dorshkind
2004).

Cross-sectional studies reveal a large number of potentially age-associated dif-
ferences which might correlate with health outcomes, including immune parameters
such as the distribution of subpopulations of naïve and memory T cells as well as
their functional integrity (Russell et al. 2009; Sallusto et al. 1999; Weng 2006; Weng
et al. 1997a, b). Differentiation-associated markers, some of which are listed in
Table 2.1, influencing homing, adhesion, and costimulation, as well as differential
expression of transcription factors affecting T-cell lineages, are routinely used to
define “subsets” of T cells (Okada et al. 2008; Sallusto et al. 1999, 2000).

As T cells approach a putatively senescent state, such characteristics as surface
marker expression alter, but distinguishing between differentiation pathways and
“ageing” is problematic. The most biologically meaningful information on various
factors predictive of longevity and their clinical relevance could be provided by
longitudinal studies, which are, however, very rare and logistically challenging.
More extensive studies are needed to follow aged populations over time and to use
unique opportunities to assess in more detail their intraindividual changes as well as
impact of psychosocial, nutritional and other thus-far rarely considered parameters
on immunological and other biomarkers.

A consensus on the essential features of immunosenescence would probably in-
clude altered innate immunity (e.g., natural killer cell cytotoxicity on a per-cell basis;
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reduced number and function of DC in blood and Langerhans cells in skin—see the
previous chapter for a discussion of changes to innate immunity); and for adaptive
immunity, decreased pools of naïve T and B cells, and increases in the numbers and
percentages of memory and effector T and B cells. Altered distributions of naïve and
memory T cells in peripheral blood of the elderly are commonly reported for CD8 T
cells and to a lesser degree also for CD4 cells. It is often stated that one of the hall-
marks of age-associated alterations in the human immune system is that aged T cells
do not display CD28, a molecule critical for signal 2 transduction and naïve T-cell
activation, leading to accumulation of these T cells in the periphery. In particular,
an accumulation of late-differentiated effector T cells, commonly associated with
cytomegalovirus (CMV) infection (see below), (Derhovanessian et al. 2009) likely
contributes to a decline in the capacity of the adaptive-immune system to respond to
novel antigens (Grubeck-Loebenstein et al. 2009).

Thus, low relative levels of naïve T cells, especially CD8 cells, remains the most
commonly reported and widely accepted biomarker of immune senescence, usually
coupled with reciprocal increase in memory cells with a range of different phenotypes
determined by lack of expression of one or both costimulatory receptors CD27 and
CD28 (Romero et al. 2007). Cells with such a phenotype may manifest age-related
TCR diversity contraction and altered cytokine secretion patterns. Since a large
TCR repertoire is generally considered essential for combating new pathogens, such
decreases of diversity with age are assumed to have negative implications (Naylor
et al. 2005). Additional changes in the distribution of T-cell populations may all
conspire with repertoire contraction to negatively impact immune responses to novel
infections and to vaccination in older individuals (Goronzy and Weyand 2005; Weng
2006). These could include increased presence of regulatory T cells, as well as
accumulations of oligoclonally expanded potentially and functionally incompetent
T cells, and a decrease in the cytotoxic activity of NKT cells (covered in Chap 2).
However, this conclusion remains speculative and in most instances, we do not know
whether this is really the case or not in humans. Thus, many associations have been
reported but causation has not been established in any.

Age-related changes have also been repeatedly reported at the level of the individ-
ual T cell. Here, more is known about the requirement for signalling and mechanisms
of signal transduction, but again, clinical consequences have not been unequivo-
cally demonstrated. Alterations in numbers and efficacy of signal transduction of T
cell-surface receptors (Fig. 2.4), both antigen-specific and costimulatory, have been
reported which could be partly related to the transit of molecular components through
the cell membrane and hence altered formation of the “immunological synapse”
(Grakoui et al. 1999; Wetzel et al. 2002) required for initiating signalling to the
nucleus. However, the TCR remains unchanged in lymphocytes from the elderly,
both in number per cell and structure, but TCR assembly into these functional units
(“signalosomes”) is compromised due to cell membrane composition and resulting
changes to fluidity (Rivnay et al. 1980), which might affect TCR mobility and sig-
nalosome assembly. Thus, the increased levels of cholesterol, often found in older
adults, are likely to contribute to the age-associated decreases in T-cell activation
(Larbi et al. 2005).
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Age-associated alterations in APC could also lead to altered T-cell activation be-
cause without them T cells cannot be stimulated (Fig. 2.4; see the previous chapter
for fuller discussion). As discussed above, in order for T cells to be activated against
pathogens, antigens derived from these must first be taken up by professional APCs,
usually DCs, processed and presented to T cells. An age-associated imbalance or
poor function of APCs could clearly represent a first hurdle for triggering adaptive
immunity (Lung et al. 2000). Such effects may be of great clinical significance in
elderly people, as illustrated by the findings of van Duin et al. (2007), on success of
vaccination, in which they demonstrated that the poor responsiveness to immunisa-
tion in the elderly was associated with the decreased expression of the costimulatory
molecules CD80 and CD86. Thus, age-associated alterations to basic physiological
functioning of DC can have direct clinical effects by reducing the costimulatory sig-
nals delivered to the responding T cells, even if the latter are functionally intact. In a
preclinical model, age-associated functional impairment of DCs led to decreased T
cell-mediated antitumor immunity, suggesting that not only influenza vaccination but
cancer immunosurveillance could well be detrimentally affected by age-associated
changes to APC (Grolleau-Julius et al. 2008).

2.6 Changes to Humoral Immunity in the Elderly

Immune-mediated protection from infection is attributable to both circulating an-
tibodies to sterilise new infections, and antigen-specific T cells to help antibody
production and to lyse cells which have nonetheless become infected (with virus).
Such adaptive memory responses are elicited as a result of prior infection or vaccina-
tion. It is likely that antibody responses to at least some pathogens generated during
youth, before the onset of immunosenescence, persist well into old age (Haynes and
Maue 2009). An excellent example of this is the recent realization that survivors of
the 1918 influenza pandemic, who are now well into their 90s, still possess highly
functional, virus-neutralizing antibodies to this uniquely virulent virus. Hence, we
know for certain that humans can sustain circulating B memory cells and antibodies
for viruses for many decades after exposure—perhaps indefinitely (Yu et al. 2008).
Nonetheless, although age-related changes to B cells are less well studied than T cells,
reports suggest that, like T cells, memory B cells accumulate with age, and this may
of course have beneficial implications (Colonna-Romano et al. 2003; Veneri et al.
2009). However, conflicting data have also been presented in this context (Breitbart
et al. 2002; Chong et al. 2005; Frasca et al. 2005; Shi et al. 2005). One reason for
such discrepancies might have been the use of different markers identifying memory
cells. As with T cells, B memory cells are heterogeneous (Table 2.2), some being
less-differentiated and some late-stage (Sanz et al. 2008).

The former may decline with age in some populations (Shi et al. 2005), but not
others (Frasca et al. 2008). Age-associated alterations which may also contribute to
the decline of the quality of humoral response in the elderly have been observed in
B cells due to the normal processes of class switching and somatic hypermutation
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in immunoglobulin generation during immune responses which make the BCR so
different from the TCR (Frasca et al. 2005). Also some features, which are desired
for protective responses, such as long lifespan, prompt and enhanced responses by
memory B cells, may be deleterious in terms of avoiding of autoimmunity (Sanz
et al. 2008). Additionally, ageing is associated with a higher incidence of B-cell
malignancy in older adults with oligoclonally expanded B cells (Weng 2006); this
seems not to be the case for T cells where the genetic constitution of the TCR remains
stable throughout clonal expansion and contraction. Further data on B-cell alterations
are needed, particularly since decreased absolute numbers of B cells are a component
of the original immune risk profile (IRP) predicting 2-, 4- and 6-year mortality in
very elderly Swedes (see below).

It seems clear from many studies that while all components of adaptive immunity
are in some ways different in the elderly compared with the young, the clinical
impact of these changes is not always clear, and mechanisms of and biomarkers
for immunosenescence remain controversial (Caruso et al. 2009; Derhovanessian
et al. 2009. In addition to individual variations of genetic predisposition, epigenetic
changes over the full course of human life probably also exert immunomodulating
effects (Pawelec and Derhovanessian 2010). Longitudinal studies of different human
populations over extended periods, assembling multidisciplinary databases will most
likely be required to truly understand the nature and implications of age-associated
immune alterations in the elderly.

2.7 Longitudinal Studies Identify an Immune Risk Profile
(IRP) and Reveal a Major Impact of Cytomegalovirus
on Immunosenescence

Several studies have independently demonstrated, initially quite surprisingly, that
many major accepted age-associated changes to parameters used to assess adaptive
immune status are markedly influenced by infection with CMV, regardless of infec-
tion with other persistent herpesviruses (reviewed in: Derhovanessian et al. 2009;
Pawelec and Derhovanessian 2010; Pawelec et al. 2009). Accordingly, as has been
mentioned before, the accumulation of memory cells with age may both reflect an
adaptive response to the decline of production of naïve lymphocytes through home-
ostatic cytokine-driven peripheral expansion (i.e., the capacity of the peripheral pool
of lymphocytes to undergo cell division without antigenic stimulation in order to fill
the available space), as well as the cumulative effect of past and persistent viral in-
fections resulting in the accumulation of virus-specific memory cells (Pawelec et al.
2006; Weng 2006). In the quite rare individuals who remain CMV-seronegative even
at advanced age, this loss of naïve CD8 + T cells is much less marked (Chidrawar
et al. 2009; Derhovanessian et al. 2010). Whether this may be related to an effect
at the level of the thymus is currently unknown, but it is possible that CMV may
also decrease residual thymic output of naïve cells in the elderly. The implications
of these findings are manifold and emerge unexpectedly from longitudinal studies



2 Introduction to Ageing of the Adaptive Immune System 29

performed with a very robust clinical endpoint: all-cause mortality. These pioneer-
ing studies, designated OCTO-Immune (with subjects selected for very good health)
and NONA-Immune (with a representative population of free-living subjects, most
of whom were not exceptionally healthy), followed small populations of the very
elderly (> 85 years) in Sweden. This resulted in the identification of a set of immune
parameters at baseline correlating with mortality at 2-, 4- and 6-year follow-up. Re-
sults from the OCTO-immune study performed on the elderly selected for very good
health at baseline indicated that around 15 % of them showed a combination of high
absolute numbers of CD8 cells and low CD4 cells, and poor mitogen-stimulated
T-cell proliferation, together with low B cells, which was associated with a higher 2-
year mortality (Olsson et al. 2000; Wikby et al. 1994; Wikby et al. 2002). This cluster
of parameters (see Table 3), together with an accumulation of CD8+ CD28-negative
T cells, was designated the “immune risk profile” (IRP), (Pawelec et al. 2001).

In follow-up studies at 4 and 6 years, the IRP, together with inflammatory markers
such as IL-6, C-reactive protein, transthyretin and albumin, as well as cognitive im-
pairment, were also shown to be predictive of mortality in representative populations,
that is, not selected for very good health (Wikby et al. 2006).

The existence of a sequence of stages for IRP individuals that begins with ac-
quisition of CMV infection in earlier life was suggested, followed by generation of
CD8+ CD28−cells to control persistent CMV infection, and eventually the devel-
opment of an IRP associated also with elevated inflammatory status (Olsson et al.
2000; Wikby et al. 1998). Moreover, data at 6-year follow-up suggested that sur-
vival to the age of 100 years is associated with selection of individuals with an
“inverted” IRP (with high CD4/CD8 ratio and low numbers of CD8-positive and
CD28-negative cells), that was stable across time, that is, the oldest cohort of the study
who had now become centenarians, which are commonly considered as a paradigm
for “successfully ageing”, had never entered this at-risk category (Strindhall et al.
2007).

Thus, a hallmark feature of immunosenescence is a cluster of immune parame-
ters including seropositivity for CMV, and characterised by accumulations of clonal
expansions of late-differentiated CD8+T cells, many of which are specific for CMV
antigens. The latter proliferate poorly on vitro, but are strongly cytotoxic and re-
lease factors such as IFN-γ; although their per-cell activity is depressed (many are
dysfunctional, perhaps actually “senescent”, based on CD28-negativity, possession
of short telomeres, refractoriness to apoptosis, and poor proliferative capacity (Ef-
fros et al. 2005; Vallejo 2005)). The absolute number of these cells is so much
increased that they may themselves cause pathology as a result of their higher ability
to produce inflammatory mediators (Pawelec et al. 2010). This may explain the in-
creased low-grade chronic systemic inflammatory status (a state that has been dubbed
“inflammaging”), which has been causatively associated with diseases such as car-
diovascular disease, diabetes and dementias. Those individuals predisposed in some
way (most likely genetic) to “resist” the effects of this increased pro-inflammatory
status may be destined to become the long-term survivors in the population (Derho-
vanessian et al. 2010). Thus, the compromise between levels of immunity required
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for combating pathogens, and the unavoidable concomitant negative effects of in-
flammation may become increasingly dysregulated in the ageing individual, possibly
amplified by the immunological changes induced by persistent CMV infection.

2.8 Concluding Remarks

Maintaining the integrity of adaptive immunity is crucial for the survival of the
organism. This is incontrovertible, given the knowledge that inborn or acquired im-
munodeficiency results in severe, usually fatal, clinical outcomes. It is also clear
that the elderly are often more susceptible to infectious disease and that the out-
come is often more severe than in the young. Despite the large number of mostly
cross-sectional studies comparing parameters of adaptive immunity, and the result-
ing identification of many which are different in young and old people, biomarkers
of adaptive immunosenescence that actually correlate with clinical outcomes are
rare in the extreme. The often dramatically lower number of naïve CD8+ T cells in
the elderly has not been conclusively demonstrated to predict mortality or de novo
infection. This decline in naïve CD8+ T cells is not seen to anything like the same
degree for CD4+ cells in most studies, and seems to be due in large part to infection
with CMV and possibly exposure to other persistent antigens than ageing per se. The
accumulation of greater numbers of late-differentiated CD8+ T cells has been asso-
ciated in a limited number of studies with poor responses to influenza vaccination
and increased mortality in the very elderly. Lower numbers of B cells are also part
of the IRP predicting 2-, 4- and 6-year mortality in the very elderly. Further studies
are required in well-characterised diverse human populations, with adequate follow-
up, to prove the relevance of the biomarkers studied and to allow some mechanistic
insight into causative processes in humans and finally to facilitate intervention to
restore and/or maintain appropriate immunity into extreme old age.
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Chapter 3
The Chronic Stress of Caregiving Accelerates
the Natural Aging of the Immune System

Jeanette M. Bennett, Christopher P. Fagundes and Janice K. Kiecolt-Glaser

3.1 Introduction

Caregiving for a spouse with dementia is highly distressing (Taylor Jr et al. 2008).
On average, spouses serving as dementia caregivers spend more than 10 h per day
providing care for over 5 years (Donelan et al. 2002; Wimo et al. 2002). During this
time, they experience a type of “living bereavement” as they watch their partners
slowly lose their personality and intellect (Kiecolt-Glaser et al. 1991).

Given this burden, spouses serving as dementia caregivers are at heightened risk
for depression with a 46 % prevalence rate (Clyburn et al. 2000; Gallagher et al.
1989), anxiety with a 25 % prevalence rate (Cooper et al. 2007; Mahoney et al.
2005), and poor sleep quality (Brummett et al. 2006). In addition, having lower social
support increases the burden perceived by caregivers (Clipp and George 1990; Zarit
et al. 1980). These negative effects are particularly detrimental for spousal dementia
caregivers because they are typically older adults who are also experiencing a natural
decline in immunocompetence (Allen 1994). In turn, they are at increased risk for a
number of different illnesses as well as earlier mortality (Schulz and Beach, 1999).

Chronic stressors like caregiving have been linked to many diseases. Stressed
individuals are more likely to be depressed and anxious (Cohen and Herbert 1996;
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Cooper et al. 2007; Gallagher et al. 1989). Stress also has been linked to obesity,
cardiovascular disease, cancer, asthma, type 2 diabetes, infectious diseases, and
autoimmune diseases (Black and Garbutt 2002; Bloomberg and Chen 2005; Elenkov
and Chrousos 2002; Glaser and Kiecolt-Glaser 2005; Godbout and Glaser 2006). The
immune system plays a critical role in the relationship between stress and disease
(Kiecolt-Glaser 2009; Kiecolt-Glaser and Glaser 1995; Kiecolt-Glaser et al. 1987).

The immune system is a highly complex network of cells and communication me-
diators that are affected independently by stress and aging (Glaser and Kiecolt-Glaser
2005; Pawelec and Solana 1997). Due to its complexity, investigators commonly
study components of the immune system by focusing on a particular facet or process
such as cell-mediated immunity or wound healing. Therefore, in this chapter, we
review how the chronic stress of caregiving accelerates the natural decline of im-
mune function associated with aging on local immune responses (wound healing),
cell-mediated immunity (herpesvirus latency and vaccination responses), systemic
inflammation (circulating cytokines), and cellular aging (telomere length).

3.2 Wound Healing

Proper wound healing is critical for maintaining good health by re-establishing the
integrity of the skin as a physical barrier and preventing infection. The inflammatory
phase, which begins immediately after initial damage, is important for all other
phases (Christian et al. 2006). Proinflammatory cytokines protect against infection
and prepare injured tissue to be repaired by enhancing phagocytic cell recruitment and
activation (Lowry 1993). In addition, proinflammatory cytokines regulate fibroblasts
and epithelial cells in order to remodel damaged tissue (Lowry 1993).

Glucocorticoids can suppress production of proinflammatory cytokines such as
interleukin (IL)-6, IL-1-beta (1β), and tumor necrosis factor-alpha (TNF-α) (Glaser
et al. 1999). Stress facilitates glucocorticoid secretion, which, in turn, delays wound
healing. Padgett et al. (1998) demonstrated that mice under stress exhibited slower
wound healing compared to non-stressed mice. Yet, when mice under stress were
injected with a glucocorticoid receptor antagonist, they healed at the same rate as
non-stressed mice. This rodent study confirmed that stress-induced glucocorticoid
secretion is one mechanism by which stress retards the wound healing process.

The first human demonstration of stress and wound healing compared female de-
mentia caregivers (N = 13; age: 62.3 ± 2.3 years [± SEM]) and matched controls
(N = 13; age: 60.4 ± 2.8 years [± SEM]) (Kiecolt-Glaser et al. 1995). Wounds,
created via a punch biopsy, took 9 days (24 %) longer to close in the caregiver group
than wounds in the control group. Furthermore, caregivers’ peripheral blood lym-
phocytes produced less IL-1β mRNA in response to lipopolysaccharide stimulation
than matched controls, suggesting that caregivers’ lymphocytes at the wound site
also produced less IL-1β, which is responsible for stimulating the wound healing
process (Kiecolt-Glaser et al. 1995). These findings have important health implica-
tions, because delayed wound healing increases the likelihood of infection and other
complications, particularly after surgery.
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3.3 Control of Latent Herpesviruses

Infection with herpesviruses such as Epstein–Barr virus (EBV), herpes simplex
virus type (HSV)-1, and varicella-zoster virus are very common. For example,
90 % of adults have antibody to EBV (Glaser and Kiecolt-Glaser 1994), and
more than 90 % of individuals are HSV-1 seropositive (previously infected) by
their 40s (Nahmias and Roizman 1973). Herpesviruses incorporate their genetic
material into the host’s DNA and establish a latent infection in the host. Latency,
or a dormant period, occurs when the cellular immune response controls viral
replication. However, when the cellular immune response is compromised, the
virus is reactivated (Croen 1991). Viral reactivation stimulates the humoral immune
response, increasing antibody production to the latent virus. Therefore, herpesvirus
antibody titers serve as a functional marker of cell-mediated immunity, whereby
higher herpesvirus titers represent poorer cellular immune system control of latent
viruses. For example, older adults have higher herpesvirus antibody titers compared
to younger adults; suggesting that as one ages, immunosenescence results in more
frequent herpesvirus reactivation (Pawelec et al. 2009).

Caregiver stress can promote reactivation of latent herpesviruses. In one study,
investigators examined spousal dementia caregivers (N = 69; age: 67.26 ± 0.98
years [± SEM]) and matched controls (N = 69; age: 67.75 ± 0.93 years ± SEM])
over a 1-year period to understand how chronic stress affects EBV latency.
Dementia caregivers had higher EBV antibody titers compared to matched controls
(Kiecolt-Glaser et al. 1991). In addition, caregivers’ peripheral blood lymphocytes
proliferated less in response to mitogenic stimulation than those from controls
(Kiecolt-Glaser et al. 1991). The fact that caregivers had higher antibody titers
to latent EBV as well as lower lymphocyte proliferation than controls suggests
that caregivers have a poorer cell-mediated immune response than what might be
expected simply as a result of aging.

Another study addressed the effects of chronic stress on HSV-1 latency in fam-
ily dementia caregivers (N = 71; age: 60.55 ± 1.52 years [± SEM]) and controls
(N = 58; age: 62.41 ± 1.98 years [± SEM]) (Glaser and Kiecolt-Glaser 1997).
Caregivers had higher HSV-1 antibody titers than controls. However, caregivers’
and controls’ antibody titers showed the same ability to neutralize the latent virus,
suggesting that chronic stress decreases control over viral reactivation, but does
not modulate the antibody’s ability to function. Furthermore, caregivers had poorer
in vitro memory T cell proliferation to HSV-1 infected cells compared to controls
(Glaser and Kiecolt-Glaser 1997). Again, these findings suggest that chronic stress
makes individuals less able to control reactivation of a latent herpesvirus in addition
to the natural age-related declines in cell-mediated immunity.

3.4 Vaccine Responses

Among adults aged 65 years or older, influenza and pneumonia infections are the
fourth leading cause of death (Thompson et al. 2003). Accordingly, the Center
for Disease Control and Prevention (CDC) recommends that individuals 50 or
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older receive a protective pneumococcal pneumonia vaccination, and yearly
influenza vaccinations (Smith et al. 2006). These vaccinations not only reduce
infection-related mortality, but also decrease the number of hospitalizations as
well as the duration of hospital stays (Smith et al. 2006). Given the importance of
vaccine responses, they have been the subject of many studies. In vaccine response
studies, seroconversion, a four-fold or greater increase in vaccine specific antibody
titers relative to pre-vaccination levels, is considered a protective vaccine response
(Levine et al. 1987).

Chronic stress of caregiving can impair vaccine responses. For example, care-
givers had a poorer influenza vaccine response than matched controls (Kiecolt-Glaser
et al. 1996). Specifically, when analyzing only those who had a four-fold antibody
titer increase to at least one of three vaccine specific viral strains, caregivers had lower
antibody titers than controls. Furthermore, age intensified the effect of chronic stress
on the vaccine response. In individuals over 70-years old, only 26 % of caregivers
had a four-fold response compared to 60 % of controls. In addition, caregivers’ lym-
phocytes produced less IL-2 and IL-1β after exposure to vaccine-specific pathogen
compared to controls (Kiecolt-Glaser et al. 1996). These immunological differences
were not explained by depression, although caregivers were more depressed than
controls (Kiecolt-Glaser et al. 1996).

Similar to the findings described above, another study also showed that chronic
stress left older caregivers more vulnerable due to the non-protective influenza
vaccine responses; 16 % of caregivers and 39 % of controls showed a four-fold
rise in antibody to the vaccine (Vedhara et al. 1999). In addition, caregivers’ daily
salivary cortisol output was greater than controls (Vedhara et al. 1999). As described
earlier, cortisol has immunoregulatory properties and can modulate cell-mediated
immunity. Therefore, caregivers’ higher salivary cortisol is consistent with their
poorer vaccine responses.

Further work addressed relationship between caregiving and pneumococcal pneu-
monia vaccine response (Glaser et al. 2000). Pneumococcal pneumonia is caused by
bacteria, and bacterial vaccine responses occur independently of T-cell activation.
Therefore, this bacterial vaccine addresses an additional dimension of the immune
response because immune responses to viral vaccinations, like influenza, are T-cell
dependent.

Current and former caregivers and controls had similar pneumococcal pneumonia
antibody titers before, and 2 and 4 weeks following the vaccination (Glaser et al.
2000). However, at 3- and 6-month follow-up visits, current caregivers’ overall vac-
cine specific antibody titers were lower than those of former caregivers and controls.
This finding suggests that caregiving reduces the stability of the IgG antibody re-
sponse to the pneumococcal pneumonia vaccine, which limits the expected long-term
protection (Glaser et al. 2000).

In a younger, caregiving sample, similar results were found for both influenza and
pneumococcal pneumonia vaccinations. Caregivers for children who were disabled
had a reduced antibody response to B/Malaysia strain of the influenza vaccine and the
pneumococcal pneumonia vaccine at 1- and 6-months post-vaccination compared to
parents of healthy children (Gallagher et al. 2009a, b).
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Although caregivers are more likely to follow the CDC vaccination guidelines for
older adults (Brown et al. 2009), chronic stress dysregulates cell-mediated immune
responses. In addition, cell-mediated immunity declines with age. Thus, caregivers
respond more poorly to both viral and bacterial vaccines compared to age-matched
controls, suggesting that caregiver stress diminishes cell-mediated immunity above
age-related decline in both younger and older adult populations.

3.5 Systemic Inflammation

Cytokines are soluble proteins that act as messenger substances, similar to hormones
and neurotransmitters, between cells of the immune system as well as with non-
immune cells. Acute local inflammation, cytokine production by lymphocytes at
the site of injury, can be beneficial because it clears viral and bacterial pathogens
and enhances wound healing (Kiecolt-Glaser 1995). However, chronic low-grade
systemic inflammation, defined as a two- to three-fold elevation in cytokine levels
compared to healthy subjects, is associated with poorer physical functioning and
disease (Pedersen and Febbraio 2008). Low-grade systemic inflammation occurs
due to cytokine production from several sources, including chronically activated
immune cells in adipose tissue (Mohamed-Ali et al. 1998).

Elevated proinflammatory cytokines in serum or plasma are reliable predictors of
morbidity and all-cause mortality in older adults (Bruunsgaard and Pedersen 2003;
De Martinis et al. 2006). For example, inflammation is a risk factor for most cancers
because proinflammatory cytokines facilitate tumor promotion, survival, prolifer-
ation, invasion, angiogenesis, and metastases (Aggarwal et al. 2006). In addition,
higher levels of inflammation are associated with many diseases including: type 2 di-
abetes, arthritis, osteoporosis, Alzheimer’s disease, and periodontal disease (Ershler
and Keller 2000). Furthermore, inflammation is involved in every stage of
atherosclerosis (Libby 2002).

Inflammation increases with age, and chronic stress magnifies age-related changes
in proinflammatory cytokines. Indeed, data from several laboratories have shown that
caregivers have higher IL-6 than controls. For example, in a 6-year longitudinal com-
munity study (age range: 55–89 years old at entry), caregivers’(N = 116) rate of IL-6
increase was four-fold greater than matched controls (N = 109) (Kiecolt-Glaser et al.
2003). The differences in caregivers’and controls’ IL-6 could not be explained by de-
pression, loneliness, or health behaviors (e.g., chronic health conditions, medication
use, sleep, obesity, or smoking).

The fact that caregivers had greater IL-6 production than controls is particularly
noteworthy in another context. Epidemiological data suggested that serum IL-6 val-
ues greater than or equal to 3.19 pg/mL put individuals at two-fold greater risk of
death compared to those whose IL-6 levels were less than 1.9 pg/mL (Harris et al.
1999). Following these guidelines, caregivers would cross on average into this greater
risk category at age 75, while controls would not cross, on average, into this cate-
gory until after age 90. Thus, caregiving accelerates age-related IL-6 increases and
elevates risk of mortality.
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Among former caregivers whose spouses had died, IL-6 production remained
elevated much like that of current caregivers (Kiecolt-Glaser et al. 2003). Hence, the
chronic stress of caregiving may have long-term inflammatory consequences even
after the stressor is over. These comparisons involve spouses who have been bereaved
for at least 3 years, well past the usual time for adjustment to loss of their partners.

Elevated levels of C-reactive protein (CRP), IL-6, and D-dimer have been associ-
ated with greater frailty in elderly populations (Walston et al. 2002). Through general
consensus, “frailty syndrome” has been characterized by the following symptoms:
decrease in lean body mass, decline in walking mobility, and poor endurance with
exhaustion or fatigue (Ferrucci et al. 2003). In frail individuals, inflammation is as-
sociated with muscle wasting, cognitive decline, and increased disease vulnerability
(Cannon 1995; Ferrucci et al. 1999).

In a study investigating dementia caregiving and frailty, IL-6 and D-dimer were
higher in caregivers than controls, but CRP levels were similar (von Kanel et al.
2006). Caregivers reported greater role overload, being overwhelmed by life’s re-
sponsibilities, compared to the controls. Interestingly, role overload explained the
D-dimer difference between caregivers and controls, suggesting that role overload
stress may be driving the elevation in D-dimer levels. Although D-dimer is not an
inflammatory marker, it can stimulate IL-6 and IL-1β production from monocytes
in vitro (Robson et al. 1994).

In a follow-up study, the impact of sleep on inflammation was investigated in
dementia caregivers and controls (von Kanel et al. 2010). As expected, caregivers
reported poorer sleep and had a 3 % reduction in percent sleep as measured by
actigraphy than controls. Among caregivers those who slept less had higher IL-6 and
marginally higher CRP after controlling for differences in BMI, gender, and smoking.
Among controls sleep was not associated with IL-6 or CRP (von Kanel et al. 2010).

A recent study assessed the consequences of caregiving for a relative with
recently diagnosed brain cancer. At study entry, caregivers and controls had similar
CRP levels. However, at the 4-month follow-up, caregivers’ CRP was higher than
controls (Rohleder et al. 2009). Mirroring the increase in CRP levels, expression
of inhibitory-kappa B (I-κB), a transcription factor that produces anti-inflammatory
effects, was lower in caregivers at the 4-month follow-up compared to controls
(Rohleder et al. 2009). Even in a relative young sample, caregivers (N=40; age:
44.9 ± 7.4 years [±SD]) of children with autism or attention deficit hyperactivity
disorder had elevated CRP levels compared to controls (N=17; age: 40.3 ± 6.4
years [±SD]) despite having similar diurnal cortisol patterns (Lovell et al. 2012).

Thus, the increase in inflammation associated with caregiving may lead to a
greater propensity to frailty above and beyond the age-related increases observed
in the control population. Caregivers’ poorer sleep and decreased anti-inflammatory
control may contribute to the greater frailty and inflammation observed in this group
compared to controls.
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3.6 Mechanisms Underlying Inflammation and Chronic Stress

There are several possible neuroendocrine mechanisms that may enhance the effects
of chronic stress on inflammation. Stress activates the hypothalamic–pituitary–
adrenal (HPA)-axis. Thus, one pathway is reduced glucocorticoid regulation of
inflammation. Cortisol, a glucocorticoid produced by HPA-axis activation, inhibits
immune cell activity by binding to the glucocorticoid receptor and reducing cy-
tokine production (Barnes 1998; Brattsand and Linden 1996). However, chronically
elevated cortisol can lead to glucocorticoid insensitivity, such that immune cells
downregulate the expression of glucocorticoid receptors (Webster and Cidlowski
1994; Webster et al. 2002). In turn, this downregulation leads to increased
inflammation because cortisol no longer has immunoregulatory properties and
the immune cells are able to produce cytokines in an unregulated environment
(Miller et al. 2002).

Data from one study suggested that caregivers’ immune cells were less sensitive
to glucocorticoids than controls’. Specifically, dementia caregivers’ lymphocytes
proliferated at a greater rate during an in vitro challenge in the presence of cortisol
than did the controls’ lymphocytes (Bauer et al. 2000). Caregivers also had higher
cortisol levels in the morning and prior to lunchtime compared to the controls
(Bauer et al. 2000). In another study, lymphocytes from parents of cancer patients
produced higher IL-6 levels in vitro in the presence of glucocorticoids compared
to lymphocytes from parents of healthy children (Miller et al. 2002). Therefore,
caregivers’ lymphocytes were less sensitive to cortisol’s immunoregulatory effects.
This lack of glucocorticoid inhibition on lymphocyte proliferation and cytokine
production adds to the ammunition linking chronic stress and inflammation.

In addition to differences in HPA-axis responses between caregivers and controls,
elevated sympathetic nervous system activation primes inflammatory responses as
well. Specifically, the sympathetic–adrenal–medullary (SAM)-axis stimulates the
release of peripheral norepinephrine and epinephrine from the adrenal medulla
within seconds of a stressor (Mason 1968). Increased norepinephrine leads to an
increase in nuclear factor-kappa B (NF-κB) translocation in mononuclear cells
(Bierhaus et al. 2003). NF-κB is a transcription factor that increases inflamma-
tory gene expression, such as IL-6 and IL-8; thus, NF-κB activation results in
elevated release of these cytokines (Baldwin 1996; Barnes and Karin 1997). In a
recent report, dementia caregivers had a prolonged norepinephrine response to a
laboratory stressor compared to controls (Aschbacher et al. 2008). If the extended
norepinephrine production is an indicator of chronic sympathetic over-activation,
then it could be one of the underlying mechanisms for the elevated IL-6 levels ob-
served in caregivers compared to controls (Kiecolt-Glaser et al. 2003; von Kanel
et al. 2006).

Thus, chronic stressors like caregiving may promote inflammation through al-
terations in neuroendocrine pathways. In addition to the health consequences of
inflammation already addressed, inflammation also has implications for cell aging
(Kiecolt-Glaser and Glaser 2010). Elevated inflammation promotes T-cell prolifer-
ation and differentiation, which is a characteristic of cellular aging (Aviv 2004), as
described below.
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3.7 Telomere Length and Aging of Immune Cells

A telomere is a group of nucleoprotein complexes that cap chromosomes to protect
and stabilize their integrity across the lifespan (Blackburn 2001). Telomere length
indicates a cell’s ability to replicate; because cell replication naturally shortens the
length of a telomere, once a critical length is reached, the cell no longer divides
and dies (Blackburn 2001). Therefore, telomere length is a proxy for measuring the
biological age of the cell. Telomerase is an enzyme responsible for the production
of the telomere cap after cell division (Blackburn 2001). Greater telomerase activity
leads to longer telomeres. Thus, both telomerase activity and telomere length can
provide insight into how cells age and what factors may expedite or impede the aging
process at a molecular level. Further details of the association between telomeres and
aging can be found in Chap. 8.

A growing body of literature suggests that chronic stress accelerates telomere
shortening (Damjanovic et al. 2007; Epel et al. 2004, 2010; Simon et al. 2006). In a
seminal study of mothers (age: 38 ± 6.5 years) who were caregivers for a chronically
ill child, women who served as caregivers for a longer period of time had shorter
telomeres, lower telomerase activity, and higher oxidative stress than those who were
caregivers for a shorter period of time (Epel et al. 2004). These findings suggest that
duration of stress affects cell aging and may lead to a decline in immune function and
earlier onset of age-related diseases. In addition, although there were no differences
between caregivers and controls overall, more stressed women in both groups had
shorter telomeres (Epel et al. 2004). Further work that investigated telomere length of
T cells and monocytes in dementia caregivers and age-matched controls showed that
caregivers’ telomeres were shorter than those of controls’ (Damjanovic et al. 2007).

The evidence linking chronic stress and telomere shortening provides additional
biological pathways connecting stress and aging (Kiecolt-Glaser and Glaser 2010).
In addition to shorter telomeres, caregivers had greater inflammation measured by
serum TNF-α levels compared to controls (Damjanovic et al. 2007). Higher levels
of inflammation activates T-cell proliferation, which leads to shorter telomeres due
to increased replication (Aviv 2004). Chronic stress also increases oxidative stress
(Epel et al. 2004), which promotes telomere erosion during replication (Aviv 2004).
Therefore, the combined effects of stress and inflammation on cellular aging have
major implications for the immune system, especially in older individuals.

3.8 Conclusion

The chronic stress of caregiving impairs immune and cellular functions locally and
systemically consistent with accelerated aging. Caregivers’wounds heal more slowly
than controls’(Kiecolt-Glaser 1995), show more frequent latent herpesviruses reacti-
vation (Glaser and Kiecolt-Glaser 1997; Kiecolt-Glaser et al. 1991), and poor vaccine
responses (Gallagher et al. 2009a, b; Glaser et al. 2000; Kiecolt-Glaser et al. 1996;
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Vedhara et al. 1999). Furthermore, caregivers have greater inflammation than con-
trols (Damjanovic et al. 2007; Kiecolt-Glaser et al. 2003; Rohleder et al. 2009; von
Kanel et al. 2010, 2006), a major predictor for frailty, cognitive decline, and all-cause
mortality. Finally, caregivers’ immune cells have shorter telomeres, suggesting they
age more quickly compared to controls’ (Damjanovic et al. 2007; Epel et al. 2004).

Taken together, the accelerated aging of the immune system leaves caregivers
open to health problems above and beyond that of their non-caregiving counterparts.
For example, caregiving has been categorized as a risk factor for mortality; strained
caregivers were 63 % more likely to die over a 4-year period than controls (Schulz
and Beach 1999). Another study showed that caregivers were more likely to develop
heart disease than controls (Shaw et al. 1999). Furthermore, in the Nurses’ Health
Study, caring for an ill spouse increased the risk of developing coronary heart disease
(Lee et al. 2003). The studies reviewed here clearly demonstrate that caregiving may
accelerate the natural decline of the immune system, which may form a key pathway
increasing the risk of disease and possibly premature death.
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Chapter 4
Stress and Ageing: Effects on Neutrophil
Function

Anna C. Phillips, Riyad Khanfer and Jane Upton

4.1 Introduction

The innate or non-specific immune system consists of soluble components, namely
the complement system and cellular elements. The latter includes neutrophils, which
make up the majority of the innate immune cells in circulation, and deal with rapidly
dividing bacteria. This chapter will focus on the influence of psychological stress
and ageing on neutrophil numbers and function.

4.1.1 Neutrophils

Neutrophils are a major component of innate immunity and are the dominant leuko-
cyte in the circulation, making up 60 % of the white cell count. They are also the
shortest lived blood cell, dying by apoptosis approximately 24 h after leaving the
bone marrow (Savill et al. 1989; Scheel-Toellner et al. 2004). These cells play a cru-
cial role in killing invading pathogens, particularly rapidly dividing bacteria, and are
key cellular components of the early phase of inflammatory responses (Nathan 2006).
Neutrophils act quickly and without specificity, although their bacterial recognition
systems are many and complex. Neutrophils are recruited to sites of infection via
chemical homing (chemotactic) signals, such as the chemokine CXCL8 (also known
as IL8). Once in contact with the pathogen they uptake the microbe by engulfing
(phagocytosis) mediated via opsonic receptors that detect complement proteins C3b
and C3Bi or antibody coating the microbe. Once a pathogen is phagocytosed (Smith
1994), neutrophils have the ability to produce a range of cytotoxic and bactericidal
molecules such as reactive oxygen species (ROS) (superoxide production), reactive
nitrogen species and proteolytic enzymes from cytoplasmic granules (Nauseef 2007).
Superoxide production is a means by which neutrophils eliminate pathogens, and

A. C. Phillips (�) · R. Khanfer · J. Upton
School of Sport and Exercise Sciences, University of Birmingham,
Birmingham, UK B15 2TT
e-mail: A.C.Phillips@bham.ac.uk

J. A. Bosch et al. (eds.), Immunosenescence, 47
DOI 10.1007/978-1-4614-4776-4_4, © Springer Science+Business Media New York 2013



48 A. C. Phillips et al.

thus is key in combating infections, by, for example, pneumococcal bacteria (Segal
2005, 2006). More recently a third bactericidal mechanism has been described,
namely the externalization of DNA decorated with anti-microbial compounds termed
neutrophil extracellular traps (NETs), which mediate extracellular killing of bacteria
(Brinkmann et al. 2004). NET generation is also triggered by superoxide gener-
ation, though superoxide independent NET generation also occurs. Phagocytosis
and generation of superoxide trigger the death of the neutrophil, which is then re-
moved by macrophages leading to the resolution of inflammation (Savill et al. 1989).
Their function can be enhanced by pro-inflammatory cytokines, such as granulocyte-
macrophage colony stimulating factor (GM-CSF), Tumor Necrosis Factor-α (TNFα)
and type 1 interferon, which not only amplify their basic bactericidal functions, such
as generation of reactive oxygen species, but also extend their lifespan at sites of
infection by inhibiting apoptosis (Brach et al. 1992; Scheel-Toellner et al. 1999).

4.1.2 Ageing and Neutrophil Function

With ageing, innate immune responses decline, though not universally. For example,
complement activation appears to be unaffected, but macrophage function is modified
(reviewed in Chap. 1) including reports of reduced phagocytosis and superoxide func-
tion but enhanced basal secretion of IL-6 and TNFα contributing to the raised con-
stitutive level of proinflammatory cytokines seen with age (inflammaging). Natural
killer (NK) cells are also affected by ageing; while their numbers increase slightly
with age, their killing (cytotoxic) capacity is reduced (Ogata et al. 2001). Neutrophil
numbers do not decline with increasing age (Chatta and Dale 1996), and their speed
of migration also appears unchanged (Esparza et al. 1996; MacGregor and Shalit
1990), though directional migration is reduced (Wenisch et al. 2000). Moreover,
neutrophil bactericidal and phagocytic function is dramatically reduced with age
(Butcher et al. 2001; Wenisch et al. 2000). Neutrophils from older adults retain their
ability to phagocytose bacterial pathogens coated in antibody (opsonised), such as
E. coli, per se,but their phagocytic capacity (the number of microbes ingested per
cell) is significantly compromised (Butcher et al. 2001). The latter is explained, in
part, by a reduction in the number of cell surface opsonic or Fc receptors, specifi-
cally CD16, that bind to the antibody coating bacterial pathogens and stimulate their
phagocytosis (Butcher et al. 2001).

4.2 Stress and Immunity

Stress can be defined as an environmental stimulus which puts us psychologically or
physiologically out of homeostasis (Cannon 1932; Selye and Fortier 1949). Stress
can also be perceived psychologically as something which exceeds our capacity to
cope (Lazarus and Folkman 1984). When the body is exposed to stress, a fight or
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Fig. 4.1 HPA axis and SAM system

flight state is elicited which results in the activation of two key physiological systems
within the hypothalamus, the hypothalamic–pituitary–adrenal (HPA) axis and the
sympathetic–adrenal–medullary system (Cannon 1932) (see Fig. 4.1). Stress thus
induces the release of catecholamines from the adrenal medulla, and both cortisol
and dehydroepiandrosterone (DHEA) from the adrenal cortex.

Cortisol is profoundly immunosuppressive and glucocorticoids are used therapeu-
tically to treat acute and chronic inflammation. Of relevance to this chapter, cortisol
suppresses neutrophil bactericidal function, notably suppressing superoxide genera-
tion (Bekesi et al. 2000; Butcher et al. 2005). DHEA is a precursor to sex hormones
which is present in the circulation at micromolar levels in its sulphated form DHEA
sulphate (DHEAS) and in contrast to cortisol both DHEA and DHEAS have been
shown to be immune enhancing (reviewed in Hazeldine et al. 2010).

The catecholamine hormones exerting an impact on immune function are
adrenaline and noradrenaline, sometimes termed epinephrine and norepinephrine. As
well as the catecholamines in circulation which can act on immune cells via adrener-
gic receptors, the main organs of the immune system, also receive direct sympathetic
innervation, resulting in the release of adrenaline and noradrenaline from the nerve
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terminals within these organs (Elenkov et al. 2000). Thus, these hormones are able
to produce a variety of effects on immune function. For example, administration of
adrenaline in animals has been shown to enhance cell-mediated immunoprotective
responses to viruses, bacteria, and fungi in the skin (delayed-type hypersensitivity)
and adrenalectomy in animals has also been shown to eliminate this response (Dhab-
har 2002, 2003). Adrenergic receptor stimulation generally has also been linked to
an inhibition of the production of proinflammatory and stimulation of the production
of anti-inflammatory cytokines, thus resulting in a suppression of cellular or Th1
immunity and shift towards humoral or Th2 immunity, although adrenaline can also
induce localized inflammatory responses via cytokine release (reviewed in Elenkov
et al. 2000).

4.2.1 Acute Versus Chronic Stress

Importantly, acute and chronic psychological stress appears to have a differential
impact on the immune system. Generally, chronic stress has been shown to have
a negative effect on various aspects of immunity, for example, resulting in poorer
antibody responses to vaccination in comparison to matched control participants
(Glaser et al. 1992; Phillips et al. 2005a; Vedhara et al. 1999), slower wound healing
(Marucha et al. 1998), lower levels of secretory immunoglobulin A in saliva (Phillips
et al. 2006b), reduced NK cell cytotoxicity (Esterling et al. 1996) and higher antibody
titres against latent viruses such as Cytomegalovirus and Epstein-Barr virus, indicat-
ing poorer latent virus control (Glaser et al. 1994). On the other hand, acute stress
would seem to be immune enhancing (Segerstrom and Miller 2004). For example,
acute stress has been shown to elicit lymphocytosis (Anane et al. 2009; Willemsen
et al. 2002), increase NK cell cytotoxicity (Bosch et al. 2005; Sgoutas-Emch et al.
1994) and secretory immunoglobulinA secretion rate (Ring et al. 2002), stimulate as-
pects of the complement system (Burns et al. 2008) and boost vaccination responses
(Edwards et al. 2008).

4.2.2 Stress and Neutrophil Function

Little is known of the effects of chronic or acute stress on human neutrophils. This
is perhaps surprising given that neutrophils play a key role in fighting infection, and
also in inflammation. Acute stress is usually assessed as the response to a laboratory-
based stress test such as mental arithmetic or giving a speech. A 15-min laboratory
stress task (Raven’s progressive matrices) was used to examine neutrophil activation
using the Nitro-blue Tetrazolium assay which indicates oxidative capacity (Ellard
et al. 2001). This acute stress was shown to increase neutrophil activation relative
to baseline. The effect of examination stress on neutrophils was also examined in a
series of studies of individuals with asthma (Kang et al. 1996, 1997, 1998). In these
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studies, neutrophil function was assessed before, during, and after an examination
period, using the superoxide dismutase-inhibitable reduction of ferricytochrome C
assay to measure superoxide release. These authors found that examination stress
increased superoxide release. However, it has been argued that a prolonged exami-
nation period constitutes chronic rather than acute stress, which has different effects,
as described above. For example, whereas a single acute examination elicited an
increase in secretory immunoglobulin A, a prolonged period of academic examina-
tions was associated with a decrease (Bosch and Carroll 2007). Thus, the increased
superoxide release shown in association with this chronic academic stress is some-
what counter intuitive. Further, the assay used in these studies is not an optimally
sensitive measure of neutrophil function. A new generation of assays that exploit flow
cytometry technology to measure quantitatively the effects of stimulation now offer
a more accurate and versatile means of examining different aspects of neutrophil
function. These include phagocytosis and superoxide production in response to a
range of stimuli (Kampen et al. 2004; Lehmann et al. 2000; Panasiuk et al. 2005).
In addition, physiologically relevant agents such as opsonised bacteria can be used
to elicit the neutrophil response.

We have recently examined the effects of an acute laboratory psychological stress
task, the Paced Auditory Serial Addition Test (PASAT), on neutrophil function,
specifically phagocytosis and stimulated superoxide production, using this new gen-
eration of assays. Self report and cardiovascular measurements were also taken as a
manipulation check, as the effects of this stress task on these variables are well char-
acterised (Phillips et al. 2009; Willemsen et al. 2002). It was hypothesised that acute
stress would enhance neutrophil function relative to baseline. In this study of young
healthy adults, the self report and cardiovascular data confirmed that the acute stress
task provoked emotional and physiological responses. Similarly, as expected, there
was an acute stress-induced increase in lymphocyte and granulocyte numbers. The
effects of stress on neutrophil function, however, were more complex. For neutrophil
phagocytosis, there was an acute increase associated with the stress task (Khanfer
et al. 2010). The effects of the acute stress task on neutrophil phagocytosis observed
here are consistent with the increase in neutrophil activation to a short mental stressor
detailed above (Ellard et al. 2001). This is in contrast with data from studies of chronic
stress that reported no effect on neutrophil phagocytosis (Butcher et al. 2005). The
acute stress task was also associated with reduction in neutrophil superoxide produc-
tion when stimulated with E. coli (Khanfer et al. 2010). We have recently repeated
this study with older adults, and found a similar reduction in neutrophil superoxide
production, but no significant increase in phagocytosis (Khanfer et al., in press).
Overall comparison of the age groups showed that older adults had lower levels of
superoxide production and more of a decline with acute stress. These differences
between the studies likely reflect the impact of age, which is discussed below.

Further research is needed to replicate the observed psychological stress-induced
changes in neutrophil function but it seems that the stress test used induced a response
more akin to a chronic stressor. It should also be noted that studies evaluating neu-
trophil function and regulation have shown that phagocytosis and intracellular bac-
terial killing are independent activities of neutrophil-mediated antibacterial defense
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(Pechkovsky et al. 1996; Vollebregt et al. 1998). Accordingly, it is feasible that
phagocytosis and stimulated superoxide production could be differentially affected
by acute stress.

In our study, cardiovascular activity did not appear to be related to neutrophil
function (Khanfer et al. 2010). This is surprising, given that neutrophils have been
shown to have alpha and beta adrenergic receptors (Abraham et al. 1999; Gosain
et al. 2009), and changes in adrenalin and noradrenalin have been shown to relate to
circulating neutrophil numbers (Abraham et al. 1999). However, it is possible that
the effects observed in the present study are mediated by other stress pathways such
as the HPA axis, given that the PASAT has previously been associated with relatively
fast increases in cortisol in anticipation and during the stress task (Phillips et al.
2005b). Further, others have shown in an animal model study that dexamethasone
(acting as a cortisol-like synthetic stimulant) can significantly decrease neutrophil
superoxide production in cats (Hoffmann-Jagielska et al. 2003). In vitro studies of
human neutrophils have also shown that cortisol is able to suppress neutrophil su-
peroxide generation directly (Bekesi et al. 2000; Butcher et al. 2005). Consequently,
the declining superoxide production to E. coli observed here might relate to the ef-
fects of the acute stress task on cortisol levels, although measurements of serum
cortisol would be needed to confirm this. The different phagocytosis and superoxide
production results observed may reflect that the regulation of neutrophil function is
under the control of many different receptors for a variety of cytokines (Pechkovsky
et al. 1996), which are also differentially affected by stress (Steptoe et al. 2001;
Yamakawa et al. 2009). These underlying mechanisms of acute stress effects on
neutrophil function warrant further investigation.

4.3 Stress Hormones and Ageing

As adrenocortical hormones are generated in response to stress and modulate im-
mune function, any differential change in their production could, therefore, affect
immunity. In humans, the production of DHEA and its sulphated form, DHEAS,
declines with age, a process termed the adrenopause. The synthesis of DHEA is
maximal in humans at age 20–30 and declines gradually thereafter, so that by the
seventh decade levels of circulating DHEAS can be as low as 10 % of that seen in
young adulthood (Orentreich et al. 1984). Adrenopause occurs at similar rates in
both males and females and is a physiological phenomenon unique to the higher
primates (Arlt and Hewison 2004). However, although DHEA/S levels fall with age
the production of glucocorticoids such as cortisol is remarkably unaltered and, if
anything, is slightly increased (Orentreich et al. 1984), resulting in a relative excess
of cortisol over DHEA/S and an imbalance of immune suppression over immune
enhancement. DHEA is a C19 steroid synthesised from cholesterol in the zona retic-
ularis of the adrenal cortex, a process which requires two enzymes—P450scc and
P450c17. A significant proportion of DHEA is converted to DHEAS by the hydrox-
ysteroid sulphotransferase SULT2A1 and DHEAS is the major form of this steroid
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in serum. As levels of both DHEA and DHEAS fall with age, but cortisol levels
do not, a loss of P450c17 function with age has been proposed, though levels of
SULT2A1 activity may also decline (Dharia and Parker 2004). The reason for this
loss of DHEA synthetic ability is thus not well established, though numbers of zona
reticularis cells containing P450c17 are reduced with age and senescence in these
cells has been proposed (Hornsby 1997; Staton et al. 2004).

Although sympathetic-adrenal activity is increased with ageing, indexed by in-
creased plasma noradrenaline, adrenaline secretion from the adrenal medulla is
reduced by about 40 % in older age (Seals and Esler 2000). However, plasma con-
centrations of adrenaline do not appear to change due to the reduced clearance rates
also observed in ageing resulting from lowered cardiac output or regional blood flow
(Seals and Esler 2000). These changes in overall sympathetic nervous system (SNS)
activity in ageing can also be observed as reduced adrenaline release in response to
range of types of acute stress, particularly in older men (Seals and Esler 2000), likely
reflecting elevated baseline SNS activity.

4.4 Synergistic Effects of Ageing and Stress on Immunity

The immunological and endocrinological changes associated with ageing may have
implications for resilience to stress in older adults. We have hypothesized previously
that the combination of adrenopause, leading to a relative preponderance of cortisol,
and an already reduced immune defence against infection, may leave this popula-
tion particularly vulnerable to the negative effects of stress on immunity (Phillips
et al. 2007). Psychosocial stress has been associated with immune system changes
in older populations (Graham et al. 2006). For example, relative to age-matched
controls, older adults exposed to the chronic stress of being the primary caregiver
for a partner with dementia have shown a variety of immunological decrements in
comparison to socio-demographically matched control participants, such as: a de-
creased percentage of T-lymphocytes and helper T-lymphocytes; higher antibody
titres to the Epstein-Barr virus; poorer in vitro NK cell cytotoxicity, indicating a
weakened ability to kill virus-infected cells (Graham et al. 2006); slower wound
healing (Kiecolt-Glaser and Newton 2001); and lower antibody titres following both
influenza and pneumococcal vaccinations (Glaser et al. 2000; Kiecolt-Glaser et al.
1996). Fewer studies have concentrated on the more mundane stress experienced by
older populations, as opposed to the specific chronic stress of caregiving. Our recent
research in the United Kingdom focused on a sample of community-based older
adults who were attending their General Practice for the National Health Service an-
nual influenza vaccination. Data showed that individuals who reported bereavement
and poorer marital satisfaction in the year prior to the vaccination mounted a poorer
antibody response to two of the vaccine strains (Phillips et al. 2006a).

Stress management interventions have been studied in the context of ageing,
where, following an 8 week cognitive behaviour therapy intervention, more el-
derly caregivers mounted a 4-fold increase in antibody titre to the influenza vaccine
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than non-intervention care-givers, although their response was still poorer than non-
caregiver controls (Vedhara et al. 2003). Although the mechanisms of the immune
enhancement observed are, as yet, not fully understood, these data support the clinical
utility of attempts to identify interventions to reduce stress in the elderly.

4.4.1 Chronic Physical Stress and Neutrophil Function in
the Elderly

Physical bodily trauma, such as hip fracture resulting from a fall, can also be con-
sidered a chronic stressor, and is associated with decrements in immune function.
Almost 1 in 3 people over 65 will fall each year, and hip fracture is a frequent con-
sequence of a fall, happening to approximately 86,000 older people in the United
Kingdom each year (Donaldson et al. 1990). Fracture is associated with poor out-
comes; approximately one quarter of patients are dead 1 year post-fracture (Haentjens
et al. 2007) and 1 quarter are institutionalised at discharge rather than returning home
(Birge et al. 1994). Few regain pre-fall levels of quality of life (Chaudhry 2007). In
a recent study of older (> 65 years) hip fracture patients, who prior to their fall had
all been in very good health, it was found that within 4–6 weeks of the fracture 37 %
had succumbed to serious infections requiring readmission to hospital (Butcher et al.
2003). These figures for reduced immunity after hip fracture are supported by data
from a large Newcastle based study of health outcomes for 531 hip fracture patients,
which revealed that post-operative chest infections were the major 6 month mortality
risk factor and that pneumonia was the cause of death in 43 % of patients (Wood
et al. 1992). Within these patients, the experience of hip fracture was associated
with significantly diminished neutrophil function (generation of superoxide) which
was greatest in those patients that succumbed to bacterial infection (Butcher et al.
2003). Interestingly, this effect of trauma on neutrophil function and infection rates
was not observed in a group of younger (aged < 35 years) fracture patients matched
for the level of clinical trauma (Butcher et al. 2003), suggesting that this immune
impact of stress is worsened by the presence of already impaired immunity through
immunosenescence. Other studies have also reported that age is the most significant
risk factor for post-trauma mortality (Connor and Leonard 1998; Park et al. 2006).
Physical trauma, such as a fall, is thus a major risk for progression to ill-health and
frailty in seniors and reduced immunity is a key underlying frailty factor.

The trauma of hip fracture is associated with the release of stress hormones includ-
ing cortisol (Butcher et al. 2003), which has potent immunosuppressive properties
(Cupps and Fauci 1982), but this does not usually result in increased infections in
young individuals. As described above, cortisol production does not decline with age,
resulting in a relative preponderance of glucocorticoid-induced immune suppressive
effects over immune enhancing effects of DHEA/S, with potentially detrimental con-
sequences for immune regulation in seniors. To test this hypothesis, early morning
serum cortisol:DHEAS ratios were measured in older hip fracture patients and a
raised cortisol:DHEAS ratio was found to be associated with reduced neutrophil
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superoxide generation and a higher incidence of post-injury bacterial infections.
Moreover, the cortisol:DHEAS ratio was not altered in young participants with limb
fractures (Butcher et al. 2003). Adrenocortical hormone balance may thus be a major
determinant of immunity in older hip fracture patients.

Adrenal hormones have pleiotropic effects, including a considerable impact on
mood. For example, it has been shown that DHEA replacement improves mood and
well-being in patients receiving chronic glucocorticoid replacement for adrenal in-
sufficiency (Coles et al. 2005) or in patients on chronic glucocorticoid treatment for
systemic lupus erythematosus (Nordmark et al. 2005). Further, DHEA supplemen-
tation has been shown to improve minor and major depression in older individuals
(Morsink et al. 2007). Raised serum cortisol is strongly associated with melancholic
and psychotic depressive subtypes (Duval et al. 2006), and depression is associated
with an increased cortisol:DHEAS ratio.

Importantly, the combined immune and endocrine effects of both hip fracture and
depression in the context of immunosenescence have not yet been examined. We
have recently tested this hypothesis that the addition of psychological distress to the
physical stress of hip fracture might work synergistically to amplify effects of stress
on immunity in older adults. There is evidence of an increased prevalence of de-
pression and depressive symptomatology in seniors (Mirowsky and Reynolds 2000).
Depression is also associated with increased susceptibility to infectious disease and
mortality (Connor and Leonard 1998) and with reduced immune cell function. NK
T cell function is significantly negatively correlated with depressive symptom scale
scores (Park et al. 2006) and resolution of depression was associated with recovery
of NK cell activity (Cruess et al. 2005). Further, depression is both a risk factor for
(Swantek and Goldstein 2000) and a common co-morbidity of (Holmes and House
2000) hip fracture in seniors. The median prevalence rate for depression in hip frac-
ture patients across 8 United States and United Kingdom studies was 30 % (Miller
1996). Importantly, symptoms of depression in patients with hip fracture hold consid-
erable implications for prognosis; depression has been associated with greater pain
persistence (Herrick et al. 2004), poorer rehabilitation participation (Lenze et al.
2004), retarded recovery (Kempen et al. 2003), increased dependence (Magaziner
et al. 1990), and higher mortality rates (Nightingale et al. 2001). If immunity is found
to be impaired most among hip fracture patients who go on to develop depression,
this might be evidence for the treatment of depression in this patient cohort in order
to improve immunity and overall outcome. Initial results are promising and we hope
to publish these findings soon.

The relative resilience of the younger immune system, described above, has also
been observed in non-elderly caregivers of multiple sclerosis patients who, unlike
earlier observations in older adults, did not demonstrate reduced antibody responses
to vaccination compared to controls (Vedhara et al. 2002). However, this may reflect
the severity of the caregiving stress experienced and the nature of the care recipient, as
younger parental caregivers for children with developmental disabilities, who report
high levels of stress and child problem behaviours, did display poorer antibody titres
against pneumonia and influenza than young non-caregivers in our recent study
(Gallagher et al. 2009a, b). To our knowledge, this model of the interaction between
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stress and ageing has not been directly tested in humans with reference to neutrophil
function, and is likely to prove fruitful. For example, a meta-analysis revealed that
older individuals are more likely to demonstrate negative immune responses to acute
naturalistic stressors than younger individuals (Segerstrom and Miller 2004). Further,
another review concludes that stress may act to exacerbate the effects of ageing
(Graham et al. 2006).

4.4.2 Chronic Psychological Stress and Neutrophil Function
in the Elderly

Given our previous findings that older adults who have suffered bereavement show
poorer antibody responses to an influenza vaccination, and that recent physical trauma
impairs neutrophil immunity, we have recently examined the influence of recent
(<2 months) bereavement on neutrophil function among older adults. Further, as
the biological mechanisms by which bereavement modulates immune function are
unknown, we also measured cortisol and DHEAS among bereaved older adults in
comparison to an age- and sex-matched non-bereaved control group. Forty-eight
healthy older adults (32 females) were recruited, largely from a local hospice. Anal-
ysis of neutrophil phagocytosis and superoxide production were measured by flow
cytometry, and cortisol and DHEAS by enzyme linked immunoassay (ELISA). We
showed that superoxide production was significantly reduced in the bereaved cohort,
whereas there was no effect upon phagocytosis (Khanfer et al. 2011). These data are
thus in good agreement with the effects of physical stress (hip fracture) on neutrophil
function. This study also showed that the bereaved group had a significantly raised
cortisol:DHEAS ratio relative to the non-bereaved controls and this may be one
mechanism by which bereavement is associated with higher risk of morbidity and
mortality, particularly among older adults (Biondi and Picardi 1996; Clayton 1990;
Manor and Eisenbach 2003; Martikainen and Valkonen 1996a, b; Stroebe et al.
2007). A future study will examine neutrophil function among younger bereaved
individuals to test our hypothesis that chronic stress is particularly detrimental to
immune function among older people, but that younger adults may show resilience
to some extent.

4.5 Mechanisms Underlying the Synergism of Chronic Stress
and Ageing upon Immunity

A number of mechanistic possibilities underlying the increased immunological vul-
nerability to stress of older adults have been proposed in another review (Hawkley
and Cacioppo 2004). These include evidence that older adults experience more seri-
ous and prolonged stressful exposures, have greater stress reactivity, and demonstrate
poorer resilience to stress through factors such as reduced social support and poorer
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sleep patterns. We would also suggest that the increased vulnerability to stress of
older adults may be due, at least in part, to the observed age-related imbalance be-
tween cortisol and DHEA/S levels (Phillips et al. 2007). This is something we are
currently examining within a study comparing older spousal caregivers for those
with Alzheimers versus younger caregivers of developmentally disabled children.
Neutrophil function is one of the key immune outcomes, and cortisol and DHEAS
levels, and psychological factors such as social support and behaviour of the care
recipient are being measured as potential mediators.

Although studies on the effects of stress upon neutrophil function in vivo are
lacking, in vitro data suggests that they are key responders to stress hormones.
In vitro studies have shown that cortisol suppresses neutrophil superoxide generation
(Bekesi et al. 2000; Butcher et al. 2005) and importantly this could be overcome by
co-incubation with the immune enhancing adrenal steroid DHEAS (Butcher et al.
2005). Further, the effects of DHEAS were shown recently to be direct and mediated
via activation of the protein kinase C signaling pathway leading to activation of the
enzyme nicotinamide adenine dinucleotide phosphate (NADPH) oxidase to gener-
ate superoxide (Radford et al. 2010). Interestingly neutrophils were shown to be the
only leucocytes to express a membrane transporter for DHEAS (OATP-D) and thus
may be unique in their ability to respond to this steroid (Radford et al. 2010). As
mentioned above, SNS stimulation and adrenaline and noradrenaline release system-
ically can cause a shift towards humoral immunity (Elenkov et al. 2000). However,
under certain circumstances, catecholamines can also boost some aspects of cellular
immunity and inflammation locally by inducing the release of cytokines, particularly
IL-8, which attracts neutrophils to the site of inflammation, potentially to localize
and thus limit damage induced by the inflammatory response (Elenkov et al. 2000).
These data show that neutrophils are sensitive to stress-responsive systems and are
a key target for stress hormones and thus play a key role in mediating the effects of
stress upon immunity.

4.6 Conclusions

The literature on stress, ageing and neutrophil function has only begun to emerge in
the past decade, showing on the whole that both chronic and acute stress appear to
be detrimental to neutrophil function, particularly superoxide production. Our recent
and emerging data also suggest that the impact of stress on neutrophil function in the
context of older age is much greater, contributing to increased immunosenescence
and progression to frailty among older adults. An examination of the potential neu-
roendocrine and psychological mechanisms will provide routes towards intervention
for stress reduction, mood improvement, and boosted neutrophil immunity in this
population. The existing literature though sparse suggests that DHEA replacement
at times of stress to readjust the exaggerated cortisol:DHEAS ratio may provide
significant enhancement of the innate immune response.
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Chapter 5
Stress, Aging, and Wound Healing

Christopher G. Engeland

5.1 Introduction

The world is rapidly aging. By 2030, older individuals (aged 65+) are predicted to
comprise 20 % of the population of the United States (US Census Bureau 2004), up
from 12.9 % in 2009 (US Census Bureau 2009). The fastest growing segments are
those 85+ years of age (Pittman 2007). Given that the population is aging so quickly,
research on age-related health disparities is of increasing importance. An example of
this is tissue repair. Healing impairments cost United States health services more than
nine billion dollars annually, much of which have been attributed to healing delays
in older adults (Ashcroft and Mills 2002). Age-impaired healing is an important and
growing issue which meaningfully impacts national health care costs.

This chapter will discuss how aging and stress have an impact upon immunity
and wound healing in humans. As demonstrated by the other contributors of this
book, stress appears to promote senescence in immune cells in a manner comparable
to chronological aging. Thus, some of the mechanisms by which aging and stress
affect immunity appear to be overlapping if not identical. In support of this, a recent
meta-analysis has shown robust and consistent associations between wound healing
and psychological stress (Walburn et al. 2009). As will be reviewed in this chapter,
older individuals are more affected by stress than young adults. As a result, stress
has particularly strong ramifications for both inflammatory responses and healing
outcomes in older adults.
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5.2 Phases of Wound Healing

Our skin forms an essential and constantly renewing barrier to the external environ-
ment. When this barrier is compromised its rapid repair is critical to both health and
survival. The cascade of events that comprises tissue repair can be categorized into
three phases: the inflammatory phase (lasts hours to days), the proliferative phase
(lasts days to weeks), and the remodeling phase (lasts weeks to months). Although
these phases are overlapping, the timing and activity of each phase depends upon
the resolution of the previous phase. As a result, any dysregulation of this cascade
can impair tissue repair at multiple levels. This is particularly true of the inflam-
matory phase, which starts off the healing cascade. Importantly for this chapter,
both aging and stress have been shown to dysregulate immune function at every
phase of healing (for reviews, see Engeland and Marucha (2009), Engeland and
Gajendrareddy (2011)).

5.2.1 Inflammatory Phase

Immediately following injury, the inflammatory phase begins with blood coagulation
and fibrin clot formation. The clot is more than just a barrier to the external envi-
ronment; it releases numerous important early signaling factors and also serves as a
scaffold by which cells can migrate into the wound from the margins. Constitutive
reserves of the cytokine IL-1α are also released by epithelial cells shortly after in-
jury. Similarly, in the epidermis, dendritic (Langerhans) cells release inflammatory
mediators and connective tissue (mast) cells release histamine and TNF-α. These
mediators act to recruit and activate inflammatory cells by inducing the expression
of cellular adhesion molecules (e.g., ICAM and E-selectin) on endothelial cells. In
addition, chemokines are released which recruit inflammatory cells (e.g., IL-8 for
neutrophils; MCP-1, MIP-1α for monocytes/macrophages) to the site of injury (for
review, see Eming et al. (2007)).

An appreciable number of neutrophils arrive at the injury site within minutes, and
monocytes within hours; these cells clear the site of bacteria and damaged tissue via
phagocytosis, and release growth factors to promote the next “proliferative phase”
of healing by signaling keratinocytes, fibroblasts, and endothelial cells (e.g., to
migrate, proliferate). Monocytes/macrophages also limit tissue damage through the
phagocytosis of degenerated neutrophils. It is important to note that under conditions
of low bacterial burden and rapid bacterial clearance, the recruitment of neutrophils
and macrophages is limited and the inflammatory phase is brief. However, under
high bacterial burden (i.e., infection) the resolution of the inflammatory phase takes
longer, which delays the subsequent healing phases and increases the incidence of
scarring (Stramer et al. 2007).
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5.2.2 Proliferative Phase

The proliferative phase, in which lost or damaged tissues are rebuilt, begins within the
first few hours of healing. A dramatic proliferation of fibroblasts, epithelial cells, and
endothelial cells occurs, all of which aid in reforming the extracellular matrix (ECM),
which is the bioscaffold that surrounds and supports the tissue cells. This healing
phase also involves the reformation of the epithelial barrier, sensory connections, and
blood supply. These processes are strongly modulated by the first phase of healing, as
growth factors released by monocytes and tissue cells spur these processes forward,
and many of these growth factors are upregulated by inflammation (e.g., vascular
endothelial growth factor (VEGF), which is important for angiogenesis) (Werner and
Grose 2003).

Shortly after injury, endothelial cells migrate and proliferate to repair and form
new vasculature structures, which mature to form functional blood vessels. This
revascularization of tissues is guided by signaling from growth factors (e.g., VEGF),
maturation factors (e.g., angiopoietins), oxygen balance, and inflammation. Oxygen
demands in injured tissue are high, in part, due to oxidative bursts from neutrophils for
the purpose of microbial clearance. As a result, injured tissues are typically hypoxic
(Chang et al. 1983). Due to the high metabolic demands of the repair process, the de-
gree of revascularization typically exceeds what is needed for tissue maintenance and
some of the newly formed vasculature then regresses during the remodeling phase.

Fibroblasts play an essential role in both manufacturing and remodeling connec-
tive (granulation) tissue during the proliferative phase. Many of the fibroblasts, under
control of a cascade of growth factors, secrete collagen, elastin, and other compo-
nents of the connective tissue matrix. A subset of fibroblasts migrates to the wound
margin and transforms into their contractile phenotype, myofibroblasts. This enables
wound contraction to occur, thereby reducing the wound size and minimizing the
amount of reconstruction needed.

Tissue re-epithelialization stems from the wound margins and residual intact hair
follicles. Keratinocytes, the predominant cell type of the epidermis, form a hyper-
proliferative advancing front and slowly cover the wound. As this occurs, epithelial
cells signal for a reduction of inflammation. Once the wound is covered, the barrier
continues to thicken and these cells secrete structural proteins, such as keratins and
involucrin (Werner et al. 2007), to stabilize the newly formed tissue.

5.2.3 Remodeling Phase

The remodeling phase occurs over a period of weeks to months, largely after wound
closure has occurred. The ECM is relatively weak at this point, and it is now remod-
eled into a stronger, more organized matrix. Matrix metalloproteinases (MMPs) are
the enzymes that are released to degrade the newly formed ECM, allowing tissue
remodeling to occur for the purpose of strengthening the healing tissue. This is the
phase in which scarring becomes apparent, which closely relates to the restoration
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of both function and form. Scarring is characterized by smaller diameter collagen
fibers which are less organized and cross-linked, and have weaker tensile strength,
compared to normal tissue. Greater scarring typically occurs under conditions of
higher or more prolonged inflammation, for instance, in wounds that are slow to
close. This in turn results in excessive/extended production of growth factors and,
hence, more granulation tissue (for a detailed review of these healing phases, see
Werner and Grose (2003)).

5.3 Stress Pathways

Psychological stress activates two primary neuroendocrine pathways, both of which
can modulate tissue repair. The first is the hypothalamic–pituitary–adrenal (HPA)
axis. Following the perception of stress, corticotropin-releasing hormone (CRH)
is released into the hypophyseal portal system by the paraventricular nucleus of
the hypothalamus. CRH in turn signals the release of adrenocorticotropic hormone
(ACTH) from the anterior pituitary gland into the general blood circulation, which in
turn causes the release of glucocorticoids (GCs) from the adrenal glands. The primary
GC in humans and non-human primates is cortisol, whereas in rodents it is corti-
costerone. GCs signal back to GC receptors located on various brain regions (e.g.,
hypothalamus, hippocampus) and on the pituitary, inhibiting further GC release. This
negative feedback mechanism helps to prevent the constant elevated release of GCs
under conditions of unremitting (chronic) stress.

The second pathway is the sympathetic nervous system (SNS). Under conditions
of stress, CRH signals the locus coeruleus, an autonomic brainstem region, to release
norepinephrine (NE) from sympathetic nerve endings into the periphery. The adrenal
glands are simultaneously stimulated to release epinephrine (EPI). Both GCs and
catecholamines (NE, EPI) have well-established and direct effects on immunity and
wound healing.

5.3.1 Glucocorticoids and Wound Healing

GC receptors are found on immune cells and GCs have effects on virtually every as-
pect of the immune system (for reviews, see Chrousos (1998), Flammer and Rogatsky
(2011)). As a result, GCs play a critical role in modulating immunity and serve as
the body’s main brake on inflammation. For example, in the presence of infection,
even patients with subclinical adrenal insufficiency succumb to septic shock almost
invariably if GC therapy is not given (Berczi 1993). When stress becomes chronic,
the HPA axis becomes less responsive to new stressors. In addition, GCs may have
reduced immunosuppressive effects due to the formation of GC resistance, in which
a reduced responsiveness is developed by immune cells to persistently high lev-
els of these hormones. Through these mechanisms, chronic stress can dysregulate
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inflammation. This often results in a state of low-grade systemic inflammation ac-
companied by hyper-inflammatory responses to immune challenge (for review, see
Hawkley et al. (2007)).

Altered inflammation can have a negative effect on wound healing, and numer-
ous studies have shown that exogenous GC administration alters tissue repair. Such
treatments suppress neutrophil (Clark et al. 1979) and monocyte (Norris et al. 1982)
recruitment into the damaged tissue, along with phagocytosis and thereby bacterial
clearance (Fauci et al. 1976). For instance, a single administration of corticosteroids
in humans reduces circulating lymphocytes by 70 % and monocytes by 90 % (Berczi
1986) and suppresses inflammation at the wound site (Hinz 2007) largely through
inhibiting pro-inflammatory cytokine production. Further, GCs inhibit the prolifer-
ation of fibroblasts and keratinocytes (Edwards and Dunphy 1958), and collagen
production (Beer et al. 2000). Overall, GC administration can result in poor bac-
terial clearance, slower wound debridement, altered wound contraction, delayed
re-epithelialization, slower wound closure, and reduced wound strength.

5.3.2 Sympathetic Activation and Wound Healing

Research on stress and wound healing has generally focused on the effects of GCs.
However, as indicated above, stress also activates the SNS. The resulting release
of NE and EPI alters both blood flow and cell function, and can negatively affect
important wound healing parameters such as tissue oxygenation.

Healing tissue has high demands for oxygen and is typically hypoxic (Chang
et al. 1983). This stems from both a disruption of the blood supply and a large
accumulation of oxygen consuming cells that are involved in the repair process
(Chang et al. 1983; Hopf and Rollins 2007). Oxygen tension is also important for
normal tissue revascularization and re-epithelialization to occur (Pai and Hunt 1972).

Stress induces the release of NE by sympathetic nerve endings that innervate
the vasculature, causing vasoconstriction through its binding with α-adrenergic re-
ceptors on endothelial cells. This reduces oxygen and nutrient flow to tissues, and
slows the infiltration of immune cells from blood into injured areas. Ultimately, this
affects angiogenesis, re-epithelialization, and collagen synthesis, and it reduces the
bactericidal actions of neutrophils early in wound healing. NE also contributes to
local tissue edema (Koopman 1995) and inhibits the migration of epidermal cells
(Donaldson and Mahan 1984), further slowing re-epithelialization.

An infusion of EPI has been shown to reduce wound oxygen levels by 45 % and
a discontinuation results in a rebound of these levels. In both humans and animals,
wound infection can be predicted by oxygen levels (Hopf et al. 1997; Jonsson et al.
1988). This may explain why exogenous EPI has been associated with increased
infection rates during some surgical procedures (England et al. 1983). To sum, stress-
induced catecholamines cause vascular changes which limit blood flow and alter
a number of important wound healing parameters, ultimately influencing wound
closure rates and infection.
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5.4 Stress and Wound Healing

It has recently become accepted that psychological stress, even that stemming from
everyday events, has the capacity to negatively affect immunity. There is now also
strong evidence that stress impairs wound healing. This generally occurs through
delays in wound closure which increases the risk of infection and, in the case of
surgery, post-surgical complications (Robson 1997). The mechanisms underlying
these delays are still being elucidated, but the existing research will be presented
below.

5.4.1 Psychological Stress

A recent systematic review of 22 studies, and a meta-analysis of 11 studies, concluded
that the relationship between psychological stress and wound healing is intermediate
to strong (Walburn et al. 2009). This field of study (stress and healing) is relatively
young and the underlying mechanisms are still being delineated. However, it is now
generally well accepted that stress can negatively affect tissue repair.

In 1995, it was reported that female Alzheimer’s caregivers, who underwent
chronic stress, healed experimental skin wounds 24 % more slowly than age-matched
controls (Kiecolt-Glaser et al. 1995). When whole blood of these individuals was
stimulated with endotoxin (i.e., bacterial cell wall), lower gene expression for IL-1β

was observed in the blood of caregivers compared to controls. Hence, in stressed care-
givers the ability to mount an early inflammatory response appeared to be impaired,
resulting in delayed wound healing.

In a follow-up study, 8 blister wounds were induced by mechanical suction on
the forearms of 36 healthy post-menopausal women (mean age 57) and wound fluid
was then drawn out at various time points and analyzed. Women with lower levels
of IL-1α and IL-8 in the wound site, 24 h after wounding, reported higher stress
levels, more negative mood, and had higher levels of salivary cortisol than women
with higher cytokine levels (Glaser et al. 1999). Stress was again associated with
lower levels of inflammation, and this was now demonstrated directly in the wound
site. These effects may have been mediated by the strong anti-inflammatory actions
of cortisol. This finding concurs with reports that stress-induced increases in cor-
tisol, through exercise, suppress pro-inflammatory cytokine responses (e.g., IL-1β,
TNF-α) to endotoxin in vitro (DeRijk et al. 1997).

In 2004, similar relationships were demonstrated between stress, cortisol, and
wound healing in men. Twenty four non-smoking healthy young men received a
4 mm punch biopsy skin wound and healing was assessed using high-resolution
ultrasound scanning. This method allows for the base of the wound to be measured,
which provides a three dimensional image of the wound that is considered to be
more accurate than surface photography (Ebrecht et al. 2004). Slower wound healing
correlated with higher perceived stress and lower perceived optimism. In addition,
when a median split was performed to divide slower from faster healers, slower
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healers were found to have significantly higher stress levels, lower trait optimism,
and higher cortisol levels upon morning awakening (Ebrecht et al. 2004). These
results further demonstrate the associations that exist among stress, cortisol levels,
and impaired healing.

Similar relationships between stress, inflammation, and healing have been re-
ported clinically. Prior to undergoing an open incisional hernia operation, 47
patients were assessed for preoperative stress. Higher stress scores predicted lower
IL-1 levels in wound fluid, and greater worry about the surgery predicted lower
metalloproteinase-9 levels, as well as a slower, more painful recovery (Broadbent
et al. 2003). These findings indicate that pre-surgical stress alters both inflammatory
and matrix remodeling processes after surgery, resulting in poorer outcomes. Other
surgical studies have shown that higher preoperative stress relates to lowered lym-
phocyte responses, lymphocyte blood counts, and natural killer (NK) cell activity
following surgery (Linn et al. 1988; Koga et al. 2001; Starkweather et al. 2006).

The effect of examination stress on healing has been studied in university students.
It was reported that examination stress increases the time required to heal from
dermal blister wounds. This stressor was also found to have a suppressive effect
on neutrophil RNA levels (i.e., transcriptome) (Roy et al. 2005), suggesting that
neutrophil function is inhibited by examination stress. Given that neutrophils play
a critical role in bacterial clearance and early inflammation, this may explain, at
least in part, the slower healing observed during examinations. Similar findings have
been reported in mucosal tissues. Dental students (n = 11) were found to heal
40 % slower when small mucosal wounds were placed on the mouth’s hard palate
shortly prior to examinations than during summer vacation. None of the students were
found to heal more quickly during examinations than during vacation (Marucha et al.
1998). It is interesting that a stressor, as relatively transient and benign as university
examinations, can reliably delay wound healing in young healthy students.

5.4.2 Depression, Anxiety, and Pain

An elevation of depressive symptoms has been shown to negatively correlate with
markers of immunity in multiple studies (for review, see Kiecolt-Glaser and Glaser
(2002)), suggesting it may also have deleterious effects on wound healing. A study
examined the closure rates for a 3.5 mm punch biopsy wound that was placed on the
oral hard palate in 183 healthy young adults. Individuals with higher depressive scores
(Beck Depression Inventory ≥10; n = 41) exhibited slower closure of mucosal
wounds than subjects with lower scores (Bosch et al. 2007). These results suggest
that pre-surgical identification and treatment of depressed individuals, and even non-
depressed individuals with high depressive symptom scores, may improve post-
surgical outcomes.

The above stress studies have described the healing of experimental or surgi-
cal wounds. To study chronic wounds, 53 outpatients with chronic leg ulcers were
administered the Hospital Anxiety and Depression Scale (HADS). Higher anxiety
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and depression scores were associated with slower healing. Moreover, patients with
scores in the top 50 % were four times more likely to be categorized as slow healers
than the lower 50 % (Cole-King and Harding 2001). Thus, anxiety and depression
also relate to impaired healing in chronic wounds.

Post-operative pain is a unique form of stress which can cause or exacerbate
healing impairments. Persistent pain after elective gastric bypass surgery has been
shown to predict slower closure of 2 mm experimental skin wounds. This occurred
independently of pre-existing pain, depressive symptoms, and medical symptoms
after discharge (McGuire et al. 2006). Pain can alter immune functioning through
both direct (via cytokine activation) and indirect pathways (via stress and behavioral
change), and it potentiates the negative effects of stress on immunity (for review, see
Engeland and Graham (2011)). In support of this, the immune dysregulating effects
of surgery are lessened by the use of post-operative analgesics to control pain (Beilin
et al. 2003).

To summarize, it is clear that numerous forms of psychological stress can
negatively impact wound healing and surgical outcomes in humans. A recent meta-
analysis further supports this finding (Walburn et al. 2009). Higher stress and cortisol
levels have been repeatedly associated with altered inflammation and slowed healing,
in both clinical and experimental settings. As will be discussed, wound healing is
modulated in a similar manner by aging as it is by stress.

5.5 The Aging Skin

As adults get older the human skin undergoes many morphological changes. Aged
skin is characterized by atrophy, drying, roughness, altered pigmentation, sagging,
wrinkling, and both benign and malignant tumor formation. Furthermore, the skin
becomes noticeably thinner after age 70. This is because the skin becomes both less
cellular and less vascular (Thomas 2001). This loss in vasculature reduces the ability
to adapt to temperature, and may reduce healing capacity by limiting oxygen, nutrient
flow, and immune cell infiltration to the tissues (Tsuchida 1993). At this same age
the pH of the skin begins to rise above 5.5, becoming less acidic. This increases
susceptibility to infection as the skin’s acidity inhibits bacterial colonization (Farage
et al. 2008).

From 20 to 70 years of age, the turnover rate of the epidermis drops by about 50 %
(Cerimele et al. 1990). This is likely due to a loss of responsiveness by keratinocytes
to a variety of growth factors (Cook and Dzubow 1997; Tenchini et al. 2001) which
limits cell proliferation. In older adult skin there are reductions in vascularization
(van de Kerkhof et al. 1994), mast cells (Gilchrest et al. 1982), elastin (Ashcroft
et al. 1997c; Thomas 2001), granulation tissue (van de Kerkhof et al. 1994), collagen
production and density (van de Kerkhof et al. 1994; Cook and Dzubow 1997; Gosain
and DiPietro 2004), and fibroblast numbers and motility (van de Kerkhof et al. 1994;
Pienta and Coffey 1990; Reed et al. 2001). It seems sensible that any of these
changes could negatively impact wound healing. For instance, reduced vascularity
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limits oxygen and nutrient availability and reduces immune cell infiltration to tissues
(Tsuchida 1993), and a lower number of fibroblasts can hinder wound contraction.

A number of age-associated changes in wound healing parameters have been
reported in humans, including increased platelet aggregation (clotting), delays in
macrophage infiltration to injured tissue, and reductions in macrophage function,
re-epithelialization, angiogenesis, and collagen deposition and remodeling (Thomas
2001; Gosain and DiPietro 2004; Lober and Fenske 1991). These changes result
in wounds that have increased rates of infection and reduced tensile strength, the
latter largely due to disorganized collagen architecture in the healed tissue (Cook
and Dzubow 1997; Gosain and DiPietro 2004). As will be discussed later in this
chapter, these morphological changes can alter both healing rates and outcomes.

For largely unknown reasons, older individuals scar less. In older patients inci-
sion lines are less red, less hypertrophic scarring occurs, and the skin returns to a
“normal” appearance more quickly (Cook and Dzubow 1997). Possibly this occurs
due to the reduced collagen deposition or a reduced proliferative response by ker-
atinocytes later in healing, both of which have been reported in the elderly (van de
Kerkhof et al. 1994; Cook and Dzubow 1997; Gosain and DiPietro 2004; Tenchini
et al. 2001). Alternatively, older individuals produce more elastin and fibrillin dur-
ing acute wound healing which may reduce scar formation (Ashcroft et al. 1997c).
In aged mice this reduction in scar formation has been related to lower levels of
transforming growth factor (TGF)-β1 and a late increase in TGF-β3 compared to
younger mice (Ashcroft et al. 1997; Ashcroft et al. 1997b). Moreover, administering
TGF-β3, or antibodies to TGF-β1, reduces scar formation in mice (Shah et al. 1992).
Interestingly, reduced TGF-β1 levels and increased TGF-β3 levels are observed in
fetuses, which are known to heal without scarring (Wilgus 2007). Possibly the TGF-
β1/TGF-β3 ratio is what determines the degree of scar formation observed in older
individuals. Further exploration of this phenomenon is needed.

5.6 Aging and Wound Healing

Most clinical studies which have reported poorer healing in older individuals have
not accounted for a variety of other factors, which both impact healing rates and
are more common with increasing age. Chief among such factors are concurrent
illness/disease (comorbidity) and medication use. As a result, despite the findings
that aging alters both immunity and skin morphology, it has been unclear if aging
per se impairs or even delays wound healing in humans.

A study, which examined experimental mucosal wounds which were placed on
the hard palate of the mouth, reported that older individuals (50+ years) had slower
wound closure than young adults (18–35 years) (Engeland et al. 2006). Women in
either age group were found to heal more slowly than men. Older women healed the
slowest and by day 5 had wounds that were 95 % larger than young men, who were
the fastest healing group. When individuals who were taking medication and/or had
comorbidity were removed from this analysis, the effect of age-impaired healing
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remained. Surprisingly, the removal of individuals taking medication increased the
healing discrepancy between younger and older adults (Engeland et al. 2006). This
suggests that age-associated delays in wound healing are not generally exaggerated
by comorbidity and may be partially masked by medication use. It further implies
that the deleterious effects of aging on wound healing may be even stronger than
previously suspected.

Animal studies strongly indicate that advancing age impairs wound healing (for
review, see Engeland and Marucha (2009)). In humans, however, healing may be
somewhat delayed but it is essentially normal. The same healing cascade occurs in
older as it does in younger individuals, and the same endpoints of healing are even-
tually met. Moreover, the aesthetic of the healed wound (i.e., scarring) is often better
in older individuals (Cook and Dzubow 1997). However, this is in the absence of
factors known to impair healing. The major increased risk to older individuals un-
dergoing surgery pertains not to age but to alternate risk factors for impaired healing,
including: concomitant disease, malnutrition, inactivity, obesity, self-neglect, and,
importantly for this chapter, stress, pain, and depression. These risk factors are more
commonly experienced by older individuals, and are more likely to worsen healing
than in young adults, increasing the risks for infection and post-surgical complica-
tions (van de Kerkhof et al. 1994). Attempts to identify and minimize such factors
prior to surgery are strongly encouraged for the clinician.

5.7 Menopause and Wound Healing

Reductions in estrogen following menopause have been associated with atrophy,
roughness, dryness, wrinkling, laxity, and poorer healing of the skin (Hall and
Phillips 2005). Skin’s strength and elasticity are both reduced due to collagen loss and
lowered capillary blood flow (Ashcroft et al. 1997, 2003b; Ashcroft and Ashworth
2003; Raine-Fenning et al. 2003). The role of estrogen in wound healing is not fully
understood. Overall, estrogen appears to accelerate wound healing (for review, see
Hall and Phillips (2005)). Hormone replacement therapy (HRT) in post-menopausal
women has been shown to benefit healing in a variety of tissues (Ashcroft et al.
1997; Engeland et al. 2009; Margolis et al. 2002) and also leads to a scarring profile
similar to that of younger women (Ashcroft et al. 1997). Studies of ovariectomized
animals further suggest that menopause delays, whereas HRT augments, dermal
healing (Ashcroft and Ashworth 2003; Ashcroft et al. 2003a).

Using data from a previous study, Engeland et al. (2009) identified a small subset
of older women 50–54 years of age who were still naturally cycling. The mucosal
healing rates of these women were compared to age-matched women who were post-
menopause, and the post-menopausal women healed more slowly. Interestingly, the
healing pattern of the older pre-menopausal women was close to identical to the
healing pattern of younger pre-menopausal women (Engeland et al. 2009). This
suggests that, in women, age may not be a substantial risk for impaired healing until
menopause begins. Given that menopause has been related to changes in both stress
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hormones and multiple health parameters, the effects of stress on wound healing in
post-menopausal compared to pre-menopausal women may be substantial but this
has not been examined.

5.8 Aging and Cell Senescence

Chromosomes have protective caps on the ends of them called telomeres, which
prevent the chromosomal ends from deteriorating or fusing with other chromosomes
and becoming unstable (O’Sullivan and Karlseder 2010). Every time a cell replicates
its telomeres gets a bit shorter because of limitations of the DNA polymerases in
completing the replications of the ends of these molecules (Chan and Blackburn
2004). As a result, a cell’s biological age (i.e., its potential for future cell division) can
be expressed by the length of its telomeres. Simply put, telomeres shorten as we age.
This effect is robust, as telomere length (TL) inversely correlates with chronological
age across all adult age groups (Hawkley et al. 2005; Epel et al. 2004). It has been
proposed that telomere shortening may have evolved to limit the unregulated cell
proliferation that occurs in conditions such as cancer (Harley 1991). As will be
discussed, both psychological stress and biological aging have been associated with
shortened telomeres (i.e., cell senescence).

Although telomeres appear to be protective against cellular senescence and shorten
as cells get older, TL alone cannot determine cellular age. The enzyme telomerase
is protective of telomeres and helps to prevent telomere shortening, going so far
as to promote telomere lengthening (Chan and Blackburn 2004). Not surprisingly,
telomerase activity decreases as cells age. Thus, both TL and telomerase levels are
important for assessing cellular senescence.

Dyskeratosis congenita (DKC) is a rare genetic disease which results in a lowered
ability to synthesize telomerase, resulting in very short telomeres. Its symptoms re-
semble those of geriatrics including premature graying, altered skin pigmentation,
anemia, and a predisposition to cancer. Interestingly, this condition is associated
with numerous epidermal abnormalities such as reticulated skin, hyperkeratosis
of the palms and soles, the loss of dermal ridges on fingers and toes (adermato-
glyphia), and alopecia affecting the scalp, eyebrows, and eyelashes. This strongly
suggests that TL plays a role in epidermal function and homeostasis (Buckingham
and Klingelhutz 2011).

Recently, studies have shown that telomeres shorten with age in human skin (for
recent review, see Buckingham and Klingelhutz (2011)). In addition, reactive oxygen
species (ROS) have been causatively linked with both skin aging (Yaar and Eller
2002) and telomere shortening (von 2002). Interestingly, telomerase is present in
epidermal keratinocytes but is close to undetectable in dermal fibroblasts (Boukamp
2005). Less telomere shortening has also been reported in epidermal cells than in
dermal fibroblasts (Krunic et al. 2009; Sugimoto et al. 2006), which suggests that
telomerase is important for maintaining TL in the epidermis. Indeed, telomerase
levels in the epidermis have been shown to increase with UV exposure, suggesting
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an increased need for this enzyme under conditions of cell damage and repair (Taylor
et al. 1996).

5.9 Stress and Cell Senescence

Similar to chronological aging, psychological stress has been related to telomere
shortening. Thus, stress appears to contribute to cellular aging. For instance, in
mothers caring for a chronically ill child, TLs in peripheral blood mononuclear
cells (PBMCs) were inversely related to caregiving duration, even when controlling
for maternal age (Epel et al. 2004). Moreover, in both this group and in control
mothers without chronic stress, TLs were inversely related with perceived stress
levels. Controlling for chronological age, individuals in the highest perceived stress
quartile had lymphocytes that were estimated to be 9–17 years older than those of
individuals in the lowest quartile (Epel et al. 2004). These data suggest that stress
causes biological aging in cells, an effect which can lead to immune senescence.

Another study involved premenopausal women who were the mothers of either
a healthy child (n = 19) or a chronically ill child (n = 39). Although TL was not
associated with caregiving per se, it was associated with the chronicity of caregiving
stress. Higher levels of both perceived stress and stress chronicity related to higher
oxidative stress, lower telomerase activity, and shorter TLs in the PBMCs of these
women (Shankar et al. 2011). Moreover, women with the highest perceived stress
levels had telomeres that were shorter by the equivalent of one decade of additional
aging compared to the low-stress women (Shankar et al. 2011). This study provides
evidence for a potential mechanistic pathway by which prolonged psychological
stress may impact immune function through cellular senescence.

These results indicate that chronological aging and chronic stress each promote
cellular aging, and potentially immunosenescence, through the same mechanisms.
Thus, reports of stress-impaired immunity being exacerbated in older adults are not
surprising (for reviews, see Bauer et al. (2009); Hawkley et al. (2005); Graham et al.
(2006)).

5.10 Health Behaviors

Many of the negative effects of aging on wound healing stem from an increased
disposition in older individuals to display certain health behaviors which are not
conducive to rapid healing. For instance, poor sleep quality, reduced exercise, mal-
nutrition, pain, inactivity, and self-neglect all relate to slower healing and occur more
commonly in older adults (Engeland and Graham 2011). Many of these behaviors
promote each other (e.g., pain and poor sleep quality), creating a downward spiral
from which it can be hard to break free. Psychological stress promotes many of these
same behaviors. As a result, health behaviors provide a separate indirect mechanism
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through which stress and age can each modulate immunity, and by which the effects
of stress may further be potentiated in older adults (for a detailed review of health
behaviors and healing see Engeland and Graham (2011)).

5.11 Summary

Both chronological and biological aging, along with psychological stress, can alter
immune processes and hinder tissue repair. Due to shared mechanistic pathways,
these factors may combine in an additive or synergistic manner to further exacerbate
the healing impairments caused by any of these factors alone. In addition, older adults
are more prone to experience certain psychosocial stressors than younger adults, such
as loneliness and depression. Finally, the anti-inflammatory effects provided by the
HPA axis are reduced under conditions of both chronic stress and increasing age.
Hence, the effects of stress and age on both immunity and healing are compounded
in older adults.

Interestingly, there is little evidence to indicate that older individuals have im-
paired wound healing compared to younger adults. Although the process of healing
is somewhat slower in older individuals, the resulting tissue is similar in quality and
often aesthetically superior due to reduced scar formation. It is not aging per se, but
aging in the presence of other risk factors that creates a health disparity between the
younger and older with respect to wound healing. Such risk factors are more com-
mon with increasing age and include comorbidity (e.g., diabetes), stress, depression,
pain, malnutrition, inactivity, and self-neglect. The presence of any such factors in
older adults should serve as a red flag for the clinician, and stringent efforts should
be made to minimize these factors both pre- and post-operatively.
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Chapter 6
Psychoneuromicrobiology: Cytomegalovirus
Infection as a Putative Link Between Stress,
Aging, and Immunity

Jos A. Bosch, Jerrald L. Rector, James E. Turner, Natalie E. Riddell,
Briain o‘Hartaigh and Vikki E. Burns

6.1 Introduction

Epidemiological evidence demonstrates increased morbidity and mortality in popu-
lations exposed to adverse psychosocial factors such as low socio-economic status
(SES) and protracted psychological distress (Cohen and Herbert 1996; House et al.
1988; Marmot 2005; Schneiderman et al. 2005). While the data are clear, the pre-
cise mechanisms underlying these associations are yet to be determined (Antoni et al.
2006; Cacioppo and Hawkley 2003; Glaser and Kiecolt-Glaser 2005; McEwen 1998;
Uchino et al. 1996). We, and others, have argued that since increasing age is a major
risk factor for a wide range of chronic diseases, the aging process itself may be an
important target for such mechanistic research (Bosch et al. 2009; Nilsson 1996).

This chapter discusses immunosenescence as a possible biological pathway
linking psychosocial stress and health (Bosch et al. 2009; Pawelec et al. 2012).
Immunosenescence refers to a decline in immune competence seen in old age, and it
is associated with a dramatic rise in morbidity and mortality from infectious disease
(Akbar et al. 2004; Larbi et al. 2008). For example, the elderly exhibit a many-fold
higher mortality from otherwise common infections such as gastrointestinal infec-
tions, urinary tract infections and influenza (Thompson et al. 2003;Yoshikawa 2000).
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This susceptibility also promotes physical frailty and cognitive decline, further in-
creasing mortality risk and reducing quality of life (High et al. 2005; Yoshikawa
2000). Although less well established, immunosenescence may also be a factor in
the age-related increase in autoimmune and inflammatory disorders (Franceschi et al.
2000; Prelog 2006).

These clinical complications of immunosenescence mark the terminal phase of a
process that already starts in adolescence (Akbar and Fletcher 2005; Nikolich-Zugich
2008a). Around that time the thymus, an organ essential for the maturation of T lym-
phocytes, reduces in size and function with a concomitant decline in the generation
naïve T cells. This process causes immunity to become progressively dependent on
the existing pool of memory T cells (Woodland and Blackman 2006). This pool of
memory T cells gradually expands compensating for the diminishing influx of naïve
T cells via cytokine-induced cell division (denoted ‘homeostatic proliferation’) and
repeated antigen exposure. In particular latent herpes viruses, like cytomegalovirus
(CMV) are a major source of continuous antigenic stimulation (Khan et al. 2002;
Nikolich-Zugich 2008a). As a consequence the expanding pool of memory cells tends
to be oligoclonal, that is, exhibit an inflated antigen receptor diversity that is skewed
toward a few immunodominant viral antigens. With an increasing number of cell di-
visions the memory T cells gradually change their appearance; first losing the surface
marker CD28 (‘intermediate differentiation’) and later also the surface marker CD27
(‘late differentiation’) (Akbar and Fletcher 2005; Appay et al. 2002). These pheno-
typic changes are particularly prominent in CD8+ T lymphocytes (CTLs), and the
accumulation of CTLs with a late differentiation phenotype is considered a hallmark
of immunosenescence (Akbar and Fletcher 2005; Hadrup et al. 2006; Pawelec 2006;
Derhovanessian et al. 2011).

Other markers of an aging adaptive immune system include weakened responses
to vaccination, a diminished proliferative response to mitogens, reduced IL-2 produc-
tion, shortening of leukocyte telomeres (a DNA marker of cellular aging), increased
serum levels of inflammatory cytokines like IL-6, persistent reactivation of latent
herpes viruses (e.g., Epstein–Barr Virus, CMV), and a reduced CD4:CD8 ratio
(Effros 2007; Larbi et al. 2008; Pawelec 2006; Moro-Garcia et al. 2012). (See
Chaps. 1 and 2 in this book for a comprehensive review.) A reduced CD4:CD8 ratio
has been found to be a strong predictor of mortality in very old age (Ferguson et al.
1995; Huppert et al. 2003; Wikby et al. 1998). Significantly, all of the aforementioned
immune changes that characterize aging are, in part, a result of the accumulation of
T cells with a differentiated phenotype (i.e., CD28−CD27−); that is, these T cells
poorly proliferate in response to mitogens, produce little IL-2 but abundant INF-γ ,
have very short telomeres, expand in response to repeated latent viral reactivation,
and the number of these cells correlates with weaker vaccination responses.

Those who are familiar with the psychoneuroimmunology literature may imme-
diately note a striking similarity between the immune changes summarized in the
previous paragraph and the immune effects of chronic stress (Bosch et al. 2009). In-
deed, meta-analysis has shown that protracted psychosocial stressors are associated
with much the same pattern of weakened responses to immunization, diminished T
cell proliferation to mitogens, reduced IL-2 production, and reactivation of latent
herpes viruses (Segerstrom and Miller 2004). Other distinctive features of immune-
senescence, such as elevated serum levels of inflammatory markers and shortened
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leukocyte telomeres, have also consistently been associated with psychosocial stress
(Damjanovic et al. 2007; Epel et al. 2004; Glaser and Kiecolt-Glaser 2005; Simon
et al. 2006). (See Chaps. 7 and 11 for extensive reviews on this topic.) The remark-
able parallels between the aging and stress literature lead us to hypothesize that
psychosocial stress contributes to the process of immunological aging (Bosch et al.
2009). This hypothesis is the topic of the current chapter. Thus, what we propose is
that the effects of stress and aging on immunity not only just look the same, but may
also share similar pathways. We will argue that one of these shared pathways may be
the effect of CMV infection on immunity (for a comparable point of view regarding
the link between exercise and immunosenescence, see (Simpson 2010) and Chap. 5
in this volume).

In the sections that follow, we will explain that CMV infection dramatically alters
the composition of the blood, causing an accumulation of late-differentiated CD8 T
cells (CD27−CD28−); the hallmark of an aging immune system. It is thought that
this CMV-driven accumulation of differentiated cells is due to incessant low-grade
viral reactivation. Viral reactivation activates CMV-specific T cells, which as a popu-
lation will both expand (i.e., contributing to a larger part of the total pool of memory
T cells) and differentiate (i.e., express surface molecules associated with effector
function and T cell senescence) (also see Chap. 2 in this volume). Significantly,
there is evidence that physiological and psychosocial stressors, via neuro-endocrine
and immunological pathways, may contribute to this viral reactivation, implying that
stress exposure may promote this aspect of immunosenescence.

6.2 Cytomegalovirus Infection and the Immunity

6.2.1 Herpes Infections and Latency

Viruses are microscopic pathogens, consisting of a nucleic acid genome inside a
protein coat, which can only replicate once inside a living cell. While the immune
system is able to eradicate most viral infections, some viruses have developed ways
to escape this fate. The herpes viruses are particularly well-known for this ability to
evade immune destruction and persist within their human host (Cohrs and Gilden
2001; Croen 1991). A characteristic of herpes viruses is that they remain dormant in
the cellular genome, a state denoted as latency, which is interrupted by brief periods of
reactivation whereby the virus replicates and infects other cells. Herpes viruses have
been extremely successful in colonizing humans. Their typical infection rates range
between 30 % and 90 %, depending on the virus, and are in part related to factors
such as age, SES, topographical location, sexual experience, and early life exposures
(e.g., higher infection rates in children that attended day care) (Arvin et al. 2007).
In healthy individuals these viruses typically elicit mild (e.g., cold sores, fatigue)
or no disease symptoms at all. However, in immune-suppressed patients (e.g., those
with AIDS or taking immune suppressive drugs), these viruses can elicit very severe
complications (Nester et al. 2008).
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Eight herpes viruses have thus far been identified; herpes simplex virus 1 (HSV-1),
which predominantly causes oral lesions (or cold sores); herpes simplex 2 (HSV-2),
which predominantly causes genital lesions; Varizella zoster virus (VZV), which
causes chicken pox and shingles; Epstein–Barr virus (EBV), which causes glandular
fever; human herpes virus (HHV)-6 and -7, both T cell-infecting viruses and jointly
referred to as ‘Roseolovirus’due to the association with the common childhood rash;
Karposi’s sarcoma-associated herpes virus—a cause of tumors and lymphoma—and
finally CMV, which in most individuals does not cause symptoms. Although more
often than not the cause of mild infectious symptoms, several of these viruses have
also been associated with more serious long-term effects, although these effects are
rare. For example, EBV is a primary cause of Burkits lymphoma, a form of leukemia.
Research has also implicated CMV in a number of severe maladies and with a reduced
life expectancy (see section further below).

6.2.2 CMV: Epidemiology and Pathology

CMV is a highly prevalent herpes virus; approximately 35 % of young children and
90 % of the elderly are seropositive (Staras et al. 2006). Overall sero-prevalence in
western societies approaches 60 % (Staras et al. 2006). Individuals free from infec-
tion at birth will likely become infected early in life: post-natal or childhood CMV
infection is common, and caused by exchange of bodily fluids, including breast-milk
(Kenneson and Cannon 2007; van der Meer et al. 1996). An inverse relationship
exists between SES and CMV seropositivity. Individuals with less education, lower
income, and of non-white race are more likely to become infected, and at an earlier
age, than individuals of a higher SES (Dowd and Aiello 2009; Dowd et al. 2009).
Studies have also reported differences in human CMV infection between various
regions within the United States and Europe. (See Chap. 9 in this book.)

As a seemingly innocent and common infection, CMV infection has consequently
not received much public health attention (Wreghitt et al. 2003; Zanghellini et al.
1999). This may be unwarranted. CMV infection during pregnancy, for example,
is now recognized as a main cause of infant death and long-term disabilities in the
United States, and well exceeds that of other, better known, congenital conditions
such as Down syndrome, fetal alcohol syndrome, and spina bifida. Further, immune-
compromised individuals, such as HIV patients and transplant recipients, can develop
life-threatening complications due to CMV reactivation (Freeman 2009; Sutherland
et al. 1992). In aging populations a positive CMV serotatus has been associated with
cognitive decline, and is implicated in the pathogenesis and severity of cardiovas-
cular diseases (Aiello et al. 2006; Michaelis et al. 2009; Soderberg-Naucler 2006).
In addition, the extent of CMV infection, measured by the concentration of im-
munoglobulin G (IgG) antibodies to CMV, independently predicts mortality in older
adults (Roberts et al. 2010; Strandberg et al. 2009; Pawelec et al. 2012). Thus, this
once assumed inconsequential virus has a range of deleterious effects, particularly
within the immune system. The next section will outline these effects, which are
particularly prominent in CD8+ T lymphocytes.
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6.2.3 The Effects of CMV-infection on Immunity

As discussed in Sect. 6.1, one of the hallmarks of an aged immune system is a
decline in naïve (CD45RA + CD27 + CD28+) CD8+ T cells and an accumulation
of differentiated (CD27−CD28−) CD8+ T cells. These effects are partly caused by
the age-associated involution of the thymus. For example, individuals thymectomised
in the first few years of life exhibit reduced numbers of naïve T lymphocytes and
increased numbers of late-differentiated cells (Eysteinsdottir et al. 2004; Sauce et al.
2009; Torfadottir et al. 2006). However, it is now clear that CMV is the major
driving force behind the accumulation of differentiated T cells (Moss 2010; Pawelec
et al. 2004; Pawelec and Derhovanessian 2011; Pawelec et al. 2009). In particular,
the combination of little or no thymic output, a hallmark of aging (see Chap 2),
and a selective expansion of late-differentiated T cell populations leads to a gradual
overcrowding by CD8+ T cells that have a limited (‘oligoclonal’) T cell repertoire,
a process denoted as memory inflation (Akbar and Fletcher 2005; Brunner et al.
2010; Sauce et al. 2009; van Lier et al. 2003). Stunningly, in some older adults it
has been observed that up to 70 % of the CD8+ T cell memory pool has become
specific for CMV epitopes (Appay et al. 2002; Khan et al. 2002), and thus only 30 %
of the memory pool of those individuals is available to combat other antigens. The
relation between CMV infection and CD8+ T cell differentiation occurs independent
of calendar age: young adults infected with CMV similarly exhibit skewing of the
T cell repertoire as seen in older adults (Chidrawar et al. 2009; Pita-Lopez et al.
2009; Weinberger et al. 2007). Thus, it seems that infection with this common
microorganism accelerates the immunological aging process.

6.2.4 T Cell Phenotypes, Their Development, and Functional
Characteristics

Immunologists utilize various analytical strategies based on staining of cell-surface
molecules to identify different variants of CD8+ T cell ‘subsets’. A commonly used
procedure is examining the expression of the cell surface co-stimulatory molecules
CD27 and CD28; this approach yields three main sub-populations that represent
a continuum of differentiation reflecting early (CD27 + CD28+), intermediate
(CD27+CD28−), and late differentiated cells (CD27−CD28−) (Appay et al. 2002;
Appay et al. 2008). Other research groups have used different combinations of sur-
face molecules to identify the same or overlapping subsets. For example, CD45RA
(an isoform of the pan-lymphocyte marker CD45) has been used in combination with
the surface molecules CD27, CCR7, or CD62 L (Appay et al. 2008; Hamann et al.
1997; Sallusto et al. 2004; Sallusto et al. 1999; van Lier et al. 2003). This approach
can be used to discern antigen-inexperienced or naïve cells (CD27+CD45RA+), and
three additional subsets of antigen-experienced (‘memory’) cells; central memory
(CD27 + CD45RA−), effector memory (CD27−CD45RA−), and effector memory
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cells which have re-expressed CD45RA (CD27−CD45RA+). Irrespective of the
identification strategy used, the general observation is that repeated contact with the
same antigen moves memory cells along a differentiation continuum whereby they
gradually change their phenotype and acquire so-called “effector” functions, such
as increased cytotoxicity (as determined by granzyme and perforin expression) and
attain a preference to migrate to peripheral tissue (e.g., the skin and lungs) rather
than the lymphoid tissue. Differentiated CD8+ T cells are also efficient producers of
inflammatory cytokines (e.g., TNF-α and IFN-γ ,) (Clerici et al. 2001; Sansoni et al.
2008; Zanni et al. 2003), which may explain why CMV infection and the accumu-
lation of late-differentiated T cells has been found to be associated with increased
low-grade inflammation in some studies (Markovic-Plese et al. 2001; Schmidt et al.
1996; Sun et al. 2008; Wikby et al. 2006; Zanni et al. 2003). The reason these
differentiated CD8+ T cells have been referred to as ‘senescent’ is related to other
characteristics, such as having shorter telomeres, a low production of interleukin-2
(IL-2; which stimulates the growth, differentiation and survival of cytotoxic T cells),
and the concomitant reduced ability to proliferate response to mitogenic stimulants
(Monteiro et al. 1996; Nikolich-Zugich 2008b; van de Berg et al. 2010). Together,
this CMV-induced accumulation of T cells displaying the cluster of senescent char-
acteristics listed above, may underlie the heightened inflammation, increased risk for
infection, and a reduced ability to respond to novel antigens, as well as accelerated
cognitive decline observed in CMV infected adults (Larbi et al. 2009; Saurwein-
Teissl et al. 2002; Trzonkowski et al. 2009; Wikby et al. 2005; Moro-Garcia et al.
2012). It is perhaps relevant to reiterate here that this cluster of immunological fea-
tures is also characteristically found in response to protracted psychological stress
(Segerstrom and Miller 2004).

6.2.5 The Number of Late-differentiated T Cells is Related
to Viral Activity

One key assumption of the model presented here is that repeated viral reactivation,
for example, as a result of stress-induced immune suppression, will promote the
accumulation of late-differentiated cells and hereby promote related features of ïm-
munosenescence. Virus specific T cells, such as those targeting CMV, are responsible
for preventing reactivation and it would therefore be reasonable to assume a direct
correlation between the number of those cells and viral load (Ogg et al. 1998; van
Baarle et al. 2002). What is the evidence supporting that assumption? Research
shows that immune-suppressed individuals (e.g., as a result of medical treatment
or immunodeficiency diseases) are unable to maintain CMV in latency, and show
larger expansions of late-differentiated T cells relative to and compared to immune-
competent individuals (Gamadia et al. 2001). Less data is available for healthy
free-living individuals, and recipients of organ transplants have frequently used as
a model to study the kinetic effects of infection and reactivation on T cell reper-
toire. CMV-seronegative patients receiving CMV-infected renal transplants develop
primary CMV infections and can therefore be studied longitudinally to examine the
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effects of CMV infection and incessant viral reactivation. Generally, an increase
in viral activity (as assessed by viral load in plasma, or IgG antibodies to CMV)
promotes a compensatory increase in the number of CMV-specific T cells which do
not express CD27 or CD28 (Cantisan et al. 2009; Gamadia et al. 2003, 2004). Thus,
frequent reactivation of CMV, possibly by psychological stress (Coskun et al. 2010;
Prösch et al. 2000; Sarid et al. 2001), might further exacerbate immunosenescence.
The next section will address the evidence that psychological stressors may promote
CMV reactivation.

6.3 Psychosocial Factors and CMV

6.3.1 Stress and CMV Reactivation

Although the literature on stress and CMV reactivation has examined a a wide variety
of stressors, including academic exams, caring for spouses with Alzheimer’s disease,
space flight, and selfreported depressive symptoms, the results of these studies paint
a fairly consistent picture whereby higher levels of distress are associated with higher
CMV-specific IgG antibodies (used as a marker of viral reactivation). Overall, this
literature replicates what has been found for other herpes viruses such as EBV and
herpes simplex virus type 1 (HSV-1), which likewise show increased virus-specific
IgG antibody titres with higher stress (Esterling et al. 1993; McDade et al. 2000;
Shirtcliff et al. 2009).

Most studies that investigated the association between elevated distress and mark-
ers of CMV reactivity used plasma levels of virus-specific IgG antibodies as an
outcome. This measurement approach is based on the assumption that increased vi-
ral load will activate the immune system, thereby stimulating B cells to increase the
output of specific antibodies. While there is support for the validity this assumption,
mainly from clinical data, it may be relevant to point out that other factors may also
determine antibody levels. For example, exposure to different strains of the same
virus, denoted as ‘super-infection’, may generate a more extensive polyclonal an-
tibody response and concomitantly higher virus-specific antibody levels (Novak et
al. 2008; Ross et al. 2010). The validity of the studies using antibody levels as an
outcome measure are corroborated, by research that used other analytical techniques.
CMV-specific IgG antibodies are found to increase in line with the increase in viral
load, measured by real-time PCR in leukocytes (Kuo et al. 2008), and viral load
in multiple tissues coincide with CMV-attributable clinical symptoms and disease
(Boeckh and Boivin 1998). For example, Toro and Ossa assessed CMV viral load
bi-weekly by quantitative PCR (qPCR) in blood, throat washings and urine. CMV
viral load was then correlated with stressful psychological (e.g., academic tasks,
work overload, insomnia) and physical events (e.g., trauma, surgery, X-ray or UV
radiation exposure). The results revealed a positive association between CMV viral
load and stress-producing events in the workplace (Toro and Ossa 1996).

Academic examinations are commonly employed as a model for acute and pro-
tracted stress (Bosch et al. 2001, 2003), and several studies have reported that
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academic stress causes reactivation of herpes viruses such as EBV, HSV-1, and CMV.
Glaser et al. (1985) investigated the effects of academic stress on CMV specific IgG
antibody in 20 medical students and found a significant increase in antibody levels of
during the first day of exams as compared to a non-stress baseline (the end of sum-
mer vacation) (Glaser et al. 1985). Changes in salivary IgG antibodies to CMV were
observed in a cohort of 54 first-year nursing and physiotherapy students undergoing
two exams, 2 weeks apart. This academic stressor was found to cause an approximate
65 % increase in CMV-specific salivary IgG and a 46 % increase in CMV-specific
salivary IgA, as compared to baseline measurements performed at the beginning
of the semester (Sarid et al. 2004). Matalka et al. (2000) investigated the effect of
examination stress on CMV and EBV reactivation, defined as a 30 % increase in
virus-specific IgG levels in 56 female nursing students. In both the summer and
winter semester, blood samples were collected during a non-stressful period (start of
semester) and a stressful-period of study (immediately after exams). Analysis of sera
revealed reactivation in 26 % (N = 12) of all CMV-seropositive students during ex-
ams in both semesters (Matalka et al. 2000). The results of this study also suggested
that there is a seasonal difference (summer vs. fall-winter) in CMV-reactivation due
to academic stress, with larger effects during the winter season.

Appels et al. (2000) studied the link between depressive symptoms, vital exhaus-
tion (a constellation of symptoms characterized by listlessness and fatigue), and CMV
antibody titers in 30 patients with coronary artery disease. The patients classified as
exhausted (N = 15) showed higher levels of inflammatory cytokines (i.e., IL-1β,
IL-6 and TNF-α) in addition to elevated CMV titers compared to non-exhausted
patients. After adjustment for depression the IL-1β and CMV IgM titers differences
were still significant (Appels et al. 2000). However, this cross-sectional study was
unable to determine if inflammation and viral reactivation caused, or were caused
by, symptoms of fatigue. Inflammation might act as a pathway linking feelings of
exhaustion and CMV reactivation (see the section below). In a follow-up, van der
Ven et al. (2003) did not find associations between inflammatory cytokines (i.e. IL-6,
IL-10, and IL-1Ra) and CMV antibody levels in 59 healthy individuals (van der Ven
et al. 2003).

Phillips et al. (2008) found no association between CMV serostatus and psycho-
logical morbidity (depression and anxiety) in 137 older adults. However, in CMV
seropositive individuals higher IgG antibody titers were positively correlated with
symptoms of depression and anxiety (Phillips et al. 2008). The cross-sectional na-
ture of this study did not allow for a determination of causality although the findings
appear consistent with those of longitudinal studies showing that distress can trigger
a reactivation of CMV (Mehta et al. 2000; Miller et al. 2002).

Miller et al. (2002) investigated the association between depression and inflam-
matory markers (CRP, IL-1β, IL-6, TNF-α and MCP-1) and infectious load (CMV
and Chlamydia pneumoniae) in a group of 100 adults, of which 50 were clinically
depressed. This study showed significant differences in CMV serostatus between
depressed (42 % positive) and control (52 % positive) individuals. In a subsequent
study, this group of researchers investigated the association between CMV serostatus
and depressive symptoms in a sample of 65 patients recovering from an acute coro-
nary syndrome (Miller et al. 2005). After splitting the subjects into three equal-sized
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groups based on depression scores (using the Beck Depression Inventory), cardiac
patients in the highest depression tertile were more likely to be CMV seropositive
than the middle and lower tertiles. CMV+ patients also showed higher CRP levels
compared to CMV-negative patients (Miller et al. 2005). The authors did not report
data on antibody levels. Taken together, these results suggest that CMV seropositiv-
ity is related to a higher severity of depressive symptoms and inflammatory activity
in patients with acute coronary.

Mehta et al. (2000) studied the effect of spaceflight on CMV reactivation, which
was quantified by assessing the number of viral particles in urine (using qPCR) and
by measuring CMV specific IgG antibody. It was observed that 10 % of the astronauts
showed evidence of viral shedding (i.e., release of viral particles) in urine samples
around the time of their mission, whereas this was only observed in 1 % of controls.
Also serum CMV IgG levels increased from pre- to post-flight in astronauts, but only
in astronauts who showed evidence of shedding (Mehta et al. 2000), suggesting that
IgG titres are valid measures of reactivation. Viral shedding did not show a relation
with endocrine measures (24 h urinary cortisol, adrenaline and noradrenaline). The
authors also did not present any self-report data that could have corroborated a role
for psychological stress, and thus a major role of physical factors (e.g., micro-gravity)
cannot be excluded.

Uddin et al. (2010) assessed CMV-specific IgG antibody titers as a marker of
immune function in 100 individuals, of whom 23 had lifetime post-traumatic stress
disorder (PTSD). PTSD is a severe anxiety disorder that can develop after exposure to
a psychologically impactful event, like being a victim of crime, accident, or a disaster
or being a close witness to such events. Symptoms of PTSD typically include re-
experiencing the original trauma(s) through flashbacks or nightmares, avoidance of
situations and other stimuli that one associates with the events, and an elevated state
of arousal and hypervigilance. PTSD is a chronic stressor that has inflammatory and
immunological consequences (Gill et al. 2009). The results of Uddin et al. (2010)
showed an approximately 45 % higher level of CMV-specific IgG antibody in those
with PTSD versus unaffected individuals (Uddin et al. 2010).

6.3.2 Mechanisms of Stress-induced CMV Reactivation

The dominant hypothesis in psychoneuroimmunology is that latent viral reactivation
is due to temporary or persistent stress-induced immune suppression. This immune
suppression, in turn, may be related to dysregulation (typically hyperactivity) of var-
ious neuroendocrine stress systems (Bauer 2005; Bauer et al. 2000). Best studied in
this regard are the hypothalamic–pituitary–adrenal cortex system, which regulates
the release of glucocorticoids, and the sympathetic nervous system, which regu-
lates the release of the catecholamines epinephrine and norepinephrine (Glaser and
Kiecolt-Glaser 2005). While there is little doubt that this prototypical psycho-neuro-
immunological pathway plays a role in viral reactivation, more direct pathways may
be involved as well. One example, which we discuss in more detail here, is direct
activation of the CMV promoter in the host genome. The CMV promoter is a gene
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segment that regulates the expression of downstream major immediate-early (IE)
genes. Expression of these genes plays an important role in the initial steps leading
to reactivation of CMV from latency (Hermiston et al. 1987; Stenberg et al. 1984;
Stinski and Isomura 2008). The CMV promoter region contains binding sites for tran-
scription factors that are increased during inflammation and β-adrenergic stimulation,
suchActivator Protein 1 (AP-1) and cAMP Response Element Binding (CREB). This
fact presents a potential pathway which may explain why systemic inflammation has
been associated with CMV reactivation in various patient groups, including cardio-
vascular, transplant patients (Humar et al. 1999; Tong et al. 2001; Widmann et al.
2008) and intensive care unit (ICU) patients (Chilet et al. 2010; Limaye and Boeckh
2010; Limaye et al. 2008). For example, Docke et al. (1994) investigated the in
vivo role of TNF-α on the reactivation of CMV in 60 septic patients in intensive
care and observed CMV reactivation in 33 (75 %) of the 44 CMV-seropositive septic
patients. The authors attributed the high frequency of CMV reactivation in the septic
state to enhanced TNF-α levels. In addition, there is good experimental evidence that
elevated sympathetic activation, and the concomitant release of the catecholamines
epinephrine and norepinephrine, may likewise play a role (Docke et al. 1994; Prosch
et al. 1999; Stein et al. 1993).

Stimulation of β-adrenergic receptors by catecholamines lead to a cascade of sig-
naling that increases transcription factors (e.g., CREB/ATF-1) that directly affects
CMV transcriptional activity (Montminy 1997). Prosch et al. (2000) studied my-
ocardial infarction patients, who showed strongly elevated catecholamine but normal
TNF-α plasma levels and observed viremia in a majority of patients, which peaked
7 days post-infarction. In vitro studies confirmed that stimulation of CMV-infected
monocytes with epinephrine, as well as the beta2-adrenergic agonist propanolol, is
capable of inducing CMV reactivation in these cells, as measured by expression of
the Immediate/Early gene (I/E gene). The authors found little evidence of concomi-
tant immunosuppression, and therefore concluded that catecholamines most likely
induce reactivation directly via activation of the CMV IE enhancer/promoter and
viral gene expression (Prosch et al. 2000). These experiments thus present an im-
portant non-immunological pathway by which stress may cause CMV reaction. A
footnote is that although expression of the I/E genes are a first and essential step in
reactivation, it is not sufficient for full viral replication, and therefore the definitive
evidence for this mechanism still needs to be established.

6.4 CMV Infection Alters Immune System Responses
to Acute Stress

The section above reviewed the evidence suggesting that psychosocial stressors
may affect reactivation of CMV, which, we propose, may form a mechanism linking
stress with accelerated immunological aging. Recent research from our laboratory
has also shown that CMV may, in turn, alter psychobiological responses to stress,
in particular stress-induced lymphocytosis. Lymphocytosis is probably one of the
best documented effects of stress on the immune system: It involves a rapid (within
minutes) increase in the absolute number of lymphocytes in the peripheral blood
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(Benschop et al. 1996; Bosch et al. 2005; Dhabhar and McEwen 1999). It has
been proposed that this stress-induced redeployment of immune cells enhances
immunosurveillance in the face of potential threat, that is, when injury and concomi-
tant infection are more likely (Benschop et al. 1996; Bosch et al. 2005; Dhabhar
and McEwen 1997; Dopp et al. 2000). Lymphocytosis is driven by activation of
β2-adrenergic receptors (β2AR) that are expressed by lymphocytes which become ac-
tivated during the swift upsurge of catecholamines (epinephrine and norepinephrine)
during psychological and physical stress. It is not surprising, then, that the strongest
mobilisation is observed with lymphocyte subsets that exhibit the highest β2AR
density, such as Natural Killer (NK) cells and CD8+ T cells. Via mechanisms that
have not been well-characterized yet, these lymphocytes detach from endothelial
cells and possibly other reservoirs, and become released into the blood (Benschop
et al. 1996; Bosch et al. 2005; Dhabhar 2002; Dimitrov et al. 2010; Kuhlwein et al.
2001; Mills et al. 1995, 1997; Segerstrom and Miller 2004; Zorrilla et al. 2001).

Taking a closer look at the lymphocyte types (or ‘subsets’) that become mobi-
lized during stress, it appears that this response is largely confined to cells that have
a cytotoxic ability, such as the aforementioned NK cells and CD8+ T lymphocytes
(CTLs), but also gamma-delta (γ δ) T cells and the small subset of cytotoxic CD4+
T cells (Anane et al. 2009; Campbell et al. 2009; Elenkov et al. 2000). Further, even
among these lymphocyte subtypes there is a response heterogeneity whereby phe-
notypes that show an enhanced effector potential (e.g., the ability for cytotoxicity,
and inflammatory cytokine production) and exhibit a high-tissue migrating ability
(e.g., as evidenced by the elevated expression adhesion molecules such as CD11a+),
show the strongest mobilisation during stress (Anane et al. 2010; Bosch et al. 2005;
Campbell et al. 2009; Dimitrov et al. 2010). Coincidentally, these cytotoxic T cell
subsets are the same types that become strongly enriched in peripheral blood as a
result of CMV infection. Thus, acute psychological stress and exercise have been
demonstrated to evoke a strong and robust mobilization of the “effector-like” EMRA
(CD45RA+ CD27−/CD28−) and EM (CD45RA−CD27−/CD28−) phenotypes. In
contrast, the naïve and CM subsets, which have little or no cytotoxic effector func-
tions, are not mobilized by acute stress. The selectivity of the response is likely
explained by increased expression of the β2AR by the stress sensitive EM and, in
particular, the EMRA populations (Dimitrov et al. 2009, 2010).

As previously discussed, infection with CMV can dramatically alter the CTL
compartment by inducing the accumulation of these β2AR expressing, stress sensi-
tive, EM and EMRA cells. This enrichment would suggest that CMV infection is
associated with an elevated lymphocytosis response to stress and exercise. This is in-
deed what we found; we observed an increase in lymphocytosis? (how was reactivity
measured?) in CMV-seropositive hosts, when compared to CMV-seronegative indi-
viduals. Subsequent analyses further showed that CMV-specific CTLs had a greater
propensity to mobilize than total CTLs and contained a larger proportion of EM
and EMRA cells (Riddell, manuscript in preparation). Further, the same correlation
between CMV seropositivity and a greater CTL mobilization is also apparent during
exercise (Turner et al. 2010).
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While a fascinating physiological phenomenon, it is still unclear if the enhanced
stress-induced recruitment of cytotoxic cells in CMV-seropositive individuals has
any immunological or clinical impact. However, the inflammatory potential of these
effector-like CTLs is consistent with the idea that acute stress may cause exacerbation
of inflammatory conditions, such as atherosclerosis, via promoting cell migration into
the inflamed tissues (Bosch et al. 2003a, 2003b; Marsland et al. 2002; Nyklicek et al.
2005). Moreover, the enhanced adrenergic sensitivity of CMV-specific CTLs may
directly impact viral control as adrenergic stimulation of T cells can alter a variety
of effector functions including proliferation, lytic activity, and cytokine production
(Bartik et al. 1993; Borger et al. 1998; Glaser and Kiecolt-Glaser 2005; Gratama
et al. 2008; Hatfield et al. 1986; Kalinichenko et al. 1999; Leo and Bonneau 2000;
Lilleri et al. 2008; Morita-Hoshi et al. 2008; Ozdemir et al. 2002; Sarid et al. 2001,
2004; Sekut et al. 1995).

In summary, while research in psychoneuroimmunology traditionally emphasizes
the role of genotype and psychological experiences as key determinants of immune
system responses to stress, infection history may be another and thus far underex-
plored determinant. One may speculate that amplification of cytotoxic lymphocyte
mobilization during stressful events in CMV+ individuals may be conducive to sys-
temic inflammation while also decreasing antigen-specific immunity, both of which
are hallmarks of immunosenescence.

6.5 Summary and Conclusion

While much research effort has been dedicated to identifying the biological determi-
nants of immune senescence, the potential role of psychosocial and behavioral factors
remains ill-considered. This neglect seems unwarranted considering the remarkable
similarities between the functional and phenotypical immune changes observed dur-
ing immunosenescence and those seen in response to protracted stress. These changes
include increases in circulating effector memory CTLs, impaired proliferation in re-
sponse to mitogens, shortening of telomeres, diminished response to vaccination, and
a skewed CD4/CD8 ratio. These parallels beg the question of whether the overlap-
ping age- and stress-related immune effects involve similar pathways. This chapter
presented a hypothesis whereby infection history is a proposed as a shared mecha-
nism linking psychosocial stress with aging of the immune system. Specifically, we
proposed that latent infection with and subsequent reactivation of CMV may act as
a mediator linking stress and age-related decline in immunity.

In recent years, it has become increasingly clear that incessant antigenic stimu-
lation by herpes viruses, in particular CMV, is a major driving force in senescence
within the T-cell compartment. This aspect of immunosenescence is characterized
by a dramatic expansion of CD8+ T lymphocytes that have an effector-memory
phenotype (e.g., CD57+/CD27−/CD28−/CCR7−/CD62 L−). The extent of this ex-
pansion predicts reduced immune competence and increased morbidity and mortality
in epidemiological and experimental studies. The observations from this literature
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seem to dovetail remarkably well with evidence from human and animal studies
showing that stress is associated with reactivation of latent herpes viruses, includ-
ing CMV. The processes and mechanisms involved in this reactivation have been
well-characterized, and include the impairment of cellular immunity by stress hor-
mones such as catecholamines and glucocorticoids, as well as direct genomic viral
activation by these hormones. Hence, here we presented a model that combines
these different strands of evidence. In brief, what we propose is that psychological
and physical stressors facilitate CMV reactivation and thereby accelerate T cell im-
munosenescence. A limitation of this model is that although its subcomponents have
been confirmed (i.e., stress and latent herpes reactivation, and the role of CMV in-
fection in development of immunosenescence), the full model still awaits empirical
scrutiny. This scrutiny seems worthwhile as confirmation will have significant im-
plications for our understanding of the links between stress and immunity. One of its
main implications would perhaps be that the host’s infection history is an important,
and thus far overlooked, mediator of these links.
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Chapter 7
Psychosocial Factors and Telomere Length
in Peripheral Blood

Christine G. Parks and Lisa A. DeRoo

7.1 Introduction

Telomeres are repetitive DNA sequences that, together with protein complexes, cap
and protect eukaryotic chromosomes (Blackburn 2005b). Telomeres are shortened
when cells undergo mitosis due to the inability of DNA polymerase to fully extend
chromosome ends during cell division (Von Zglinicki 2003). Telomeres prevent
the ends of the chromosomes from being recognized as a double stranded DNA
break, potentially triggering cell cycle arrest (Jain and Cooper 2010). Critically short
telomeres can lead to cellular senescence, when replication is no longer possible, and
genomic instability, for example, when chromosomes fuse end to end (Blackburn
2005a; Shay and Wright 2005). Loss of telomere length (TL) can be countered by the
enzyme telomerase, which extends TL by adding DNA sequence repeats to the ends
of the chromosomes, a process that is carefully regulated throughout the lifespan
of the organism (Bekaert et al. 2004; Hathcock et al. 2005). Although telomerase
expression is absent or low in most adult somatic cells, its expression in lymphocytes
is necessary for the extensive rounds of cell division that characterize the adaptive
immune response (Weng et al. 1998). Telomerase expression also helps maintain
stem cell function in rapidly dividing tissues, including hematopoetic stem cells and
precursors (Lansdorp 2005).

Average leukocyte TL provides a cumulative marker of cellular aging integrating
the effects of multiple pathways, including DNA damage due to oxidative stress
(Opresko et al. 2005) and the replication history of lymphocytes and hematopoetic
stem cells (Aubert and Lansdorp 2008; Lansdorp 2009). Most studies have measured
leukocyte TL in DNA obtained from whole blood or peripheral mononuclear cells
(PBMC). The development of a high-throughput polymerase chain reaction (PCR)-
based assay for average TL (Cawthon 2002) has led to the rapid growth of telomere
research. Other TL assays include southern blot of genomic DNA (Kimura et al.
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2010b) and assessment of TL in cell subsets, either directly using fluorescence in
situ hybridization (flow FISH) or PCR-based methods on cells sorted by flow cy-
tometry (Lin et al. 2010a; Rufer et al. 1998). Assay type generally does not affect
comparability of results of most association studies, at least when using relative mea-
sures, but differences in cell types assayed may influence interpretations (discussed
later). Although we refer readers to the different source tissues used across studies,
not all indicated whether leukocyte DNA was obtained from whole blood or PBMCs.
When not specified, we assumed leukocytes or white blood cells were obtained from
whole blood.

Recent studies have generated interest in the possibility that leukocyte TL may be
a useful biomarker for studying immune aging and associated outcomes. Although a
causal role has not been established, shorter TL has been associated with mortality
and the risk of chronic diseases and aging-related outcomes including cardiovascular
disease, diabetes, and some cancers (Brouilette et al. 2007; Kim et al. 2009; Kimura
et al. 2008; McGrath et al. 2007; Tentolouris et al. 2007), many of which involve
potential inflammatory or infectious etiologies. Shorter TL has also been associated
with increased mortality from infections (Cawthon et al. 2003). Together, findings
provide compelling rationale for investigating leukocyte TL as a marker in studies
of immune aging and associated outcomes.

A growing body of research also suggests leukocyte TL may be a biologically rel-
evant intermediary between psychological and physiological stress and aging. Here
we review the clinical and epidemiologic literature on psychosocial stressors and
leukocyte TL, incorporating findings from basic research and experimental studies
to provide context. We also discuss considerations in the use of TL as a biomarker
in research on stress and immune aging. The wide distribution of TL in the general
population generally implies a need for large sample sizes to detect meaningful
differences (Aviv et al. 2006); our review highlights the observation that many
initial studies on stress and TL derive from clinical studies with relatively small
sample sizes and limited generalizability. Furthermore, most studies to date are
cross-sectional and so can only be used to infer stress-related TL shortening within
individuals.

7.1.1 Chronic and Perceived Stress

Table 7.1 summarizes studies of chronic and perceived stress. Early clinical studies
examined TL in the context of caregiving as a chronic major stressor (Damjanovic
et al. 2007; Epel et al. 2004). In their small, but carefully designed, landmark study,
Epel et al. (2004) found shorter leukocyte TL was associated with years of caregiving
in mothers of a chronically ill child, and also with higher perceived stress in both
caregivers and control mothers. They hypothesized that TL shortening resulted not
only from the more extensive stress in caregivers, but also from stress at normative
levels. In the same study sample, shorter TL was also associated with higher nocturnal
urinary catecholamines and cortisol.
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Older caregivers of Alzheimer patients had shorter TL than age and sex-matched
controls (Damjanovic et al. 2007). Caregivers were more likely to report depressive
symptoms and had lower T-cell proliferation and higher inflammatory cytokine levels
in vitro after stimulation with anti-CD3/CD28. These findings suggested a link be-
tween caregiver stress and immune aging, although it was not reported whether these
factors were also associated with TL. There have been no large, population-based
studies examining caregiving stress and TL. Larger studies would provide greater
statistical power to evaluate other factors that may increase susceptibility to the ad-
verse physiological or psychological effects of caregiving stress (e.g., childhood
adversities (Kiecolt-Glaser et al. 2010)) or buffer the effects of the physiological
stress response (e.g., physical activity (Puterman et al. 2010)).

We examined the association between perceived stress and TL in a subsample of
a national cohort of women who have a sister with breast cancer (Parks et al. (2009);
women reporting higher than average perceived stress (i.e., a median of 2 out of
16 possible points in this sample) had somewhat shorter TL that was not explained
by health or lifestyle covariates. Although no dose–response effect was seen at the
highest stress levels, stratified analyses showed significant associations of perceived
stress and shorter telomeres in some subgroups, including women with higher urinary
catecholamines (epinephrine and norepinephrine), those experiencing recent major
stressors/losses (death of close relative, divorce, or separation), and women aged 55
years and older.

In the same sample, we evaluated the association of TL with longer work hours,
a potential chronic stressor (van der Hulst 2003). Compared to women not currently
working, those working full- or over-time had significantly shorter TL, differences
were most apparent among women with higher perceived stress and greater overnight
urinary epinephrine levels, reflecting interactions of epinephrine levels with both
work schedule and perceived stress (Parks et al. (2011). Taking into account current
schedule, shorter TL was also seen for more years of full-time work and working
in multiple jobs. Schedule-related TL differences were most apparent in working
women with more births or births at an early age, and those with moderate to lower
education and income levels. These findings provide further evidence of an associ-
ation of chronic stress with TL and suggest a link to research on socio-economic
health disparities and the role of employment in women’s health.

Although few in number, these studies suggest that exposure to perceived and
chronic stress may contribute to shorter TL. Larger, population-based studies are
needed, including a diverse range of chronic stressors. Shorter TL has been described
in women with a history of intimate partner violence (Humphreys et al. 2011),
a substantial and widespread chronic stressor. Clinical studies often have limited
statistical power to disentangle the effects of age, years of stress exposures, and
other participant characteristics. However, replicating the findings of small clinical
studies may be challenging in larger epidemiologic studies due to the heterogeneity
of chronic stressors experienced across populations, difficulties in assessing past
stress exposures, and variability in the individual stress response.
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7.1.2 Psychosocial, Demographic, and Lifestyle Factors

7.1.2.1 Emotional Distress, Personality, and Developmental Exposures

Individual variation response to external stressors may be influenced by heritable
traits and developmental exposures (Hopwood et al. 2011). Table 7.2 summarizes
studies on TL in relation to mental health, personality, and early childhood exposures
to adversity or abuse. In several studies, shorter TL was associated with emotional
distress phenotypes such as depression or anxiety, which may be a consequence
or marker of increased susceptibility to acute or chronic stress. Evidence primarily
comes from clinical studies describing shorter TL in patients with major depression
(Hoen et al. 2011; Lung et al. 2007; Simon et al. 2006; Wolkowitz et al. 2011a).
The effects of depression on TL may require long-term exposure or more severe
symptoms (Wolkowitz et al. 2010). One small clinical study showed no significant
effect of the duration or severity of major depression on TL (Hartmann et al. 2010),
while another indicated longer duration of symptoms was associated with shorter
TL in patients with major depression (Wolkowitz et al. 2011). In a large study of
coronary heart disease patients, depression was associated with shorter TL at baseline
but did not predict 5-year TL shortening after adjusting for baseline TL (Hoen et al.
2011); interpretation of these longitudinal findings is limited, given that past history,
duration, and subsequent 5-year course of depression and anxiety symptoms were not
described. A large, population-based study also examined TL in relation to current
diagnosis of anxiety, which may be triggered by stress or co-occur with depression
(Kananen et al. 2010). Although there was no overall association, shorter TL was seen
in older individuals with current anxiety, suggesting duration or timing of symptoms
may be relevant.

Genetic variants or personality traits may underlie some pathways relating emo-
tional distress and TL. For example, a population-based study reported shorter TL
associated with a specific genetic variant for monoamine oxidase (MAO-A) (Lung
et al. 2005, 2007) associated with risk of depression in some studies (Rivera et al.
2009; Berry et al. 1994); in a later analysis the authors noted the possibility that
this variant might mediate the relationship between TL and major depression (Lung
et al. 2007). In healthy post-menopausal women, primarily caregivers, pessimism
was strongly correlated with shorter TL and higher levels of the pro-inflammatory
cytokine, interleukin-6 (O’Donovan et al. 2009), while optimism was not inde-
pendently associated with either measure. Shorter TL was associated with lower
perceived mental health scores but not depressive symptoms or type D personality
in a study of heart failure patients (Huzen et al. 2010).

Response to stress in adulthood also may be influenced by experiences in early
life. Childhood abuse and adversity has been associated with lasting alterations in
the physiological stress response, with evidence from numerous studies of a “bio-
logic” imprint, for example, abuse-related epigenetic modifications in the promoter
of glucocorticoid or serotonin receptor genes (Beach et al. 2010; McGowan et al.
2009). Early life exposures may also directly affect TL attrition during childhood,
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which may be a period of greater vulnerability due to greater leukocyte turnover
and TL shortening resulting from rapid growth and development (Baerlocher et al.
2007; Rufer et al. 1999). Several cross-sectional studies in adults have examined
self-reported childhood abuse or adversity and TL with mixed findings. One small
study found shorter TL among 10 adults reporting moderate-to-severe maltreatment
in childhood compared with 21 reporting none (Tyrka et al. 2010), while a larger
study found no significant differences in TL for persons reporting abuse in child-
hood or any time (Glass et al. 2010). These studies used very different participant
samples and methods to assess abuse. Tyrka and colleagues used the 28-item version
of the Childhood Trauma Questionnaire, whereas Glass and colleagues assessed
maltreatment on two occasions and considered subjects exposed to abuse only if
they answered consistently in both questionnaires. A small study in caregivers sug-
gested early childhood adversity, but not abuse, was associated with shorter adult TL
(Kiecolt-Glaser et al. 2010). We examined abuse and other traumatic experiences in
early life (before 18) in relation to adult TL in participants who completed a trauma
questionnaire in the Sister Study (DeRoo et al. 2010). Shorter TL was observed in
women reporting physical abuse, emotional abuse, or feeling unsafe where they lived,
and there was a significant trend in shorter TL with increasing numbers of types of
experiences. Contrary to some earlier studies, our results suggest that trauma, abuse,
and chronic stressors in childhood may influence leukocyte aging.

In sum, research suggests shorter TL may be associated with emotional distress,
pessimism, and early childhood experiences of adversity or abuse. Whether the
association of TL with early life exposures are mediated by later life experiences
or stress response phenotypes has not been investigated. Larger studies are needed
that consider past stress exposures and mental health history, ongoing chronic and
acute stress exposures, medication use, health behaviors, as well as the social and
demographic context.

7.1.2.2 Socio-economic, Racial/Ethnic and Demographic Factors

Measuring TL may also provide a way to explore the contribution of psychosocial
stress to socio-economic and racial/ethnic health disparities. Lower socio-economic
status (SES) and racial/ethnic minority status have been independently associated
with poorer health and mortality, and could be associated with increased exposure or
susceptibility to external stressors (Fig. 7.1) (Lantz et al. 2005; Williams and Jackson
2005). Studying the effects of SES on health is challenging because social position
is complex and multidimensional, encompassing economic resources, occupational
status, and education level, and may operate at the individual, family or community
levels across the lifespan (Braveman et al. 2005). Stress and strain may also arise from
social and internal experiences of racism or discrimination, associated community-
level exposures, or lack of access to support and resources (Myers 2009). Similar to
other forms of adversity, childhood exposures may be the most relevant for examining
effects of socio-economic factors on adult health and longevity (Schwartz et al. 1995).
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There is a growing literature on socio-economic factors and TL (Table 7.3). An
early study (Cherkas et al. 2006) reported shorter TL in twins with manual com-
pared to non-manual occupations. The association was attenuated after adjusting
for body mass index (BMI), smoking, and exercise, suggesting that socio-economic
factors and lifestyle characteristics may operate along a shared pathway. Unlike
the enthusiasm generated by initial perceived stress and TL research, this paper
prompted multiple responses urging cautious interpretation. Concerns included the
lack of causal mechanisms and unknown direction of causality (Hornsby 2006),
the heterogeneity of leukocyte populations studied (Lansdorp 2006), and the need
for a life course perspective (Kuh 2006). Several subsequent studies using various
measures of adult social position did not replicate the earlier finding (Harris et al.
2006; Kananen et al. 2010; Woo et al. 2010). TL was positively associated with
greater educational attainment, but not with current household income or grade of
employment, in a UK study of healthy adults aged 53–76 years (Steptoe et al. 2011).
The authors proposed that educational attainment is a better measure of long-term
socio-economic trajectory than income or employment and that education stimulates
the development of problem-solving and coping skills that benefit health over and
above increased income, resources or social status. In a study of men at high risk
of coronary heart disease (Batty et al. 2009), researchers found unemployment was
associated with shorter TL; interpretation was complicated by the lack of trend of
TL with employment level and the heterogeneity of the unemployed group, which
also included non-workers who were financially secure.

Few studies have examined childhood SES and TL. In a sample of older men and
women from the United Kingdom, TL was unrelated to socio-economic trajectory,
based on social status measured at birth, age 25, and age 50 (Adams et al. 2007).
A large, population-based Finnish study observed parental unemployment in child-
hood was associated with shorter TL, but adult education and employment were not
(Kananen et al. 2010). In a sample of Sister Study participants, we found shorter TL
among women reporting childhood food deprivation (times when their family did
not have enough to eat) and lower adult education in the household at age 13, with a
significant trend in shorter TL for the number of lower childhood SES factors (DeRoo
et al. 2009). Although the evidence is scant, these studies suggest that lower SES in
childhood may have more effect on TL than adult exposures. Further research taking
into account more comprehensive social position characteristics across the lifespan
is needed to better understand this relationship.

Several studies have examined racial/ethnic differences in TL, mainly comparing
minorities to whites in majority white populations, making it difficult to understand
the possible interplay between genetic differences and environmental factors such
as increased stress and strain related to minority status. Three studies described
longer leukocyte TL in African Americans compared to whites (Aviv et al. 2009;
Hunt et al. 2008; Zhu et al. 2010). A possible explanation is “ethnic neutropenia”
(lower neutrophil count in persons ofAfrican descent and ethnic groups in the Middle
East), perhaps due to fewer replications of hematopoetic stem cells and progenitor
cells; however, no association of TL with race-related differences in neutrophils was
seen in the other studies to consider this possibility (Hunt et al. 2008). Two studies
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reported shorter TL in African Americans versus whites (Geronimus et al. 2010;
Roux et al. 2009). In one of these (Geronimus et al. 2010), adjustment for perceived
stress partially attenuated racial TL differences, and the authors posited differences
might be partly explained by psychosocial stress. Steeper age-related decline in
TL among African Americans has also been described in both cross-sectional and
longitudinal studies (Aviv et al. 2009; Hunt et al. 2008; Roux et al. 2009), and also
among Hispanics (Roux et al. 2009), suggesting higher attrition rates could be more
generally related to minority status. A steeper age-related TL decline may be due to an
intrinsically faster rate of decline in those with longer baseline TL (Aviv et al. 2009)
or increased opportunity for oxidative damage for longer telomeres; the finding could
also be due to measurement error or issues related to mathematical dependency in
statistical modeling of change within individuals (Giltay et al. 2010). Arguing against
inherent racial differences in TL, there were no significant differences in cord blood
TL in one study of white, African American and Hispanic newborns (Okuda et al.
2002). The question of racial/ethnic TL differences may be further complicated by
other sources of geographic variability; controlling for genetic variation, significant
TL differences were observed across fourteen populations across Europe (Eisenberg
et al. 2011).

7.1.2.3 Age and Sex-related TL Differences

The rate of TL attrition varies throughout the lifespan, with faster attrition in young
children during growth and development, a leveling off, and more gradual shortening
in older individuals (Frenck et al. 1998; Rufer et al. 1999). The rate of TL attrition
may be influenced by TL at birth. Cross-sectional differences age may also reflect
survival factors. The apparent slower attrition in older individuals may be explained
by healthier individuals with longer TL surviving to older age (Nordfjall et al. 2009).
Some studies have reported stress–TL associations primarily in older individuals
(Kananen et al. 2010; Parks et al. (2009), so it would be informative to examine
possible age-related differences in perceived and chronic stress, and neuroendocrine
responses.

There is also consistent evidence of longer TL in women (Aviv et al. 2005),
though whether this is due to endogenous or exogenous hormonal exposure(s), or
other factors such as body size or lifestyle, is not known. Evidence supporting the role
of hormones includes the absence of sex-related TL differences in newborns (Okuda
et al. 2002), longer TL in women with increasing duration of reproductive years
(Lin et al. 2010b) and those who used post-menopausal hormones (Lee et al. 2005).
Estrodial and androgens can enhance telomerase expression in vitro in hematopoetic
cells (Calado 2009). Gonadal steroids and adrenal hormone pathways may interact,
with sex-related differences in stress-response (Kajantie and Phillips 2006; Young
and Korszun 2010), and so it seems plausible that stress effects on leukocyte TL may
be modified or mediated by sex. Notably most research on perceived and chronic
stress has been conducted in women.
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In sum, evidence pointing toward TL differences by social position and
demographic factors (race/ethnicity, age, and gender) is inconclusive. Lower
SES and race/ethnicity or minority status are not equivalent constructs, but may
interact in determining susceptibility along multiple pathways contributing to health
disparities (Fig. 7.1). Longitudinal studies with repeat TL measures across the
lifespan are needed to better understand telomere dynamics within individuals and
the origins of demographic differences. Further studies of TL in subjects of different
racial/ethnic and socio-economic backgrounds, and careful assessment of stress
exposure and susceptibility related to minority status and SES, may shed light on
these relationships. Studies using a life course perspective with assessment of SES,
external stressors (demands), potential modifying characteristics (resources), and
lifestyle behaviors across the lifespan would be particularly illuminating (Myers
2009). Research on the stress–TL association also needs to consider the possible
role of age- and gender-related differences.

7.1.2.4 Behavioral and Lifestyle Factors

Several behavioral and lifestyle risk factors have been studied with respect to TL,
though findings are somewhat inconsistent and a comprehensive review is beyond
the scope of this chapter. Shorter TL has been associated with smoking and obesity
(Kim et al. 2009; Parks et al. (2009; Valdes et al. 2005; Buxton et al. 2011; Zhu
et al. 2010) and longer TL with greater physical activity (LaRocca et al. 2010),
multivitamin use (Xu et al. 2009), dietary omega-6 and omega-3 fatty acids and
cereal fiber (Cassidy et al. 2010; Farzaneh-Far et al. 2010a), and serum vitamin D
levels (Cassidy et al. 2010; Farzaneh-Far et al. 2010a; LaRocca et al. 2010; Richards
et al. 2007; Xu et al. 2009). Some associations have been reported only once, while
several studies have shown that obesity and abdominal fatness are associated with
shorter TL (Farzaneh-Far et al. 2010b; Gardner et al. 2005; Kim et al. 2009). Still,
the association between obesity and shorter TL is not consistent across studies
(especially among those examining obesity only as a covariate), and it is unclear
if the relationship arises in childhood or later: A recent study reported shorter TL
associated with obesity in children (Buxton et al. 2011), but another showed no
associations between TL and measures of adiposity in adolescents (Zhu et al. 2010).

Lifestyle factors may substantially influence the relationship between stress and
TL. For example, the association between perceived stress and shorter TL was
observed only among post-menopausal women who were not engaging in vigorous
physical activity (Puterman et al. 2010). We are unaware of published studies on
other factors such as coping, social support, or sleep, which may also moderate
the stress–TL association. Marriage was associated with longer TL in one study
(Mainous et al. 2011), but is not necessarily a proxy for social support. Further
research is needed on the interrelationship of lifestyle and psychosocial factors in
specific pathways related to TL and immune aging.
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7.2 Considerations in Telomere Research

Several lines of evidence indicate telomerase enzyme inactivity acts together with
shorter TL to mediate immunosenescence. Rare genetic mutations affecting telom-
erase function can result in aging-related phenotypes such as dyskeratosis congenita,
characterized by defects in hematopoetic stem cells resulting in anemia and bone mar-
row dysfunction (Calado and Young 2009; Savage and Alter 2008). Experimental
studies also show that shorter TL is a heritable trait associated with immune defects
and, in telomerase insufficient conditions, may be associated with bone marrow fail-
ure, mucosal defects, and death from opportunistic infections (Armanios et al. 2009;
Chiang et al. 2010). TL dynamics across the human lifespan are not well understood.
Growing evidence suggests shorter leukocyte TL may predispose toward subsequent
lengthening (Aviv et al. 2009), maybe due to preferential telomerase activation in
cells with shorter TL, although the exact mechanisms are unknown.

Some studies on stress and TL have also focused on the effects of stress exposure
and related behaviors on telomerase expression. Clinical research initially described
inconsistent associations of telomerase activity associated with perceived stress and
caregiving (Damjanovic et al. 2007; Epel et al. 2004), though in one study lower
telomerase levels were associated with higher urinary epinephrine and autonomic re-
activity to an acute stressor (Epel et al. 2006). Dementia patient caregivers with higher
stress had lower overall telomerase expression than controls but increased telomerase
activity in response to an acute stressor (Epel et al. 2010). The effects of short-term
interventions, such as meditation (Jacobs et al. 2010) or lifestyle intervention (Ornish
et al. 2008), on TL and telomerase activity suggest that long-term exposure to stress-
reducing methods may reduce rate of TL shortening. Elevated telomerase activity
was seen in non-medicated patients with major depression, and was directly associ-
ated with depression ratings and response to treatment (Wolkowitz et al. 2011b). A
large study of depression in heart disease patients showed depressed patients experi-
enced less TL shortening over a 5-year period, however telomerase activity was not
assessed (Hoen et al. 2011). More research is needed on the effect of long-term and
acute stress exposures on telomerase activity and TL attrition, including longitudinal
data and measures of other neuroendocrine and immune effects.

Most studies have measured leukocyte TL in DNA from whole blood or PBMC.
Because of the short-turnover of granulocytes/neutrophiles, whole blood leukokcyte
TL plausibly reflects underlying hematopoetic stem or progenitor cell TL. TL mea-
sured in PBMC may be more influenced by stress-effects on lymphocytes. However,
studies have shown high correlation between TL measured in different cell types
(Kimura et al. 2010a; Lin et al. 2010a). In a study investigating the influence of
varying leukocyte cell types in healthy women, greater TL and telomerase activity
were seen in B-cells, while the shortest TL and lower telomerase activity were seen
in senescent (CD28−) phenotype CD8+ T-cells (Lin et al. 2010a). Total PBMC-TL
was weakly associated with B-cell and CD4+ T cell TL, and more strongly associ-
ated with CD8+ TL. Current leukocyte TL therefore reflects developmental, chronic,
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and acute exposure effects on the immune system, adding to heritable factors deter-
mining individual TL. Such variation limits the utility of leukocyte TL as a simple
stress biomarker, but underscores its potential role as an indicator of cumulative
stress effects on the immune system.

Given the large population variation in TL and correlations between cell types,
stress-related variation in cell subtype distributions might have limited influence on
the observed association of stress and leukocyte TL. Stress effects on T-cell aging and
subset distributions may be difficult to disentangle from stress-related differences in
overall leukocyte TL. One study has shown PBMC-TL to be modestly associated
with having a higher proportion of senescent CD8+ cells (Lin et al. 2010a). Because
of high population TL variation and within-individual TL correlations, studies of eti-
ologic pathways relating stress, TL, and immune aging will require appropriate study
design (e.g., longitudinal studies within individuals) with additional biological data
to allow examination of specific mechanisms. Compared to cross-sectional studies
that require large sample sizes to study inter-individual TL differences, longitudi-
nal studies provide greater power for studying within-individual changes in TL, so
smaller numbers of participants are needed (Aviv et al. 2006). Furthermore, assays
of TL in cell subtypes or telomerase activity in unstimulated lymphocytes require
fresh specimens and/or a large number of cells (Lin et al. 2010a), and thus may be
most feasible in smaller clinical studies.

Several biological mechanisms may link stress to immune aging and leukocyte TL;
a full discussion is beyond the scope of this review. Observed TL differences in shorter
lived granulocytes/neutrophils may reflect the effects of stress on the repeated need
for expansion hematopoetic progenitor and stem cells, perhaps mediated by chronic
stress-related increased inflammation (Black 2003; Kiecolt-Glaser et al. 2003). TL
in PBMC may also indicate differences and telomerase activity in longer lived B
and T lymphocyte clones. Stress may have either stimulatory or suppressive effects
on lymphocytes depending on the nature of the stressor (acute or chronic) (Glaser
and Kiecolt-Glaser 2005) and specific mechanisms examined (Lucas et al. 2007); so
observed stress-related differences in PBMC-TL might vary from effects on overall
leukocyte TL. One intriguing hypothesis relating stress and TL suggests a role for
chronic viral infections driving lymphocyte replication (Effros 2011), and it has
been shown that viral infections (e.g., Epstein-Barr virus or Cytomegalovirus) and
chronic antigenic exposure may contribute to TL shortening in T-cells (van Baarle
et al. 2008; van de Berg et al. 2010). These pathways may be related, as age-related
loss of latency of chronic viral infections and decreased adaptive immunity may
contribute to shifts in cytokine profiles and greater activation of the innate immune
system associated with “inflame-aging” (Almanzar et al. 2005).

7.3 Summary

The literature suggests psychosocial and biological stress may be related to shorter
TL, but substantial gaps still exist in understanding this relationship. Findings from
small clinical studies need replication in large and diverse samples, with adequate
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stress assessment and careful attention to the role sociodemographic and lifestyle
covariates. In light of emerging evidence on telomere dynamics, stress, and telom-
erase activity, it seems plausible that intense or prolonged stressors could affect TL.
However, just as cross-sectional measures on individual stressors or perceived stress
are an inadequate proxy for the lifetime burden of acute and chronic stress, cross-
sectional assessment of TL and telomerase activity provide only a brief snapshot of a
dynamic system. Lack of understanding of normal TL dynamics throughout the lifes-
pan limits interpretation of cross-sectional associations. Longitudinal studies with
repeated measurements in the same individuals are needed to examine determinants
of telomere attrition and resilience, with a focus on exposures throughout the lifes-
pan to allow investigation of latent, pathway, and cumulative effects of psychosocial
stressors and TL. As long-term studies are often infeasible, there is also a need for
more research on stress-related TL determinants at different ages, especially in early
childhood when TL attrition rates are greatest or in middle age and older populations
with hormonal and aging-related changes in neuroendocrine and immunological re-
sponses (Heffner 2011). Mechanistic studies are also needed to provide links to other
markers and outcomes related to immunosenescence.

7.4 Author’s Note

This review includes studies published through June, 2011. Since that time, several
notable studies been published supporting the idea that psychological stressors may
contribute to leukocyte telomere length. These include large cross-sectional studies
showing shorter telomeres associated with work-related exhaustion, phobic anxiety,
and adverse childhood experiences (Ahola et al. 2012; Okereke et al. 2012; Surtees
et al. 2011). Added support for the importance of early life stressors also includes
a longitudinal study of telomere shortening and exposure to violence in children
(Shalev et al. 2012), and a smaller study showing prenatal stress exposure associated
with telomere length in young adults (Entringer et al. 2011).
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Chapter 8
Stress-related Behavioural Responses, Immunity
and Ageing in Animal Models

Carmen Vida and Mónica De la Fuente

8.1 Introduction

Health maintenance during the ageing process, which allows for increased longevity,
is determined by the preservation of tissue homeostasis at all physiological levels.
Healthy ageing depends both on the individual’s genetic make-up and lifestyle factors
(Kirkwood 2008). The age-related loss of homeostasis and capacity to react appropri-
ately to stress, as a consequence of the deterioration of physiological systems, have
been proposed to explain the increase of morbidity and mortality with ageing (De la
Fuente 2008; Fig. 8.1). Although the effects of stressors on behaviour and immunity
are very heterogeneous since they depend on type, frequency, duration, intensity,
animal models, perception of subject and coping by the stressed animal (Costa-Pinto
and Palermo-Nieto 2010), it has been suggested that immunosenescence is a signif-
icant consequence of chronic stress and the actions of stress hormones (Bauer 2008;
Lord et al. 2009). Moreover, this age-related impairment of the immune system in
turn appears to be involved in the increased oxidation and inflammation status that
occurs in the ageing process, increasing its rate and representing a vicious cycle of
decline (De la Fuente and Miquel 2009).

In the context of the neuro-endocrine–immune network, it is known that humans
with psychological distress, anxiety or depression (Arranz et al. 2007, 2009a), and
experimental animals (Viveros et al. 2007) with an inadequate response to stress
situations show premature immunosenescence. Since immune function is a marker
of health, alterations in immunity are accompanied by increased morbidity (Wikby
et al. 2008). To study the effect of individual responses to stress in the ageing pro-
cess and thus the involvement of immunosenescence in this process, models with a
shorter longevity than humans are needed. Thus, we have proposed several murine
models of premature immunosenescence. One of them, which is characterised by
an altered stress-related behaviour response, shows accelerated immunosenescence,
an oxidation–inflammation state and premature ageing in the nervous and endocrine
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Fig. 8.1 A high longevity in each individual depends on health maintenance and homeostasis
preservation, which is conditioned by genotype (approximately 25 % influence) and lifestyle and
environmental factors (75 % influence). During the ageing process oxidative stress, affecting all
cells and especially those of master regulatory systems, that is, the nervous, endocrine and immune
system, and the communication among them, reduces the ability to maintain homeostasis. Moreover,
the immune system could increase oxidative stress if it is not regulated thus accelerating the ageing
process. This deterioration of homeostasis, which leads to the age-related increase in morbidity and
mortality, is established at a different rate in each subject, and this rate is the result of individual
epigenetic mechanisms acting on genes throughout the life of the subject. The use of animal models,
specifically the prematurely ageing mouse (PAM) model, may be particularly useful to assess the
relationships between a diminished ability to cope with stressful situations, ageing of homeostatic
systems, accelerated biological ageing and a shorter longevity. NS Nervous System; ES Endocrine
System; IS Immune System; Ax Antioxidant Compounds; AI Anti-Inflammatory Compounds; ROS
Reactive Oxygen Species; PI Pro-Inflammatory Compounds

systems, as well as presenting a shorter life expectancy (De la Fuente 2010; Viveros
et al. 2007). These theories of the ageing process and the model of prematurely
ageing mice (PAM) are discussed in this chapter.

8.2 The Ageing Process and the Concepts of Longevity
and Biological Age

The universal process of ageing may be defined as a progressive and general deteri-
oration of the functions of the organism that leads to a lower ability to react to stress
and preserve homeostasis. Although the accumulation of such adverse changes with
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the passing of time should not be considered a disease, it strongly increases the risk
of disease, and finally results in death. The ageing process is finished at the end of
the maximum lifespan or maximum longevity, which is the maximum time that a
subject belonging to a particular species can live. In human beings this is about 122
years, the record for human longevity held by Mme Jean-Louise Calment, whereas
in mouse and rat strains it is approximately 3 and 4 years, respectively. It is very
important to distinguish the maximum lifespan from the mean longevity or mean
lifespan, which can be defined as the mean time that the members of a population
that have been born on the same date live. The maximum longevity is fixed in each
species, but the mean lifespan of individual organisms, even when they are of the
same genotype and are raised in a common environment protected from extrinsic
hazards, shows marked variability. Although presently it is impossible to increase
the maximum longevity of a species, the mean lifespan can be increased by envi-
ronmental factors that allow the maintenance of good health and thus, approach the
maximum lifespan in good condition. Presently, since the mean longevity is very
high in developed countries, about 75–83 years, and we start the ageing process at
about 18 years old, we spend most of our life ageing. Therefore, it is very important
to know which lifestyle factors can increase or decrease this longevity and how they
do achieve this. A higher mean longevity is achieved by preservation of good health
and this depends approximately 25 % on genetic factors and 75 % on lifestyle and
environmental factors (Fig. 8.1).

The ageing process is highly heterogeneous, and thus, there are different rates
of physiological changes in the various systems of the organism and in the diverse
members of a population of the same chronological age. This justifies the introduc-
tion of the concept of “biological ageing ”, which determines the level of ageing
experienced by each individual and therefore, his/her life expectancy. The biological
age is related to mean longevity, subjects of a population with a higher rate of ageing
show an older biological age and have a shorter lifespan. Since chronological age
fails to provide an accurate indicator of the rate of ageing, it is necessary to select
parameters useful as biomarkers of ageing to find out this rate and therefore, the
probable longevity of each subject (Bae et al. 2008; Borkan and Norris 1980).

Although almost 400 single-cause theories have been proposed to explain the age-
ing process, we have recently published an integrated theory of ageing (De la Fuente
and Miquel 2009). To answer the question of “how” ageing happens, a chronic ox-
idative stress condition (increase of oxidant compounds and decrease of antioxidant
defences), which is linked to many age-related changes, has been proposed. In addi-
tion, emerging evidence shows the close link between oxidation and inflammation,
and with ageing the pro-inflammatory compound levels are higher than those of
the anti-inflammatory (termed inflammageing; Franceschi et al. 2007), leading to
inflammatory stress. Therefore, an oxidative and an inflammatory state have been
suggested as the cause of the loss of function that appears with senescence. Thus, af-
ter adult age the establishment of what has been called “oxi-inflamm-ageing” occurs
(De la Fuente and Miquel 2009).



128 C. Vida and M. De la Fuente

8.3 Neuro-endocrine–immune Communication in Ageing:
The Immune System as a Marker of Biological Age
and Predictor of Longevity

It is known that the three master regulatory systems, namely the nervous, endocrine
and immune systems, are intimately linked and interdependent. Thus, there is a neuro-
endocrine–immune axis that allows the preservation of homeostasis and health. The
communication between these three systems has permitted the understanding of
why situations of depression, emotional stress and anxiety are accompanied by a
greater vulnerability to infections, cancers and autoimmune diseases (Ader et al.
2001; Besedovsky and Del Rey 2007; Irwin and Miller 2007). In fact, many neu-
rotransmitters and hormones modulate immune cell functions and consequently
behaviours, emotional states and stressful life experiences significantly affect the
immune response (Ader et al. 2001). With ageing there is an adjustment in these
physiological regulatory systems and in their communication, with the loss of home-
ostatic capacity and the resulting increase of morbidity and mortality that appears
with the passage of time (De la Fuente 2008; Fabris 1990; Gemma 2010). For
example, the nervous system changes with ageing showing a decrease of synap-
tic density (Hedden and Gabrieli 2004). The age-related decrease of neurogenesis,
which clearly affects the hippocampus, explains the learning and cognitive impair-
ment in aged subjects (Couillard-Depres et al. 2011), the hippocampus neurogenesis
and plasticity being also altered by stress (Kim et al. 2006). In the endocrine sys-
tem several changes accompany healthy ageing, these include, for example, the
decrease of the growth hormone/insulin-like factor-1 axis (somatopause) and of
the sexual hormones, namely estradiol (menopause), testosterone (andropause) and
dehydroepiandrosterone (adrenopause) (Makrantonaki et al. 2010). Moreover, the
age-related disturbances of the hypothalamic–pituitary–adrenal (HPA) axis are re-
sponsible for decreasing stress adaptability in old subjects, this being, at least in part,
the cause of their health impairment (Aguilera 2011) and peripheral immunodepres-
sion (Woiciechowsky et al. 1999). Thus, the inadequate response to stress that occurs
with ageing can be understood in the context of compromised neuro-endocrine–
immune communication, this altered response being one of the conditions leading to
an acceleration of ageing accompanied by the poor functioning of the immune system
(Bauer 2008; Gouin et al. 2008). In addition, chronic stressful conditions modify
immune functions and their interaction with the nervous system, causing detrimental
effects on memory, neural plasticity and neurogenesis (Yirmiya and Goshen 2011).

With age, there is an increase in susceptibility to infections and increased risk of
cancer, which indicates an inadequate immune response and influences age-related
morbidity and mortality. The profound impact of ageing on immunity is widely ac-
cepted (see Chaps. 1 and 2), with age-related changes of the immune system that may
include not only diminished but also enhanced functions such as pro-inflammatory
cytokine production in unstimulated cells. Thus, the components of the immune
system undergo striking age-associated re-structuring, termed immunosenescence
(Weiskopf et al. 2009). Some of the key and most marked changes are a pronounced
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age-related decrease in T-cell functions (Haynes and Maue 2009), especially in the
CD4 T-helper cell, which affects cell mediated and humoral immunity and causes an
impaired B-cell function (Eaton et al. 2004; Frasca and Blomberg 2009). Phagocytic
cells, including neutrophils and macrophages, show functions that decrease with
ageing and the antitumoral activity of natural killer (NK) cells, in most of the work
published, shows an age-related decrease (reviewed in Shaw et al. (2010)). The net-
work of cytokines produced in response to immune challenge has also shown changes
with ageing, notably a shift towards Th2 (effecting humoral antibody mediated im-
munity) responses and reduced anti-inflammatory cytokine production (Arranz et al.
2010a, 2010b).

Importantly, it has been demonstrated that the competence of the immune system is
an excellent marker of health and several age-related changes in immune functions,
have been established as markers of biological age and therefore as predictors of
longevity and have been termed the immune risk profile or phenotype (Wikby et al.
2008). In order to identify the above parameters as markers of biological age, it
has been necessary to confirm that the levels shown in particular subjects reveal
their real health and senescent conditions. This has been achieved in the following
two ways: (a) ascertaining that the individuals with those parameters indicative of a
greater biological age, die before their counterparts. This can be confirmed only in
longitudinal studies; (b) finding that the subjects reaching a very advanced age for
their species, preserve these immune functions at levels similar to those of adults.
For example, this can be tested in extremely long-lived subjects, such as centenarians
or the extremely long-lived mice used in our own studies. Whilst biologically older
individuals showing the immune competence levels characteristic of chronologically
older subjects have been found to die prematurely, centenarians (Alonso-Fernandez
et al. 2008) and long-lived mice (Arranz et al. 2010a, 2010b) exhibit a high degree
of preservation of several immune functions, which may be related to their ability to
reach a very advanced age in a healthy condition. All the above results confirm that
the immune system is a good marker of biological age and a predictor of longevity
(Wikby et al. 2008).

8.4 The Oxidation–Inflamamtion Theory of Immunosenescence
and Ageing

According to our recently proposed theory of oxidation–inflammation in ageing (De
la Fuente et al. 2005; De la Fuente and Miquel 2009), the age-related changes
in the organism are linked to a chronic oxidative and inflammatory stress, which
leads to the damage of cell components, including proteins, lipids and DNA. This
affects all cells and especially those of the regulatory systems, including the immune
system, which partially explains their impaired function. Moreover, the immune
system, due to its capacity of producing oxidant and inflammatory compounds in
order to eliminate foreign agents, could, if it is not well regulated, increase the
general oxidative and inflammatory stress, and thus increase the rate of ageing.
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Thus, immunosenescence could be involved in oxi-inflamm-ageing and affect the
functions of other regulatory systems, resulting in age-related homeostatic decline
and the consequent increase in morbidity and mortality. In this context, a relationship
has been found between the redox and inflammatory state of the immune cells, their
functional capacity and the life span of a subject. Thus, when subject shows a high
oxidative stress in its immune cells, these cells have an impaired function and that
animal shows a decreased longevity (Viveros et al. 2007). In contrast, subjects who
achieve greater longevity, such as human centenarians and extremely long-lived
mice, show a preserved redox state and immune functions (Arranz et al. 2010a,
2010b; Alonso-Fernandez and De la Fuente 2011). In summary, aged individuals
that maintain a good regulation of the leukocyte redox state and consequently, a
good function of their immune cells, with levels similar to those of healthy adults,
have the greatest chance of achieving very high longevity.

8.5 Murine Models of Premature Neuro-endocrine–immune
Ageing

Support for the role of the immune system in oxi-inflamm-ageing, in the context
of neuroimmunomodulation, may be obtained by the study of animal models in
which, individuals showing premature immunosenescence and a high oxidative and
inflammatory stress in their immune cells (and in other cells), as well as a premature
alteration of the nervous system (shown principally by behavioural tests) show de-
creased longevity in relation to other members of the group of the same chronological
age. This has been studied using several murine models investigated and developed
during the last few years (De la Fuente and Gimenez-Llort 2010; De la Fuente 2010)
and summarised below.

8.5.1 Menopausal Models

Menopausal women as well as ovariectomised rats and mice (a model for human
menopause) constitute a model for assessing premature ageing, since they show
premature immunosenescence, with decreased leukocyte chemotaxis, lymphocyte
proliferation and NK cell activity (Baeza et al. 2010a, 2011; De la Fuente et al.
2004), and a higher oxidative stress condition with higher GSSG/GSH ratio (Baeza
et al. 2010b, 2011) as well as a decrease in anti-inflammatory cytokines such as
IL-10 (Baeza et al. 2011). Moreover, ovariectomy causes the premature ageing of
several behavioural responses such as sensorimotor abilities (loss of muscular vigour,
impaired equilibrium and traction capacities) and reduction of exploratory activity
(Baeza et al. 2010a). In addition, ovariectomised female rats and mice show a redox
state and function in leucocytes similar to those in males (Baeza et al. 2011; De la
Fuente et al. 2004). In mammalian species, males have a higher oxidative state and
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a lower function in their immune cells than those of females and also have a lower
mean life span than the latter (Baeza et al. 2011; De la Fuente et al. 2004; Guayerbas
and De la Fuente 2003).

8.5.2 Obesity Models

Obese subjects show a higher incidence of infections and some types of cancer, sug-
gesting an impaired immune function (Lamas et al. 2002a). In general, the few studies
of immunity in obese compared to non-obese subjects of the same chronological age,
show a worse immune function, which has been observed in both genetically and
diet-induced obese rats (De Castro et al. 2009; Lamas et al. 2002a, 2002b). More-
over, obesity is associated with an inflammatory state (Ye 2011), and immune cells
from obese rats show premature immunosenescence, with a decreased proliferation
and NK activity with respect to non-obese animals of the same chronological age
(De Castro et al. 2009; De la Fuente an De Castro 2012; Lamas et al. 2002a, 2002b)
as well as an oxidative stress situation (De Castro et al. 2010).

8.5.3 Alzheimer’s Disease Model

The age-related changes in the neuro-endocrine–immune network influence both
the progress of ageing and its related diseases such as neurodegenerative disor-
ders. Alzheimer’s disease (AD) is the most common of these disorders, with the
main pathological hallmarks being the aberrant protein aggregates, amyloid plaques,
comprising the amyloid β peptide and neurofibrillary tangles that consist of hyper-
phosphorylated tau protein. Synaptic and cholinergic deficits, reactive gliosis, an
inflammatory profile and an oxidative stress situation as well as psychological
symptoms of dementia and the impairment of cognition and behaviour are other
neurodegenerative changes. The triple-transgenic mice for AD (3 x Tg-AD) harbour-
ing PS1M146 V, APPSwe and tauP301 L transgenes, represent a unique animal model,
which mimics both amyloid and tau AD neuropathologies, besides presenilin over-
expression, in an age-dependent manner and in disease-relevant brain regions (Oddo
et al. 2003). In this model, the key role of the neuro-immuno-endocrine network in
the etiopathogenesis of AD has been shown. Thus, 3 x TgAD mice suffer an age-
related impairment at the level of behaviour (lower ability to cope with stressors
such as novelty, increased emotionality and anxiety-like behaviours, neophobia and
reduced exploratory capacity), endocrine (higher plasma corticosterone levels) and
immune parameters (decreased proliferation of lymphocytes and reduced NK cell
activity), with males being more affected than females and showing higher mortality
rates (Gimenez-Llort et al. 2008, 2012).
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8.6 Models of Poor Response to Stress, Anxiety and Depression

It is accepted that an inadequate response to stress is one of the conditions leading
to an acceleration of ageing, accompanied by an impaired immune system and other
physiological systems. Moreover, the changes in cellular trafficking as well as cell-
mediated immunity observed in ageing are similarly found following stress or chronic
glucocorticoid exposure (Bauer 2005). Thus, it has been shown that mice with chronic
hyper-reactivity to stress and anxiety show a premature ageing of the immune and
nervous systems, a higher oxidative stress and a shorter life span (Viveros et al. 2007).
These animals show premature ageing, and this model will be explained in more detail
later. It has also been observed recently that mice exposed to the stressful condition
of isolation have behavioural responses that reveal a certain degree of depression
and a more evident immunosenescence than control animals of the same age housed
in groups (Arranz et al. 2009b). These animal models show a significant premature
immunosenescence and oxidative stress similar to those in human subjects suffering
chronic anxiety or depression (Arranz et al. 2007, 2009a).

8.7 A Model of Premature Ageing in Mice Based on an Altered
Stress-related Behavioural Response

The lifespan of rodent strains appears to be inversely related to the intensity of their
behavioural and neuro-endocrine responses to stressful stimuli in an exploration test
(Dellu et al. 1994), and reduced longevity could be caused by an accelerated age-
dependent neurodegeneration ( Gilad and Gilad 2000). In this context, several studies
from our laboratory have shown that inter-individual differences among members of
outbred Swiss and inbred BALC/c mouse populations, both male and female, may
be related to their behaviour in a simple T-maze test. Moreover, animals which
exhibit immobility or “freezing behaviour” (high levels of anxiety) when placed in
a new environment, for example the T-maze, fail the test and show a worse immune
function than those mice that performed the test correctly (De la Fuente et al. 1998;
Guayerbas et al. 2000; 2002a, 2002b, 2002c; Viveros et al. 2001). These animals with
premature immunosenescence also have a shorter life span (Guayerbas et al. 2002a,
2002c; Guayerbas and De la Fuente 2003). Thus, a model of premature ageing
in mice based on an altered stress-related behavioural response in an exploratory
test and a premature immunosenescence was established (Viveros et al. 2007). The
studies carried out to characterise this model are discussed below.

8.7.1 Simple T-maze Exploration Test

Mice of the same strain, sex and chronological age are tested individually in a simple
T-maze test (Guayerbas et al. 2000). The performance of the spontaneous exploratory
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behaviour of each mouse (marked for individual monitoring) is evaluated measuring
the time elapsed until the animal crosses the intersection of the three arms with both
hind legs. The test has to be performed once a week, for 4 weeks, in order to sort
out the non-prematurely ageing mice (NPAM), which complete the exploration of
the “vertical” arm of the maze four times in 10 s or less, from the PAM, which
required over 10 s. Those animals showing an intermediate response in the T-maze
are removed from the study.

8.7.2 Behavioural Characterisation

Behavioural tests have been major components of batteries designed to assess biolog-
ical ageing in animal and human populations. Moreover, the performance in certain
behavioural tests is considered as a marker of neurological ageing (Dellu et al. 1994),
which is related to individual longevity (Gilad and Gilad 2000). Different behavioural
tests have been carried out with chronologically adult–mature Swiss and BALC/c
PAM and NPAM (both sexes) (Guayerbas et al. 2000, 2002a, 2005b; Viveros et al.
2001). In addition, certain behaviour characteristics of PAM, have been also investi-
gated in young mice (Pérez-Álvarez et al. 2005). Our battery of tests provides relevant
information about the strength-coordination (tightrope test) and diverse aspects of
the adaptive response to stress, emotionality and anxiety (the hole board, the open
field and the plus-maze test). PAM have shown an impaired neuromuscular vigour
and coordination, a decreased locomotor activity and adaptive response to stressful
situations, as well as an increased emotional reactivity and anxiety when compared
to NPAM of the same age (the results have been summarised in Table 8.1).

The tightrope test, a method for evaluation of neuromuscular coordination and
vigour (Miquel and Blasco 1978), is positively correlated to lifespan in rodents (In-
gram and Reynolds 1986). Cross-sectional studies in adult Swiss and BALC/c mice
(both sexes), reveal that PAM spend more time in performing this task than NPAM,
which shows a decreased neuromuscular coordination and vigour in PAM (Guayer-
bas et al. 2000; Pérez-Álvarez et al. 2005). Moreover, this neuromuscular capacity
decreased with age in both groups of mice, but more markedly in PAM (Guayerbas
et al. 2002a). In the hole board and in the elevated plus-maze test, Swiss PAM (both
sexes) show an increased grooming frequency, a decreased internal-central ambula-
tion and a lower percentage of entries and time in open-arms in comparison to NPAM,
which show an increased emotionality and anxiety. Interestingly, when the animals
are submitted to a higher stress situation in the open field (bright white light), PAM
show lower motor activity than NPAM, being the PAM females the most affected
for external and internal ambulation, and showing the highest grooming frequency.
Regarding to the gender differences, female mice (NPAM and PAM) show higher
levels of emotionality than males, being more marked in the case of PAM.

Ageing is associated with alterations in neuro-endocrine responses to stress, such
as an altered function of the hypothalamus–pituitary–adrenal axis (Orentreich et al.
1984), which is crucial for the regulation of stress and anxiety-related responses.
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Table 8.1 Behavioural
characterization of adult
prematurely and
non-prematurely ageing male
and female Swiss mice. PAM,
prematurely ageing mice;
NPAM, non-prematurely
ageing mice. Symbols
represent statistical
differences between the two
categories of mice (PAM vs.
NPAM), in both (♂) males and

(♀) females mice: decreased
(↓) P < 0.05; (↓↓) P < 0.01;
increased (↑) P < 0.05; or
(=) not change. (−)
behavioral test not analyzed

Adult Swiss mice PAM vs. NPAM

A. Sensorimotor abilities ♂ ♀
Thigtrope test (60 s trial)

Muscular vigour (% mice falling off,
latency)

↓↓ ↓↓

Motor coordination ↓ ↓↓
Traction ↓ ↓

B. Exploratory and anxiety-like behaviors ♂ ♀
Holeboard test

External ambulation = =
Internal ambulation ↓↓ ↓
Total ambulation ↓↓ ↓
Central ambulation ↓↓ ↓
Grooming ↑ ↑

Open field test
External ambulation (squares entered) = ↓
Internal ambulation (squares entered) = ↓↓
Total ambulation ↓↓ ↓↓
Central ambulation = ↓↓
Grooming ↑ ↑

Plus-maze test
% time in open arms ↓ ↓
% open-arm entries ↓ ↓
Closed-arms entries ↑ ↑

Porsolt test
Immobility – ↓↓

Interestingly, PAM exhibited an increased baseline corticosterone levels and a
blunted stress response when compared to NPAM (Pérez-Álvarez et al. 2005).

All these findings demonstrate that the PAM resemble those behavioural charac-
teristics found in chronologically aged mice and confirm that the T-maze test could
provide a simple and fast approach for the determination of murine biological age
(Viveros et al. 2001).

8.7.3 Characterization of Monoaminergic Systems

There is an evidence indicating that ageing is accompanied by some alterations in the
neurotransmission systems. In aged rodents, many studies have shown reductions
of the levels of neurotransmitters and of the activities of the enzymes involved in
their synthesis, as well as an age-related behavioural impairment, which is the result
of dysfunction in the neurotransmission, but not the loss of neurons of the Central
nervous system (CNS) (Magnone et al. 2000). Thus, with the aim to provide a neuro-
chemical characterization of PAM, a comparative study with NPAM regarding their
noradrenergic, serotonergic and dopaminergic systems were carried out in discrete
brain regions, which are relevant for the behavioural responses, such as hypotha-
lamus, hippocampus, striatum, frontal cortex and midbrain. For this purpose, the
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levels of noradrenaline (NA), serotonin (5-HT), dopamine (DA) and their respective
metabolites (3-methoxy-4-hydroxyphenyl glycol (MHPG), 5-hydroxyindol-3-acetic
acid (5-HIAA) and 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid
(HVA), respectively) were analysed in the brains of the same animals (males and
females) used in the previous behavioural study (Viveros et al. 2001).

The results (De la Fuente et al. 2003) showed that PAM of both sexes show
decreased NA levels in hippocampus, frontal cortex and midbrain in comparison to
NPAM. Although the data on the sensitivity of noradrenergic systems to the ageing
process are very heterogeneous, a decrease in the NA content of at least some brain
regions, mainly in hippocampus has been proposed. PAM of both sexes also show
decreased levels of 5-HT in hippocampus, striatum, midbrain and hypothalamus
in comparison to NPAM, as well as an increase in the turnover rate (5-HIAA/5-
HT) in hypothalamus and in hippocampus. The influence of age on the levels 5-HT
in different strains of rodents have shown different results, but several studies show
decreased levels of 5-HT and an increased 5-HIAA/5-HT ratio in several brain regions
(Lee et al. 2001). Since there is abundant evidence about the involvement of the
serotonergic system in the modulation of anxiety, the altered emotional responses
in PAM, which present higher levels of emotionality and anxiety, could be related
with these altered serotonergic indices. With respect to the dopaminergic system,
the majority of the studies have shown a decrease of DA levels and its metabolites
(DOPAC and HVA), as well as an increase of the DA turnover rate (DOPAC/DA and
HVA/DA) with ageing. These alterations are in accordance with the majority of the
changes found in the dopaminergic system of PAM, which (in both sexes) show a
marked reduction in the DA content in most brain regions analysed (hypothalamus,
hippocampus, striatum and frontal cortex), as well as a decrease in the levels of HVA
in the hypothalamus and striatum, whereas in the hippocampus decreased levels of
DOPAC and HVA are only observed in female PAM. The turnover rates (DOPAC/DA
and HVA/DA) of PAM (both sexes) are either increased (hippocampus and frontal
cortex) or unchanged with respect to NPAM, depending on the brain region analysed
(De la Fuente et al. 2003). An age-related decrease in the levels of DA and its
metabolites in striatum, as well as a correlation between this fact and diminished
motor function in aged rodents have been observed. Thus, it is likely that the altered
dopaminergic indices in PAM, particularly in striatum, are related to the impaired
motor function, such as neuromuscular vigour and coordination in the tightrope test,
and the decreased locomotor activity in three standard behavioural tests (Viveros
et al. 2001) observed in these animals when compared to NPAM.

In spite of the sex differences in the age-related changes in the noradrenergic,
serotonergic and dopaminergic systems, which depend on the brain region analysed,
in most cases the differences between PAM and NPAM involve both sexes, with the
exception of the hypothalamus, a typically sexual dimorphic area, where some dif-
ferences only affect the male mice. In conclusion, the neuro-chemical modifications
found in the monoaminergic systems in brain regions of PAM, which involve both
sexes, clearly resemble some of the alterations reported for ageing animals, and
this brain neurochemistry characteristic of older animals seems to be related to the
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Table 8.2 Comparative changes in the level of monoamines and their respective metabolites from
noradrenergic, serotonergic and dopaminergic systems in different brain regions (hippocampus,
hypothalamus, striatum, frontal cortex and midbrain) of non-prematurely and prematurely ageing
adult Swiss mice, both males and females. PAM, prematurely ageing mice; NPAM, non-prematurely
ageing mice; NA, noradrenaline; MHPG, 3-methoxy-4-hydroxyphenyl; 5-HT, serotonine; DA,
dopamine; DOPAC, 3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid; 5-HIAA, 5-
hydroxyindol-3-acetic acid. Symbols represent statistical differences between the two catego-
ries of mice (PAM vs. NPAM), in both (♂) males and (♀) females mice: decreased (↓) P < 0.05;
(↓↓) P < 0.01; (↓↓↓) P < 0.001; increased (↑) P < 0.05; (↑↑) P < 0.01; (↑↑↑) P < 0.001; (=)
or no change

Adult Swiss mice PAM vs. NPAM

♂ ♀

Hippocampus
NA ↓ ↓
MHPG = =
5-HT ↓↓↓ ↓↓↓
HIAA/5-HT ↑↑↑ ↑↑↑
DA ↓↓↓ ↓↓↓
DOPAC = ↓
HVA = ↓
HVA/DA ↑↑ ↑↑
DOPAC/DA ↑ =
Hypothalamus
NA ↓↓ ↓↓
5-HT ↓ ↓
DA ↓ ↓
Striatum
NA = =
5-HT ↓↓↓ ↓↓↓
DA ↓ ↓
Frontal cortex
NA ↓ ↓
5-HT = =
DA ↓↓↓ ↓↓↓
Midbrain
NA ↓ ↓
5-HT ↓ ↓
DA = =

behavioural features found in PAM (De la Fuente et al. 2003). All these results on
the monoaminergic systems have been summarised in Table 8.2.

8.7.4 Characterization of Immune Functions

Ageing has been associated with immunological changes, which presently are con-
sidered as good markers of health, biological age and longevity (De la Fuente and
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Miquel 2009; Wikby et al. 2008). Moreover, the immunological changes observed
in healthy ageing may be closely related to psychological stress, which may lead
to an earlier onset of ageing-related diseases and premature ageing. Indeed, there
is an evidence suggesting a link between chronic psychological stress and impaired
immune function (Bauer 2008). In this context, preliminary studies showed a rela-
tion between the T-maze performance and the functions of immune cells from old
and adult Swiss mice, animals with slow performance showing a less competent
immune system (De la Fuente et al. 1998; Correa et al. 1999). This immunose-
nescence of PAM was confirmed after performing several investigations on a wide
range of functions in immune cells from peritoneum, thymus, spleen and axillary
nodes from PAM and NPAM of different strains (Swiss and BALB/c), chronologi-
cal ages (young, adult, mature and old), both sex as well as in cross-sectional and
longitudinal studies (Table 8.3). In fact, the results show, in general, an increased
macrophage and lymphocyte adherence in PAM compared with NPAM, which sug-
gests an impaired capacity of these cells to move to the infectious focus, this function
increasing with ageing. Moreover, the spontaneous mobility and chemotaxis capacity
of macrophages and lymphocytes, the phagocytic capacity and bacteriocidal activity
of macrophages, the lymphoproliferative response to mitogens (Con A and LPS),
the IL-1β and IL-2 release as well as the NK activity, which are the functions that
decrease with ageing, are lower in PAM in comparison to NPAM (Alvarado et al.
2005, 2006b; Alvarez et al. 2006; De la Fuente 2010; Guayerbas et al. 2002a, 2002b,
2002c; 2005a; Guayerbas and De la Fuente 2003; Puerto et al. 2002; Viveros et al.
2001). Moreover, young PAM are more susceptible than NPAM to the effect of an
acute stress (which includes forced swim) on the mitogen-induced lymphoprolifer-
ative responses, decreasing this activity (Pérez-Álvarez et al. 2005). The results on
the immune functions in PAM versus NPAM are shown in Table 8.3.

Considering the relevance of optimal immune functions for successful ageing,
the present data justify the view that PAM have worst preserved immune functions
compared to NPAM, and they show values more similar to those of older animals.
Since the immune functions studied have been proposed as markers of health and
biological age, the impairment in these functions observed in PAM could play a
central role in the shorter life span of these animals. The above-mentioned facts
demonstrate the premature immunosenescence of PAM and support the increasing
evidence on the key role played by the immune system in premature ageing (De la
Fuente 2008; De la Fuente and Miquel 2009).

8.7.5 Inflammatory and Oxidative Stress

Progressive dysregulation of immune responses associated with ageing may be a
result of increased oxidative stress (De la Fuente et al. 2005). In view of the link be-
tween oxidative and inflammatory stress and the ageing process, several oxidant and
pro-inflammatory compounds, as well as antioxidant defences, have been evaluated
in the model of premature ageing in mice, in order to characterize redox state
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Table 8.4 Comparative changes in several oxidative stress parameters in peritoneal leukocytes
from prematurely versus non-prematurely ageing female Swiss mice in young and adult mice.
PAM, prematurely ageing mice; NPAM, non-prematurely ageing mice. Symbols represent statistical
differences between the two categories of mice (PAM vs. NPAM): decreased (↓) P < 0.05; (↓↓)
P < 0.01; (↓↓↓) P < 0.001; increased (↑) P < 0.05; (↑↑) P < 0.01; (↑↑↑) P < 0.001; or (=) no
change. (∗) increased (↑) P < 0.05 in old Swiss mice; (∗∗) increased (↑↑↑) P < 0.001 in BALC/c
adult mice; (∗∗∗) increased (↑) P < 0.001 in old Swiss mice; (−) not analyzed.

Peritoneal leukocytes PAM vs. NPAM

Young Adult

Oxidant/Pro-inflammatory compounds
Extracellular superoxide anion levels ↑↑ ↑/↑∗↑/↑↑↑∗∗
Nitric oxide (NO) levels ↑↑ ↑
Oxidized glutathione (GSSH) ↑ ↑↑
Oxidized/reduced glutathione (GSSH/GSH) ↑↑↑ ↑↑↑
Prostaglandin E2 (PGE2) ↑ ↑↑
Xanthine oxidase (XO) activity – ↑↑
Tumor necrosis factor alpha (TNF-α) levels ↑ ↑/↑∗∗∗

Antiaoxidant Defenses
Reduced glutathione (GSH) levels ↓↓ ↓↓
Glutathion peroxidase (GPx) activity = ↓↓
Glutathion reductase (GR) activity ↓↓↓ –
Superoxide Dismutase (SOD) activity ↓↓↓ ↓
Catalase (CAT) activity ↓ ↓
Oxidative Damage
Malondialdehyde (MDA) levels ↑↑ ↑
8oxo-7,8dihydro-2deoxiguanosine (8oxodG) – ↑↑

of PAM in comparison to NPAM. These parameters of the oxidative and pro-
inflammatory stress status have been studied in leukocytes (from peritoneum, axillary
nodes, spleen and thymus), as well as in other tissues of Swiss and BALC/c PAM
and NPAM of different chronological ages (Alvarado et al. 2006a, 2006b; Guayerbas
et al. 2002b; Viveros et al. 2007). In general, PAM show higher levels of oxidant and
pro-inflammatory compounds as well as decreased levels of antioxidant defences in
comparison to NPAM (results summarised in Table 8.4).

Regarding pro-inflammatory cytokine release, such as tumor necrosis factor-α
(TNF-α) and prostaglandin E2 (PGE2), in Swiss female PAM increase more than
in NPAM. Oxidants such as extracellular superoxide anion, nitric oxide (NO), ox-
idized glutathione (GSSG) and the GSSG/GSH ratio (a marker of oxidative stress
situation) in young and middle-aged peritoneal leukocytes of female Swiss PAM,
show higher levels than in those of NPAM (Alvarado et al. 2006a, 2006b). In ad-
dition, these leukocytes from PAM also show, in comparison to NPAM, a decrease
in reduced glutathione levels (GSH), a key non-enzymatic antioxidant, as well as
in the enzymatic antioxidant defences, namely superoxide dismutase, catalase, glu-
tathione peroxidase and reductase activities which are the main antioxidant enzymes
that eliminate the excess of reactive oxygen species (ROS). Therefore, PAM show
oxidative stress in their leukocytes, which induces oxidative damage of biomolecules
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Table 8.5 Xanthine oxidase (XO) activity (mU XO/mg protein) in different tissues (cerebral cortex,
liver, spleen and kidney) from chronologically mature prematurely (PAM) and non-prematurely
(NPAM) ageing female BALC/c mice. Data are mean and standard deviation for eight animals.
Statistical differences between the groups were analyzed by the Student’s t test. ∗ P <0.05;
∗∗ P < 0.01 with respect to the corresponding values in NPAM

Xanthine Oxidase (XO) activity (mU XO/mg protein)

Tissue BALC/c mature mice

NPAM PAM

Cerebral cortex 29.83 ± 8.24 34.20 ± 6.39∗
Spleen 4.78 ± 1.67 7.25 ± 3,58
Liver 54.36 ± 9.60 65.69 ± 10.9∗∗
Kidney 9.53 ± 1.59 11.74 ± 1,69∗

such as lipids and DNA, a characteristic of ageing, and contributes to the inappro-
priate function of these cells (De la Fuente and Miquel 2009). In fact, the oxidative
stress damage to lipids and nuclear DNA measured by malondialdehyde (MDA) and
8-oxo,7,8-dyhidro-2′-deoxyguanosine (8-oxodG) levels, respectively) in peritoneal
leukocytes from adult and young Swiss PAM are higher than those found in cells
from NPAM (Alvarado et al. 2006a, 2006b). Moreover, an imbalance between oxi-
dant and antioxidants, leading to an oxidative stress situation, has been observed in
several tissues such as brain, liver, heart and kidney in Swiss and BALB/c PAM with
respect to those in NPAM (Viveros et al. 2007).

All these findings demonstrate that the PAM suffer a situation of oxidative and
inflammatory stress in their leukocytes and tissues that are characteristic of mice of
an older chronological age. Because oxidative stress may lead to loss of homeostasis
in immune cells, all these findings could explain the immunosenescence exhibited by
PAM. Moreover, as mentioned above, it has been demonstrated that the PAM have a
shorter life span than NPAM (Guayerbas et al. 2002a, 2002c; Guayerbas and De la
Fuente 2003). Therefore, all these facts confirm that PAM are biologically older, at
the same chronological age, than NPAM (Viveros et al. 2007).

8.7.6 Xanthine Oxidase in PAM and NPAM

Xanthine oxidase (XO), an enzyme characterized by its generation of ROS, such as
superoxide anion and hydrogen peroxide, which increase in tissues and leukocytes
of older mice (Arranz et al. 2010a; Vida et al. 2009, 2011), shows higher activity in
cerebral cortex, liver and kidney of mature BALC/c PAM than in NPAM (Table 8.5).
This increase in XO activity was also found in peritoneal leukocytes of adult PAM (in
Swiss and BALC/c mice) than of NPAM (Table 8.4), being more evident in phago-
cytes than in lymphocytes (unpublished data). This adds support to the suggestion
that phagocytes are the immune cells most involved in the ageing rate of organisms
(De la Fuente and Miquel 2009).
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8.8 Conclusion

The use of animal models, especially the PAM model, may be particularly useful
to assess the relationships between a diminished ability of coping with stressful
situation, immunosenescence, a chronic oxidative stress, an accelerated biological
age and a shorter longevity.
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Chapter 9
Socio-economic Status and Immunosenescence

Allison E. Aiello and Jennifer Beam Dowd

9.1 Introduction

Across the world, wealth and health go hand in hand. Those with fewer educational
and economic resources live shorter lives and experience the onset of chronic disease
and loss of functioning at an earlier age on average than their more advantaged peers
(Adler and Stewart 2010; Mackenbach 2010). Recent estimates show over a 6-year
difference in life expectancy at age 25 for those below the US poverty line compared
to those in the top 35 % of the income distribution (Braveman et al. 2010). In Europe,
similar socio-economic differences are seen but sometimes of different magnitude
across countries. Educational inequalities range from a relative mortality risk that
is four times higher for men with the lowest compared to the highest educational
attainment in the Czech Republic, Hungary, and Lithuania, to less than two times
that of those with the most education in Sweden and Spain (Mackenbach et al.
2008). While the biological mechanisms underlying these socio-economic health
inequalities or “disparities” are not well understood, they are often discussed in the
context of accelerated aging (Crimmins et al. 2009). Among the biological systems
that have been investigated, studies of cardiovascular, metabolic, and neuroendocrine
markers are the most common (Dowd et al. 2009b; Seeman et al. 2008). Despite
the importance of immunosenescence in aging, research on the contribution of the
immune system to health disparities until recently has been quite limited.

In this chapter, we will give an overview of recent epidemiological work iden-
tifying associations between socio-economic factors and various markers related to
immunosenescence, including pathogen burden and immune response to persistent
infections such as cytomegalovirus (CMV). CMV infection, in particular, may play
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a direct role in immune system aging, and has even been called the “driving force”
behind age-associated alterations to the T-cell immune system (Koch et al. 2006).
Infection with this virus increases CMV specific T-cell proliferation, reducing the
availability of other T-cells carrying receptors specific for other antigens. This pro-
cess is referred to as taking up the “immunological space” and limits the capacity
of the immune system to mount an efficient immune response in elderly individuals
(Trzonkowski et al. 2004).

Next, we will touch on the lifecourse framework that motivates much epidemi-
ological and social science research in this area. Overall, socio-economic status
(SES) is strongly associated with the prevalence of many acute and persistent infec-
tions, but whether this pattern is due to increased infectious exposures or increased
susceptibility is not clear. Individuals with lower SES also show increased IgG anti-
body response to persistent herpesviruses including CMV, Herpes Simplex Virus-1
(HSV-1), and Epstein-Barr Virus (EBV), possibly due to differential exposure to
stress. There is evidence that these socio-economic differences in seroprevalence
and antibody response arise in childhood, suggesting that early social factors might
contribute to later immunosenescence. We conclude with our perspective on current
research gaps and opportunities in this area.

9.2 SES and Infectious Burden

Lifelong antigenic history of exposure to pathogens and other antigens may play an
important role in immunosenescence and its impact on frailty and survival in old age
(De Martinis et al. 2005). Individual antigenic history in turn, is a function of his-
torical trends, geographical location, as well as social, demographic, and behavioral
factors. Research on the relationship between social factors and the distribution of
infections in developed countries is relatively scarce, but mounting evidence suggests
that an individual’s social environment dramatically influences their lifelong expo-
sure to pathogens, even in developed countries (Cohen et al. 2006). A recent review
of the social determinants of infectious disease in Europe found that in addition to
well-established associations between social factors and infections such as HIV and
tuberculosis, socio-economic differences in prevalence were found for infections as
varied as Helicobacter pylori, human papilomavirus (HPV), listeria, and tick-borne
encephalitis (Semenza 2010). Recent evidence suggests the socio-economic pattern-
ing of infection may apply to everyday illnesses as well. In the United States, Stone
et al. (2010) reported a socio-economic gradient in the presence of self-reported cold
or flu symptoms for the previous day among a representative sample of adults.

Additional evidence is mounting regarding socio-economic differences in the
prevalence of persistent pathogens. In a sample of Whitehall civil servants from
the United Kingdom, employment grade was found to be related to infection with
CMV, HSV-1, and Chlamydia pneumoniae (Steptoe et al. 2007). In the United States,
race/ethnic differences in individual infection status for hepatitis A, B, and C viruses,
Toxoplasma gondii, Helicobacter pylori, HSV-2, and CMV have been reported
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Fig. 9.1 Data from the Third National Health and Nutrition Examination Survey 1988–1994, show-
ing seroprevalence of cytomegalovirus by age and income quartile. Results were adjusted for
race/ethnicity, rural/urban residence, census region, sex, and household size. –�–, Top income
quartile; –�–, bottom income quartile. (Reprinted with permission from: Dowd et al. (2009a))

(Everhart et al. 2000; McQuillan et al. 2004; Staras et al. 2006). Differences in
the seroprevalence of CMV by family income level were found in the United States
as early as age 6, and were not explained by risk factors such as household crowd-
ing, parental smoking, or daycare attendance early in life (Dowd et al. 2009a, c)
(Fig. 9.1). Beyond seroprevalence of individual infections, US adults of lower SES
in the nationally representative National Health and Nutrition Examination Survey
(NHANES) were also found to have a higher total burden of multiple chronic in-
fections including CMV, HSV-1, H. pylori, and Hepatitis B (Dowd et al. 2009a;
Zajacova et al. 2009). Similar results were found by Aiello et al. (2009) using data
from the Multi-Ethnic Study of Atherosclerosis (MESA), where less education was
associated with a greater probability of infection with multiple pathogens (CMV,
HSV-1, H. pylori, and C. pneumoniae). A study among younger age populations in
the United States showed significant differences in the seroprevalence of five differ-
ent infections by SES emerging as early as age 6 (Dowd et al. 2009c). The mean
persistent infection burden among US children whose parents had less than a high
school education was significantly higher compared to children with parents that had
more than a high school education. Taken together, these findings highlight the im-
portance of understanding the connection between social factors, antigenic burden,
and immunosenescence across the life course.

9.3 SES and Stress

Chronic stress has received widespread attention as a potential mechanism by which
SES can “get under the skin” (Baum et al. 1999; Brunner 1997; Kristenson et al.
2004; Steptoe and Marmot 2002). Individuals with lower SES have both increased
exposure to stressful events in their lives as well as fewer social and material resources
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with which to buffer stressful events that occur (Baum et al. 1999; Pearlin et al.
2005). Such increased stress exposure for lower SES individuals may emerge from
physical environments characterized by crime, crowding, poor physical amenities, fi-
nancial/occupational environments characterized by inadequate and/or unpredictable
resources, nonexistent or little job security or personal autonomy and/or sociocul-
tural environments characterized by discrimination, and impoverished social and
psychological resources (e.g., fewer sociopolitical resources, individual perceptions
of powerlessness, alienation, lack of self-esteem) (Seeman and Crimmins 2001).
This stress, in turn, is thought to impact health outcomes via sustained activation
of stress-related autonomic and neuroendocrine responses and impaired immunity.
Cortisol has been the most commonly researched mechanism presumed to link low
SES to poor health, but thus far, measures of SES have been inconsistently related
to cortisol, providing little direct evidence that stress-related biological alterations
explain the relationship between socio-economic position and health (Brandtstadter
et al. 1991; Cohen et al. 1997; Dowd and Goldman 2006; Kristenson et al. 2004;
Kunz-Ebrecht et al. 2004; Steptoe et al. 2003). Antibody response to latent infections
such as CMV, which may be linked to both stress and immunosenescence, has been
suggested as an alternative marker for investigating the interactions of the social
environment, stress, and health (Dowd and Aiello 2009; Dowd et al. 2011).

9.4 Socio-economic Stressors and Latent Herpesvirus
Antibodies

Adequate cell-mediated immunity is important for maintaining persistent infections
such as CMV, EBV or HSV-1 in a latent state. Stress-related down regulation of
cellular immunity can allow a herpesvirus to reactivate, releasing viral antigens into
circulation (Glaser and Jones 1994). In turn, levels of antibodies to CMV, EBV, and
HSV-1 provide an indirect measure of cell-mediated immune function. Findings from
the psychoneuroimmunology literature support a strong and consistent relationship
between stress and increased antibody response to herpesviruses (Herbert and Cohen
1993). Specifically, increases in herpesvirus antibody titers have been linked to
academic stress in nursing, medical students and military cadets (Glaser et al. 1999;
Sarid et al. 2002), caregiving for a family member with Alzheimer’s disease (Glaser
and Kiecolt-Glaser 1997), involvement in a poor quality marriage (Herbert and Cohen
1993), traumatic life events (McDade et al. 2007; Shirtcliff et al. 2009), as well as the
psychological traits of loneliness, defensiveness, and anxiety (Esterling et al. 1993;
Glaser et al. 1985). CMV antibodies, in particular, have been shown to increase in
response to academic stress in several student populations (Glaser et al. 1985; Sarid
et al. 2002), and the stress of spaceflight for astronauts (Mehta et al. 2000). Cross-
sectionally, increased CMV antibody titers have been associated with depression
and anxiety in older adults (Phillips et al. 2008). Increased severity of parental
psychiatric symptoms has also been associated with an increase in the percentage
of CD4 and CD8 cells associated with immune control over CMV in school-aged
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children (Caserta et al. 2008). Further, in women newly diagnosed or suspected of
having breast cancer, lower EBV antibody titers were observed among those with
higher education and social support, suggesting better cellular immunity while under
stress in those with higher SES (Fagundes et al. 2012).

Animal studies support the idea that social stressors may contribute to reactiva-
tion of latent herpesviruses. Specifically, Padgett et al. (1998) found that mice whose
hierarchy and social interactions were disrupted showed significant evidence of re-
activation of latent HSV-1, while the use of a restraint stress did not activate the
latent virus. Looking at social status in humans, Dowd et al. (2008) first reported
associations between lower educational attainment and higher CMV and HSV-1 IgG
antibody levels in an sample of elderly US Latinos, followed by similar associations
for both education and income with CMV in a representative sample US adults aged
25 and older (Dowd and Aiello 2009). The results suggested that on average, each
additional year of education was associated with a CMV antibody level equivalent
to that of individuals almost 2 years younger (Dowd and Aiello 2009). These asso-
ciations remained strong after adjustment for baseline health conditions, smoking,
and BMI. Participants in the MESA study with lower levels of education were also
more likely to have high levels of antibody to multiple pathogens including CMV and
HSV-1 (Aiello et al. 2009). Stowe et al. (2010) confirmed associations between lower
education and higher antibody titers to HSV-1 and EBV in a community sample of
adults aged 25–90 in Texas. Differences in CMV antibody levels were recently found
to emerge in childhood in the United States, with children below the poverty line
having higher average CMV antibody levels compared to those above the poverty
line (Dowd et al. 2012). Additional work has looked at the role of persistent infec-
tion in mediating the relationship between SES and cardiovascular disease in US
adults, finding no mediating effect for HSV-1, but a significant mediating effect of
CMV (Simanek et al. 2008). While these cross-sectional studies are only suggestive
of stress pathways linking lower SES to elevated herpesvirus antibody titers, they
represent an important new direction in the search for the biological links between
the social environment and health.

9.5 Social Determinants and Immune Response Across
the Life Course

Recent work in biodemography posited that reductions in life-time exposure to infec-
tion and inflammation was an important determinant of historical cohort declines in
later-life morbidity and mortality. Crimmins and Finch argue that cohorts with lower
infectious disease mortality in childhood can be characterized by a “cohort morbidity
phenotype” that links their early life experience to later life cohort mortality patterns
(Crimmins and Finch 2006; Finch and Crimmins 2004). McDade also highlights how
early environments may model immune and inflammatory responses for the rest of
the life course (McDade 2005b, 2000). More broadly, life course epidemiology has
drawn attention to the potential long-term impacts of early life exposures for the
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development of chronic disease (Ben-Shlomo and Kuh 2002). Whether and what
types of early pathogen exposures are important for immunological development is
still an area of active research. The hygiene “hypothesis” posits that the absence of
pathogenic challenges early in life can lead to poorly regulated inflammatory and
cell-mediated immune responses in life (Strachan (1989). In support of this idea,
McDade et al. (2005a) found that greater to exposure pathogens in infancy was as-
sociated with enhanced cell-mediated immune function in adolescence as measured
by EBV antibody titers and reduced inflammation in young adulthood. Future longi-
tudinal research on the consequences of both low and high pathogen exposure on the
developing immune system and the later life consequences for immunosenescence
is warranted. As the social distribution of the infectious exposures changes over time
and place, such longitudinal studies could greatly increase understanding of how
social differences in infectious exposures and immune function may translate into
health disparities.

9.5.1 Socio-economic Differences in Infection: Exposure
or Susceptibility?

Differences in the seroprevalence of common infections by social class should be
largely explained by two factors: differences in exposure and/or differences in suscep-
tibility given exposure. Current epidemiological evidence is lacking on the relative
importance of these factors in the observed socio-economic differences in infec-
tions. Environmental factors associated with SES such as household crowding or
increased use of public transportation could contribute directly to exposure risk.
Other exposure opportunities that may vary by social factors include increased use
of daycares for children at younger ages and larger family size, although these fac-
tors were not found to mediate the association between CMV seropositivity and SES
in US children (Dowd et al. 2009a, c). Though breastfeeding has been implicated
in exposure to CMV and other viruses among children (Stronati 2007), in the US
the proportion of children ever breastfed is 23–26 % higher among women in the
highest income group compared with the lowest income group, suggesting that CMV
transmission via breast milk would decrease disparities in CMV exposure by SES
(Fernandez-Twinn and Ozanne 2006).

Suppressed immune function as a result of stress, poor nutrition, smoking, or
other environmental exposures could increase susceptibility to infections given equal
levels of exposure. Evidence regarding socio-economic differentials in exposure to
infectious agents is very difficult to directly assess for several reasons. First, the
timing of infection is often difficult to determine without a longitudinal study design
without frequent follow-up. Many of the infections examined in these studies are
acquired early in life with little clinical manifestation among health individuals.
Therefore, identifying the first period of exposure to these infections is difficult.
Second, laboratory methods may not distinguish between recent and past exposure to
infection. In many cases, IgG antibody levels based on Enzyme Linked Immunoassay
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(ELISA) methods are utilized and do not provide any information on timing of the
infection. IgM can provide better information on recent infection, but IgM is fleeting
and often it is not possible to establish whether IgM increases represent new infection
or re-exposure. For all of these reasons, it is difficult to identify the source of infection
and how the individual was exposed.

Experimental studies have provided a basis of evidence for differences in suscep-
tibility to infection among those exposed. Cohen and colleagues demonstrated that
low social status was associated with an increased risk of respiratory infections in
both humans and other primates using experimental exposure to infection (Cohen
2005, 1999; Cohen et al. 2004, 1997, 2008). The association between low subjec-
tive social status and susceptibility to experimentally administered rhinovirus and
influenza virus was partially explained by poorer sleep duration (Cohen et al. 2008).
In Scotland, low social class was also found to be associated with lower secretory
immunoglobulin (sIgA), cited as a first line of defense against infection, in a large
community sample, and this association was partially mediated by smoking status
(Evans et al. 2000). In a sample of 25–49 year olds from the United States, those
who were persistently unemployed had significantly lower levels of natural killer
cell cytotoxicity (NKCC) compared to a matched employed sample (Cohen et al.
2007a). In addition, NKCC was significantly higher after the participants became
employed, compared with their unemployed period, with substantial “recovery” of
immune function compared with values from the steadily employed group. Similar
to the research challenges in identifying infectious exposure timing and pathways,
establishing differences in susceptibility in non-experimental studies is difficult. For
example, differences in baseline immune function and genetic factors that may deter-
mine susceptibility are difficult to measure in large-scale population based studies.
Nonetheless, the available experimental and non-experimental community-based
studies suggest that lower social status may be associated with increased suscep-
tibility to infection through a variety of pathways. Further research on baseline
differences in immune function, genetic determinants, and the contribution of vari-
ous pathways, including nutrition, to better understand variations in susceptibility are
needed.

9.6 Gaps and Future Directions

Although many studies have clearly demonstrated socio-economic gradients in infec-
tion and immune function as described in this chapter, there are still several existing
gaps in the literature. First, most of the available studies have only examined a small
number of the possible infections that an individual may be exposed to and that may
be associated with socio-economic factors. Future studies should strive to examine
larger, more comprehensive sets of pathogens and possibly measures of the human
microbiome as technologies become more accessible and affordable for application
in large scale cohort studies. Next, to our knowledge no studies have directly tested
the pathways such as psychosocial stressors and biological mediators that connect
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SES and immune function in non-experimental settings. Studies that examine these
pathways could provide important information on the underlying social and biolog-
ical mechanisms linking SES and immunosenescence, and suggest potential targets
for intervention at either the policy or clinical level. An additional challenge is that
economic and social surveys rarely measure biological data (or measure it well), and
vice versa. Inclusion of biomarkers in population-based social surveys including the
Health and Retirement Study (HRS), the Survey of Health, Ageing, and Retirement
in Europe (SHARE), and the National Longitidunal Study ofAdolescent Health (Add
Health) has grown in recent years, most including collection of inflammatory markers
and some including addition measures such as antibodies to persistent herpesviruses
or other infections (McDade et al. 2007; Williams and McDade 2009). Better mea-
surement of biological data in social surveys should go hand in hand with better
measurement of social and economic variables. The SES markers used in existing
studies are quite diverse and include education, income, occupational grade or status,
subjective social status, wealth, financial strain, material hardship, and duration of
poverty, among others. Different components of SES have been shown to vary in
their association with health risk for the same individuals, thus due care should be ex-
ercised when assessing associations of biological parameters with different measures
of SES, especially across different country contexts (Duncan et al. 2002).

In this regard, population-based studies of immunological parameters are at a
similar stage to earlier genetic studies when the focus was on individual genetic
variation with little regard to social and environmental variables. There are still
very few large-scale prospective cohorts that have collected information on envi-
ronmental, psychological, and social exposures along with a comprehensive set of
immunological parameters. In part, this is due to the financial and practical challenge
of obtaining appropriate biological samples, such as peripheral mononuclear cells,
needed to examine immunological parameters on large-scale basis.As a consequence,
basic scientific information regarding population level variability in parameters of
immunosenescence, including changes in the number and functionality of naïve
T-cells and B cells, CD4:CD8 ratios, and memory T-cells is lacking. This type of
descriptive epidemiology will be an important first to testing the influence of the
social environment on immune parameters in prospective studies. One National In-
stitute of Health (NIH) funded prospective cohort study of individuals 18 years and
older, the Detroit Neighborhood Health Study, has been collecting peripheral blood
mononuclear cells, testing for immune function, and assaying exposure to several
infections linked to chronic disease. This study also has extensive measures on the
social environment, stressors, and health indicators that can be examined in relation-
ship to immune function and burden of infection. There has been a call for studies of
immune function to be conducted at the population-level where immunological pa-
rameters are identified and assessed on wide-scale levels to create a profile of human
immune function in the United States (Leslie 2010). It will be crucial to augment
these types of undertakings with social and environmental factors that may shape
population variability in immune profiles.

Moving beyond population-level description, studies examining alterations in
cellular markers of immunosenescence and how these alterations relate to infection
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are needed. Prospective studies could provide data on the effect of socio-economic
shocks (loss of jobs, housing, and foreclosure) on alterations in immune function
over time both in terms of cellular markers of immunosenescence and immune re-
sponse to persistent herpesvirus infections. Moreover, studies that combine genetic
and epigenetic measures related to immune function to assess how these factors
impact immunosenescence or whether these types of genetic determinants interact
with the social environment to influence immune function are needed. Another social
variable that may impact immune function is the neighborhood environment. Indi-
viduals living in disadvantaged neighborhoods may be more likely to suffer from
poor quality housing, stress inducing and dangerous neighborhoods, litter, pollution,
lack of healthy foods, and high levels of street noise and traffic volume. Studies that
systematically assess the role that socio-economic stressors at both the neighborhood
and individual-level play in shaping age-related alterations in immune function are
needed to identify key features of the social context that may have public health sig-
nificance for addressing differentials in immunological alterations at the population
level. Where prospective and multi-level data are lacking, dynamic mathematical
modeling may help to identify how immune function and pathogen burden vary
within, between, and throughout generations of low socio-economic and race/ethnic
groups.

9.7 Conclusions

In conclusion, a growing body of research has demonstrated socio-economic gra-
dients in persistent infections, such as CMV, HSV-1, EBV, C. pneumoniae, H.
pylori etc. Aiello et al. 2009; Dowd and Aiello 2009; Dowd et al. 2009a, c, 2008;
Everhart et al. 2000; McQuillan et al. 2004; Simanek et al. 2008; Staras et al. 2006;
Stowe et al. 2010; Zajacova et al. 2009. The results of these studies have demon-
strated socio-economic gradients in the burden of infection that emerge in childhood
and persist across the life course. This evidence strongly suggests that the timing of
first exposure to infection and subsequently pathogen burden varies by SES, with
potential life-long health implications for affected groups. This research also high-
lights the importance of understanding the connection between antigenic burden
across the life-course and immunosenescence. Experimental studies and some non-
experimental studies have demonstrated variability in susceptibility to infection by
levels of social status in humans. Future studies that collect data on variability in
immune function, genetic determinants, and the contribution of various pathways,
including diet and physical activity, are needed to better understand what factors
mediate socio-economic differentials in susceptibility to infection. Levels of anti-
bodies to herpesviruses, such as CMV and HSV-1, have provided an indirect measure
of cell-mediated immune function in large population-based studies of the impact
of socio-economic position on immune function. These studies have consistently
demonstrated a link between lower socio-economic position and increases in anti-
body levels, supporting the hypothesis that socio-economic stressors may influence
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immune function at the population level. Further population-based studies examining
stress-related pathways and more traditional markers of immunosenescence, such as
inverted CD4/CD8 ratios, terminal, memory, and effector cells, are needed. Although
there are many gaps in the research yet to be addressed, the available literature has
consistently supported links between socio-economic position and various markers
of immune function and infection. Policy and preventive efforts should focus on re-
ducing factors that influence exposures and susceptibility as well as the development
of treatments and vaccines targeted at persistent infections to reduce socio-economic
disparities in the burden of infection over the life course.
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Chapter 10
Exercise and Immunosenescence

Richard J. Simpson and Guillaume Spielmann

10.1 Introduction

Life expectancy in the developed world has increased exponentially over the last
century, predisposing the elderly population to an unprecedented risk of infectious
disease and malignancy. This apparent increase in disease susceptibility appears to be
due to inexorable declines in the normal functioning of the immune system, with this
age-related effect commonly being referred to as immunosenescence. The decline in
functioning of the immune system is thought to be multifactorial (see Chaps. 1 and 2)
and in part reflects a manifestation of repeated exposures to external pathogens and
persistent viral infections throughout the lifespan, although certain lifestyle fac-
tors (i.e. smoking, inactivity, socio-economic status) have also been linked with
impaired immunity and biomarkers of ageing. Immunosenescence describes a pro-
gressive deterioration of systemic immunity, however, ageing is associated with a
more pronounced functional decline in adaptive (i.e. T- and B-lymphocytes and their
products) compared to innate immunity. Many of these age-related changes within
the T-cell compartment (i.e. inverted CD4/CD8 T-cell ratio, low mitogen-induced
T-cell proliferation, memory cell inflation, low IL-2 synthesis) have been clustered
together over the years to form an “immune risk profile” (IRP) that has proven to be
a useful set of biomarkers to predict morbidity and mortality in the elderly (Pawelec
et al. 2010). However, circulating levels of inflammatory mediators such as IL-6,
IL-1ra and C-reactive protein (CRP) have also been found to be useful prognostic
markers in very old people (Jylha et al. 2007).

It is generally accepted that regular physical exercise is associated with increased
longevity and a lower risk of developing cardiovascular disease (CVD), diabetes,
metabolic syndrome, hypertension, infectious illnesses and cancer (Barlow et al.
2006; Blair et al. 1996; Evenson et al. 2003; Kodama et al. 2009; Lynch et al. 1996).
The British epidemiologist Jerry Morris first documented the relationship between
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physical activity and disease in the 1950s, reporting that CVD was more prevalent
among drivers than conductors who worked on the London double-decker buses,
attributing this to the greater levels of energy expended by the conductors who were
required to climb stairs (Morris et al. 1953). This early work initiated a large number
of investigations exploring the impact of physical activity on cardiovascular health
and disease, but it was not until the 1990s that the impact of exercise on the ageing
immune system began to receive a considerable amount of research attention (Kusaka
et al. 1992; Mazzeo 1994; Nieman and Henson 1994; Nieman et al. 1993; Shinkai
et al. 1995). As the aetiology of many age-related diseases in contemporary medicine
have been attributed to a dysfunctional immune system (Pawelec 2006), exploring
the impact of exercise on ageing immunity has considerable merit because of its po-
tential to serve as a simplistic and inexpensive method to combat immunosenescence
(Simpson and Guy 2010).

Despite the common perception that older individuals who exercise regularly have
enhanced immunity and are less likely to incur an infectious illness than their seden-
tary counterparts, the mechanisms by which regular exercise exerts positive effects on
the ageing immune system is yet to be determined. Moreover, whether or not exercise
can prevent, or even reverse, the impaired immune responses associated with im-
munosenescence is a topic of great interest. In this chapter, we summarize the current
literature that has explored the effects of regular exercise on the immune system as
it pertains to immunosenescence and the associated IRP and discuss potential mech-
anisms by which habitual exercise might help improve immunity in older humans.

10.2 Exercise and the Ageing Immune System

Interest in the effects of exercise on the immune system stemmed from the early
work of David Nieman, who showed that individuals engaged in regular exercise
of a moderate intensity reported fewer symptoms associated with upper respiratory
tract infections (Nieman 1994; Nieman et al. 1993, 1989). This work triggered a
number of investigations aimed at identifying the influence of exercise in shaping
the ageing immune system, some of which have used single bouts of acute exercise to
compare transient immune responses between young and older adults (Bruunsgaard
et al. 1999b; Ceddia et al. 1999; Mazzeo et al. 1998; Simpson et al. 2008). While this
generates useful data on the responsiveness of the immune system to an acute stressor
in the aged, they provide little information on the chronic effects of exercise on the
ageing immune system. Studies aimed at exploring the effects of long-term exercise
on immunity in the aged typically adopt a cross-sectional design to discriminate
between active and inactive participants, or a longitudinal randomised controlled
trial to document immune changes in response to an exercise-training intervention
(Simpson and Guy 2010). The most frequent outcome measures among these studies
include T-cell subset numbers and phenotype characteristics, mitogen-induced T-cell
proliferation, serum antibody titres following vaccination and the cytotoxic activity
of natural killer (NK) cells (Haaland et al. 2008). Longitudinal studies tend to incor-
porate either aerobic or resistance exercise training intervention (or a combination
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of both) ranging from 8 weeks to 12 months and have examined a variety of subject
groups ranging from healthy middle-aged adults to frail elderly nursing home res-
idents. More often than not, the inconsistencies in experimental design among the
longitudinal studies complicate the juxtaposition of the findings, and the reasons for
selecting certain outcome measures to determine the effects of exercise on ageing
immunity are not always justified.

The IRP evolved from the findings of the Swedish octogenarian (OCTO) and
nonagenarian (NONA) longitudinal studies on bio-behavioural ageing, which began
in the late 1990s. A cluster of biomarkers were identified as indicators of mortality
after a 2, 4 and 6-year follow up period (Wikby et al. 1998) and were collectively
coined the “immune risk profile” (IRP). Although the IRP is still evolving as more
data are published from the OCTO and NONA studies, the main features of the IRP
include: an inverted CD4:CD8 ratio <1.0 due to the expansion of CD8+ T-cells
with a late stage differentiation and/or a senescent phenotype (i.e. CD27−/CD28−;
KLRG1+/CD57+); poor T-cell proliferation response to mitogens in vitro; lower
numbers and proportions of naïve and early differentiated T-cells (i.e. CD45RA + /

CCR7+; CD28 + /CD27+), latent cytomegalovirus (CMV) infection and, to a
lesser extent, Epstein Barr virus (EBV) infection; increased oligoclonality of virus-
specific CD8+T-cells; and low IL-2 production and IL-2 receptor (IL-2R) expression
(DelaRosa et al. 2006; Pawelec et al. 2009). The significance of the IRP at predicting
morbidity and mortality in the aged would suggest that these are an extremely useful
set of outcome measures to examine the impact of regular exercise training in the
elderly, and it has been suggested that habitual physical exercise may influence the
likelihood of an individual entering and reverting from the IRP category in old age
(Fig. 10.1). No study to date has compared the impact of exercise training between
elderly individuals assigned to an IRP and non-IRP category, and this is clearly
an important avenue for future research. Some studies have, however, explored the
impact of exercise training on certain IRP biomarkers, although these mostly involve
sedentary but otherwise healthy participants. The most common IRP biomarkers to
appear in these studies include CD4:CD8 T-cell ratios, frequencies of T-cell subtypes
and phenotypes, in vitro T-cell responses to mitogens and IL-2 production and IL-
2R expression, while others have also considered the effects of exercise on in vivo
immune responses (i.e. vaccine efficacy) and classic biomarkers of ageing such
as leukocyte telomere length. The findings from these studies are outlined in the
subsequent sections of this chapter.

10.2.1 Exercise and the Frequency of CD4+ and CD8+ T-cells

In normal healthy adults, CD4+T-cells are numerically superior to CD8+T-cells. An
inverted CD4:CD8 ratio below 1.0 is indicative of memory CD8+ T-cell inflation,
presumably due to excessive homeostatic clonal expansions of apoptosis resistant
CD8+ T-cells. An inverted CD4:CD8 ratio was one of the first biomarkers to be
included in the IRP and, as this is indicative of a severely restricted T-cell repertoire,
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Biomarkers of the
non-IRP Category

Biomarkers of the
IRP Category

T-cell Markers and Func�on:
CD4:CD8 Ra�o > 1
↑T-cell prolifera�on in vitro
↑ CD27, CD28, CD45RA, 

CCR7 expression

T-cell Markers and Func�on:
CD4:CD8 Ra�o < 1

↓T-cell prolifera�on in vitro
↓CD27, CD28, CD45RA, 

CCR7 expressionCCR7 expression
↓KLRG1, CD57, CD45RO 

expression
↑ Telomere length
↑Telomerase ac�vity

↑KLRG1, CD57, CD45RO 
expression

↓ Telomere length
↓Telomerase ac�vity

Frequency of
Moderate Intensity 

Exercise

Latent Virus Infec�on: 
CMV seronega�vity
EBV seronega�vity

Latent Virus Infec�on: 
CMV seroposi�vity
EBV seroposi�vity

↑ CMV-specific T-cells
↑EBV-specific T-cells

High Low

Cytokines/Inflammatory 
Mediators: 
↑ IL-2 secre�on, IL-2R expression
↓Plasma IL-1ra, IL-6, TNF-α, CRP

Cytokines/Inflammatory 
Mediators: 

↓ IL-2 secre�on, IL-2R expression
↑Plasma IL-1ra, IL-6, TNF-α, CRP

“Immune Space” High: 
↑ Naïve T-cell repertoire
↑T-cell polyfunc�onality
↑ Apoptosis

“Immune Space” Low: 
↓ Naïve T-cell repertoire

↑T-cell oligoclonality
↓ Apoptosis

Infec�on/Mortality
Risk: Low

Infec�on/Mortality
Risk: High

Fig. 10.1 Hypothetical model describing how the frequency of moderate intensity exercise can
influence immune system biomarkers associated with the “immune risk profile” (IRP). Aging and
latent viral infections are associated with an increase in the number of IRP biomarkers, which,
in turn, is associated with increased infection risk and premature mortality. Individuals who are
engaged in habitual physical exercise of a moderate intensity throughout their lifespan are more
likely to remain in the non-IRP category in later life. Conversely, sedentary individuals are more
likely enter the IRP category with aging. (Figure and legend adapted from Simpson R.J. 2011. Aging,
persistent viral infections, and immunosenescence: Can exercise “make space”? Exerc Sport Sci
Rev 39, 23–33)

the capabilities of the immune system to recognize and respond to newly evolving
pathogens (i.e. influenza, rhinovirus, respiratory syncytial virus) are likely to become
compromised when the CD4:CD8 ratio starts to fall. Despite this, it appears from the
available literature that regular exercise has no effect on CD4:CD8 T-cell ratios in
the resting blood of older adults. Cross-sectional data provided by Yan et al. (2001)
showed no differences in the CD4:CD8 ratio due to physical activity status in men
aged 20–73 years. Similarly, longitudinal exercise intervention studies using either
strength or aerobic exercise training (or a mixture of both) from 6 weeks to 24 months
have also reported no change (Campbell et al. 2008; Drela et al. 2004; Fahlman et al.
2000; Flynn et al. 1999; Okutsu et al. 2008; Woods et al. 1999). The lack of an
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exercise effect on CD4:CD8 T-cell ratios in the elderly is perhaps because none of
these studies included subjects with CD4:CD8 ratios below 1.0 at baseline, leaving
the possibility that exercise training may increase CD4:CD8 T-cell ratios only in IRP-
assigned subjects. One study did report that elderly HIV infected patients improved
their CD4:CD8 ratios from 0.63 to 0.81 after 9 months of resistance exercise training,
although it is difficult to ascertain whether this was due to exercise or some other
factor (i.e. an effective anti-retroviral therapy) as no control group was used in this
study (Souza et al. 2008).

10.2.2 The Effects of Exercise on in vitro T-cell Function

The ability of T-cells to divide in vitro when stimulated with a mitogen is commonly
used to assess T-cell functional responses. T-cell proliferation appears to be greater
in physically active elderly compared to their sedentary counterparts, however, most
longitudinal studies have failed to document changes in T-cell proliferation in re-
sponse to aerobic or resistance exercise training interventions. Nieman et al. (1993)
reported that the proliferative response of T-cells stimulated with PHA was greater
in aerobically conditioned compared to sedentary older women aged 65–85 years,
despite having the same total number of T-cells (Nieman et al. 1993). Similarly,
Shinkai et al. (1995) found that PHA-induced T-cell proliferation was 44 % higher
in older (mean 63 years) recreational male runners compared to sedentary older men
(mean 66 years), despite no differences in absolute T-cell numbers. Although total
T-cell numbers were similar between the trained and sedentary groups in these stud-
ies, it is very likely that the proportions of naïve (i.e. responsive) and senescent (i.e.
unresponsive) T-cells will have been influenced by training status (Spielmann et al.
2011). As such, the potential altered proportions of responsive and unresponsive T-
cells due to training may explain the differences in total T-cell proliferation observed
between active and sedentary elderly in these studies (Nieman et al. 1993).

The sedentary women in the study by Nieman et al. (1993) also completed a
12-week exercise training intervention consisting of aerobic (30–40 min walking, 5
days per week) or flexibility exercise, but no intervention effect on T-cell prolifera-
tion was observed despite a 13 % increase in maximal oxygen uptake in the aerobic
exercise group. Other longitudinal research studies have also failed to find an effect
of exercise training on mitogen-induced T-cell proliferation (Campbell et al. 2008;
Flynn et al. 1999; Kapasi et al. 2003). A 32-week exercise intervention combining
both endurance and resistance type exercise did not improve in T-cell proliferation
in frail elderly nursing home residents (Kapasi et al. 2003). Similarly, 10 weeks
of resistance exercise training did not alter T-cell proliferation in previously seden-
tary elderly women (Flynn et al. 1999). Resistance training still appears to have no
effect even when longer training interventions are used. Raso et al. (2007) found
that moderate-intensity resistance training performed for 12 months did not change
mitogen-induced T-cell proliferation in healthy older women. Aerobic exercise train-
ing also appears to have limited effects on in vitro T-cell function. Campbell et al.
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(2008) reported that 12 months of aerobic exercise training failed to alter T-cell pro-
liferative responses to mitogens in 115 overweight/obese postmenopausal women
aged 50–75 years, despite high retention rates (6 % attrition over 12 months) and
increases in VO2max of almost 14 % in the experimental group. There is one lon-
gitudinal study to report an effect of exercise on T-cell proliferation in the elderly.
Woods et al. (1999) found that 6 months of supervised aerobic exercise (composed
of brisk walking) conducted three times per week in the elderly (mean age 65 years)
increased lymphocyte proliferation when stimulated with multiple doses of the mi-
togens Concanavalin A (Con A) and PMA in vitro, compared to a control group who
performed 6 months of stretching/toning exercise.

Despite the clear differences in T-cell function that exist between active and in-
active elderly, it is somewhat surprising that very few longitudinal studies report a
positive effect of exercise training on T-cell function in previously sedentary elderly.
The lack of an effect may be due to the relatively short time frame of the exercise
intervention, or because most of the subjects used in these studies, although classified
as sedentary, are otherwise healthy and probably have very few pre-existing charac-
teristics associated with the IRP. For example, exercise-training studies performed
in individuals carrying an illness mostly report an immune enhancement effect of
exercise. Post-chemotherapy breast cancer survivors who participated in a 6-month
supervised exercise training intervention consisting of both strength and aerobic ac-
tivity had greater T-cell proiliferative responses to Con A and PH compared to breast
cancer survivors who did not exercise (Hutnick et al. 2005). Again this may indi-
cate that exercise training will be of greatest benefit to those with “weak” immune
systems to begin with.

10.2.3 Exercise and the Frequency of Circulating T-cell Subsets

Increased proportions of effector–memory and senescent T-cells are considered to be
a hallmark feature of an ageing immune system. Although T-cell clonal expansion
and differentiation to form antigen-specific effector T-cells is a necessary process of
adaptive immunity, the replicative potential of the T-cell is finite, and excess rounds
of cell division can eventually cause the cell to become senescent (Spaulding et al.
1999). In this state, T-cells will no longer clonally expand upon further antigenic
stimulation but will still retain effector cell functions (i.e. cytokine secretion, recog-
nizing and killing virally infected cells) (Effros et al. 2003; Vescovini et al. 2007).
Senescent T-cells express a number of signature cell-surface proteins, such as the
killer cell lectin-like receptor G1 (KLRG1) and CD57 but lack expression of the co-
stimulatory molecule CD28 (Brenchley et al. 2003; Ibegbu et al. 2005; Voehringer
et al. 2002). Throughout the lifespan, naïve T-cells are gradually replaced with ex-
panded clones of antigen-experienced effector and memory T-cells that exhibit a late
stage differentiation (i.e. CD27−/CD28−) and/or a senescent (KLRG1+/CD57+)
phenotype. The thymus gland atrophies rapidly up to the age of 35 years and only
10–15 % of functional thymic tissue remains at age 50 (Steinmann et al. 1985).
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This results in a reduced output of naïve T-cells and a consequential lower ratio of
naïve-to-memory T-cells in the periphery. This, in combination with the increased
oligoclonality of the remaining T-cells (particularly for the CD8+ subset) due to
homeostatic proliferation, reduces the repertoire of T-cells capable of responding to
novel and seasonally evolving pathogens.

A potential mechanism by which exercise might exert protective or restorative
effects on immunosenescence is to increase naïve T-cell output in the elderly. This
would be achieved by either restoring thymic function (Aspinall and Mitchell 2008)
or perhaps by stimulating extrathymic T-cell maturation in other tissues (i.e. the
liver or intestines) (Torfadottir et al. 2006). This could generate an increased naïve-
to-memory T-cell ratio and an expanded naïve T-cell compartment. No study to
date has explored the impact of exercise on thymic or extrathymic T-cell develop-
ment in the elderly; however, a few studies have determined the effects of regular
exercise on the distribution of naïve and memory T-cells in the periphery. Using
CD45RA and CD45RO as naïve and memory T-cell markers, respectively, Woods
et al. (1999) reported that 6 months of supervised aerobic exercise (composed of
brisk walking) conducted three times per week did not alter the proportions of naïve
and memory cells (within either CD4+ or CD8+ T-cells) in elderly individuals aged
65 years. Unfortunately, however, the use of CD45RA and CD45RO are considered
very crude markers of naïve and memory T-cells, due to the fact that CD45RA can
be re-expressed by effector memory T-cells (Dunne et al. 2002). In a sample of
102 healthy adult men aged 18–61 years, Spielmann et al. (2011) found that max-
imal aerobic capacity (determined from a submaximal cycling test) was positively
associated with naïve (KLRG1-/CD28+) and inversely associated with senescent
(KLRG1+/CD28−) CD8+ T-cells in peripheral blood, even after adjusting for po-
tential confounders such as age, percentage body fat and body mass index (BMI)
(Spielmann et al. 2011). It was also reported that the well-accepted association
between age and senescent T-cells no longer existed when age was adjusted for
VO2max, indicating that aerobic fitness may have a stronger influence than age on
the acquisition of a senescent T-cell phenotype. Ranking the subjects by their age-
adjusted VO2max scores showed that those in the highest tertile had 17 % more
naïve CD8+ T-cells and 57 % and 37 % less senescent CD4+ and CD8+ T-cells,
respectively, compared to the lowest tertile (Fig. 10.2), indicating that regular physi-
cal exercise may help offset the natural age-related accumulation of senescent blood
T-cells.

As the co-stimulatory molecule CD28 is progressively lost in response to activa-
tion and differentiation of the T-cell (Appay et al. 2002), a few longitudinal studies
have examined the effects of an exercise training intervention on its surface expres-
sion. Kapasi et al. (2003) found no effect of 32-weeks endurance and resistance
exercise in frail elderly nursing home residents (age 87 years) on CD28, CD45RA,
CD45RO or HLA.DR (activated T-cell) expression within CD4+ or CD8+ T-cells.
Similarly, Raso et al. (2007) found no differences in the absolute number of CD4+
or CD8+ T-cells expressing CD28 in sedentary older females (aged 60–77 years)
who had completed 12-months of moderate intensity resistance training. In contrast,
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Fig. 10.2 The proportions of senescent (KLRG1+/CD57+; KLRG1+/CD28−), naïve
(KLRG1−/CD28+), and non-senescent memory (KLRG1+/CD28+) cells within CD4+ and
CD8+ T-cell subtypes in healthy adult men aged 18–61 years. Participants were ranked as be-
low average, average and above average in accordance with their age-adjusted VO2max scores. The
data presented is the mean ± SE. Statistically significant difference from below average indicated
by *, and from average indicated by # (p < 0.05). (Adapted from Spielmann et al. (2011))

Shimizu et al. (2008) found increased numbers and percentages of CD4+ T-cells ex-
pressing CD28 after a 6-month supervised aerobic exercise program in elderly males
and females aged 61–76 years. A limitation of this work; however, was the failure to
document phenotype changes in CD8+ T-cells, which are known to undergo more
pronounced age-related phenotypic changes than CD4+ T-cells. The discrepancies
among these studies could be due to differences in the exercise protocols used and
the age/condition of the subjects examined (Kapasi et al. 2003; Raso et al. 2007;
Shimizu et al. 2008).

10.2.4 IL-2 Secretion and IL-2-receptor Expression with Exercise

T-cell activation following antigen recognition is dependent on the interaction be-
tween IL-2 and its receptor, which triggers cellular growth, differentiation and
formation of effector-memory T-cells. The synthesis of IL-2 and expression of high
affinity IL-2 receptors is impaired with age and associated with the IRP in the elderly
(DelaRosa et al. 2006; Xu et al. 1993). It appears that IL-2 production is greater in
older habitual exercisers in comparison to their sedentary counterparts. Compared
to sedentary age-matched controls, Ogawa et al. (2003) found a greater number of
CD8+ T-cells expressing IL-2 in elderly women who had been participating in an ac-
tive walking programme for 4 years. A similar report was documented by Beshgetoor
et al. (2004), who found that female masters athletes (>40 years) had twice as many
CD8 + T-cells expressing intracellular IL-2 following mitogen stimulation compared
to non-athletes of the same age, although exercise had no effect on the numbers of
IL-2 expressing CD4+ T-cells (Beshgetoor et al. 2004; Ogawa et al. 2003). Shinkai
et al. (1995) reported greater concentrations of IL-2 in the supernatants of cultured
peripheral blood mononuclear cells (PBMCs) stimulated with LPS in elderly habitual
runners compared to sedentary age-matched controls, which may have contributed
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to the greater T-cell proliferation that was also observed in the older runners (Shinkai
et al. 1995). One longitudinal study reported that 24 months of aerobic exercise
training in elderly women (age 62–86 years) resulted in an increased percentage of
lymphocytes expressing intracellular IL-2, but not IL-4 or interferon-γ (IFN-γ) in
response to in vitro stimulation with PMA/calcium ionophore compared to a group
of women who had not yet undertaken the exercise program (Drela et al. 2004).

The effects of exercise training on the surface expression of the IL-2 receptor
have received little research attention. Active elderly women (aged 60–98 years) were
found to have a greater surface expression of the IL-2 alpha chain receptor CD25 when
stimulated with CD3 monoclonal antibodies in vitro compared to inactive control
subjects (Gueldner et al. 1997). However, using a longitudinal experimental design,
Kapasi et al. (2003) found no change in CD25 expression on CD4+ or CD8+ T-
cells following a 32-week exercise intervention in frail elderly. However, the ability
to upregulate expression of the IL-2-R in response to activation is probably more
indicative of T-cell function than basal expression levels of the receptor. Although
the IL-2 beta chain receptor CD122 is believed to play a more important role in cell
signalling than CD25 following the IL2/IL2-R interaction, no studies have assessed
T-cell expression of CD122 in response to chronic exercise in older humans.

10.2.5 Immune Responses to Exercise in vivo

Despite the discernible differences in IRP-related biomarkers that exist between
active and inactive older humans, the evidence currently available to suggest that
exercise training can improve in vivo immune function in previously sedentary el-
derly is not compelling. Although it might appear from the in vitro work that exercise
has limited immune restorative properties in previously sedentary elderly, attempts
to improve in vivo immune responses using a longitudinal exercise intervention are
usually more successful, with the majority of these studies using vaccines or recall
antigens to induce an immune response. A 17-week exercise intervention in frail
elderly was shown to prevent the decline in delayed-type hypersensitivity skin test
response against seven recall antigens that were observed in non-exercising control
subjects (Chin et al. 2000). Older adults (aged<64 years) immunized with a trivalent
influenza vaccine before and after a 10-month aerobic exercise-training intervention
had a greater mean fold increase in antibody titre to H1N1 and H3N2 strains of
influenza A virus than the controls who did not exercise (Kohut et al. 2004). A recent
study by Woods et al. (2009) found that older adults (average age 70 years) ran-
domized to a 10-month cardiovascular exercise-training intervention had increased
seroprotection 24 weeks after receiving the influenza vaccine, whereas those who
completed flexibility training did not. Furthermore, an exercise training interven-
tion of 25 weeks was found to enhance skin reaction to tuberculin-purified protein
derivative and reduce serum IgG4 concentration in the elderly (>60 years) but not
controls, indicating that moderate exercise facilitates T-helper 1 (Th1) immune re-
sponses in the elderly (Okutsu et al. 2008). Physical activity status also appears to
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improve immune responses to novel antigenic challenges in the elderly. Smith et al.
(2004) cross-sectionally assessed delayed-type hypersensitivity skin response to the
novel protein antigen keyhole-limpet haemocyanin (KLH) in active and inactive
elderly subjects (60–79 years) who were immunized against KLH via intramuscu-
lar inoculation 21 days earlier. Elderly subjects identified as physically active had
higher anti-KLH IgM, IgG and IgG1 serum antibody concentrations and enhanced
delayed-type hypersensitivity responses compared to their inactive counterparts.

Although randomized exercise controlled trials that use vaccine efficacy or recall
antigens as outcome measures appear to suggest enhanced immunity in the elderly,
this may not necessarily be due to a long-term immune enhancement or restorative
effect of exercise. Edwards et al. (2007, 2006) have shown that an acute stressor,
either through mental stimulation or physical exercise (aerobic and eccentrically
biased muscle-damaging bouts of exercise), given immediately prior to influenza
intramuscular vaccination increases serum antibody responses compared to control
subjects. This might indicate that certain in vivo immune responses (i.e. vaccine
efficacy) to exercise in previously sedentary elderly are due to transient immune
perturbations as opposed to a permanent restoration of the immune system caused
by long-term exercise training.

10.2.6 Exercise and Telomeres

Telomeres are DNA nucleoprotein complexes that form the physical ends of linear
eukaryotic chromosomes and erode progressively with each round of cell division.
Excessive shortening of the telomere will trigger mechanisms for senescence causing
the cell to undergo growth arrest. Leukocyte telomere length is a known indicator of
morbidity and mortality in humans and a well-accepted marker of biological ageing,
so there has been recent interest in the effects of physical exercise on telomere length
(Cherkas et al. 2008; Ludlow et al. 2008; Shin et al. 2008). Cherkas et al. (2008)
reported that leukocyte telomere length was positively correlated with self-reported
scores of leisure time physical activity, even after adjusting for age, gender, BMI and
smoking history in 2401 subjects. Differences in telomere length between active and
inactive subjects were reported to be around 200 nt, which corresponds to 10 years
of biological ageing (Cherkas et al. 2008). Ludlow et al. (2008) also reported that
50–70 year old study participants reporting to expend less than 990 kcal per week
had shorter leukocyte telomeres than subjects expending between 991 and 2,340
kcal per week. Only one longitudinal study has been conducted to date, but found no
effect of exercise on leukocyte telomere length in middle-aged obese women who
completed 6 months of supervised aerobic exercise, despite increases in maximal
oxygen uptake, leukocyte antioxidant activity and a reduced BMI (Shin et al. 2008).
Although early work in this area indicates that exercise might delay human biological
immune ageing (as evident by differences in telomere length), future studies should
explore the effects of long-term exercise training on the telomere lengths of individual
T-cell subsets and not just mixed populations of leukocytes.
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10.3 Exercise and Low-grade Inflammation

Successful immune responses rely on the rapid development of localized and
transient inflammatory responses to recruit immune cells, limit pathogenic dissem-
ination and initiate wound repair and healing. However, ageing is associated with
a more permanent form of low-grade chronic inflammation, which has been coined
“inflammaging” (Franceschi et al. 2000a, b). This is characterized by increased con-
centrations of circulating inflammatory mediators and cytokines such as CRP, IL-1β,
IL-6, IL-15 and tumor necrosis factor-α (TNF-α) (Bruunsgaard et al. 1999a; Ershler
et al. 1993; Forsey et al. 2003). Although normally asymptomatic, inflammaging is
thought to play a central role in the development of many chronic diseases in the
elderly, such as CVD (Libby 2006), type 2 diabetes mellitus (Pedersen et al. 2003),
Alzheimer’s disease (Giunta et al. 2008), osteoporosis (Lencel and Magne 2011) and
certain cancers (Allavena et al. 2008; Mantovani et al. 2008). Moreover, plasma lev-
els of IL-1ra, IL-6 and CRP have been shown to predict mortality in nonagenerians
after a 4-year follow up (Jylha et al. 2007).

Reducing inflammaging via exercise could be an efficient therapeutic approach
to either prevent or delay the onset of those chronic diseases (i.e. CVD, diabetes)
associated with low-grade inflammation, and thus reduce frailty and mortality in
the elderly. Cross-sectional studies have shown an association between low-grade
systemic inflammation and physical inactivity in healthy subjects (Colbert et al. 2004;
Kullo et al. 2007; Pedersen and Bruunsgaard 2003; Taaffe et al. 2000). Regular
exercise training has also been shown to reduce circulating levels of IL-6 in the
elderly (Nicklas et al. 2008), and lower plasma CRP, TNF-α and IL-18 /IL-10 ratios
in patients with type 2 diabetes (Kadoglou et al. 2007). In response to 6 months of
moderate intensity aerobic exercise training, participants identified as being at risk for
ischemic heart disease had a lower production of pro-inflammatory cytokines TNF-
α and IFN-γ by mitogen-stimulated PBMCs, while exhibiting a higher secretion of
anti-inflammatory cytokines IL-4, IL-10 and TGF-β1 compared to controls (Smith
et al. 1999). Regular moderate activity during a 2-month period also reduced the
pro-inflammatory profile of older adults by decreasing TNF-α, MCP-1 and nitric
oxide synthase mRNA levels in PBMCs (Gano et al. 2011). Although the positive
effects of exercise on circulating inflammatory markers may be confounded by weight
loss, cross-sectional and longitudinal data indicate that exercise may exert anti-
inflammatory effects independently from reductions in adiposity (Balducci et al.
2010; Fischer et al. 2007).

10.4 Modulating Immunosenescence with Exercise:
Potential Mechanisms

While it is has been shown in epidemiological and experimental studies that regu-
lar moderate-intensity exercise is associated with a lower frequency of discrete IRP
biomarkers, the precise mechanisms by which regular exercise exerts positive effects
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on the immune system are unknown. In addition to the potential changes within the
immune compartment itself, immune enhancement may occur due to the modulatory
effects that habitual exercise has on body fat distribution, lipid metabolism, plasma
hormones and cytokines, cholesterol and peripheral circulation that are known to
change with age. Indeed, increasing body mass and plasma leptin concentrations
are inversely correlated with leukocyte telomere length (Valdes et al. 2005), while
changes in the cholesterol content of plasma cell membranes can alter T-cell pro-
liferative responses, major histocompatibility (MHC) class I and II expression and
subsequent antigen presentation to T-lymphocytes (Shaikh and Edidin 2006). Ex-
ercise may also exert anti-inflammatory properties preventing chronic low-grade
inflammation during the natural course of aging (Pedersen and Bruunsgaard 2003).
While the maintenance of healthy blood circulation with regular exercise might
help preserve T-cell trafficking and increase immune surveillance in the elderly;
the preservation of growth hormone synthesis with exercise might help prevent im-
paired immune responses that are associated with ageing-induced growth hormone
deficiency such as decreased thymocyte maturation and subsequent migration of
naïve T-cells into the periphery (Dardenne et al. 2009).

One potential mechanism is for exercise to increase thymic mass in the elderly,
possibly through increased IL-7 and/or growth hormone synthesis (Aspinall and
Mitchell 2008; Dardenne et al. 2009). However, no studies to date have examined
the effects of exercise on IL-7 secretion or thymic function (i.e. frequency of recent
thymic emigrant T-cells in the periphery) in older adults, despite the recent obser-
vation that IL-7 is secreted by human skeletal muscle (Haugen et al. 2010) and may
therefore be involved in the aetiology of exercise-induced immune enhancement. In-
deed, the secretion of IL-7 from skeletal muscle may be stimulated with exercise, as
Andersson et al. (2009) reported elevated plasma IL-7 levels in female soccer players
after an acute bout of exercise.

Exercise may also moderate immunosenescence in an indirect manner due to its
usefulness at reducing stress. Bosch et al. (2009) showed that an inverted CD4:CD8
ratio and CD8+ T-cells lacking expression of CD27 and CD28 was more profound in
adults working under stressful conditions (Bosch et al. 2009). It was also reported that
the frequency of CD8+ T-cells lacking surface expression of CD27 and CD28 was
associated with higher overnight urinary cortisol secretion (Bosch et al. 2009). While
cortisol could be having a direct effect on the acquisition of a senescent phenotype in
these workers, periods of stress are known to trigger CMV reactivation (Sarid et al.
2002), which could lead to an inflation of the memory T-cell compartment and the
premature acquisition of a senescent immune profile.

10.4.1 The Acute Exercise Hypothesis

It has been suggested that the long-term benefits of regular exercise may be a direct
result of the repeated effects of acute exercise (Simpson 2011). A single bout of
exercise elicits an almost immediate mobilization of NK cells and effector memory
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CD8+T-cells into the peripheral blood compartment, which causes around a two-fold
increase in the blood lymphocyte count depending on the intensity and duration of
exercise (Campbell et al. 2009; Simpson et al. 2010, 2007; Turner et al. 2010). During
the early stages of exercise recovery (within 30–60 min), there is a rapid extravasation
of the same lymphocyte subtypes, although the numbers of cells that leave the blood
(presumably to recirculate to the peripheral tissues) is often greater than the number
of cells that were mobilized causing a transient lymphocytopenia (Simpson et al.
2010, 2007; Turner et al. 2010). Given that the cell types preferentially mobilized
by exercise have high effector functions (i.e. NK cells, effector–memory T-cells),
exercise may simply enhance immunosurveillance by increasing the trafficking of
cells among the peripheral tissues and the circulation.

Increased proportions of effector-memory and senescent T-cells are striking fea-
tures of an ageing immune system and a hallmark of the IRP. Interestingly, these
T-cell subtypes that are known to expand in the periphery as a consequence of age-
ing and latent CMV infection are also the most responsive cells to a single bout of
exercise. For instance, the frequencies of CD8+ T-cells with a late stage differenti-
ation/senescent phenotype (i.e. CD27−/CD28−; KLRG1+/CD57+) are expanded
in the aged and the CMV-infected (Appay et al. 2008) and are mobilized in relatively
greater numbers with exercise compared to less differentiated cell types (Simpson
et al. 2010; Turner et al. 2010). Moreover, the mobilization of late stage differentiated
T-cells are amplified in those infected with CMV (Turner et al. 2010), and aerobically
fit people have a lower frequency of these cell types in resting blood compared to
their untrained counterparts independently of age (Spielmann et al. 2011).

A theoretical framework (Fig. 10.3) has been published to illustrate the hypothesis
that frequent bouts of acute exercise might help expand the “immune space” by
causing senescent T-cells to undergo exercise-induced apoptosis (Simpson 2011).
Through a looped feedback mechanism, which is likely to involve IL-7 and/or growth
hormone synthesis, lower T-cell numbers due to apoptosis, may trigger the signals
required to increase thymic output and the extrathymic maturation of naïve T-cells.
The newly generated naïve T-cells then occupy the “vacated space”, increasing the
naïve T-cell repertoire of the host, which could potentially help restore the detrimental
effects of ageing and persistent viral infections on T-cell immunity (Simpson 2011).
Although this framework offers a potential pathway by which regular exercise might
help negate some aspects of immunosenescence, future experimental studies are
required before the acute-exercise hypothesis can be accepted as a possible pathway
for exercise-induced immune enhancement. Although there is evidence from both
human and animal studies that lymphocytes that egress the blood during the recovery
phase of exercise are more prone to apoptosis (Simpson 2011), an important first step
will be to determine if the senescent T-cells are more susceptible to apoptosis than the
naïve T-cells. Moreover, whether or not repeated bouts of acute exercise can restore
thymic output or stimulate extrathymic T-cell maturation, particularly in the elderly
and those with persistent viral infections, also remains to be determined.
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Fig. 10.3 Hypothetical model depicting the impact of repeated bouts of acute exercise on the
“immune space”. Acute exercise elicits the preferential mobilization of highly differentiated and
viral-specific senescent T-cells from the peripheral tissues into the blood compartment (lymphocy-
tosis) under the influence of catecholamines. Exercise, in turn, increases the production of reactive
oxygen species (ROS), glucocorticoids and pro-inflammatory cytokines, thus exposing the senescent
T-cells to a milieu of pro-apoptotic stimuli. Cell surface death receptors (Fas/FasL) are upregulated
on senescent T-cells, which also incur mild oxidative DNA damage in the blood. These apoptosis
susceptible cells, along with undamaged naïve and memory T-cells, egress the blood compartment
during the recovery phase of exercise (lymphocytopenia) and migrate to specific tissues. A portion
of these senescent T-cells subsequently undergo apoptosis in the peripheral tissues thus creating
“vacant space”. Consequently, lowered T-cell numbers drive the positive feedback loop increasing
naïve T-cell output from the thymus or sites of extrathymic T-cell development (i.e. liver, intestines).
These newly generated T-cells fill the “vacant space” and contribute to an expanded naïve T-cell
repertoire. Repetitions of this process in response to habitual exercise reduce the frequency of
senescent T-cells over time, lowering infection risk and increasing healthy longevity. (Reprinted
from Simpson R.J. (2011). Aging, persistent viral infections, and immunosenescence: can exercise
“make space”? Exerc Sport Sci Rev 39, S. 23–33)

10.5 Summary

Many immunological biomarkers that have been associated with the IRP are pos-
itively displayed in older individuals who are habitually active compared to those
who are sedentary. These include greater T-cell responses to mitogens in vitro, longer
leukocyte telomere lengths, greater naïve/memory T-cell ratios, enhanced in vivo
immune responses to vaccines, and greater IL-2 production. The apparent positive
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effects of exercise come mostly from cross-sectional data, while the majority of the
longitudinal studies that have been performed on previously sedentary elderly have
failed to find an exercise effect on similar immune parameters, with the exception
of in vivo immune responses to vaccines and recall antigens which appear to be
enhanced following a period of exercise training. However, to state that exercise has
limited immune restorative effects on immunity would be premature due to the large
experimental inconsistencies that exist among the current literature and because most
of these studies have involved sedentary but otherwise healthy elderly. The positive
effects of exercise may be more palpable in those already deemed to have “weak”
immune systems, such as those with chronic viral infections (i.e. HIV, hepatitis),
cancer or even latent viruses such as CMV that are known to cause large expansions
of the memory T-cell compartment. An exercise training intervention study in older
people already assigned to the IRP category would be irradiating, as it would help to
determine if exercise has effective immune restorative properties. While the poten-
tial rejuvenating properties of exercise on the immune system remain contentious,
there is more conspicuous evidence from the cross-sectional studies to indicate that
performing regular physical exercise during the natural course of ageing might help
preserve immunity in a way that prevents an individual from falling into the IRP cat-
egory in later life. However, more research work is required to determine if regular
exercise can help restore, as well as prevent, the impaired immune responses as-
sociated with immunosenescence and the mechanisms underpinning these apparent
adaptations to exercise.
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Chapter 11
Obesity and Immunosenescence: Psychological,
Behavioral, and Biochemical Pathways

Aric A. Prather, Kirstin Aschbacher, Robert H. Lustig and Elissa S. Epel

11.1 Introduction

Thou see’st I have more flesh than another man, and therefore more frailty. (from Henry IV,
William Shakespeare)

With improvements in medical care, individuals are living longer than any time
in human history. However, with age comes increasing susceptibility to a cadre
of age-related illnesses, including cardiovascular disease, diabetes, arthritis, and
cancer. While chronological age remains the best predictor of disease onset, the
rates at which these diseases befall aged individuals vary. Accordingly, a deeper
understanding of factors that contribute to “biological aging” may illuminate novel
therapeutic interventions with broad public benefit. In this regard, there is growing
interest in the influence of obesity on the aging process.

Obesity and obesity-related disease prevalence have increased worldwide, espe-
cially in Western and other developed countries (Flegal et al. 1998, 2010; Yach et al.
2006). In the United States, the latest data show that by the end of 2010, 9.3 million
more people will meet criteria for obesity (BMI ≥ 30 kg/m2) than in 1990, 89 % of
whom will be 50 years of age or older (Wang et al. 2007). The obese are more likely
to develop several age-related diseases, including type 2 diabetes and cardiovascular
disease, and suffer premature mortality than normal weight individuals (Flegal et al.
2007; Hubert et al. 1983; Stern and Haffner 1986), independent of chronological age.
As such, there has been increasing interest in understanding how obesity promotes
accelerated disease risk. In this regard, emerging evidence suggests that obesity may
contribute to aging of the immune system (i.e., immunosenescence). Accordingly,
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this chapter reviews the current evidence linking obesity and four indicators of
immunosenescence, including: (1) telomere attrition, (2) thymic involution, (3)
diminished antibody response to vaccination, and (4) elevated inflammation. This
will be followed by a selective review of key biochemical mediators proposed to
link excess adiposity and biological aging. Finally, a brief discussion on the role of
modifiable precursors of obesity such as psychological stress and behavioral factors,
plausible intervention strategies, and future directions for research will be presented.

11.2 Markers of Biological Aging

11.2.1 Telomere Attrition

Recent evidence has begun to elucidate the consequences of telomere stability versus
shortening, as well as the mechanisms of telomere regulation at the cellular level.
In a landmark study conducted nearly 50 years ago, Hayflick (1965) and colleagues
demonstrated that normal cells in vitro will not proliferate indefinitely. After extended
periods of cell doubling, the capacity for cells to divide declines and eventually
ceases, resulting in a phenomena known as “cellular senescence” (Campisi and
d’Adda di Fagagna 2007). Telomeres are the primary molecular explanation for this
halted cell division. Telomeres are DNA-protein complexes that cap chromosomal
ends, conferring chromosomal stability (Blackburn 1991; Effros 2009; Effros et al.
2005; McElhaney and Effros 2009). With each cellular division, telomeric DNA
terminal regions, that is, the ends of DNA strands, are not fully replicated. If not
counteracted by cellular repair mechanisms (e.g., telomerase), progressive telomere
attrition can lead to cell death (Effros 2009; Effros et al. 2005; McElhaney and
Effros 2009). Telomerase is a critical enzyme produced by cells with the function of
adding DNA sequence repeats to telomere regions, thereby preventing the constant
telomere attrition incurred with each cell division. While our understanding of how
short telomeres lead to cellular senescence remains incomplete, research suggests
that critically short telomeres leads to activation of tumor suppressors, in particular
p53, which results in the cell’s inability to divide (Campisi and d’Adda di Fagagna
2007). Telomere attrition and related p53 signaling leads to diminished mitochondrial
function, the cellular machinery that produces energy for the cell, and increased
intracellular reactive oxygen species (ROS) (Sahin et al. 2011). ROS are produced
as a normal byproduct of cell metabolism; however, at high levels, ROS can lead
to genetic mutations and eventual cell death. It is important to note, however, that
other biological mechanisms contribute to cellular aging independent of telomere
shortening. For instance, dysfunction of a variety of tumor-suppressor genes can
induce senescence in normal cells (Braig et al. 2005).

Telomere attrition not only causes cellular dysfunction and arrest; it has been
associated with a variety of human diseases, including hypertension (Demissie et al.
2006), atherosclerosis (Samani et al. 2001), type 2 diabetes (Sampson et al. 2006;
Zee et al. 2010), dementia (Martin-Ruiz et al. 2006) and various cancers (Risques
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et al. 2007; Willeit et al. 2010). Furthermore, telomere attrition predicts risk for car-
diovascular and all-cause mortality (Cawthon et al. 2003; Epel et al. 2009; Fitzpatrick
et al. 2011). The associations between telomeres and a range of psychosocial factors
are covered in more depth elsewhere in this book; however, a review of what is
currently known about obesity and telomere length is provided below.

11.2.2 Obesity and Telomere Length

Nearly 20 cross-sectional studies have investigated the association between adiposity
(indexed primarily by BMI) and leukocyte telomere length and for the most part have
found a significant inverse correlation (Al-Attas et al. 2010; Aviv et al. 2009; Cassidy
et al. 2010; Fitzpatrick et al. 2007; Lee et al. 2011; Nordfjall et al. 2008; O’Donnell
et al. 2008; Valdes et al. 2005; Zannolli et al. 2008). For instance, in a sample
of over 2000 women from the Nurse’s Health Study, higher BMI and greater waist
circumference were associated with shorter leukocyte telomere length after adjusting
for chronological age (Cassidy et al. 2010). However, not all studies support such
an association (Bekaert et al. 2007; Benetos et al. 2001; Brouilette et al. 2007;
Diaz et al. 2010; Mirabello et al. 2009; Nettleton et al. 2008; Risques et al. 2007;
Zhu et al. 2010), possibly due, in part, to differences in sample composition, age,
range of adiposity, and measures of adiposity. For instance, reliance on BMI as the
sole measure of adiposity lacks specificity. BMI measures four compartments: bone,
muscle, subcutaneous fat (which for the most part are not associated with metabolic
disease), and visceral fat—the latter is specifically linked to medical comorbidities
such as insulin resistance (IR), dyslipidemia, hypertension, glucose intolerance, and
fatty liver. Biochemically, visceral fat mass is associated with systemic elevations
in oxidative stress, and markers of inflammation (e.g., interleukin-6) (Ferroni et al.
2004). We further describe these mechanisms later in this review.

Visceral fat can be discerned from subcutaneous fat using anthropometrics such as
waist circumference and waist to hip ratio, along with newer imaging technologies,
such as magnetic resonance imaging (MRI), positron emission tomography (PET),
dual energy x-ray absorptiometry (DEXA), and ultrasonography. A recent study
compared different parameters of fat distribution to telomere length (Lee et al. 2011).
The authors report that BMI, waist circumference, hip circumference, total body
fat, and amount of visceral body fat were inversely related to leukocyte telomere
length, while measures of subcutaneous fat were unrelated. In this study, being
obese (BMI ≥ 30) was more strongly related to shorter telomere length in younger
participants (< 30 years old) than in older participants (>60 years old). It may be
that early onset of obesity represents a greater threat than the obesity that commonly
accrues with age. Although the causal direction has not been established, it is likely
that the biochemical environment of visceral obesity—high IR, oxidative stress, and
inflammation – promotes premature aging of immune cells, possibly by suppressing
telomerase activity.
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Several longitudinal studies have explored whether adiposity predicts telomere
attrition over time (Aviv et al. 2009; Epel et al. 2009; Gardner et al. 2005; Kim et al.
2009). In one of the first studies to track telomere length longitudinally, Gardner
et al. (2005) found that increases in BMI predicted decreases in telomere length over
more than a decade. Epel et al. (2009) found that higher baseline BMI predicted
greater decrease in telomere length over a 2.5 year period among women, but not
men. In one study of women, duration of obesity (using retrospective reports of
weight gain over the past 10–20 years) and history of frequent weight cycling were
both associated with shorter telomere length (Kim et al. 2009). Thus, longitudinal
studies replicate the cross-sectional findings that obesity is linked with telomere
shortening. Longitudinal studies on the temporal dynamics of adipose accumulation
versus telomere attrition are necessary to infer causation and mechanism.

11.2.3 Thymic Involution

One of the most prominent immune changes that occurs with aging is the shrinking of
thymic cortex and medulla. Since T-cell maturation occurs in the thymus, involution
of the thymus is marked by reductions in naïve T-cell output: A decline in the number
of naïve T-cell results in a relative reliance on existing memory T-cells (McElhaney
and Effros 2009). As naïve T-cells are crucial for the body’s ability to respond to
unfamiliar pathogens, their loss results in diminished cell-mediated immunity and a
related increase in susceptibility to infectious agents.

11.2.4 Obesity and Thymic Involution

Animal models of obesity, such as leptin-deficient mice (Lepob/ob), display clear signs
of thymic involution (Howard et al. 1999). Diet-induced obese mice show similar
loss as well as fewer naïve and memory T-cells as compared to lean animals (Yang
et al. 2009). Beyond diminished T-cell immunity, emerging evidence also indicates
that thymic adipocytes may directly influence thymic fitness (Dixit 2010). Indeed,
laboratory studies shows that thymic adipocyte cells engineered to constitutively
express peroxisome proliferation-activated receptor gamma (PPAR-γ), a regulator of
fatty acid storage and adipocyte development, promotes further thymic involution and
restricted T-cell receptor diversity (Youm et al. 2010). This model system provides
intriguing evidence that PPAR-γ may serve as an important biochemical mechanism
linking diminished T-cell immunity and increasing adiposity that occurs with age.

In contrast to the knowledge from animal models, comparatively little is known
about the impact of obesity on thymic aging in humans. In this regard, Yang and col-
leagues found the number of T-cell receptor excision circles (TREC) in peripheral
blood (an index of recently generated T-cells from the thymus) to be significantly
lower among obese humans as compared to normal weight participants (Yang et al.
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2009), even after controlling for glycemic status. While more research in this area
is needed, obesity-related decline in thymic function may represent an important
indicator of immunosenescence, as diminished T-cell diversity may increase suscep-
tibility to infectious agents (e.g., influenza), a serious health risk among older adults
(Thompson et al. 2003).

11.2.5 Antibody Production Following Vaccination

Vaccination efficacy declines precipitously with age, with alarming implications
for vulnerability of older adults to influenza or other infectious agents. Age-related
declines in adaptive immunity have been proposed to be due to diminished T-cell
functioning and its subsequent impact on essential B-cell activities (as reviewed in
Haynes and Swain (2006), Miller (1996), Weinberger et al. (2008)). B-cells produce
antigen-specific antibodies as part of an orchestrated immune response initiated by
exposure to vaccine antigens (e.g., flu, hepatitis B). In addition to the production
of antigen-specific antibodies, a successful vaccination response is marked by ac-
cumulation of memory B- and T-cells that remain in the blood stream, providing
protection against additional exposures. Like with T-cells, however, there is a de-
cline in number of naïve B-cells with age. Consequently, an older immune system
is marked by reduced diversity in potential antibody responses (Allman and Miller
2005) and attenuated protection against infectious illness. Related, cross-sectional
evidence shows telomere attrition in B-cells with age (reviewed in Weng (2008)),
although the extent to which telomere erosion contributes to vaccination efficacy
remains to be determined (High et al. 2010).

11.2.6 Obesity and Antibody Production

Much of what we have learned about the hazardous effects of obesity on the adaptive
immune system is accrued through animal models. For example, diet-induced obese
mice show increased morbidity and mortality following influenza infection compared
to lean mice (Kaminski and Randall 2010; Karlsson et al. 2010a). Similar models
have shown that obese mice display impaired dendritic cell and T-cell responsiveness
(Verwaerde et al. 2006), fewer cytotoxic memory T-cells (Karlsson et al. 2010b), and
reduced mitogen-induced IL-2 production (Mito et al. 2000) (a cytokine crucial to
memory T-cell immunity).

In humans, several cross-sectional studies have documented an inverse relation-
ship between adiposity and antibody response (Averhoff et al. 1998; Bock et al.
1996; Eliakim et al. 2006; Roome et al. 1993; Weber et al. 1986; Wood et al. 1993).
For instance, after adjusting for age, obese patients were 2.1 times less likely to
mount a clinically protective antibody response to the hepatitis B vaccination series
than non-obese patients (Averhoff et al. 1998). Similar observations have been made
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with respect to influenza, hepatitis A, and tetanus vaccines (Eliakim et al. 2006;
Potter et al. 1999; Van der Wielen et al. 2006; Weber et al. 1986); however, not all
studies have been supportive (Phillips et al. 2006). That said, antibody responses
are also lower among patients with obesity-related illness, such as diabetes (Alavian
and Tabatabaei 2010; Kao et al. 2010). The mechanism underlying excess adiposity
and impairment of antibody production or action remains unclear. To the extent that
adiposity directly influences humoral immunity, it may be the case that adipocytes
or adipocyte-derived soluble mediators negatively affect various aspects of antibody
production, from antigen processing to antibody maintenance. As noted above, no
study has yet to link telomere length and vaccination response (High et al. 2010).
However, the link between obesity and vaccination response may also be due to
mechanical issues related to vaccine administration, including an insufficient dose
relative to body size, suboptimal absorption, or inappropriate injection site (i.e., areas
with more or less adipose tissue) (Eliakim et al. 2006; Weber et al. 1986).

11.2.7 Inflammaging

Inflammation is a fundamental, highly conserved immune process regulated by in-
flammatory cytokines (e.g., interleukin (IL)-6, tumor necrosis factor (TNF)-alpha),
and coordinates the destruction of invading pathogens and facilitate wound healing.
While necessary for survival, inflammation is also a key contributor to several age-
related diseases, such as cardiovascular disease (Ross 1999). Inflammatory activity
increase with age, a topic discussed in more detail elsewhere in this book. Indeed,
the term “inflamm-aging,” (Franceschi et al. 2000) underscores the centrality of
low-grade chronic inflammation to the aging process. This relationship is supported
by a large literature showing that systemic levels of pro-inflammatory cytokines in-
crease appreciably with age, partially due to the increase in terminally differentiated,
senescent immune cells, which exhibit altered patterns of gene expression leading
to a pro-inflammatory phenotype (Campisi 2001; Rodier et al. 2009). Moreover,
emerging evidence suggests that inflammatory activity may contribute to telomere
shortening, in part, through a down-regulation in telomerase activity (Akiyama et al.
2004), resulting in an increase in the number of senescent immune cells (Parish et al.
2009). Thus, inflammation appears to be both a contributor to and consequence of
telomere attrition.

11.2.8 Obesity and Inflammaging

Adipose tissue is increasingly recognized as an endocrine organ that makes
important contributions to the levels of inflammatory markers in the blood stream.
Visceral fat is particularly metabolically active, producing several pro-inflammatory
cytokines (Fontana et al. 2007; Hotamisligil et al. 1995). Indeed, it is estimated
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that approximately 30 % of the circulating IL-6 in humans originates from adipose
tissue (Mohamed-Ali et al. 1997), some of which is released directly by adipocytes,
while the rest is secreted by macrophages that have migrated into adipose tissue
(Neels and Olefsky 2006; Weisberg et al. 2003; Xu et al. 2003).

While cross-sectional evidence clearly supports positive associations between
BMI and other measures of obesity with markers of inflammation (Graziani et al.
2011; Ouchi et al. 2011), there are few prospective studies that have examined this re-
lationship. Gentile et al. (2010) found that participants who gained the most weight
over a 10-year study also displayed the greatest increase in inflammatory mark-
ers. Additionally, longitudinal weight loss interventions demonstrate that successful
weight loss in older obese individuals’ results in significant decreases in levels of in-
flammatory markers such as IL-6 and TNF-α (Miller et al. 2008; Nicklas et al. 2004).
While it seems plausible that inflammation may serve as a link between obesity and
accelerated biological aging, specifically telomere attrition (Balistreri et al. 2010),
direct evidence in support of this pathway is still lacking.

11.3 Potential Biochemical Mechanisms Linking Obesity
and Biological Aging

How does excess adiposity accelerate cellular and organismal aging? Growing ev-
idence points to several complementary and overlapping mechanisms (Fig. 11.1).
Excess energy storage in abdominal adipocytes promotes the release of a constella-
tion of biochemical mediators (e.g., adipokines), which may contribute to telomere
attrition, diminished adaptive immunity, and elevated levels of inflammation. More-
over, obesity is associated with increased likelihood of metabolic dysregulation (e.g.,
insulin resistance) and increased oxidative stress. While the directionality of these
pathways still requires more direct evidence, it is plausible that adipocytes con-
tribute to aging of the immune system, at least in part, through these biochemical
pathways. A selective review of the biochemical mediators that link obesity and
immunosenescence are discussed below.

11.3.1 Adipokines

11.3.1.1 Leptin

Leptin is an adipose-derived soluble factor released in the bloodstream shortly after
eating that aids in regulating appetite, metabolism, and immune function. Inter-
estingly, leptin deficient mice (i.e., Lepob/ob) exhibit several metabolic alterations,
including severe obesity, hyperglycemia, IR, and elevated levels of pro-inflammatory
cytokines (Fantuzzi 2005; Friedman 2002). These mice show thymic involution
marked by T-cell apoptosis (Howard et al. 1999), which contributes to impaired
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Fig. 11.1 Enlarged visceral adipocytes release high levels of cytokines, cortisol, and adipokines
such as leptin and low levels of adiponectin. Activated macrophages release inflammatory molecules
and contribute to insulin resistance (IR) of the adipocyte, which creates systemic IR. Together,
this adverse biochemical milieu contributes to several aspects of immunosenescence. However,
modifiable psychological and behavioral factors (e.g., stress, exercise) are proposed to moderate
the associations between adipocytes and markers of immunosenescence

maintenance of memory T-cells (Karlsson et al. 2010b). Finally, transplantation
of white adipose tissue from wild type to Lepob/ob mice, thereby replenishing leptin
levels, normalizes metabolic abnormalities (i.e., glycemia, insulin), improves thymic
cellularity, and reduces systemic levels of inflammation (Klebanov et al. 2005; Sen-
nello et al. 2006). These findings, albeit from an artificial animal model of obesity,
suggest that leptin may be an important adipocyte-dependent mediator with far reach-
ing influence on markers of immunosenescence; however, research exploring the
influence of leptin in biological aging in humans has been limited.

Interestingly, in contrast to animal models of obesity where loss of leptin produces
an obese phenotype, obese humans tend to display leptin at high levels, which may
be indicative of leptin resistance (i.e., an inability for leptin to serve as a satiety bio-
chemical signal) (Enriori et al. 2006). Several studies support an inverse association
between circulating leptin levels and leukocyte telomere length (Aviv et al. 2006;
Diaz et al. 2010; Valdes et al. 2005); however, not all findings withstand adjustment
for demographic characteristics (e.g., age, gender) (Aviv et al. 2006; Diaz et al.
2010). Interestingly, leptin upregulates telomerase activity in human breast cancer
cells in vitro (Ren et al. 2010), further highlighting the complex dynamics between
leptin and markers of cellular aging. It may be that in vitro studies of leptin are not
representative of obesity, as they do not capture the leptin resistance present in vivo.
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Till date, leptin levels have not been examined in the context of thymus involution or
vaccination response in humans. Future studies investigating associations of leptin
levels with measures of immunosenescence over time in both obese and non-obese
humans are needed.

11.3.1.2 Adiponectin

Adiponectin is a protein hormone secreted in response to metabolic demands by non-
obese adipose tissue (smaller adipose cells). Adiponectin improves several metabolic
processes, including glucose regulation, fatty acid catabolism, and insulin sensitiv-
ity, and serves as an anti-inflammatory hormone. Moreover, levels of adiponectin
decrease with increasing obesity and are even lower in patients with obesity-related
illnesses (Lara-Castro et al. 2007). Low levels of adiponectin are related to higher
levels of oxidative stress and, when administered, it improves insulin sensitivity in
mouse models (Yamauchi et al. 2001). Indeed, experimental evidence demonstrates
that adiponectin downregulates TNF-α production and its underlying intracellular
pathways related to pro-inflammatory cytokine production, such as pathways regu-
lated by the transcription factor nuclear factor kappa-B (NF-κB) (reviewed in Ouchi
and Walsh (2007)).

Few studies have explored the role of adiponectin in biological aging. In one
study, low adiponectin was associated with shorter leukocyte telomere length among
a sample of diabetic and non-diabetic middle-aged adults (Al-Attas et al. 2010);
however, no association was observed in another study, using a larger healthy and
more racially diverse sample (Diaz et al. 2010). It remains unclear as to whether
adiponectin directly affects immune processes that underlie vaccination response or
the aging thymus; however, adiponectin may have the capacity to slow telomere
attrition through its ability to both dampen inflammatory signaling and IR.

11.3.2 Insulin Resistance

Obesity, especially visceral adiposity, is correlated with IR, a condition in which
insulin no longer adequately lowers blood sugar, the precursor state to diabetes.
Visceral adipocytes release high levels of soluble factors, such as adipokines (e.g.,
leptin), inflammatory cytokines, glycerol, and free fatty acids, all of which are
associated with development of IR (Kahn et al. 2006). Though limited, growing
evidence implicates IR in accelerated immune cell aging. For instance, a longitudinal
study in humans showed that IR accounted for the predictive relationship between
BMI and telomere attrition (Gardner et al. 2005). Similarly, in another study, IR
accounted for the association between hypertension and shorter leukocyte telomere
length (Demissie et al. 2006). In a separate mouse model, improvements in insulin
sensitivity led to increased heart cell telomerase activity (Makino et al. 2009).
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11.3.3 Oxidative Stress

The “Free Radical Theory of Aging” first proposed in the 1950s (Harman 1956),
holds that accumulated free radical damage is a major factor in the determination of
longevity. Oxidative stress occurs when there is an imbalance between the production
of ROS and cellular mechanisms that protect against excess ROS, such as antioxidants
(Turrens 2003). Under normal conditions, the majority of ROS is a byproduct of
mitochondrial respiration, a process by which the mitochondria generate the chemical
energy needed to fuel cellular activity (Ott et al. 2007). While necessary to cell
functioning, this process can produce excess ROS under certain conditions, such as
hyperglycemia (Marfella et al. 2001). Hyperglycemia, a correlate of obesity, also
increases the production of pro-inflammatory cytokines (Esposito et al. 2002), and
incidence of chronic metabolic disease, such as diabetes.

An important consequence of excess ROS generation is that oxidative damage
to DNA and RNA can accumulate, impairing genetic code, disrupting normal cell
function and promoting cell death. Telomeres are particularly vulnerable to genotoxic
stress, including from excess ROS, which can promote the erosion of telomeres (von
Zglinicki 2002). Moreover, oxidative stress is reliably elevated among obese indi-
viduals suggesting that oxidative stress is a plausible mechanism linking obesity and
telomere shortening. Indeed, cross-sectional studies in humans find higher systemic
oxidative stress in obese as compared to non-obese subjects (Keaney et al. 2003).
Several studies have found that, compared to BMI or subcutaneous fat mass, visceral
adiposity bears a stronger cross-sectional and prospective association with markers
of lipid peroxidation, another marker of oxidative stress (Gletsu-Miller et al. 2009;
Pou et al. 2007). Moreover, weight loss is associated with concomitant improvements
in levels of oxidative stress (i.e., decreased ROS and increased antioxidant capac-
ity, as reviewed in Vincent and Taylor 2006). Unfortunately, no studies have yet
explored whether oxidative stress mediates the known association between obesity
and telomere shortening.

11.3.4 Summary of Biochemical Mediators

We have reviewed how excessive adiposity, especially visceral adiposity, promotes
IR, oxidative stress, and inflammation, all of which are closely linked, and con-
tribute to the erosion of telomeres and promote other aspects of immune senescence.
Through a series of bidirectional associations these mediators promote downward
spiral into chronic disease, as witnessed by withering of lean mass, bone, and im-
mune function observed with extended age. However, is all lost? Despite the daunting
task of addressing the diverse metabolic consequences of obesity, the remainder of
this chapter is devoted to the review of several modifiable lifestyle factors with the
goal of highlighting potential targets for mitigating some of the deleterious effects
of obesity on biological aging.
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11.4 Psychological and Behavioral Mediators: The Promise
of Interventions

The “age old” goal of slowing biological aging has been elusive. To the extent
that excess adiposity accelerates the aging process, behavioral interventions targeted
against some of the primary contributors of obesity, namely stress-eating, excessive
caloric consumption, and limited physical activity, may slow the rate of immune
system decline and age-related disease.

11.4.1 Psychological Stress and Eating Behavior

There are many direct and indirect pathways through which states of stress may be
affecting obesity, immune senescence, and their relationship to each other. Stress
promotes overeating, typically of processed food, also called “comfort food.” This
food tends to be energy dense, high fructose, and high fat food, which promote ROS
formation (Adam and Epel 2007; Lim et al. 2010; Wardle et al. 2010). Moreover,
chronic stress arousal increases cortisol and Neuropeptide Y production, both of
which promote central adiposity (Epel et al. 2000; Kuo et al. 2007) and alterations
in metabolism. These pathways represent specific mechanisms through which stress
may modulate the link between obesity and biological aging (Epel 2009; Segerstrom
and Miller 2004). Stress-eating is a potent behavior that can affect biochemical
milieu. Stress-induced overeating can lead to increased aerobic metabolism and
overproduction of ROS, thus promoting cellular damage and/or senescence. For in-
stance, in rats, glucose infusion led to a decrease in antioxidants, increased oxidative
stress, and a mild systemic inflammatory response (Ling et al. 2007). In humans,
glucose infusion prior to mental challenge results in delayed cardiovascular recov-
ery from the laboratory stressor (Synowski et al. 2011). Thus, while speculative at
present, the combination of higher glucose and high stress arousal may promote
greater biochemical stress. Moreover, stress-eating promotes poor nutrition, and the
interaction between stress and certain nutrients, such as refined sugars and starches,
can promote acute inflammatory states (Kiecolt-Glaser 2010).

Stress brought on by weight concerns may also accelerate biological aging.
Women who reported high levels of dietary restraint, defined as chronic preoccu-
pation with weight and attempts at restricting food intake, had shorter telomeres
than women with low dietary restraint (Kiefer et al. 2008). A preliminary interven-
tion for overweight women focused on stress reduction and mindful eating found a
non-significant trend for increased telomerase in the treatment vs. wait list group.
However, across groups, improved metabolic health correlated with immune cell
telomerase activity (Daubenmier et al, under review). Specifically, reductions in
chronic stress, dietary restraint, intake of dietary fat, and cortisol, were all related
to increases in telomerase activity. While the mechanisms are not yet elucidated at
a cellular level, this suggests interventions aimed at diet and stress eating might
improve immune system longevity.



190 A. A. Prather et al.

11.4.2 Caloric Restriction

Caloric restriction is effective in extending health and lifespan in several species
(Barger et al. 2003). Indeed, a recent study found rhesus monkeys randomized to
caloric restriction (i.e., 30 % restriction) showed a 50 % reduction in all-cause mor-
tality compared to non-restricted rhesus monkeys (Colman et al. 2009). Caloric
restriction appears to reduce metabolic rate, oxidative stress, and adiposity, while
increasing mitochondrial biogenesis and insulin sensitivity (Civitarese et al. 2007;
Redman et al. 2008). Similarly, caloric restriction has been associated with sus-
tained T-cell receptor repertoire diversity and slowed thymic aging (Messaoudi et al.
2006; Yang et al. 2009). While caloric restriction shows promise, it remains un-
clear whether (1) humans have the capacity to maintain long-term caloric restriction
and (2) such a lifestyle change can appreciably influences human biological aging.
Furthermore, it remains unclear through what mechanisms does caloric restriction
promote its effects. In this regard, members of our lab are exploring several markers
of biological aging, including telomere length and telomerase activity, in a unique
sample of adults who have chosen to adhere to caloric restriction for several years
to decades. In addition, a randomized controlled trial of 25 % caloric restriction
among 150 non-obese healthy men and women is currently ongoing (Rochon et al.
2011). Together, these studies will help elucidate the biological and psychological
correlates of prolonged caloric restriction in humans and aid in clarifying whether
such an intervention is fruitful in slowing biological aging.

11.4.3 Physical Activity

Moderate exercise is associated with improved glucose tolerance and insulin sensi-
tivity (Borghouts and Keizer 2000; Kelley and Goodpaster 1999). It also promotes
a better oxidative stress phenotype, marked by increased antioxidant activity, re-
duced low-density lipoprotein oxidation (Elosua et al. 2003), and lower levels of
systemic inflammation (Abramson and Vaccarino 2002; Ford 2002), all of which
may ultimately slow biological aging.

In human studies, older adults who are deemed physically fit based on their
maximal O2 uptake display a more robust antibody response to influenza vaccines
than sedentary older individuals (Keylock et al. 2007). Moreover, several exercise
interventions have been effective in improving vaccination responses and antibody
maintenance (Kohut et al. 2004; Woods et al. 2009). Similar associations have been
observed regarding telomere length. For instance, older adults practicing habitual
endurance exercise display longer leukocyte telomeres than sedentary peers and
fail to differ from younger exercise-trained adults (LaRocca et al. 2010). Moreover,
self-reported vigorous physical activity, averaged over 3 days of daily diary
assessment, was shown to buffer the deleterious effects of chronic stress on telomere
length (Puterman et al. 2010). Finally, in a pilot study, individuals participating in
a 3-month comprehensive lifestyle intervention, which included moderate aerobic
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exercise (walking 30 min/day, 6 days/week), showed a significant increase in
telomerase activity, providing a plausible pathway through which exercise may
slow cellular aging (Ornish et al. 2008). This intervention included a number of
other components (e.g., low fat diet, stress management, social support) and had
no control condition; thus while suggestive, future research exploring the specific
longitudinal effects of physical activity on biological aging is greatly needed.

11.4.4 Sleep

Disordered sleep is proposed as both a contributor and a consequence of obesity. BMI
has been found to increase over time among short sleepers (Gangwisch et al. 2005;
Lopez-Garcia et al. 2008; Patel et al. 2006); however, other prospective samples have
failed to replicate this association (Lauderdale et al. 2009; Stranges et al. 2008). At
the biochemical level, acute sleep loss is associated with elevations in markers of
systemic inflammation (Meier-Ewert et al. 2004; Shearer et al. 2001), dysregulation
of adipokines (Pejovic et al. 2010; Spiegel et al. 2004a, b), and a decline in glucose
tolerance (Shearer et al. 2001; Spiegel et al. 1999). Conversely, poor sleep is common
among obese individuals, in part because high BMI is a strong predictor of obstructive
sleep apnea (OSA) (Patil et al. 2007).

Poor sleep is associated with alterations in immune functioning, including mark-
ers of immunosenescence. For instance, partial and total sleep deprivation produces
robust declines in antibody response to vaccination (Lange et al. 2003; Spiegel et al.
2002). A similar association was recently observed outside of the laboratory setting
(Prather et al. 2011). While obesity remains a clear risk factor for a reduced vacci-
nation response, no study has explored whether sleep moderates this relationship.
With respect to the influence of sleep on telomere length, the data are limited. In
one study, patients with OSA displayed shorter leukocyte telomeres compared to
OSA free individuals, independent of cardiometabolic risk factors, OSA severity,
daytime sleepiness, age, and BMI (Barcelo et al. 2010). In addition, preliminary
findings from our group suggest that in a healthy sample of older women, poorer
subjective sleep quality is associated with shorter telomere length, independent of
chronological age and BMI (Prather et al., in press). Further research investigating
the influences of sleep on immunosenescence both in OSA and normal sleepers is
warranted.

11.5 Conclusions

In this review, we have presented illustrative examples of how obesity is related to four
markers of immune system aging: telomere attrition, weak response to vaccination,
thymic involution, and elevated inflammation. As shown in Fig. 11.1, it appears
that these relationships are largely due to the pro-aging biochemical milieu created
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by adipocytes. However, there are likely many bidirectional relationships between
the regulatory systems of energy balance and immune system function yet to be
elucidated. Several intervention studies provide inspiration and preliminary empirical
evidence that improvements in stress, salubrious health behaviors, and weight loss,
may improve the robustness of our immune system and longevity.
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Chapter 12
Sleep and Immunity in Older Age

Peter Hampson, Alessandra Rossi, Teresa Arora, Janet M. Lord
and Shahrad Taheri

12.1 Sleep and Health

The general decline in sleep duration during the past 25 years has made subopti-
mal sleep quality a more common phenomenon (Jean-Louis et al. 2000). Reasons
for reduced sleep include increased working hours, shift work and more time spent
watching the television and exploring the internet (Bonnet and Arand 1995). Disrup-
tions in sleep parameters have been related to a variety of health outcomes. Animal
studies have shown that extreme levels of sleep deprivation are highly detrimental.
Rats subjected to total sleep deprivation for up to 21 days displayed global deteriora-
tion ultimately resulting in death (Everson and Wehr 1993). Epidemiological studies
in humans have indicated that both short and long sleep duration is associated with
increased morbidity and mortality. Most notably, a study of 1.1 million participants
in the American Cancer Prevention Society demonstrated that survival was optimal
in people who slept 7 h per night. Sleep durations of 8.5 h or more, or less than 4.5 h
were significantly associated with increased mortality as well as higher body mass
index (BMI) scores (Kripke et al. 2002).

Variations in sleep timing, duration or quality have been shown to be associated
with a number of other adverse health outcomes including the development of insulin
resistance (Spiegel et al. 2005), type II diabetes mellitus (Beihl et al. 2009), cardio-
vascular disease (Knutson et al. 2009), cognitive decline (Van Dongen et al. 2003),
and reduced immune function (Cohen et al. 2009). The incidence of these conditions
also increases with age, impacting upon health and quality of life in old age. As
sleep quality and duration also decline with age (Neubauer 1999), abnormalities in
sleep may therefore be both a marker for, and a contributor to, age-related disease
and decline in immune function. The direction of causality in such cross-sectional
studies is difficult to establish other than through animal model studies of chronic
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Fig. 12.1 An example of the different stages of sleep as measured by electroencephalogram (EEG).
Different stages of sleep can be characterized by the frequency and amplitude of the EEG waves

sleep disruption, which are currently lacking. This chapter thus explores specifically
the evidence for the possible contribution of sleep disruption to immunosenescence.

12.2 Sleep Biology

Sleep is an integral part of human biology. Typically, individuals spend one third of
their adult life sleeping. The importance of sleep to survival, specifically the ability
to combat life threatening infections, has been demonstrated in a rodent model of
sleep deprivation (Everson and Wehr 1993). Human population studies have similarly
observed an association between sleep duration and mortality (Kripke et al. 2002).
The need for sleep cannot be resisted, no matter how long the attempt is to remain
awake, demonstrating a strong biological drive. Superficially, sleep is not complex
to understand—we sleep when we are tired and wake feeling rejuvenated. On closer
examination, however, sleep is multifaceted and a state that is linked to development
and a variety of physiological functions.

12.2.1 Sleep Stages

The gold standard for assessing sleep is by polysomnography. The electroencephalo-
gram obtained through polysomnography has allowed differentiation of sleep into
two distinct types, rapid eye movement (REM) sleep and non-rapid eye move-
ment (NREM) sleep (Aserinsky and Kleitman 1953), and four defined sleep stages
(Fig. 12.1). NREM can be further separated into three progressively deeper stage
stages (N1, N2 and N3). Whereas stage N1 represents the transition between wake-
fulness and sleep, stage N2 represents a deeper sleep during which we become
disengaged from our surroundings and body temperature begins to fall. Stage N3,
also classed as slow wave sleep (SWS), is characterized by high amplitude (> 75μV),
low frequency (<4 Hz) EEG waves. SWS is thought to be the stage most strongly
related to sleep need and is accompanied by a gradual decrease in body temperature,
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Fig. 12.2 A hypnogram of a
normal healthy adult showing
sleep stages and cycles over
one night

respiratory rate, blood pressure and heart rate (Somers et al. 1993). The final stage
of sleep, REM sleep, sees the re-emergence of low amplitude high frequency EEG
activity as well as bursts of rapid eye movements, which give this stage of sleep its
name. REM sleep is thought to be involved in memory processing and dreaming is
more likely to occur in REM sleep (Mandai et al. 1989). All stages and types of
sleep alternate cyclically and a healthy individual will obtain four to five cycles in a
night with each cycle lasting approximately 90 min (Beersma 1998). During succes-
sive sleep cycles, episodes of REM sleep become progressively longer; in contrast,
longest periods of SWS occur at the beginning of the night and become shorter with
each cycle of sleep, as shown in Fig. 12.2.

12.2.2 Regulation of Sleep

Two processes regulate sleep quality and duration, called Process S (sleep/wake de-
pendent component) and Process C (circadian component). Process S is appetitive
and related to sleep debt, while Process C determines the timing of sleep and wakeful-
ness (Borbely 1982). These processes are regulated by both neuronal and hormonal
factors (Fig. 12.3). In relation to neuronal regulation, circadian rhythms are entrained
to a 24-h period and are directed by the suprachiasmatic nucleus (SCN) in the brain
which serves as the central circadian pacemaker (Reppert and Weaver 2001). The
SCN synchronizes various internal biological rhythms through both internal and
external cues and thus regulates sleep timing and duration. External cues (zeitberg-
ers) include light, which influences the SCN through the retino-hypothalamic tract
(Golombek and Rosenstein 2010). Internal cues include hormone secretion and body
temperature.

Key hormonal regulators of sleep include pro-inflammatory cytokines (tumor
necrosis factor alpha (TNFalpha) and interleukin-1beta (IL-1B),) and classical en-
docrine hormones such as cortisol, growth hormone (GH), prolactin and melatonin.
Pro-inflammatory cytokines, GH and prolactin are believed to be somnogenic (Obal
et al. 1995), while anti-inflammatory cytokines (IL4, IL10, IL13) and cortisol inhibit
spontaneous sleep (Krueger and Majde 2003). Interestingly, ageing is associated with
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Fig. 12.3 The areas of the brain that control sleep (left) and hormonal regulation of sleep by the
hypothalamus (right). SCN Suprachiasmatic Nucleus, REM Rapid Eye Movement, SWS Slow
Wave Sleep, PVN Paraventricular Nucleus, GHRH Growth Hormone Releasing Hormone, CRH
Corticotrophin Releasing Hormone, GH Growth Hormone, ACTH Adrenocorticotrophic Hormone,
IGF Insulin-Like Growth Factor

an increase in the level of pro-inflammatory cytokines in the circulation (denoted as
inflammageing) (Franceschi et al. 2007), including TNF-α and IL-1β, a significant
decline in GH and melatonin along with a slightly increased level of cortisol (Arlt
and Hewison 2004).

Each of these factors may change with age and thus impact upon sleep regulation
in old age. A review of the data demonstrates that secretion of endogenous melatonin
decreases with age as a result of the degeneration of the pineal gland (Ruzsas and
Mess 2000). This decrease was found to be associated with decreased sleep effi-
ciency and to a phase advance of the sleep–wake cycle (Touitou 2001). Intravenous
administration of growth hormone releasing hormone (GHRH) in older adults leads
to small improvements, such as a slight increase in stage 1 of NREM and a diminished
number of awakenings (Guldner et al. 1997; Murck et al. 1997).

12.3 Sleep in the Older Adult

Sleep complaints are common in older individuals. Indeed, data from a large epi-
demiological study demonstrated that more than 80 % of older individuals (>65
years) reported at least one sleep problem on a regular basis (Foley et al. 1995).
The same study followed up participants after 3 years and found that the 15 % who
reported no baseline sleep problems had developed disturbed sleep at follow up, sug-
gestive of an annual increase in incidence of 5 % in older adults. Although evidence
shows that sleep duration decreases with age (see Fig. 12.4), older adults are prone
to experiencing a variety of sleep alterations including:

• Inability to stay awake in the evening and early awakening (advanced circadian
phase).

• Difficulty initiating and maintaining sleep (insomnia).
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Fig. 12.4 Sleep duration
across the lifespan in human
subjects

• Sleep disturbances (poor sleep quality).
• Undiagnosed sleep disorders which individuals may attribute to the ageing

process.
• Excessive daytime sleepiness, often leading to daytime napping.
• Feeling un-rested after a night’s sleep.

The reasons underlying sleep disturbances in the elderly are complex due to their
multifactorial nature. Some can be related to physiological changes that occur with
ageing such as the need to urinate more frequently at night; others include chronic
pain caused by chronic health conditions such as arthritis, depression, Alzheimer’s
disease; drug use, including prescribed, over the counter and sometimes, recreational
drugs and alcohol can all affect sleep and a more sedentary lifestyle, use of stimulants
such as caffeine and smoking and poor nutrition are also factors in sleep alterations
with age (Vaz Fragoso and Gill 2007). However, despite all of these age-related
variables, studies in healthy older adults suggest the presence of basic age-related
physiological disruptions which alter the homeostatic and circadian mechanisms
regulating sleep.

12.3.1 Changes in Sleep Architecture and Circadian Rhythms

Accumulating evidence from sleep laboratory studies, using polysomnography (an
objective measure of sleep), have shown that sleep architecture is altered with chrono-
logical age. Van Cauter et al. (2000) successfully demonstrated that SWS declined
rapidly with age, from midlife. Further, a meta-analysis of alterations in various sleep
parameters across the lifespan also demonstrated that REM sleep declined with age
and that reduced SWS and REM sleep appeared to be replaced by extended lighter
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states of sleep (stages 1 and 2) (Ohayon et al. 2004). It should be noted that because
of changes in EEG that occur with ageing, it is possible to misclassify sleep stages.
For example, an inability to generate large action potentials may result in reduced
scoring of stage N3 because of the 75 μV criterion for scoring slow waves.

Not only is the architecture of sleep altered in the older adult but the sleep–wake
cycle of an older adult also functions differently to younger counterparts. This is due
to a disruption in the circadian rhythm, usually advanced in time, which is prevalent
in older individuals (Van Someren et al. 2002). Alteration in the circadian system
thus results in premature bed times and early morning rising in older individuals (also
known as a ‘lark-like’ phenotype) (Vitiello 1997). Circadian rhythms are maintained
in a 24-h cycle through the activity of suprachiasmatic nucleus, as described above.
In old age, individuals experience a weakening influence of the SCN, subsequently
showing less synchronized sleep–wake patterns, in part, due to decreased respon-
siveness to zietgebers (Hofman and Swaab 2006). The influence of the circadian
clock may also decline with age progression, which can lead to more frequent night-
time awakenings and subsequent daytime sleepiness/fatigue. Interestingly, during
ageing, there also seem to be changes in the circadian rhythmicity of hormones that
are involved in the regulation of sleep. As discussed earlier, the reciprocal interaction
of GHRH and corticotrophin releasing hormone (CRH) plays a key role in the regu-
lation of sleep. While GHRH is released during the first half of the night promoting
NREM sleep, CRH predominates during the second half of the night leading to an
increase in REM sleep in the morning hours (Steiger et al. 1987). However, during
ageing, there appears to be a reduction in GHRH release during the first half of the
night, leading to changes in the CRH:GHRH ratio in favour of CRH (Steiger et al.
1987). This is thought to be involved in some of the changes in sleep patterns that
are seen during ageing, including a reduction in SWS duration.

12.4 Sleep and Immunity

There is increasing evidence that sleep deprivation has a negative impact on immune
function, suggestive of an interaction between the process of sleep and the immune
system (Bryant et al. 2004). This is of particular importance when considering the
fact that sleep duration and sleep quality is generally reducing amongst the population
(Jean-Louis et al. 2000). This could also be a particular problem in groups such as the
older population, who as well as having a well documented reduction in sleep duration
and quality with age (Neubauer 1999), also suffer from a reduced functional capacity
of their immune system as indicated by an increased susceptibility to infection and
reduced vaccination responses, termed immunosenescence (see Chaps. 1 and 2).

12.4.1 Circadian Rhythmicity of the Immune System

It is becoming clear that several components of the immune system show circadian
rhythmicity. It could therefore be argued that immune factors are both regulated by
and are regulators of sleep. Various studies have shown a circadian rhythm in the
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number of total lymphocytes, natural killer (NK) cells, antibodies and cell-mediated
immune responses in the peripheral blood. Levels of lymphocytes and monocytes
in the blood are at their maximal during the night and are at their lowest levels
after waking (Born et al. 1997; Dimitrov et al. 2009). In particular, numbers of
total T cells (CD3+), CD4+ T cells, total B cells (CD20+) and activated T cells
(CD25+) are higher during the night, whereas T regulatory cells, cytotoxic CD8+
T cells and γ δ T cells are higher around noon (Mazzoccoli et al. 2010; Dimitrov
et al. 2009). NK cells reach their highest level in the afternoon, with a decrease in
number and activity around midnight (Born et al. 1997; Dimitrov et al. 2009). This
rhythmicity is due in large part to corresponding changes during the sleep–wake cycle
in the levels of various cytokines. TNF-α and IL-1β levels peak during the night at
the onset of SWS (Gudewill et al. 1992; Moldofsky et al. 1986). The production
of other pro-inflammatory cytokines, IL-2 and IL-12, is also higher during night
time, whereas release of the anti-inflammatory cytokine IL-10 peaks during daytime
(Lissoni et al. 1998).

These data suggest that pro-inflammatory cytokines appear to be closely associ-
ated with the sleep–wake cycle. Indeed, it has been shown that TNF-α and IL-1β have
a direct role in sleep regulation. Administration of TNF-α or IL-1β increases duration
of SWS in animals (Dickstein et al. 1999; Opp and Imeri 2001; Shoham et al. 1987),
whereas a reduction in the intra-cerebral levels of these cytokines reduces SWS du-
ration (Opp et al. 1992, 1995; Takahashi et al. 1995a, b). Also, blocking the actions
of either of these cytokines with the use of antagonistic antibodies reduces overall
sleep duration (Opp and Krueger 1994; Takahashi et al. 1995a). Moreover, mice de-
ficient in either IL1-R1 or TNF receptor have significantly reduced sleep durations
when compared with control animals (Fang et al. 1997, 1998). TNF-α and IL-1β

both enhance sleep by stimulating the activity of the transcriptional factor NFκB and
it has been show that factors that inhibit NFκB activation, can inhibit normal and
IL-1β induced sleep in rabbits (Kubota et al. 2000). Additionally, NFκB can itself
promote the production of TNF-α and IL-1β, thus forming a positive-feedback loop.
Furthermore, NFκB promotes the production of IL-2, which itself promotes sleep
(Kubota et al. 2001).

12.4.2 The Interaction Between Sleep, Hormones
and the Immune System

The effect of sleep on the immune system is likely to be related to circadian hormonal
variations as evidenced by the circadian rhythmicity observed in various aspects of
the immune system. For instance, the peak in total circulating lymphocytes seen
during the sleep–wake cycle coincides with the nadir for cortisol levels which is
reached during night time (Mazzoccoli et al. 2010). Cortisol promotes awakening
and is known to have powerful immune suppressive properties, such as antagonizing
the actions of IL-1β (Opp and Imeri 2001) and suppressing cytokine production by
leukocytes. Moreover, cortisol also influences lymphocyte and monocyte numbers
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in peripheral blood by reducing the trafficking of these cells to tissues and secondary
lymphoid organs (Fauci 1976). It is therefore possible that the diurnal variation
in cortisol levels is a primary influence of lymphocyte numbers and levels of pro-
inflammatory cytokines. Cortisol is also known to directly inhibit NK cell activity
(Callewaert et al. 1991; Zhou et al. 1997), but a similar relationship between cortisol
levels and NK cell activity or numbers is not seen.

The sympathetic nervous system also shows circadian variation in the circulat-
ing levels of adrenaline, which has distinct and opposing actions to that of cortisol,
for example on the distribution of circulating lymphocytes (Dimitrov et al. 2009).
Naïve CD4 and CD8 T cells show pronounced circadian rhythms with the daytime
nadir driven by cortisol, whereas numbers of mature effector CD8 T cells were at
their highest during daytime driven by adrenaline levels. Cortisol is thought to act
via stimulation of redistribution of naïve T cells to the bone marrow, whereas cate-
cholamines achieve their effects via mobilization of CD8 T cells from the marginal
pool (Dimitrov et al. 2009).

GHRH levels seem to support sleep-inducing IL-1β activity, and promote the re-
lease of GH, a sleep-inducing hormone which peaks at the beginning of SWS (Obal
et al. 1995, 1997; Redwine et al. 2000). Many studies demonstrate that GH has
an important role in immune regulation, stimulating T and B cell proliferation and
immunoglobulin synthesis as well as enhancing the maturation of myeloid progen-
itor cells and modulating cytokine responses (Meazza et al. 2004). GH fluctuations
may therefore also contribute to the observed rhythms in lymphocyte numbers and
cytokines. Prolactin is also an immune regulatory hormone, which peaks during
nighttime and can directly affect NK cell function promoting their capacity to pro-
liferate and to lyse target cells (Sun et al. 2004). However, there is no obvious
correlation between prolactin levels and NK activity during a 24-h period. In addi-
tion, it has been shown that increased concentrations of prolactin and GH, as well as
a decrease in cortisol (the normal hormonal changes characterizing early nocturnal
sleep in which SWS predominates), synergistically induce a shift towards increased
Th1 activity, (IFN-γ /IL-2 producing T helper cells), while an opposite shift towards
Th2 cytokines (IL-4, IL-13) is reached during late sleep, dominated by REM stage
sleep (Dimitrov et al. 2004a, b).

Melatonin has also been shown to have an immune modulatory role. In particular,
it can lead to monocyte activation, increasing their production of IL-1, IL-6, TNF-
α, IL-12 and reactive oxygen species (ROS) (Morrey et al. 1994). Also, melatonin
can also activate Th1 lymphocytes increasing their production of IL-12 (Garcia-
Maurino et al. 1999). In contrast, the LPS-mediated production of TNF-α and IL-8
by neutrophils is inhibited by melatonin (Silva et al. 2004).

12.5 The Effects of Sleep Deprivation on the Immune System

In order to better understand the relationship between sleep and the immune system,
the effects of sleep deprivation on immune cell numbers and function has been
studied. This may also help to understand how situations in which sleep deprivation
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Table 12.1 The effect of sleep deprivation on circulating number and function of immune cells

Cell type Number Function

Neutrophils ↑ (Boudjeltia et al. 2008; Everson
2005; Kerkhofs et al. 2007)

↑ (Boyum et al. 1996)

↓ (Boyum et al. 1996) ↔ (Palmblad et al. 1979)
NK cells ↑ (Born et al. 1997; Dinges et al. 1994) ↓ (Dinges et al. 1994)

↓ (Dinges et al. 1994; Heiser et al.
2000; Ozturk et al. 1999)

↓ (Irwin et al. 1996; Moldofsky
et al. 1989)

Monocytes ↑ (Born et al. 1997; Boyum et al. 1996;
Dinges et al. 1994)

↓ (Palmblad et al. 1976)

T cells ↑ (Born et al. 1997) ↓ (Born et al. 1997; Irwin et al.
1996; Palmblad et al. 1979)

↓ (Born et al. 1997; Boyum et al. 1996;
Dinges et al. 1994)

↔ (Dinges et al. 1994; Moldof-
sky et al. 1989)

↔ (Heiser et al. 2000; Ozturk et al.
1999)

Regulatory T cells ↔ (Bollinger et al. 2009) ↓ (Bollinger et al. 2009)
B cells ↓ (Boyum et al. 1996) ↓ (Boyum et al. 1996)

↔ (Dinges et al. 1994; Heiser et al.
2000)

↔ (Ozturk et al. 1999)

↓ = decreased, ↑ = increased, ↔ = no change

occurs (such as in old age) can affect immunity. However, the existing literature
varies considerably in its conclusions regarding sleep deprivation and immunity,
probably due to differences in the amount of sleep debt used in the different studies.
Also, the vast majority of studies have focused upon sleep deprivation in young adults
or rodents, with little or no data for older subjects.

12.5.1 Immune Cell Numbers

The problem of differing study design is apparent in studies which have examined
immune cell number following sleep deprivation (Table 12.1). However, numerous
human studies have demonstrated that sleep deprivation leads to a progressive in-
crease in circulating granulocyte numbers. In rats, total sleep deprivation for up to
5 days lead to a progressive increase in circulating leukocytes which seems to be
mainly due to an increase in immature neutrophilic granulocytes (Everson 2005).
Similar findings have been made in human studies. For example, healthy young men
restricted to 4 h sleep per night for three consecutive nights had a significant increase
in circulating neutrophils (Boudjeltia et al. 2008; Kerkhof et al. 2007). Unlike gran-
ulocytes, studies suggest that circulating lymphocyte numbers decrease following
sleep deprivation. For example, NK cell number decreased after 40 h of sleep de-
privation (Dinges et al. 1994). However, this finding seems to be dependent on the
duration of sleep deprivation evidenced by the fact that the same study showed an
increase in circulating NK cell numbers following 64 h of sleep deprivation (Dinges
et al. 1994). Similar discrepant data have been reported when examining circulating
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numbers of other immune cell types including monocytes, T cells and B cells (Born
et al. 1997; Boyum et al. 1996; Dinges et al. 1994; Heiser et al. 2000; Ozturk et al.
1999). However, the functional consequence of such changes in the number of cir-
culating immune cells is unclear and what is undoubtedly more relevant to immunity
is to assess the effect of sleep deprivation on immune cell function.

12.5.2 Immune Cell Function

Again, due to differences in the degree of sleep deprivation examined, as well as
differences in sampling times and assays used, the results for immune function are
often contradictory (Table 12.1). However, several authors have shown that 48 h
of sleep deprivation results in decreased mitogen-induced lymphocyte proliferation
(Born et al. 1997; Irwin et al. 1996; Palmblad et al. 1979), though there are also
studies that have demonstrated no change in PHA-induced lymphocyte proliferation
following sleep deprivation (Dinges et al. 1994; Moldofsky et al. 1989). It has been
shown in humans that partial sleep deprivation leads to a reduction in the proliferation
of CD4+CD25- regulatory T cells (Bollinger et al. 2009). Studies of neutrophil and
NK cell function have also yielded differing results depending on the duration of
sleep deprivation. In the case of neutrophils, while one study showed that sleep
deprivation for one night led to an increase in neutrophil function (Boyum et al.
1996), an alternative study found no change in neutrophil function following 48 h of
sleep deprivation (Palmblad et al. 1979). It is possible however that these differences
are due to the use of different end points as well as differences in the duration of sleep
deprivation studied. In the case of NK cells, while short periods of sleep deprivation
(36 h) resulted in reduced NK cell function (Moldofsky et al. 1989), longer periods of
sleep deprivation (60 h) resulted in increased NK cell function (Dinges et al. 1994).

12.5.3 B Cell Mediated Immunity

One aspect of immunity that has received considerable attention is B cell mediated
immunity, specifically production of antibodies during vaccination responses. In hu-
mans, it is reported that immunoglobulin levels are lower after 5–7 days of continuous
exercise, calorie deficiency and sleep restriction (Boyum et al. 1996). In addition,
humans vaccinated against the influenza A virus during a period of sleep depriva-
tion, had antibody titres less than half those of their non-sleep deprived counterparts
(Spiegel et al. 2002). In contrast, levels of IgG, IgA, IgM and some complement
factors were all shown to be higher in people spending 24 h without sleep, indicating
that acute sleep deprivation could even enhance constitutive humoral immunity (Hui
et al. 2007).

The overall results for effects of sleep deprivation on the immune system are
therefore varied, probably due to differences in study methodology and implemented
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sleep debt. The majority of studies employ 1–3 days of sleep deprivation, an acute
period of sleep disruption. The data may thus have less relevance potentially to sleep
disruption in old age which is chronic and likely to have a negative effect on immunity
(Everson 1993; Landis and Whitney 1997; Rechtschaffen et al. 1983).

12.6 The Ageing Immune System

During the process of ageing there is a functional deterioration of the immune sys-
tem, immunosenescence, described in detail in the first two chapters of this book
and therefore covered only very briefly here. The effects of immunosenescence are
apparent in both the innate and the adaptive arms of the immune system. The fol-
lowing section will briefly outline some of the age-associated changes in innate and
adaptive immunity to aid discussion of the possible role that sleep disruption might
play in immunosenescence.

12.6.1 Innate Immunity

Neutrophils are the first line of defence against rapidly dividing bacteria, as well
as parasitic and fungal infections. Ageing is not accompanied by a reduction in
circulating neutrophil numbers, or the ability to produce neutrophilia in response to
infection (Butcher et al. 2005). However, a number of studies have shown that several
aspects of neutrophil functional activity are reduced with ageing including neutrophil
chemotaxis (Wenisch et al. 2000), phagocytosis of bacteria (Butcher et al. 2001), and
the ability to produce an oxidative burst (Tortorella et al. 1996). This is thought to be,
in part, due to a reduced response to priming agents such as granulocyte-macrophage
colony stimulating factor (GM-CSF) (Fortin et al. 2007).

NK cells are innate cytotoxic lymphocytes that mediate MHC-independent cy-
totoxicity against certain malignancies and viral infections. Although there is a
significant increase in NK cell number with age, attributed to the CD56dim pop-
ulation of NK cells (Borrego et al. 1999; Miyaji et al. 2000; Vitale et al. 1992),
circulating NK cells from aged subjects exhibit decreased cytotoxicity on a per cell
basis (Facchini et al. 1987; Vitale et al. 1992). It has also been shown that NK cells
from aged individuals have a reduced production of IFN-γ , MIP-1α, RANTES and
IL-8 production in response to IL-2 (Krishnaraj and Bhooma 1996; Mariani et al.
2002). Monocytes are components of the innate immune system which differentiate
into antigen presenting cells such as macrophages and dendritic cells (DCs) during
inflammation and enter the inflamed tissue. Absolute numbers of monocytes increase
with age (Della et al. 2007), but this is contrasted by a reduction in macrophage func-
tion including decreased LPS stimulated IL-6, IL-1β and TNF-α (Chelvarajan et al.
2005; Agius et al. 2009). This decrease in function appears to be due to altered
toll like receptor (TLR) function (Boehmer et al. 2005). With regards to DCs, it is
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generally accepted that ageing results in decreased function. In humans, it has been
shown that there is an age-related defect in TLR7 and TLR9-induced IFN-α produc-
tion by pDCs (Jing et al. 2009). Other functions of DCs such as antigen-presenting
capabilities appear to be preserved in ageing.

12.6.2 Adaptive Immunity

The thymus reaches its peak size during the first years of life and declines gradually
with age thereafter, a process known as thymic involution (Steinmann 1986). The
consequence of this is a reduced production of new T cells, which ultimately results in
a reduced T cell receptor diversity and an increased memory:naı̈ve cell ratio (Kohler
et al. 2005; Naylor et al. 2005). Furthermore, persistent lifelong infections such as
CMV, the incidence of which increases with age, can result in increased numbers of
CD8+ memory T cells due to viral reactivation throughout the course of life (Khan
et al. 2002). The presence of persistent viral infections such as cytomegalovirus
(CMV) can result in an increase in the CD8:CD4 T cell ratio which is associated with
increased mortality (Nikolich-Zugich 2008). Ageing also seems to be accompanied
by an alteration in the balance of Th1 and Th2 responses, with skewing towards
Th2 responses (Rink et al. 1998). In addition to these phenotypic changes, T cells
from older subjects also show a reduced proliferative response to both non-specific
mitogens and to antigen (Haynes and Maue 2009). This is due in large part to the
shortening of telomeres (Fletcher et al. 2005; Plunkett et al. 2005) but also to the loss
of co-stimulatory receptors such as CD28 (Kovaiou and Grubeck-Loebenstein 2006).

In relation to B cells, the percentage of B cells amongst peripheral blood mononu-
clear cells (PBMCs) is reduced with age (Breitbart et al. 2002; Chong et al. 2005;
Paganelli et al. 1992) and B cells from old individuals displayed a reduced B cell
receptor repertoire (BCR repertoire) (Ademokun et al. 2010). In vitro experiments in
both mice (Frasca et al. 2007) and humans (Frasca et al. 2008) show that IgG secre-
tion is reduced with age. In vivo however, there is an increase in serum IgG and IgA
with age (Paganelli et al. 1992). In addition, there is also an increase in autoantibody
production with age (Andersen-Ranberg et al. 2004), perhaps due to a breakdown in
central tolerance. It is also well established that responses to vaccination are dimin-
ished in older recipients (Murasko et al. 2002), almost certainly due to a lack of T
cell help (Murasko et al. 2002), and reduced macrophage responses leading to poor
activation of DCs and reduced antigen presentation (Aydar et al. 2003).

12.7 Sleep and Immunosenescence

As discussed previously, there is increasing evidence that sleep deprivation has a
negative impact on the immune system. Sleep deprivation/disruption may therefore
be a particular risk in populations that are already at increased risk of infection such
as the elderly. In addition, it is well established that ageing is accompanied by a
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functional deterioration of the immune system, termed immunosenescence (see the
previous section). The fact that sleep disruption is common in older adults raises
the possibility that this could contribute to immune dysfunction in these individ-
uals. Of interest, many of the changes seen as a result of immunosenescence are
also seen in studies which have examined sleep deprivation. These include reduced
adaptive immune responses to vaccination, reduced T cell mediated immunity and
increased innate immune activation as well as an increase in circulating levels of
pro-inflammatory cytokines.

However, the fact that there appears to be a reciprocal relationship between sleep
and immunity raises the question: Is sleep disruption a result of immunosenescence or
does sleep disruption lead to immunosenescence? Studies of acute sleep deprivation
overall show negative effects on immunity (Table 12.1) and would suggest that the
latter is more likely. There is currently a paucity of data in regard to the effects of
chronic sleep deprivation on immunity. As this is most relevant to the situation in
old age, this gap needs to be addressed. Studies of conditions such as sleep apnoea
may give some insight into the consequences of chronic sleep disruption, but again
there is a lack of published research considering the effects on immunity. In the
small literature on the subject, the most widely reported association is for increased
levels of circulating pro-inflammatory cytokines, as a consequence of increased
activation of CD8 lymphocytes and monocytes (Ryan et al. 2009). Thus, it remains a
possibility that sleep disruption during old age could contribute to the phenomenon of
increased basal activation of monocytes and inflammageing. However, patients with
obstructive sleep apnoea showed no differences in their humoral immune responses to
influenza vaccination compared to healthy volunteers (Dopp et al. 2007), suggesting
that chronic sleep disruption, at least in this complex disease model, may have
only minimal effect on vaccination responses. To date, there are no data concerning
chronic sleep deprivation and neutrophil function, which is an important issue as
infections which predominate in old age are bacterial in nature and neutrophils are
the main defence against such infections.

In conclusion, ageing is accompanied by significant alterations in both the quality
and quantity of sleep and epidemiological studies have shown a strong relationship
between sleep duration and mortality (Kripke et al. 2002). Ageing also incurs a sub-
stantial loss of immunity resulting in increased susceptibility to infections. While
studies of acute sleep deprivation, primarily in animal models, show that sleep dis-
ruption can result in immune decline, there is currently a paucity of data in humans
showing a contribution of sleep disruption in old age to immunosenescence. Further
research is thus required to determine such a causal relationship, which could identify
a relatively simple intervention to improve health and immunity in older adults.
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Chapter 13
The Role of Stress and Adrenal Hormones
in Immunosenescence

Moisés Evandro Bauer

13.1 Introduction

Ageing is a continuous and slow process that compromises the normal functioning of
various organs and systems in both qualitative and quantitative terms. During recent
years, a growing body of studies has demonstrated that ageing remodels immune
functions, a process known as immunosenescence. The clinical consequences of
immunosenescence may include increased susceptibility to infectious diseases,
neoplasias, metabolic diseases, osteoporosis and autoimmune diseases (Castle
2000; Pawelec et al. 2010). This increased morbidity is not evenly distributed and
seems to be influenced by other immune-modulating factors, including genetic
background and chronic stress exposure (Bauer 2005). Indeed, psychological stress
appears to be an important factor leading to earlier onset of many age-related
diseases (McEwen 1998). Therefore, a better understanding of how stress is likely
to promote ‘biological ageing’ may lead to clinical interventions or policies with a
broad public health impact.

Age-related endocrine changes (endocrinosenescence) may in important ways
impinge on the immunosenescence, in particular, via age-related declines in growth
hormone (GH), sex hormones and dehydroepiandrosterone (DHEA). DHEA is the
major secretory product of the human adrenal and is synthesized from cholesterol
stores. The hormone is sulphated dehydroepiandrosterone sulfate (DHEAS) before
entering the plasma, and this prohormone is converted to DHEA and its metabolites
in the peripheral tissues (Canning et al. 2000). Serum DHEA levels decrease by the
second decade of life in humans, with approximately 5 % of the original level in
elderly people (Migeon et al. 1957), a process termed the adrenopause, and which
is thought to be due to reduced cellularity in the zona reticularis of the adrenal
gland. As DHEAS and DHEA have several immune-enhancing properties (further
discussed in this chapter), the lack of these adrenal factors during ageing may be also
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cogent for the immunosenescence. In contrast, there is also evidence suggesting that
ageing is associated with activation of the hypothalamic–pituitary–adrenal (HPA)
axis (Bauer et al. 2009; Deuschle et al. 1997; Ferrari et al. 2004), leading to increased
cortisol levels in man. The HPA axis is a major stress-responsive system and higher
cortisol levels are also found during chronic stress or major depression. Cortisol and
DHEA secretion follows a circadian pattern with peak levels at waking and a nadir
at midnight. The HPA axis is pivotal for the homeostasis of the immune system and
its dysregulation has been associated with several immune-mediated diseases. For
instance, HPA axis over-activation can affect susceptibility to or severity of infectious
disease through the immunosuppressive effect of the glucocorticoids (GCs) (Kiecolt-
Glaser et al. 1996; Vedhara et al. 1999). In contrast, blunted HPA axis responses
are associated with enhanced susceptibility to autoimmune inflammatory disease
(Sternberg 2002). Of note, elderly subjects show increased risk of both infectious
and chronic inflammatory diseases.

This chapter summarizes current evidence suggesting that immunosenescence
may be influenced by both psychological stress and stress hormones. Indeed, most
cellular and molecular changes observed during immunosenescence are similarly
found during chronic stress or chronic GC exposure. This chapter will focus on the
role of adrenal hormones (cortisol and DHEA) in healthy ageing of the immune
system as well as following chronic stress exposure. Finally, this chapter will review
preliminary evidence suggesting that stress-management interventions in older adults
are capable of attenuating some important features of immunosenescence.

13.2 Ageing is Associated with Increased Psychological Stress
and Higher Glucocorticoid Exposure

Human ageing has been associated with psychological and behavioural changes,
including difficulty in concentrating, progressive cognitive impairments and sleep
disturbances (Howieson et al. 2003; Piani et al. 2004). Individually identified,
these alterations are also associated with major depression. Indeed, depression is
highly prevalent in age-related chronic diseases, including cardiovascular diseases,
Parkinson’s disease, Alzheimer’s dementia, cancer and rheumatoid arthritis (Dew
et al. 1998). In addition, both ageing (Gabriel et al. 2002) and major depression
(Schiepers et al. 2005; Trzonkowski et al. 2004) are associated with increased levels
of pro-inflammatory cytokines and could thus contribute to further immunological
diseases in the frail elderly.

During the past years, our research group has reported that normal, physiological
ageing is associated with significant increased psychological stress. In particular, it
was found that strictly healthy (as assessed by the SENIEUR protocol) elders were
significantly more stressed, anxious and depressed than young adults (Collaziol et al.
2004; Luz et al. 2003). The SENIEUR protocol defines rigorous criteria for select-
ing healthy individuals in immunogerontological studies (Ligthart et al. 1984). The
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Table 13.1 Anti-glucocorticoid actions of DHEA, DHEAS and their metabolites. (Source: Daynes
et al. 1990; Hazeldine et al. 2010; Hechter et al. 1997; Maninger et al. 2009; Padgett and Loria
1994; Solerte et al. 1999; Straub et al. 1998)

Brain Muscle/Bone Immune System

Better memory performance Better muscle strength Improved response to vaccines
Anti-depressive Improved bone mineral density Anti-inflammatory (decrease
Neuroprotection TNF-α and IL-6)
Increased neurogenesis Higher T-cell proliferation and
Prevents neurotoxic actions IL-2 production
of glucocorticoids Enhanced NK cell activity

Improved neutrophil function
Protection to GC-induced
thymic involution

health conditions are checked by clinical examination and by hematological and var-
ious biochemical parameters. Based on this protocol, it is possible to select ‘strictly
healthy’ volunteers from populations of older adults. The literature regarding age-
related psychological changes is controversial and others did not find these increased
stress levels (Nolen-Hoeksema and Ahrens 2002; Stone et al. 2010). This could be
due to sociodemographic or methodological issues, since clinical interviews are often
required to reliably assess depression in the elderly.

In parallel to age-related stress, the SENIEUR elders had significantly higher
(∼45 %) salivary cortisol production throughout the day compared to young adults
(Luz et al. 2003), indicative of significant activation of the HPA axis which is a
normal aspect of healthy ageing (Deuschle et al. 1997; Ferrari et al. 2004). The HPA
axis is pivotal for the homeostasis of the immune system and its overshooting has
been associated with immune-mediated diseases, including increased susceptibility
to infections (Vedhara et al. 1999) and reduced wound healing (Kiecolt-Glaser et al.
1995). Increased cortisol levels are also seen in demented patients (Magri et al.
2006), major depression (Zunszain et al. 2010) or during chronic stress (Bauer et al.
2000; Kirschbaum et al. 1995). Conversely, several age-related pathologies are also
observed following excessive GC exposure and include muscle atrophy (Salehian and
Kejriwal 1999), osteoporosis/hypercalcemia (Tamura et al. 2004), hyperglycemia/
hyperlipidemia, atherosclerosis, type II diabetes and major depression (Juruena et al.
2003; Lee et al. 2002).

While dysregulation of the HPA axis may contribute to immunosenescence, it is
unlikely to be solely responsible. The lack of certain anabolic hormones is also impli-
cated in immunosenescence. Healthy older adults had lower DHEA levels (−54 %)
throughout the day and a flatter circadian pattern compared to young adults (Luz
et al. 2006). It has been suggested that DHEAS/DHEA may antagonize many phys-
iologic changes of endogenous GCs (Hechter et al. 1997), including overcoming
their immunosuppressive properties (see Table 13.1). Other antagonistic actions of
DHEA supplementation include improved memory performance, bone mineral den-
sity and reduced pro-inflammatory markers (Buvat 2003; Casson et al. 1993). The
lack of appropriate DHEA levels could thus be another detrimental factor underlying
immunosenescence.
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The antagonistic action of DHEA and cortisol suggests that the assessment of
molar ratios of cortisol:DHEA (C/D) may be a more physiologically relevant measure
of adrenal function (Butcher and Lord 2004; Ferrari et al. 2001; Straub et al. 2000).
The measurement of isolated adrenal hormones may be thus an oversimplification
and higher DHEA levels are especially protective during periods of prolonged GC
hyperactivity. In contrast, we have observed higher cortisol in parallel with lower
DHEA levels in healthy elders leading to markedly higher C/D ratios throughout the
day. This catabolic/anabolic hormonal imbalance results in an enhanced exposure
of various body systems (including brain and immune system) to the deleterious
effects of GCs. Significantly, some brain regions (hippocampus) and lymphocyte
subsets (especially thymocytes) are especially sensitive to cortisol because of higher
expression of mineralocorticoid and GC receptors (McEwen et al. 1997). In summary,
the peripheral tissues of elders may be thus more vulnerable to GC actions.

13.3 The Immunomodulatory Properties of DHEA—Impact
on Ageing

The lack of appropriate DHEAS levels during ageing could promote immunose-
nescence. This androgen and its metabolites have reported immune-enhancing
properties, in contrast to the immunosuppressive action of GCs. Previous stud-
ies have evaluated the immunomodulatory DHEA(S) effects in vitro as well as
its properties during in vivo supplementation. The immunomodulatory in vitro ef-
fects include increased mitogen-stimulated Interleukin-2 (IL-2) production (Daynes
et al. 1990), increased rodent or human lymphocyte proliferation (Padgett and Loria
1994), stimulated monocyte-mediated cytotoxicity (McLachlan et al. 1996), di-
minished tumour necrosis factor (TNF)-α or IL-6 production (Straub et al. 1998),
increased neutrophil superoxide generation (Radford et al. 2010) and enhanced
natural killer (NK) cell activity (Solerte et al. 1999). Recent data suggest that
DHEA treatment in vivo can significantly ameliorate the severity of experimental
autoimmune diseases by suppressing the proliferation of autoreactive T-cell, re-
ducing pro-inflammatory cytokines and by increasing the numbers and function of
CD4 + CD25 + FOXp3 + CD127− regulatory T-cells (Treg) (Auci et al. 2007; Tan
et al. 2009).

DHEA(S) replacement therapy has yielded significant beneficial immunological
effects for healthy elders. Indeed, it has been shown that DHEA supplementation
significantly increased NK cell counts and activity and decreased IL-6 production
and T-cell proliferation of the elderly (Casson et al. 1993). These results are in
line with in vitro findings and highlight the potential use of DHEA(S) as anti-
immunosenescence hormone. However, there is still limited evidence for the clinical
significance of these findings.

It is well established that vaccine responses are significantly reduced with age,
reflecting a decline in adaptive immunity (see Chap. 2 in this book). Because of its
immune-enhancing properties, several studies investigated the potential of DHEA(S)
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as adjuvants in vaccine preparations. Initial studies reported increased adjuvant
effects on the immunization of aged mice with recombinant hepatitis B surface anti-
gen (Araneo et al. 1993) or influenza (Danenberg et al. 1995). These studies reported
increased antibody titres to vaccines or even effective protection against challenge
with the influenza infection (Danenberg et al. 1995). More recently, we studied the
adjuvant effects of DHEAS during immunization to Mycobaterium tuberculosis in
mice (Ribeiro et al. 2007). Only young mice coimmunized with M. tuberculosis heat
shock protein 70 (HSP70) and DHEAS showed an early increase in specific IgG
levels compared to old mice. However, splenocytes of both young and old mice that
received DHEAS showed increased interferon-gamma (IFN-γ) production following
priming in vitro with HSP70. These data further highlight the importance of DHEAS
as hormonal adjuvant because of the role of this cytokine in the cellular response
against mycobacteria. However, these animal data are in contrast to previous studies
reporting DHEA(S) with minor (Degelau et al. 1997) or no adjuvant effects (Ben-
Yehuda et al. 1998) during immunization to influenza in older humans. Therefore,
extrapolation from studies on murine models to the human should be regarded with
caution—especially because of lower circulating DHEA(S) levels in rodents.

13.4 Similarities Between Ageing and Chronic GC Exposure

In light of the evidence cited earlier, it seems reasonable to assert that increased
cortisol and lower DHEA may contribute to immunological changes observed during
ageing. All leucocytes and many cells in lymphoid tissues, such as the thymocytes
and epithelial cells in the thymus, express receptors for the neuroendocrine products
of the HPA and the sympathetic–adrenal–medullary systems.

Most primary and secondary lymphoid organs show atrophy during ageing. In
particular, thymic involution is a common consequence of mammalian ageing and
it precedes the malfunctioning of the immune system, resulting in a diminished ca-
pacity to generate new T-cells and to mount an adaptive immune response to new
pathogens and vaccines. In addition to ageing, chronic GC exposure as observed
during psychological distress (Selye 1936) or pharmacological GC treatment (Fauci
1975) also induce atrophy of the thymus, triggering apoptotic death in immature T-
and B-cell precursors and mature T-cells which are exquisitely sensitive to corticos-
teroids (Sapolsky et al. 2000). Therefore, thymic involution is not only an exclusive
phenomenon of ageing but is also associated with excessive stress hormone exposure
and may be driven, in part, by age-related changes to the HPA axis.

The features of age-related thymic involution lead to a profound decline in naïve
(CD45RA+) T-cell output that underlies most T-cell changes. T-cells are especially
targeted during ageing and show the most consistent and largest alterations among the
leukocytes. In parallel to a progressive loss of naïve T-cells, ageing is associated with
increased counts in memory (CD45RO+) T-cells, an expansion of CD28− T-cells,
decreased NKT numbers with impaired cytotoxicity and a robust contraction of the
αβTCR repertoire (Martinez-Taboada et al. 2002; Mocchegiani et al. 2009; Naylor
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et al. 2005; Weng et al. 2009). A reduced TCR diversity may be explained by the
specific expansion of clonotypes directed against persistent or recurring pathogens,
including CMV (Hadrup et al. 2006). Interestingly, T-cells are also changed in the
same way during chronic stress exposure (Biondi 2001; Bosch et al. 2009) or follow-
ing GC treatment in vivo (Bauer et al. 2002; McEwen et al. 1997). Immunologists
have recently characterized a new T-cell subset (CD4 + C25 + FoxP3+) with an im-
portant regulatory role in suppressing excessive or misguided immune responses that
can be harmful to the host. These lymphocytes are called regulatory T-cells and are
responsible for turning off immune responses against self-antigens in autoimmune
disease, allergy or commensal microbes in certain inflammatory diseases (Fontenot
et al. 2003; Sakaguchi 2000). Interestingly, it has been found that ageing, GCs or
chronic stress can increase peripheral regulatory T-cell numbers (Hoglund et al. 2006;
Navarro et al. 2006; Trzonkowski et al. 2006). While the underlying mechanisms are
not completely understood, previous work has observed differences in steroid sig-
nalling associated with increased numbers of regulatory T-cells. In particular, it has
been shown that murine regulatory T-cells, expressed higher GR (glucocorticoid re-
ceptor) levels, were more resistant to GC-induced apoptosis (with high Bcl-2 levels)
and expressed high levels of GC-induced TNF receptor (GITR) than CD4 + CD25 -
cells (Chen et al. 2004), an important receptor associated with its suppression ac-
tion. In spite of the several similarities among age- and stress-related immunological
alterations, only a few studies have explicitly addressed the role of stress factors on
human immunosenescence.

T-cells are a pivotal part of cell-mediated immunity and immunosenescence in-
volves impaired humoral responses and blunted T-cell proliferation to mitogens.
The latter is one of the most documented age-related immune changes (Liu et al.
1997). Yet, these changes are not exclusive to ageing, and stress or GC treatment is
also associated with decrements of T-cell proliferation (Biondi 2001; Sapolsky et al.
2000). Indeed, we have observed that healthy SENIEUR elders were significantly
more stressed, had activated HPA axis and significantly lower (−53.6 %) T-cell pro-
liferation compared to young adults (Luz et al. 2006), with salivary cortisol levels
negatively correlated with T-cell proliferation.

The effector phases of both innate and acquired immunity are in large part me-
diated by cytokines. Different subpopulations of CD4+ T-cells synthesize specific
cytokines and have been designated Th1 (IFN-γ, IL-2, lymphotoxin α) or Th2 (IL-4,
IL-10) cells. Th1 cytokines provide help for cell-mediated responses and IgG2a an-
tibody class switching, whereas Th2 cytokines help B-cells as well as IgA, IgE and
IgG1 antibody class switching. Both human and mouse models have demonstrated
that ageing is associated with a Th1-to-Th2 shift in cytokine production (Ginaldi
et al. 2001). However, again, this is not an age-specific phenomenon, but is also seen
during stress (Biondi 2001; Glaser et al. 2001) or GC treatment (Galon et al. 2002).

Previous work suggested possible links between endocrine senescence and im-
munosenescence, whereby age-related increases in (inflammatory) cytokines affect
the release of hormones and, vice versa, the hormonal changes associated with age
influence cytokine networks (Straub et al. 2000). Indeed, it has long been known
that pro-inflammatory cytokines can readily activate the HPA axis during infection
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(Besedovsky et al. 1977) and after cytokine administration (Mastorakos et al. 1993).
More recent data also show that systemic production of active cortisol from in-
active cortisone, via increased expression and activation of the enzyme 11βHSD1
(Cooper et al. 2001), is also influenced by inflammatory cytokines. Other studies
have linked the age-related decline in DHEA production to increased serum levels
of IL-6 (Daynes et al. 1993; Straub et al. 1998). The relative GC excess result-
ing from the increased cortisol:DHEA ratio could be associated with accelerated
features of low-grade inflammation in the elderly, a process known as inflammage-
ing. Inflammageing appears to be a common age-related phenomenon (particular
in unhealthy populations), and is related to frailty, morbidity and mortality in the
elderly (Franceschi et al. 2000). Indeed, chronic inflammation is considered to be
involved in the pathogenesis of major age-related diseases, including Alzheimer’s
disease, atherosclerosis, diabetes, major depression, sarcopenia and cancer. In addi-
tion, low-grade increases in levels of circulating TNF-α, IL-6, soluble IL-2 receptor
and CRP as well as low levels of albumin and cholesterol, which also act as inflamma-
tory markers, are strong predictors of all-cause mortality risk in several longitudinal
studies of elderly cohorts. However, low-grade inflammation could not be observed
in very healthy elders (Luz et al. 2003) or centenarians, suggesting that inflammage-
ing is more likely a feature of unsuccessful ageing, or of morbidities frequently
observed during ageing, including repeated infections, senescent cells and reduced
sex hormone levels.

One question remains to be answered: How does an anti-inflammatory hormone
(GCs) promote low-grade inflammation? First, increased GC levels would lead to
increased abdominal fat (as seen during ageing or GC treatment) and development
of metabolic syndrome. Adipocytes and infiltrating macrophages secrete various
adipokines (e.g. leptin, TNF-α, IL-6, IL-18) that reach the circulation and may thus
contribute to inflammageing (Ouchi et al. 2011). Secondly, increased GC levels
would render immune cells more resistant to steroids (discussed in the next section).
The age-related acquired steroid resistance would render cells poorly responsive to
anti-inflammatory actions of endogenous GCs.

13.5 Decreased Glucocorticoid Signalling During Ageing
and Chronic Stress

The GC effects on the immune system are mediated via both intracellular and mem-
brane GC receptors (Gold et al. 2001; McEwen et al. 1997). The presence of these
receptors indicates that the immune system is prepared for HPA axis activation and
the subsequent elevation in endogenous GCs. However, the functional effect of a
stress hormone will depend on the sensitivity of the target tissue for that particular
hormone. For instance, the number and activity of specific receptors for these sig-
nalling molecules on the target organ will ultimately direct the physiologic effect of
the stressor.
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We have investigated the lymphocyte sensitivity to both synthetic (dexamethasone,
DEX) and naturally occurring steroids (cortisol and DHEA) to examine whether age-
ing was associated with alterations in neuroendocrine immunoregulation (Luz et al.
2006). It was found that healthy elders had a reduced (−19 %) in vitro lymphocyte
sensitivity to DEX (a GR agonist) when compared to young adults. This phenomenon
has previously been observed during chronic stress (Bauer et al. 2000; Rohleder et al.
2002), major depression (Bauer et al. 2002, 2003; Truckenmiller et al. 2005), bipo-
lar disorder (Knijff et al. 2006) or in clinical situations where GCs are chronically
administered, including treatment of autoimmune diseases, organ transplantation
and allergies. These observations are in line with previous observations indicat-
ing that ageing is associated with changes in GC sensitivity of pro-inflammatory
cytokine (TNF-α and IL-6) production following the Trier psychosocial stress test
(Rohleder et al. 2002). In particular, monocytes of healthy older men had a higher
sensitivity to DEX treatment in vitro at baseline and showed a reduced sensitivity
to this steroid following acute stress exposure (speech coupled to mental arithmetic
task) (Rohleder et al. 2002). These data suggest that psychological factors may be
implicated in regulating peripheral GC signalling during healthy ageing. Altered
steroid immunoregulation may have important therapeutic implications in clinical
situations where GCs are administered, including treatment of autoimmune diseases,
organ transplantation and allergies. Clinicians should consider both patient’s age and
psychological status in prescribing steroids as anti-inflammatory drugs.

A reduced sensitivity to GCs can also be demonstrated at the central level dur-
ing ageing. Indeed, higher cortisol levels in old rather than in young subjects have
been described during some pharmacological challenges, such as the DEX suppres-
sion test, stimulation by human or ovine corticotrophin-releasing hormone or by
physostigmine (Raskind et al. 1994).

13.6 Chronic Stress may Lead to Premature Ageing
of the Immune System

Compelling evidence indicates that chronic psychological stress may cause the pre-
mature ageing of several cellular and molecular components of the immune system
(Bauer 2008; Gouin et al. 2008). Psychological stress has been widely associated
with suppressive immune functions. Therefore, chronic stress may have an important
impact in the immune system of older populations. One of the common models of
chronic stress is caregiving for a family member with dementia. Care of the chroni-
cally ill is a demanding task that is associated with increased stress, depression and
poorer immune function (Redinbaugh et al. 1995). Furthermore, providing care for
a relative with dementia typically falls on the partners who are themselves older and
often ill prepared for the physical and emotional demands placed upon them.

Several studies have implicated caregiving as a risk factor for health of elderly
populations and the daily stress experienced by the caregivers of Alzheimer patients
may lead to premature ageing of neuroendocrine and immune systems. Compared
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with noncaregivers, subjects who provide care to a spouse with a stroke or dementia
report more infectious illness episodes (Kiecolt-Glaser et al. 1991), have poorer
immune responses to influenza virus (Kiecolt-Glaser et al. 1996; Vedhara et al.
1999) and pneumococcal pneumonia vaccines (Glaser et al. 2000), present a slow
wound healing (Kiecolt-Glaser et al. 1995; also see the chapter by Engeland in this
volume), are at greater risk for developing mild hypertension (Shaw et al. 1999) and
may be at greater risk for coronary heart disease (Vitaliano et al. 2002). In addition,
a prospective longitudinal study found that the relative risk for mortality among
caregivers was significantly higher (63 %) than noncaregiving controls (Schulz and
Beach 1999). A previous study has indicated that IL-6 may be involved in this
increased morbidity in caregiving populations (Kiecolt-Glaser et al. 2003). It remains
to be investigated, however, how the extent of these changes may be related to
neuroendocrine alterations observed during ageing.

We have previously demonstrated that elder caregivers of demented patients had a
blunted T-cell proliferation in association with increased cortisol levels compared to
nonstressed elders (Bauer et al. 2000). Furthermore, lymphocytes of older caregivers
were more resistant to GC treatment in vitro compared to noncaregiver elders. When
stressed healthy elders were compared to healthy non-stressed elderly and young
adults, these immunological changes were found to correlate with increased cortisol
levels (Bauer 2005). These data suggest that chronic stress and cortisol have similar-
ities with human immunosenescence. Indeed, psychological stress (both perceived
stress and chronicity of stress) has been associated with higher oxidative stress, lower
telomerase activity and shorter telomere length, which are known determinants of
cell senescence and longevity (Epel et al. 2004). Therefore, it can be speculated that
chronic stress may lead to premature ageing of key allostatic systems and senescent
features can be observed at various levels (Fig. 13.1). Recent data produced by our
laboratory have suggested that the maintenance of health during ageing may pro-
tect elders from the effects of chronic stress exposure (Jeckel et al. 2010). We have
investigated whether a stringent health status (SENIEUR) would protect caregivers
from the effects of chronic stress exposure (i.e. caregiving for a spouse with demen-
tia) and corresponding psychoneuroimmunological changes. Notwithstanding the
elder SENIEUR caregivers were significantly distressed, their salivary cortisol lev-
els were similar to those of nonstressed elders. Therefore, healthy caregivers would
be protected from the deleterious effects of cortisol excess normally observed dur-
ing stress. We hypothesized that lymphocytes from SENIEUR caregivers would be
more responsive as compared cells obtained from non-selected stressed populations.
Indeed, healthy caregivers had increased T-cell proliferation and increased cellular
sensitivities to GCs when compared to nonstressed elders. Taken together, these re-
sults suggest that strictly healthy ageing may buffer or attenuate many deleterious
neuroendocrine and immunological effects associated with chronic stress exposure.
However, the underlying mechanisms by which the maintenance of health may buffer
the impact of chronic stress on the HPA and immune systems remain to be established.
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Fig. 13.1 Psychological stress may lead to premature aging at various levels. Arrows pointing up
indicate increased activities, while arrows pointing down indicate blunted activities. Treg Regulatory
T cells; GCs Glucocorticoids

13.7 Risk Factors for Stress-induced Premature Ageing:
Individual Differences

The changes observed in allostatic systems following chronic stress exposure are not
uniform, suggesting that protective or susceptibility factors, such as stress appraisal
and other individual differences could be involved. A key question thus remains to
be fully answered: Who is the most likely to suffer accelerated ageing, including
immunosenescence, from chronic stress exposure? In animal studies, anxiety prone-
ness is linked to greater reactivity to stress, which in turn is linked to ageing. In
rats, freezing or slower maze performance predicts a premature ageing syndrome,
cognitive decline, lower antioxidants and higher oxidative stress (Gilad and Gilad
1995; Zhao et al. 2009). It is known that some personality traits, coping skills, lack
of social support and health-related behaviours are associated with poorer resilience
to chronic stress exposure. Personality and coping styles underlie individual differ-
ences in appraisal and response to stressful situations, and both have been associated
with the onset and course of chronic and progressive health problems, including
cardiac morbidity and mortality (Kiecolt-Glaser et al. 2002). People with a more
inhibited personality type, associated with anxiety or low self-esteem, are prone
to high cortisol reactivity to acute stress or lack of a habituation to repeated stress
(Pruessner et al. 2005). Elders have been shown to be more vulnerable to negative
emotions due to smaller social support networks (Carstensen 1992). Caregivers of
dementia patients who reported lower levels of social support and higher levels of
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distress on study entry showed the greatest negative changes in immune function 1
year later (Kiecolt-Glaser et al. 1991). Distressed subjects are also more likely to
have health habits that put them at greater risk for diseases, including poorer sleep, a
greater propensity for alcohol and drug abuse, poorer nutrition and less exercise, and
these health behaviours have cardiovascular, immunological and endocrinological
consequences (Kiecolt-Glaser et al. 2002).

Perhaps more instructive than knowing who is at higher risk, is information about
who is more protected from the impact of chronic stress exposure. It has been shown
that older adults who engage in active behaviours to overcome their physical prob-
lems experience lower levels of emotional distress (Wrosch et al. 2002) and have a
lower secretion of salivary cortisol (Wrosch et al. 2007). A potent resilience factor for
health outcomes may be the induction and maintenance of positive emotion through
personality and coping styles. Individuals reporting high trait positive affect have
lower cortisol levels, reduced inflammatory markers (e.g. IL-6, CRP) and favourable
heart rate and blood pressure (Steptoe et al. 2009). At the same time, positive affect is
associated with protective psychosocial factors such as greater social connectedness,
perceived social support, optimism and preference for adaptive coping responses.
Positive affect may be part of a broader profile of psychosocial resilience that re-
duces risk of adverse physical health outcomes. Finally, stressed individuals with
better social support developed stronger immune responses to vaccination (Glaser
et al. 1992).

13.8 Psychological/Behavioural Interventions may Attenuate
Immunosenescence

Considering that chronic stress could lead to premature ageing of the immune sys-
tem, in addition to its other detrimental effects, it is reasonable to investigate if
stress-management interventions can attenuate or reverse some features of ageing.
By reducing stress perception and promoting healthy behaviours, one may also
induce improvements in cortisol:DHEA (C/D) balance, by reducing cortisol and
increasing anabolic hormones (like DHEA), enhanced vagal tone and better im-
mune responses. Interventions that include health behaviour changes are likely to be
more effective in attenuating ‘biological ageing’ of the immune system. Increasing
fitness is probably one of the most potent interventions in restoring C/D balance
and immunity and can improve well-being. Long-term moderate exercise can de-
crease cortisol and increase DHEA, GH and IGF-1 levels (Cotman and Berchtold
2002), as well as reduce anxiety (Petruzzello et al. 1991) and depression (Barbour
et al. 2007). Moderate exercise training can also increase several parameters in
the elderly including greater T-cell proliferation, a reduced frequency of antigen-
experienced and senescent T-cells (i.e. CD45RO+, KLRG1+, CD57+, CD28−),
enhanced IL-2 production and T-cell expression of the IL-2 receptor, longer chromo-
some telomere lengths in blood leukocytes and in vivo immune responses to vaccines
and recall antigens (Simpson and Guy 2010) (a further discussion can be found in the
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chapter by R.J. Simpson in this book). Previous studies have not addressed, however,
if these enhanced immune changes were due to restored C/D levels. Other potential
mechanisms of exercise-related immunological effects include changes in body fat
distribution, lipid metabolism, cholesterol stores and peripheral circulation, as well
as improved psychological well-being.

Psychosocial interventions have been effective in attenuating stress (Schulz et al.
2002) and improving adrenal hormones in the elderly. For instance, an enrichment
program for elders increased significantly DHEA, testosterone, estradiol and GH
levels (Arnetz et al. 1983). The enrichment or activation program provided an
intervention that aimed to increase the elders’ social activation, competence and
independence and to counteract social isolation and passivity. A randomized con-
trolled trial showed that older adults who practiced relaxation had reduced antibody
titres to latent HSV-1, indicating that a lifestyle intervention resulted in lower levels
of antigenic stimulation (Gouin et al. 2008). This study suggests that stress-buffering
strategies can lead to an improvement in cellular immune-mediated control of latent
viruses.

An important field of interest is the possibility to influence the quality of life
through interventions with acupuncture. Acupuncture is certainly the most popular
intervention of Traditional Chinese Medicine in western countries. We have recently
investigated the effects of acupuncture on stress-related psychological symptoms
and cellular immunity in the elderly (Pavao et al. 2010). The acupuncture treatment
consisted of six sessions and the procedures included the insertion of needles at
bilateral acupoints (LI4, SP6 and ST36) in healthy elders and young adults. Repeated
applied acupuncture was able to significantly attenuate psychological distress (−15
to −47 %) as well as increased T-cell proliferation (∼50 %), with greater intensity in
the elderly group (Pavao et al. 2010). Notably, the T-cell proliferation of the elderly
group reached similar levels of those found in the young adults. Acupuncture may
exert its effects by influencing neurotransmitter and hormonal pathways underlying
emotional states. The C/D levels were not investigated in this study and the underlying
mechanisms have, as yet, to be clarified.

13.9 Conclusions and Future Perspectives

When the effects of age-related diseases are controlled for, normal physiological
ageing is associated with changes in allostatic systems (endocrine and immune)
that play major roles in the adaptation of the organism to outside forces that are
threatening the homeostasis of the internal milieu. In particular, ageing is associated
with an increase psychological stress and activation of the HPA axis. The age-related
increase in the C/D ratio is also proposed as a causative factor in immunological
changes observed during ageing. Over weeks, months or even years, exposure to
increased secretion of stress hormones causes allostatic load (‘wear and tear’) and
has pathophysiologic consequences (McEwen 1998). Given the findings that even
short-term HPA axis activation may impair cognitive function (Lupien et al. 1994) and
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Fig. 13.2 Protective and risk factors associated with accelerated aging of the immune system. Var-
ious risk factors may lead to premature ageing of the immune system because of stress-related
increase in the cortisol/dehydroepiandrosterone ratio. The accelerated immunosenescence will be
ultimately implicated with increasing morbidity, mortality and reducing life expectancy. Conversely,
the maintenance of active behaviours, moderate exercise, social support, personality (positive af-
fect), coping skills and engagement in stress-management interventions may protect elders from
detrimental effects of chronic stress exposure

induce sleep disturbances (Starkman et al. 1981), conditions frequently associated
in the elderly, psychological or pharmacological strategies attenuating or preventing
increased HPA axis activation may be of considerable benefit for the elderly.

Not only could stress management and psychosocial support promote a better
quality of life for the elderly, it may also reduce hospitalization costs for health
care providers. Preliminary evidence indicates that acupuncture may alleviate stress
and attenuate some immunosenescence features. Finally, the maintenance of ac-
tive behaviours, moderate exercise, social support, personality (positive affect) and
coping skills may protect elders from detrimental effects of chronic stress exposure
(Fig. 13.2). Further studies in systems biology are needed to analyze the role and rela-
tionships of health-related behaviours on immunity that might promote better coping
with ageing and stress exposure. We are currently entering a new era of investigation
in biology of ageing in which a systemic approach will replace reductionism in order
to better explain the pace of ageing and development of age-related diseases.
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