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 The rapidity of scientifi c progress over the last few years emphasizes the util-
ity of a new collection of state-of-the-art reviews on the immunology of 
 aging, as edited here by Drs Massoud and Rezaei. They have succeeded in 
putting together a remarkable set of contributions from many well-known 
scientists in the immunosenescence research fi eld. 

 Because the number of elderly people is increasing, both in the rich world 
and in developing countries, aging is a huge challenge for society globally 
and for the science of biogerontology. Our knowledge of aging processes has 
exploded during this last decade, and we are starting really to understand 
what aging means and what causes it, even if our knowledge is still fragmen-
tary. Nonetheless, most of this knowledge has not yet been translated mean-
ingfully into the clinical setting. In addition to comprehensive coverage of 
basic research in immunity and aging, this book emphasizes the eventual 
clinical implications of this work. 

 One essential target of the complex physiological changes occurring in all 
organ systems with aging is the immune system. We can conceptualize this 
change in the immune system either as a dynamic dysregulation or an adapta-
tion to an ever-changing universe of pathogen exposures. There is no current 
consensus on what the exact changes covered by the general term “immu-
nosenescence” actually are. There is even less consensus on the causes of 
these changes. Also because of these controversies, it seems timely to publish 
a book featuring different viewpoints as represented by the many different 
authors. Thus, this book comprehensively treats most aspects of the immu-
nology of aging. 

 The fi rst three chapters deal with the concept of integrating age-associated 
changes of the immune system in the general dynamic changes of the organ-
ism, by a holistic approach. Thus, knowledge of immune system interactions 
(either positive or negative) with other physiological systems such as the neu-
roendocrine system is essential for understanding immunosenescence. 
Moreover, the immune system appears to be a more sensitive “marker” or 
“surrogate” for biological aging, being more indicative of the state of bodily 
functioning than chronological age. This exceptional natural aging    of the 
immune system has been integrated and experimentally challenged in the 
oxy-infl amm-aging theory and the altered functions of somatic stem cells. 
Thereafter, Chap.   4     deals with the many different theories of aging and con-
cludes that the infl ammation theory, stated as mostly integrative of all the 
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others, is supported by much experimental evidence, such as in the domain of 
oxidative stress, autophagy, and DNA repair pathways. 

 Because the immune system is divided into the two main arms of innate 
and adaptive immunity, the next four chapters deal with the innate immune 
system separately by describing the behavior of the individual cells which 
constitute it. Alterations to neutrophil, eosinophil, and basophil functions 
in aging are concluded to be mainly due to signaling alterations; this offers 
potential therapeutic targets in these cells. Another chapter discusses the 
essential role of dendritic cell alterations in immunosenescence. The next 
is devoted to changes in NK cell phenotypes and functions with aging. 
Their potentially important role in connection with cancer is discussed in 
detail. Finally, the role of the pattern recognition receptors in innate cells 
is reviewed from a functional and evolutionary perspective in the context 
of aging. 

 The next six chapters review changes in the adaptive immune system with 
age. Five of these chapters are about T-cell alterations as the most well- 
studied and important changes in immunosenescence, but B cells are not 
neglected as well. One chapter reviews the repertoire changes in T cells with 
aging leading to increased incidence of infections by newly encountered 
pathogens and an altered vaccination response. Reciprocal to this change is 
the increase of memory T cells, especially CD8+ T cells, induced by chronic 
antigenic challenges such as CMV infection. The next two chapters on T cells 
are dedicated to functional changes in T cells with aging and to the underly-
ing mechanisms. The potential biomarker role of these changes for healthy 
aging is also mentioned. These chapters additionally describe how such alter-
ations to T-cell function are related to many age-related diseases such as 
infections and cancer. T-cell aging may be considered as a hallmark of many 
pathological processes and changes observed with aging. The next chapter 
enlarges our understanding of the causes of these age-associated alterations 
in T cells by describing the metabolic alterations in different T-cell subsets. 
Finally, changes to Tregs are discussed in the next chapter in relation to aging 
and age-associated diseases. The last chapter in this part dealing with the 
adaptive immune response is devoted to B cells, changes to which are dis-
cussed in relation to the increased susceptibility to infections and decreased 
vaccine response in elderly subjects. Chapter   15     moves to the essential role 
of miRNAs in immunosenescence in relation to other genetic alterations, 
while the next chapter explains immunogenetics of aging. The next three 
chapters deal with the higher incidence of infections in elderly subjects, espe-
cially infl uenza infection and its prevention by vaccination. The incidence of 
several infections is increasing in the elderly, including sepsis due to  E. coli  
or Staphylococcus infections as described in the fi rst chapter of this section. 
This increased incidence of infections either at home or in hospitals is mainly 
due to age-associated dysregulated immune system. The next chapter specifi -
cally discusses the effects of infl uenza in the elderly and the possible caus-
ative immune alterations involved. Infl uenza is typically a disease of the 
elderly, and most mortality occurs in people over 60 years old. Finally, the 
last chapter reviews the requirement for new vaccines and new vaccine strat-
egies in the elderly and specifi cally discusses recent progress in the fi eld of 
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infl uenza vaccination (such as adjuvant addition, different routes of 
 administration, or the enhanced antigenicity of the vaccines). 

 The next part of the book includes three chapters dealing with an important 
aspect of aging and especially of immunity, specifi cally the effects of nutrition 
and diet. The fi rst chapter in this part describes the role of body reserves and 
nutritional uptake as essential prerequisites for well-functioning immune 
responses, which do take a large amount of energy delivered by nutrients that 
can be defi cient in most of the elderly people. The second chapter in this section 
describes the role and importance of a diet adequate for major nutrients, vita-
mins, and oligoelements as being essential for healthy aging and for a well-
functioning immune system. The gut microbiota also depends on an adequate 
diet. Malnutrition associated with aging may largely contribute to immunose-
nescence. Caloric restriction and the Mediterranean diet may have some benefi -
cial roles and are to be favored by the elderly. The last chapter discusses the 
specifi c role of Zn which intervenes in enzyme and protein functions and in 
genomic stability. There are several causes for decreased Zn availability in the 
elderly, but supplementation can yield confl icting results. Nutrigenomics and 
how it should be applied to the elderly need to be considered in future studies. 

 The next two chapters discuss the role of oxidative stress in the aging pro-
cess and in immunosenescence. Oxidative stress plays an important role in 
cell senescence by modulating proliferative and functional capacities. There 
is an interplay between oxidative stress and the infl ammatory process charac-
terizing the aging immune system. 

 One chapter is devoted to skin aging and immunosenescence. The visible 
changes and the underlying molecular alterations are largely infl uenced by 
the dysregulated immune system with aging in some way specifi c to the skin. 

 The last chapter discusses the effect of physical exercise on the immune 
system with aging. Physical activity has many benefi cial effects on the modu-
lation of age-related diseases and even on longevity and healthy aging. Most 
studies are cross-sectional, but some longitudinal studies have been per-
formed. Many immune parameters have been studied, often with disparate 
results. Nonetheless, it seems that exercise is able to enhance immune func-
tion in elderly subjects and possibly even postpone the occurrence of immu-
nosenescence. Physical activity is thus benefi cial for the elderly and their 
immune functions. 

 Considering the broad overview of immunosenescence and its conse-
quences, and their potential modulation, this book should fi ll a gap in a timely 
manner. It should be on the shelves of every library as a very useful tool for 
researchers as well as students. 

 Tamas Fulop, MD, PhD 
 Research Center on Aging, University of Sherbrooke, 

 Sherbrooke, QC, Canada 

 Graham Pawelec, PhD 
 Department of Internal Medicine, 

University of Tuebingen Medical School, 
 Tuebingen, German  
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 Aging is defi ned as the accumulation of changes in a person over time. It is 
well established that the overall immune function declines with advancing 
age, a phenomenon referred to as immunosenescence. Several studies have 
been performed during recent decades, indicating the pathological conse-
quences of age-related changes in the immune system, leading to a variety of 
manifestations such as increased susceptibility to infections and an increased 
tendency toward autoimmunity and immunopathology. Immune function in 
elderly is not deteriorating by random; rather, it appears to be under genetic 
control, as well as environmental factors such as diet and lifestyle. Therefore, 
maintaining a healthy lifestyle is an important contributing factor in support-
ing a more functional immune system during aging. It should be noted that 
average age of the world’s population is increasing at an unprecedented rate. 
The    concept that changes in the immune system may be a fundamental pre-
disposing factor to the overall aging complications is a fi eld of scientifi c 
inquiry and remained ambiguous in many aspects. 

 We are delighted to edit the book  The Immunology of Aging , the book which 
is a result of extensive collaboration of more than sixty great    thinkers and schol-
ars in collaboration with a number of juniors in this fi eld, from more than ten 
different countries. While we are thankful to all of them for making it possible, 
we would also like to acknowledge the effort of one of our medical students, 
Armin Hirbod-Mobarakeh, who not only contributed in drafting a chapter but 
also helped in technical and language edition of the whole chapters. 

 Whether your interests are immunological aspects of aging, age-related 
diseases, and longevity, this book can serve as an appropriate venue. 
Contributing authors in this book present a broad multidisciplinary back-
ground on the immunological facets of aging. The aim of this book is to sum-
marize the most up-to-date information on the scientifi c issues in aging of the 
immune system research with an insight into the effect of this process on sus-
ceptibilities to diseases which are most common among elders. The retrieval 
strategies to slow down the decline in the immune system in the elderly are 
another subject detailed extensively. We hope that the book would be wel-
comed by the scientists and clinicians with interest in the fi eld of aging. 

 Tehran, Iran   Ahmad Massoud, PharmD, MPH, PhD 
 Tehran, Iran   Nima Rezaei, MD, MSc, PhD  
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1.1            Aging and the Immune 
System 

 The period of old age is the last part of an indi-
vidual’s life which follows the period of middle 
age and terminates by death. The transition from 
previous periods of life into the period of old age 
is relatively fast in some people, while it is very 
slow in others. Genetics and environmental fac-
tors are the forces determining the pace of this 
transition. 

 No biomarker in blood or tissues has so far 
been recognized to defi nitely indicate the onset 
of the period of old age. However, telomere 
length has been considered a possible biomarker 
of aging (Sanders and Newman  2013 ). Telomeres 
are nucleotide sequences in both ends of the each 
chromosome which protect the chromosomes 
from erosion and shortening. By advancing age 
after each cell division, the telomeres’ ends 
become shorter (Hohensinner et al.  2012 ; 
Goronzy et al.  2006 ; Sanders and Newman  2013 ). 

 The immune system is very vital for the well- 
being and general health of every individual by 
providing a state of immunity. The immune sys-
tem in aged people has been the focus of several 
groups of researchers. Their fi ndings indicate that 

the immune system is not immune from becoming 
ineffectual owing to advancing age (Rymkiewicz 
et al.  2012 ; Weiskopf et al.  2009 ). Therefore, the 
immune system is not a  self- governing system 
which develops and functions independently of 
other systems in our bodies (Rymkiewicz et al. 
 2012 ). In general, decrease in the physiological 
potential of a system affects the optimum function 
of other systems. 

 B and T lymphocytes, the most vital cells of 
the adaptive immune system, undergo replication 
upon each specifi c immune response. Therefore, 
shortening of the telomeres in the activated B and 
T cell populations is presumably far greater than 
the cell population of the innate immune system 
such as macrophage and dendritic cells (Weng 
 2006 ; Kaszubowska  2008 ). Thus, if we accept 
the view that telomere shortening is a far more 
important factor than the other factors affecting 
the aging of systems, the adaptive immune sys-
tem seems to be one of the forerunners infl uenced 
by aging, whereas the innate immune system 
keeps its potentials for a longer period 
(Kaszubowska  2008 ). 

 The immune system encompasses a large 
number of different cell types and molecules. The 
communication between different cell types in 
the immune system, which are often far apart, is 
dependent on a complex network of cytokines. 
The aging can affect any element of this highly 
complex system which in turn greatly infl uences 
all parts of the immune system (Huang et al. 
 2005 ).  
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1.2     Research on Aging 
Immune System 

 There has recently been a growing body of litera-
ture on the subject of the aging of the immune 
system. There are now reasonable evidences 
indicating that a level of immunodefi ciency with 
variable grades occurs among the elderly 
(Rymkiewicz et al.  2012 ; Larbi et al.  2008 ; 
Goronzy and Weyand  2012 ). However, much 
more research on the subject of aging of the 
immune system is necessary to shed light on the 
many untouched subjects in this fi eld and also to 
clarify controversial topics (Grubeck- 
Loebenstein and Wick  2002 ; Weiskopf et al. 
 2009 ; Pahlavani  2000 ). The inconsistency 
observed between different studies on the 
immune system of the elderly is most probably 
due to the physiological differences between the 
groups of elderly selected as study subjects. It 
has been amiably showed that the interindividual 
differences observed in the young are even larger 
in the elderly individuals (Rymkiewicz et al. 
 2012 ). To reduce the differences induced by the 
environment and other factors among aged indi-
viduals who participate in research projects, the 
physiological functions of their major organs, the 
past and present health status, the environment 
where they lived, as well as their age should be 
all taken into consideration. Apart from this, con-
ducting a research project on the subject of the 
aging of the immune system has particular limi-
tations (Seppet et al.  2011 ). For example, it is not 
ethically feasible to take venous blood samples 
from a healthy aged individual on several time 
points. 

 The period of old age in some individuals 
could be as long as 30 years or longer. The 
immune system during this long period under-
goes changes due to more advancing age. It is 
therefore very vital to acquire more knowledge 

about the effects of aging on this highly complex 
system. The well-being, health of the old people, 
and possible restoration of the potential of this 
system rely largely on the efforts of the research-
ers and valuable knowledge which will become 
available upon further research on this subject.     
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2.1           Introduction: The Process 
of Aging 

 To understand the role of the immune system in 
the aging process, it is necessary to remember 
several key concepts about this process. Aging 
may be defi ned as a progressive and general dete-
rioration of the organism’s functions that leads to 
a lower ability to adaptively react to changes and 
preserve homeostasis. Thus, elderly subjects 
show a lower capacity to endure extreme situa-
tions, infections, and stress in general. If the prin-
cipal characteristic of a healthy organism is the 
maintenance of the functional balance at all lev-
els, with aging this balance fails. This accumula-
tion of adverse changes with the passing of time, 
although it should not be considered a disease, 
strongly increases the risk of disease and fi nally 
results in death. In fact, the difference between 
senescence and illness is not clearly defi ned 
(Carnes et al.  2008 ). As Strehler ( 1977 ) indicated, 
there are four rules that defi ne aging: (a) It is uni-
versal (practically all animal species including the 
metazoans showing sexual reproduction suffer 
aging), (b) progressive (the rate of aging is similar 
at different ages after the adult state), (c) intrinsic 
(since even if animals are exposed to optimal 

environmental conditions throughout life, they 
still experience the aging process at the rate char-
acteristic for their species), and (d) deleterious 
(aging is obviously detrimental to individuals 
since it leads to their death, although, at the spe-
cies level, this detrimental character is arguable 
since aging is necessary for the replacement of the 
members of all populations). 

 The process of aging, which starts when the 
subjects achieve the adult age that allows their 
reproduction, fi nishes with their death. This period 
represents the mean life span or means longevity, 
which can be defi ned as the mean of the time that 
the subjects of a group born on the same date live. 
In the case of human beings, this longevity is cur-
rently very high in developed countries, where it is 
75–83 years. Since we start the aging process at 
about 18 years of age, we spend most of our life-
time aging. Moreover, we have to consider the 
maximum life span or maximum longevity (the 
maximum time that a subject belonging to a deter-
mined species can live) and which in humans is 
about 122 years, whereas in mice it is 3 and in rats 
4 years. If the maximum longevity is fi xed in each 
species, and currently impossible to increase, the 
mean life span of individual organisms shows 
marked variability and can be increased by envi-
ronmental factors. This allows the maintenance of 
good health and permits us to approach the maxi-
mum life span in a good condition. A higher mean 
longevity is achieved by the preservation of good 
health, and this depends approximately 25 % on 
the genes and 75 % on lifestyle and environmental 
factors (Kirkwood  2008 ) (Fig.  2.1 ).
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2.2       The Concept and Markers 
of Biological Age 

 The concept of “biological age” is justifi ed by the 
fact that the aging process is very heterogeneous. 
Thus, it is well known that the molecular and cel-
lular deterioration and the impairment of the 
physiological systems associated with aging do 
not occur at the same rate in all members of a pop-
ulation of the same chronological age. Biological 
age represents the rate of aging experienced by 
each individual and therefore his/her life expec-
tancy, being a better predictor of longevity than 
chronological age (Borkan and Norris  1980 ). In 
fact, the chronological age only gives limited 
information on the decrease of functional capac-
ity, longevity expectancy, and other aging charac-
teristics (Park et al.  2009 ). 

 The problem with biological age is how to 
determine it. If the chronological age of a subject 
is easily measurable, the same is not true of bio-
logical age. Thus, a number of biochemical, 
physiological, and psychological parameters that 
change with age and that show the tendency to a 
premature death must be determined. Since the 
fi rst publications of Benjamin ( 1947 ), followed 
by several relevant studies such as those by 
Borkan and Norris ( 1980 ), one of the most com-
plete investigation on biological age; and by 
Benfante et al. ( 1985 ); Ruiz-Torres ( 1991 ); or 
more recently that of Nakamura and Miyao 
( 2007 ) and Bulpitt et al. ( 2009 ), much research 
has been carried out trying to obtain the most 
appropriate parameters for indicating the biologi-
cal age. The retrospective analysis of these  studies 
showed that the subjects presenting  certain 
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  Fig. 2.1    The immune system is a good marker of the rate 
of aging, and it is involved in the biological age of each 
subjects and therefore in her/his longevity. The base of a 
functional longevity is the health maintenance, which 
depends on the genes in a proportion of 25 %, but in a 
proportion of 75 % it depends on the lifestyle and environ-
mental factors. The biological age or rate of aging is the 

result of individual epigenetic mechanisms acting on 
genes since the fetal life throughout the life of the subject, 
and it is worth to note that they also depend on lifestyle 
factors. If these factors are appropriate, the rate of aging 
will be lower, and we will have a good and extended lon-
gevity. In addition, a poor lifestyle accelerates the pace of 
aging and makes it more diffi cult to maintain health       
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parameters, which were “more aged” than those 
found in the majority of the subjects of the same 
chronological age, had a shorter life expectancy. 
These biomarkers include those related to respi-
ratory function, systolic arterial tension, hemato-
crit, biochemistry markers (e.g., albumin and 
blood urea nitrogen), as well as reaction times 
determined by psychometric tests. Moreover, 
they proposed the characteristic that a parameter 
of biological age should have and suggested that 
the aging rate is infl uenced by environmental fac-
tors. In addition, since oxidation and infl amma-
tion underlies the aging process, which will be 
mentioned later, several infl ammatory and oxida-
tive stress markers have also been proposed 
recently as predictors of frailty risk (Bandeen- 
Roche et al.  2009 ) and biomarkers of aging 
(Pandey and Rizvy  2010 ). Nevertheless, in spite 
of all these studies attempting to extend the 
parameters of biological age (Bae et al.  2008 ), the 
subject is still incomplete (Bulpitt et al.  2009 ), 
and more research should be carried out.  

2.3    The Immune System as a 
Marker of Biological Age 
and Predictor of Longevity 

 Most research on biological age did not include 
immune parameters. However, we have to con-
sider that the immune system is a homeostatic 
system, which contributes to an appropriate func-
tional capacity of the organism, and thus it has 
been proposed as one of the best markers of 
health (Wayne et al.  1990 ; De la Fuente  2004 ). 
Although these characteristics of the immune 
system could lead us to think of the functional 
capacity of this system as a possible biomarker of 
aging, only in recent investigations have several 
immune parameters been suggested as represen-
tative of the “true” biological age of a subject. A 
positive relation has been shown between a good 
function of the T cells, natural killer (NK) cells, 
and of phagocytic cells and longevity (Ferguson 
et al.  1995 ; Ogata et al.  1997 ; Guayerbas et al. 
 2002 ; Guayerbas and De la Fuente  2003 ). Also, 
the levels of immunological parameters such as 
excess of CD8+CD27−CD28− T cells, low T-cell 

proliferative responses in vitro, and low IL-2 
secretion are predictors of mortality. These 
together with increased IL-6 levels and a 
CD4:CD8 ratio <1 can defi ne the “immune risk 
profi le” in humans (Pawelec  2006 ). A number of 
studies carried out in our laboratory have allowed 
us to propose several immune parameters as 
being fundamental in calculating the biological 
age of an individual (Figs.  2.1  and  2.2 ). Before 
describing how we obtained the immune profi le 
of biological age, we are going to briefl y mention 
the age-related changes in the immune system or 
immunosenescence (which are covered in other 
chapters) as well as in the psychoneuroimmuno-
endocrine system.

2.3.1      Age-Related Changes 
in the Immune System: 
Immunosenescence 

 It is known that with aging there is an increased 
susceptibility to infectious diseases, autoimmune 
processes, and cancer, which indicates the pres-
ence of a less competent immune system, exert-
ing a great infl uence on the age-related morbidity 
and mortality (Fulop et al.  2011 ; Dewan et al. 
 2012 ). There are contradictory results in the 
investigations on immunosenescence as a con-
sequence of many factors, which have not been 
taken into account (we can mention, e.g., the age, 
species, strain, and gender of the subjects stud-
ied as well as the locations of the immune cells 
used) (De la Fuente et al.  2011 ). Nevertheless, 
it is presently accepted that almost every com-
ponent of the immune system undergoes striking 
age- associated restructuring, leading to changes 
that may include enhanced as well as dimin-
ished functions (De la Fuente and Miquel  2009 ; 
Arranz et al.  2010a ,  b ,  d ). There is evidence of 
the central role played by cell-mediated immu-
nity in immunosenescence (Lang et al.  2013 ). 
Thus, some of the key and most marked changes 
are a pronounced age-related decrease in T-cell 
functions, with a lower proliferation of lym-
phocytes and a decrease of several cytokines 
involved in this process such as interleukin 2 
(IL-2) and other functions such as chemotaxis 
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(Haynes and Maue  2009 ; Pawelec et al.  2010 ; 
Arranz et al.  2010a ,  d ). This age-related impair-
ment, especially in the CD4+ T-helper (TH) cell, 
affects cell-mediated and humoral immunity and 
causes an impaired B-cell function (Frasca and 
Blomberg  2009 ). A cell type that has been rela-
tively neglected in studies of age and immunity 
is the T-regulatory (Treg) subset, which seems 
to maintain its functional capacity and increase 

its number with the passing of time. This could 
explain the greater suppressive activity in the 
elderly associated with immunosenescence 
(Wang et al.  2010 ). 

 In cells of innate immunity, which have been 
less frequently studied than lymphocytes with 
respect to their age-related changes, the NK cells 
show a decrease in their antitumoral activity, 
although each subset may be affected differently 
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  Fig. 2.2    Age-related changes in function, oxidative, and 
infl ammatory stress parameters in immune cells. In the 
age- associated restructuring of the immune cells or 
immunosenescence, there is a decrease of several immune 
cell functions, but an increase in other functions. The 
immune cells produce in their defensive work important 
levels of free radicals and reactive oxygen species ( ROS ) 
and pro-infl ammatory ( PI ) compounds, which are 
involved with the immune response destroying the patho-
gens. These oxidants and PI compounds, which in certain 
amounts are essential for our survival, when they are in 
excess, lead to oxidative and infl ammatory stress and the 
consequent damage of cells. Therefore, the functions of 
our organism are based on a perfect balance between the 
levels of ROS and PI and those of antioxidants ( Ax ) and 
anti-infl ammatory ( AI ) defenses. However, with aging a 
loss of the balance appears, with excess in the production 
of ROS and PI or insuffi cient availability of Ax and AI, 
which leads to an oxi-infl amm-aging. The fi rst oxygen 

free radical appearing in cells is the superoxide anion 
( O   2    −  ), which produces hydrogen peroxide ( H   2   O   2  ) and 
hydroxyl radical ( OH  • ), the most reactive free radical, 
which carries out the oxidation of biomolecules such as 
proteins, lipids, and DNA. Cells, in order to protect them-
selves against oxygen toxicity, have developed a variety 
of antioxidant mechanisms that prevent the formation of 
ROS or neutralize them after they are produced. Thus, 
superoxide dismutase ( SOD ) catalyzes the inactivation of 
superoxide anion, and catalase ( CAT ) inactivates hydro-
gen peroxide. The reduced GSH is the most important 
antioxidant in the organism and neutralizes peroxides 
using the glutathione peroxidase ( GPx ), and in this action 
it is transformed to oxidized glutathione ( GSSG ). The 
antioxidant enzyme glutathione reductase ( GR ) is used to 
catalyze the reduction of glutathione. Since with age there 
is an oxi-infl amm-aging, which is the base of the loss of 
health, immune cells can be involved in the rate of the 
aging process       
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by aging (reviewed in Shaw et al.  2010 ; Arranz 
et al.  2010a ; Gayoso et al.  2011 ). In the phago-
cytic cells there are contradictory results, but in 
general they are less affected by the dysfunction 
that occurs throughout aging than lymphocytes. 
Nevertheless, they show a decrease in chemotaxis, 
ingestion, and digestion of phagocytized material 
(Alonso-Fernandez et al.  2010 ). However, adher-
ence capacity to tissues, expression of Toll-like 
receptors (TLR) such as TLR-2 or TLR-4, and the 
pro-infl ammatory cytokine production seem to 
increase with aging (De la Fuente and Miquel 
 2009 ; Arranz et al.  2010b ,  d ). Although phago-
cytes were thought to play a less critical role in the 
immune dysfunction that occurs throughout aging 
(De la Fuente  1985 ), recent studies show that 
these cells are responsible for the susceptibility 
and vulnerability to infections among the aged 
subjects. 

 The network of cytokines produced in 
response to immune challenges has also shown 
changes with aging. It is important to mention the 
shift towards Th2 (effecting humoral antibody- 
mediated immunity) responses and the decrease 
in anti-infl ammatory cytokine production (Arranz 
et al.  2010a ,  d ). 

 Thus, currently, despite the rapidly increasing 
amount of data on immunosenescence in the last 
decades, the totality of all the changes involved in 
the different aspects of the immune function with 
age has not yet been resolved. Moreover, the spe-
cifi c role played by the immune system in the 
aging process of organisms is not wholly 
understood.  

2.3.2    The Psychoneuro-
immunoendocrine System 
and Its Changes with Aging 

 As mentioned previously, the immune system is a 
regulatory system, but it does not work alone. It is 
in constant and complex communication with the 
other homeostatic systems, namely, the nervous 
and the endocrine systems (Besedovsky and del 
Rey  2007 ,  2011 ). Currently, there is abundant 
work that confi rms the bidirectional communica-
tion between these regulatory systems, which 

is mediated by cytokines, hormones, and 
 neurotransmitter through the presence of their 
receptors on the cells of the three systems. 
Therefore, any infl uence exerted on the immune 
system will have an effect on the nervous and 
endocrine systems and vice versa. Moreover, 
immune, nervous, and endocrine products coexist 
in lymphoid, neural, and endocrine tissues. All this 
shows the complexity of the regulation not only at 
general levels but also at local levels. Thus, pres-
ently a psychoneuroimmunoendocrine system is 
accepted, which allows the preservation of homeo-
stasis and therefore of health. The scientifi c confi r-
mation of the communication between these 
systems has permitted the understanding of why 
situations of depression, emotional stress, or anxi-
ety are accompanied by a greater vulnerability to 
cancers, infectious, and autoimmune diseases. 
This agrees with the concept that the immune sys-
tem is affected (Arranz et al.  2009 ; Salim et al. 
 2012 ). By contrast, pleasant emotions help to 
maintain a good immune function (Barak  2006 ). 

 With aging it is evident that not only the immune 
system is affected also the other regulatory systems 
involved in homeostasis. In the nervous system a 
progressive loss of its function appears, with the 
hippocampus being especially affected (Couillard-
Depres et al.  2011 ). Moreover, the regulation of 
stress-related disorders in which the hippocampus 
is involved is clearly impaired with aging (Garrido 
 2011 ). Several changes accompany healthy aging 
in the endocrine system. These include, for exam-
ple, the increase of several hormones and the 
decrease of others such as growth hormone/insulin-
like factor-1 axis, sexual hormones, dehydroepian-
drosterone, and melatonin (Makrantonaki et al. 
 2010 ). Moreover, the age-related disturbances of 
the hypothalamic-pituitary-adrenal (HPA) axis 
seem to be relevant for decreasing stress adaptabil-
ity in old subjects, this being, at least in part, the 
cause of their health impairment (Lupien et al. 
 2009 ). 

 It is diffi cult to know if the deterioration with 
aging of the nervous, endocrine, and immune 
systems occurs simultaneously or starts in one of 
them (possibly the neurons are a good candidate 
to be the fi rst affected), which then infl uences the 
others. Nevertheless, many age-related changes 
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happen in the communication between the 
homeostatic systems (Corona et al.  2012 ). Thus, 
there are changes in the innervations of immune 
organs (such as the decrease of the sympathetic 
innervation and concentration of noradrenaline 
(NA) in these organs) and in the expression of 
receptors of neurotransmitters (as the increase of 
beta-receptors on the immune cells as a compen-
satory mechanism). Moreover, the response of 
immune cells in vitro to neurotransmitters 
changes with age (Puerto et al.  2005 ). This defec-
tive response of immune cells to mediators of the 
nervous system could contribute to the process of 
immunosenescence. Concretely in the case of 
catecholamines and their catabolites, this could 
explain the inadequate response to stress that 
occurs with aging (Bauer  2008 ; Gouin et al. 
 2008 ). In relation to this, the inadequate response 
to stress is one of the conditions leading to an 
acceleration of aging accompanied by the impair-
ment of the immune system and other physiolog-
ical systems. In addition, chronic stressful 
conditions modify immune functions and their 
interaction with the nervous system, causing det-
rimental effects on memory, neural plasticity, and 
neurogenesis (Yirmiya and Goshen  2011 ). Thus, 
it has been shown that mice with chronic hyper-
reactivity to stress and anxiety show a premature 
immunosenescence and are prematurely aged 
(Viveros et al.  2007 ). Recently, it was also 
observed that mice exposed to the stressful con-
dition of isolation have behavioral responses that 
reveal an impairment of cognition, a certain 
degree of depression, and a more evident immu-
nosenescence than control animals of the same 
age housed in groups (work in the process of 
publication). Likewise, human subjects suffering 
chronic anxiety or depression show a signifi cant 
premature immunosenescence (Arranz et al. 
 2007 ,  2009 ; Hernanz et al.  2008 ).  

2.3.3    Functions of the Immune 
System as Markers of 
Biological Age 

 The identifi cation of parameters that measure the 
biological age, which is a better measurement of 

the rate of aging than the chronological age, is 
very diffi cult as has been mentioned previously. 
Since it has been demonstrated that the compe-
tence of the immune system is an excellent 
marker of health and several age-related changes 
in immune functions have been linked to longev-
ity, we decided to investigate if some immune 
functions could be useful as markers of biologi-
cal age and therefore as predictors of longevity 
(De la Fuente and Miquel  2009 ). Since a longitu-
dinal study is impossible to carry out on human 
subjects throughout the whole aging process, we 
analyzed several functional parameters in leuko-
cytes of peripheral blood in the different decades 
of the life of human subjects, from their 20s until 
their 80s. As we needed a species with a shorter 
life span to carry out longitudinal studies, we 
chose mice, which show a mean longevity of 
about 2 years. Although most studies on immune 
cells in mice involve the sacrifi ce of the animals 
(to obtain the spleen, thymus, etc.), we designed 
a method to extract these cells without the neces-
sity of killing them or even using anesthesia. This 
consists of taking leukocytes from the perito-
neum, thus allowing us to study the same func-
tional parameters from adult age until the death 
of the animals. 

 Among all the possible functions of immune 
cells, we have focused on those listed in 
Fig.  2.2 : thus, in  lymphocytes , their ability to 
adhere to the vascular endothelia, migrate 
towards the site of antigen recognition (chemo-
taxis), proliferate in response to mitogens, and 
release cytokines such as IL-2 and in  phago-
cytes , the process of adherence to tissues, che-
motaxis, ingestion or phagocytosis of foreign 
particles, and destruction of pathogens by 
means of the intracellular production of free 
radicals such as the superoxide anion and other 
ROS located in the phagosome of these cells. 
Further, in the NK cells we have analyzed their 
capacity to destroy tumoral cells of the same 
animal species investigated. 

 Surprisingly our results showed that in the 
members of both species, similar age-related 
changes occur in the immune parameters studied. 
With aging there is a decrease of functions such 
as the lymphoproliferative response, the IL-2 
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release, the chemotaxis as well as the NK activity 
against tumor cells, the latex phagocytosis, and 
adequate levels of ROS in the phagosomes. In 
addition, there is an increase of other functions 
such as adherence of immune cells to tissue, 
which may prevent their arrival to the site where 
they have to perform their organism-protecting 
task (De la Fuente and Miquel  2009 ). There is 
also an increase in the release of several cyto-
kines, especially those pro-infl ammatory, which 
is accompanied by a decrease in others such as 
the anti-infl ammatory cytokines (Arranz et al. 
 2010d ). 

 In order to identify the above parameters as 
markers of biological age, it is necessary to con-
fi rm that the levels shown in particular subjects 
reveal their real health and senescent conditions 
and, consequently, their rate of aging. This has 
been achieved in the following two ways:
   (a)     Ascertaining that the individuals with those 

parameters showing values older than those 
of most subjects of the same population, sex, 
and chronological age die before their coun-
terparts. This can be confi rmed only in exper-
imental animals, and we have used several 
murine models of premature aging, espe-
cially one of mice with poor response to 
stress and with anxiety, which will be cov-
ered later.   

  (b)     Finding that the subjects reaching a very 
advanced age preserve these parameters at 
levels similar to those of adults. This can 
be tested on both humans (centenarians) 
and experimental animals, such as 
extremely long-lived mice. While biologi-
cally older animals showing the immune 
competence levels characteristic of chron-
ologically older individuals have been 
found to die prematurely (Arranz et al. 
 2010a ,  d ), centenarians and long-lived 
mice exhibit a high degree of preservation 
of several immune functions. This may be 
related to their ability to reach a very 
advanced age in a healthy condition 
(Alonso-Fernandez and De la Fuente 
 2011 ). All the above results confi rm that 
the immune system is a good marker of 
biological age and a predictor of longevity. 

Moreover, since the evolution of these 
immune functions is similar in mice and 
humans, it can be assumed that those 
humans showing immune parameters at the 
levels of older subjects have a higher bio-
logical age and a shorter longevity.      

2.3.4    Murine Models of Premature 
Immunosenescence 

 Prematurely aging mice (PAM) in contrast to 
non-prematurely aging mice (NPAM) of the 
same population, sex, and chronological age are 
identifi ed by its poor response in a simple T-maze 
exploration test. This provides strong support for 
the concept that the nervous and the immune sys-
tem are closely linked. In mice showing prema-
ture aging, we have observed that the 
abovementioned immune functions performed at 
the characteristic levels of older mice. In addition 
to a more signifi cant immunosenescence, the 
PAM showed high levels of anxiety and a brain 
neurochemistry similar to older animals. 
Nevertheless, the most convincing evidence that 
the abovementioned parameters are useful mark-
ers of biological age is that the PAM showed a 
shorter life span than their counterpart NPAM of 
the same age, sex, and chronological age (Viveros 
et al.  2007 ; De la Fuente  2010 ). 

 Other models of prematurely immunosenes-
cence related with lower longevity are being 
carried out, such as obese animals (De la 
Fuente and De Castro  2012 ) and transgenic 
mice for Alzheimer’s disease (Gimenez-
Llort et al.  2012 ).   

2.4    The Involvement of the 
Immune System in the Rate 
of Aging 

 To understand how the immune system can be 
involved in the rate of aging (Fig.  2.1 ), it is con-
venient to remember several concepts on aging, 
especially those that explain how aging occurs. 
Thus, herein the most relevant theories of aging 
will be briefl y commented. 

2 The Immune System, a Marker and Modulator of the Rate of Aging
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2.4.1    The How, Where, and Why of 
Aging: An Integrative Theory 
of Aging 

 As a consequence of the great complexity of the 
changes associated with aging, more than 300 
theories have been proposed to explain this pro-
cess (Medvedev  1990 ). However, presently most 
of these theories have been abandoned since they 
do not have clear research support and even the 
most widely accepted theories of aging offer par-
tial explanations of the causes and effects of this 
process. Moreover, many of them only are based 
on the consequences of the aging process but do 
not deal with the causes of this process. For a 
theory to be accepted, it should be applicable to 
the different levels of biological organization 
(molecular, cellular, and physiological) in all the 
multicellular animals with sexual reproduction. 
Thus, the determinist group of theories, in which 
it is proposed that aging is the result of a deliber-
ate program driven by genes, do not have this uni-
versal application. For example, Hayfl ick’s 
mitotic clock theory, which was widely accepted 
during the last few decades of the last century, 
has been discarded by the author himself, men-
tioning in 2007 (Hayfl ick  2007 ) that “The weight 
of evidence indicates that genes do not drive the 
aging process…” and “Aging is an increase in 
molecular disorders. It is a stochastic process that 
occurs systemically after reproductive maturity 
in animals that reach a fi xed size in adulthood.” In 
addition, the theory of shortening telomeres 
(Goyns  2002 ), which considers aging as the cause 
of the shortening of telomeres (this fact occurs 
when the cells dividing), is also without applica-
tion to those physiological systems with funda-
mentally only fi xed postmitotic cells such as the 
heart and the brain and to those animals basically 
constitute with these postmitotic cells as is the 
case of Drosophila melanogaster. Thus, these 
determinist theories should be considered possi-
ble explanations of cell differentiation processes 
and replicative cellular senescence that are conse-
quences of the aging process, but not the base of 
organism aging. Moreover, although a link 
between telomere length and longevity has been 
described, this seems to be explained by the lev-

els of oxidative stress (Atzmon et al.  2010 ), a fact 
that will be commented. Another big group of 
theories, the “epigenetic theories,” indicates that 
aging is the result of events that are not guided by 
a program but are stochastic or random events 
and it is not genetically programmed. In this 
group several theories on relevant physiological 
systems such as “the immune theory” and the 
“neuroendocrine theory” can be included. It is 
true that the immune system is very important for 
the life of animals, but it is accepted that lympho-
cytes, especially T cells, are the most clearly 
impaired with aging. However, there are many 
animal species without lymphocytes, and they 
suffer the aging process. Similar comments can 
be done of other theories of aging, which shows 
that most of these theories indicate events that are 
consequence of the aging process but not its 
cause, since they are not universal application. 

 Among the epigenetic theories, that of the free 
radical proposed by Harman ( 1956 ) probably is 
now the most widely accepted. This theory, 
which has been further developed by Haman 
( 2006 ); Miquel et al. ( 1980 ) and others (Barja 
 2004 ), proposes that aging is the consequence of 
accumulation of damage by deleterious oxidation 
in biomolecules caused by the high reactivity of 
the free radicals produced in our cells as a result 
of the necessary use of oxygen (O 2 ). Since O 2  is 
mainly used in respiration to support the life-
maintaining metabolic processes, the mitochon-
dria, and more concretely their DNA (mtDNA), 
they are probably the fi rst targets of this oxida-
tion, especially in the fi xed postmitotic cells that 
cannot fully regenerate these organelles (Miquel 
 1998 ). Moreover, it is known that the rate of 
mitochondrial oxygen radical generation, as well 
as the degree of membrane fatty acid unsatura-
tion, and the oxidative damage to mtDNA are 
lower in the long-lived than in the short-lived 
species. Thus, the mitochondrial damage caused 
by free radicals results in a loss of bioenergetic 
competence that leads to aging and death of cells 
and therefore of the organism. 

 There is another group of theories of aging, 
the concepts having been published a long time 
ago, that attempt to explain why the aging 
 process occurs. In this group, we can mention 
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theories such as that proposed by Williams 
( 1957 ), which suggests that aging is a conse-
quence of characteristics selected by evolution 
to be of advantage to the young subjects of the 
species, allowing them to reach the reproduc-
tive age in the best condition (with maximal 
vigor) and thus preserve these species, but are a 
disadvantage for old subjects, not needed for 
species preservation. Thus, natural selection 
acts before the adult age (period of reproduc-
tion), and the maintenance of the species is 
more relevant biologically than the longevity of 
the individual. 

 Since the aging process is very complex, a 
theory based on only one mechanism is not able 
to give a satisfactory explanation for all its 
aspects. This justifi es the proposal of a theory 
that integrates early concepts that offer partial 
explanation of the mechanism of aging with oth-
ers proposed more recently. Thus, an integrated 
theory forms which attempts to answer the three 
important questions of biogerontology: the “how 
the aging process occurs” (oxidation), the 
“where” this process starts (the mitochondria 
from fi xed differentiated cells), and the “why” 
the aging process is necessary (for the mainte-
nance of an adequate number of individuals in 
each species) (De la Fuente and Miquel  2009 ).  

2.4.2    The Oxidation-Infl ammation 
Theory of Aging: Role of the 
Immune System in 
Oxi-Infl amm-Aging 

 Recently, a new theory of aging, the oxidation-
infl ammation theory, has been proposed (De la 
Fuente and Miquel  2009 ), which integrates the 
previously mentioned oxidation theory of aging 
and the idea of “infl amm-aging” suggested sev-
eral years ago by Franceschi et al. ( 2000 ). The 
concepts that have led us to this new theory will 
be discussed below. As already stated, the aging 
process is linked to the oxidation carried out by 
the oxidant and reactive oxygen species (ROS), 
normally produced by organisms. Nevertheless, 
we should consider that oxygen is essential for 
life and that ROS, in certain amounts, are needed 

for many physiological processes that are essen-
tial for our survival (Dröge  2002 ). In order to 
obtain protection against oxygen toxicity, a vari-
ety of antioxidant mechanisms that prevent the 
formation of ROS or neutralize them after they 
are produced have been developed. Thus, the 
functions of our organism are based on a perfect 
balance between the levels of ROS and those of 
antioxidants. It is the loss of this balance, because 
of an excess in the production of ROS or an insuf-
fi cient availability of antioxidants, which leads to 
the oxidative stress than underlies ROS-related 
diseases and aging (Fig.  2.2 ). 

 As mentioned above, aging is accompanied by 
a decline of the physiological systems including 
the immune system, and immunosenescence 
occurs. Moreover, a relation between the func-
tionality of immune cells, the health of subjects, 
and their longevity was observed. Given this, we 
asked why immunosenescence occurs. If, as it is 
generally accepted, the mechanisms that underlie 
aging must be of general application, it seems 
logical to accept that the cause of immunosenes-
cence is the same as that responsible for the 
senescence of the other cells of the organism, 
namely, the oxidative disorganization linked to 
the unavoidable use of oxygen to support cellular 
functions. Further, we should remember that the 
immune cells need to produce free radicals and 
other oxidant and infl ammatory compounds in 
order to perform their defensive functions con-
sisting of the destruction or incapacitation of 
pathogens and malignant cells (Yoon et al.  2002 ). 
Nevertheless, this fact and the membrane charac-
teristics of the immune cells make them very vul-
nerable to oxidative damage. Therefore, if any 
cell needs to maintain a balance between the pro-
duction of oxidants and the antioxidant defenses 
in order to prevent an excess of the fi rst and the 
resulting oxidative stress, this balance is even 
more essential to preserve the functional capacity 
of immune cells and, therefore, the health of the 
organism. 

 In addition, there is a close link between oxi-
dative stress and infl ammation, since uncon-
trolled free radical release can induce an 
infl ammatory response, and free radicals are 
infl ammation effectors. In fact, ROS can activate 
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nuclear factor kappa-light-chain-enhancer of 
activated B cells (NFκB) inducing the production 
of infl ammatory cytokines, and the levels of pro-
infl ammatory compounds (enzymes, cytokines, 
prostaglandins, etc.) seem to be increased with 
age in consistent with the proposed concept of 
“infl amm-aging.” Based on the abovementioned 
points, the age-related changes in the redox and 
the infl ammatory state of immune cells were 
investigated. Thus, a variety of oxidant and 
infl ammatory compounds, and anti-infl ammatory 
and antioxidant protectors, as well as oxidative 
damage to biomolecules, in immune cells (perito-
neal leucocytes of mice and neutrophils and lym-
phocytes from human peripheral blood) were 
analyzed (Fig.  2.2 ). Our results indicate that with 
aging leucocytes suffer oxidative and infl amma-
tory stress (De la Fuente et al.  2005 ; De la Fuente 
and Miquel  2009 ). Moreover, this also occurs in 
the immune cells of PAM with respect to those of 
NPAM (Viveros et al.  2007 ) as well as in the leu-
cocytes of transgenic mice for AD with respect to 
the corresponding wild animals (Gimenez-Llort 
et al.  2012 ). 

 Therefore, with aging (chronologic or prema-
ture) the oxidant and pro-infl ammatory com-
pounds increase reaching levels higher than those 
of antioxidant and anti-infl ammatory compounds, 
leading to an oxidative and infl ammatory stress. 
Thus, oxi-infl amm-aging has been proposed as 
the cause of the loss of function that appears with 
senescence (De la Fuente and Miquel  2009 ). 

 In this context, a relationship has been found 
between the redox and infl ammatory state of the 
immune cells, their functional capacity, and the 
life span of a subject. Thus, when an animal 
shows a high oxidative stress in its immune cells, 
these cells have an impaired function and that 
animal shows a decreased longevity in relation to 
other members of the group of the same chrono-
logical age. As examples supporting that idea 
and, consequently, the role of the immune system 
in aging, we can mention again what happens in 
the mouse model of premature aging, the PAM, 
with a shorter life span than the NPAM; they 
showed worse functions and a greater oxidative-
infl ammatory stress in their immune cells. 
Moreover, PAM also showed oxidative stress in 

the brain, liver, heart, and kidney. The other mod-
els of premature aging previously mentioned also 
show this relation. Thus, in obese animals and in 
triple transgenic mice for Alzheimer’s disease, 
immune cells have higher oxidative and infl am-
matory stress situations, worse functions than the 
respective controls, and the animals with these 
cells have a lower life span (De la Fuente and 
Miquel  2009 ; De la Fuente and De Castro  2012 ; 
Gimenez-Llort et al.  2012 ). 

 In addition, very-long-living mice and human 
centenarians show a redox condition in their 
immune cells and a functional capacity of these 
cells similar to that of healthy adult subjects 
(Arranz et al.  2010a ,  2013 ; Alonso-Fernandez 
and De la Fuente  2011 ). 

 Since one of the most relevant mechanisms 
involved in the cellular redox state is the NFκB, 
which plays a key role in regulating the expres-
sion of a wide range of oxidants and infl amma-
tory compounds, especially in the immune cells, 
this factor has been involved in the immunose-
nescence and in oxi-infl amm-aging (Salminen 
et al.  2008a ,  b ). In fact, it has been observed that 
the NFκB activation, in resting conditions, is 
very high in peritoneal leucocytes from old mice 
but lower in extremely long-lived mice and adult 
animals. Moreover, only old subjects with con-
trolled basal NFκB activation in the immune 
cells achieved longevity, but adults with a high 
basal expression of this factor died early (Arranz 
et al.  2010a ). Thus, the level of activation of that 
factor in leucocytes is signifi cantly related to the 
life expectancy of the subjects from which 
the cells were obtained. All these suggest that 
the immune system, if it is not well regulated and 
shows a high activation of factors such as the 
NFκB, will not be able to develop its function 
properly with a greater contribution to the oxi-
infl amm-aging situation of the organism and 
consequently to the rate of aging. In conclusion, 
only aged individuals that maintain a good regu-
lation of the leukocyte redox state and conse-
quently a good function of their immune cells, 
with levels similar to those of healthy adults, 
reach very high longevity. 

 Thus, in the theory of oxidation-infl amma-
tion of aging, it is suggested that the immune 
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system could play a key role not as the 
 fundamental cause of aging but as a mechanism 
that modifi es the rate of senescence. In this the-
ory, it is proposed that the aging process is a 
chronic oxidative and infl ammatory stress, 
which leads to damage of cell components, 
including proteins, lipids, and DNA, contribut-
ing to the age-related decline of all cells of 
organisms, but especially in those of the regula-
tory systems, including the immune system. 
Moreover, the immune system, due to its capac-
ity of producing oxidant and infl ammatory 
compounds in order to eliminate foreign agents, 
could increase the oxidative and infl ammatory 
stress of the organism, through factors such as 
NFκB, if it is not well controlled. Thus, this 
system could be involved in the rate of aging 
and justifi es the loss of homeostatic capacity 
and the consequent increase of morbidity and 
mortality that appears with aging (De la Fuente 
and Miquel  2009 ).  

2.4.3    Can the Role of the Immune 
System in Aging Have a 
Universal Application? 

 The immune system is relatively well known in 
vertebrate animals, in which the innate and adap-
tive immunity collaborate to produce a very effi -
cient immune response. However, in invertebrates 
this system has been less studied. Although cur-
rently it is accepted that all animals, even the 
plants, have some sort of immunity, the presence 
of lymphocytes and their specifi c defensive 
function appears only in vertebrates. For this 
reason “the immune theory of aging” such as 
originally proposed (Walford  1969 ) cannot be 
accepted since this theory suggested the impair-
ment of the immune system as the cause of 
organism senescence, and this concept does not 
follow the principle of universality of the aging 
process proposed by Strehler ( 1977 ). It should 
be kept in mind that not all animal species have 
immune systems as complex as those of the 
mammals. Nevertheless, it seems evident, based 
on all the above information, that immune cells 
can play a fundamental role in aging. 

Confi rmation of this concept could be found in 
the fact that the immune cells produce oxidant 
and infl ammatory compounds in high amounts 
with aging. However, this happens especially in 
the phagocytic cells, which are found, with dif-
ferent denominations, in all animals, including 
invertebrates. If during aging adaptive immunity 
declines, innate immunity, in several aspects, 
seems to be activated, inducing a prooxidative 
and pro-infl ammatory profi le. In agreement with 
the above, it has been observed that in the perito-
neal immune cell populations of mice as in blood 
immune cells of human subjects, the macro-
phages and neutrophils, respectively, are the 
immune cells responsible for the generation of 
higher levels of oxidant compounds than those 
caused by lymphocytes, and these levels signifi -
cantly increase with age in those phagocytic 
cells (De la Fuente and Miquel  2009 ). Thus, it is 
probable that these phagocytes, which already 
pointed out are found in all animals, can be 
involved in the modulation of chronic oxidative 
stress of senescence and, thus, in the rate of 
aging of the subjects of the different animal 
species.   

2.5    Environment and Lifestyle 
Strategies that May Improve 
the Function and Redox 
State of the Immune System 
in Aging 

 Many strategies have been proposed to enable the 
maintenance of an excellent immune function 
with aging, resulting in a better quality of life, 
and consequently, greater longevity of individu-
als. If we agree with the oxidation-infl ammation 
theory of aging, we should accept that the rate of 
aging is dependent, in part, on the degree of con-
trol of oxidation and infl ammation of the immune 
system of each subject, which is related to its 
functional capacity. This theory can also be sup-
ported by research showing that this control of 
the immune system by lifestyle strategies results 
in an increased longevity (De la Fuente et al. 
 2011 ; Jenny  2012 ). Several of those strategies 
will be discussed below. 
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2.5.1    Nutrition 

 Nutrition, adequate in quality and quantity, is 
essential to maintain good health. Thus, a 
Mediterranean diet is associated with lower lev-
els of infl ammation and a decreased risk of dis-
ease compared to a Western-type diet (Pauwels 
 2011 ). Moreover, nutritional status has a relevant 
role in the immune system function of each sub-
ject, especially in elderly individuals (Pae et al. 
 2012 ). The results obtained from several studies 
in experimental animals and humans show that 
the impaired regulation of immune response 
found even in healthy elderly subjects can be 
attributed to defi ciencies of both macronutrients 
and micronutrients. This fact, which is often 
found in older individuals because of physiologi-
cal, social, and economic factors, indicates that 
appropriate nutrition could play a preventive role 
in the aging process by modulating immunose-
nescence. Thus, the use of “functional foods” 
seems to infl uence many cellular parameters, 
which can help to decrease the deleterious effect 
of the aging process. In this context, nutrients 
such as dietary fi ber, omega-3 polyunsaturated 
fatty acids (PUFAs), probiotics, and specially 
antioxidant compounds are of particular interest 
(De la Fuente et al.  2011 ; Pae et al.  2012 ). 

2.5.1.1    Antioxidants 
 As mentioned above, the endogenous antioxi-
dants decrease in oxidative stress situations, such 
as aging, because they are spent neutralizing the 
excess of ROS, and this fact is very relevant in 
the immune cells. Since biological age and mean 
longevity seem to be associated with an optimal 
antioxidant protection, having a diet enriched 
with antioxidants appears adequate for maintain-
ing an optimum redox balance and therefore pro-
tecting the organism from the impairment 
associated with physiological and pathological 
aging. Although some studies question the posi-
tive role of the ingestion of antioxidant vitamins, 
especially in high doses, as a consequence of a 
possible decrease that they may cause in the 
endogen antioxidant defenses, other studies show 
the positive role of supplementation with moder-
ate levels of antioxidants, especially in the 

immune system (De la Fuente et al.  2011 ; Pae 
et al.  2012 ). 

 There is an extensive list of antioxidant com-
pounds with health-supporting properties. 
However, the effects of these antioxidants, admin-
istered by diet, on the immune functions are 
scarcely known for many of them. One of the 
most thoroughly studied antioxidants in this con-
text is zinc (Zn). Zn is very important for optimal 
functioning of the immune system, especially in 
elderly subjects, in which a defi ciency of Zn is 
very common (due to inadequate diet and/or 
intestinal malabsorption). However, higher than 
recommended upper limits of zinc may adversely 
affect immune function (Pae et al.  2012 ). Other 
antioxidants show important favorable effects on 
health, acting on the immune system in both labo-
ratory animals and human subjects. This is the 
case of beta-carotene, coenzyme Q, alpha-tocoph-
erol (vitamin E), ascorbic acid (vitamin C), poly-
phenols, as well as thiolic antioxidants such as 
thioproline (TP) and N-acetylcysteine (NAC), 
which are precursors of reduced glutathione 
(GSH), among others, either in isolation or in 
nutritional formulations containing more than one 
of these compounds (De la Fuente et al.  2011 ; Pae 
et al.  2012 ). These compounds, which have not 
only antioxidant but also anti-infl ammatory 
actions, have shown immunomodulator properties 
since they produce an increase of the functions 
and antioxidant defenses that are depressed and a 
decrease of functions and oxidant parameters that 
are excessively active. Thus, they may bring each 
immune function and redox parameter to its opti-
mum level. This modulating ability appears to be 
carried out, at least in part, through the ubiquitous 
intracellular factors implicated in oxidation and 
infl ammation, such as the NFκB. 

 In addition, this regulatory role of the antioxi-
dants is performed not only in the immune sys-
tem but also in the other regulatory systems, 
including the nervous system, in which the oxi-
dative stress also underlies its senescent impair-
ment. Thus, the oxidative and infl ammatory 
stress that appears to play a fundamental role in 
the aging of both the immune system and the ner-
vous system could be counteracted to a certain 
degree by antioxidant administration. Therefore, 
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antioxidant diet supplementation may be a useful 
procedure to neutralize or postpone the age-
related homeostatic impairment and conse-
quently increase life span, as has been observed 
in mice (De la Fuente et al.  2011 ). Since the 
effects of antioxidants on the immune system are 
similar in mice and humans and because these 
changes in mice are accompanied by an increase 
in longevity, it is probable that similar effects 
could be obtained in humans. 

 In summary, it seems reasonable to propose 
that the administration of adequate amounts of 
antioxidant compounds may be effective in neu-
tralizing or slowing down the loss of homeosta-
sis that occurs with age and consequently to slow 
down the aging process. Nevertheless, the effec-
tiveness of the antioxidants depends on the 
administered amount of these compounds; there-
fore, the age-related appropriate dose, especially 
to improve the immune response, should be 
investigated further (for more details, see Chaps. 
  20     and   22    ).  

2.5.1.2    Caloric Restriction (CR) 
 There are many studies showing that CR can 
slow down multiple aspects of the aging process 
and thus delays senescence and increases life 
span in a variety of animals, when these are com-
pared to the respective controls fed ad libitum 
(Anderson and Weindruch  2012 ). Moreover, CR 
seems to delay the onset of numerous age-associ-
ated diseases including vascular diseases, athero-
sclerosis, diabetes mellitus, and autoimmune 
diseases and therefore decreases the death rate. 
Nevertheless, the universal applicability of CR as 
a strategy to slow down the rate of aging and 
extend life span is currently a highly controver-
sial subject (Masoro  2009 ). 

 With respect to the effects of CR on immunity, 
several studies have reported this is a good strat-
egy to improve immune function, protecting 
against infections and delaying or preventing 
development of cancer and metastasis. In this 
action, among other factors, the NFκB is involved. 
In aged animals CR can maintain several func-
tional parameters of immune cells at a level typi-
cally seen in healthy adults (Messaoudi et al. 
 2008 ; Ahmed et al.  2009 ; Masoro  2009 ). 

However, the delay of immunosenescence that 
CR produces in experimental animals needs to be 
verifi ed in humans. Recent studies have even sug-
gested that CR might compromise the host’s 
defense against infections (Pae et al.  2012 ). 
Although it is evident that most of the effects of 
CR are due to the decrease in the oxidative stress 
produced through its action on the metabolism, 
the exact mechanism of the antiaging action of 
CR remains poorly understood (Cavallini et al. 
 2008 ) (for more details, see Chap.   20    ).   

2.5.2    Physical Activity 

 Physical exercise, since its association with 
health is well known (Kokkinos  2012 ), is another 
of the lifestyle factors proposed to improve health 
and quality of life in elderly. Physical exercise 
modulates physiological systems such as the 
muscle and cardiovascular systems but also the 
regulatory systems such as the immune system. 
In fact, performance of physical exercise has 
been associated with lower susceptibility to 
infections and other pathologies related with the 
immune system, compared to sedentary subjects. 
There is a wealth of information on the effects of 
physical exercise on the immune function of 
adult experimental animals and humans. 
Although confl icting results have been obtained, 
depending on the type, intensity, and frequency 
of exercise, as well as the immune function stud-
ied and state of the subject, it is generally 
accepted that acute or strenuous physical exercise 
induces an impairment of immune functions, 
increasing the risk of infections. Moreover, mod-
erate training exercise leads to adaptations of the 
immune cells with improvement of their func-
tions (Radak et al.  2008 ). Nevertheless, this is not 
true for all cell types and in all cases. Thus, inten-
sity training has been associated with symptoms 
of transient depression of many immune func-
tions, especially those of lymphocytes, leading to 
increased susceptibility to infection. However, 
this exercise also seems to induce an overstimula-
tion of the response of phagocytic cells. It has 
been suggested that this stimulation of phago-
cytes, which involves the activation of factors 
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such as NFκB, might counterbalance the 
decreased lymphoid activity and thus help the 
organism to prevent infectious diseases in situa-
tions where the specifi c adaptive immune 
response seems to be depressed. In addition, 
moderate training exercise leads to clear benefi ts 
of the immune system with improvement of its 
functions, both of adaptive and innate response, 
and therefore, it is associated with decreased sus-
ceptibility to infection processes. Moreover, in 
response to repetitive or graded exercise training, 
a decrease in oxidative stress and a resistance to 
oxidative damage also appears. This seems to be 
due to a downregulation of the release of ROS as 
consequence of an adaptation of antioxidant 
defenses, which increases their levels and activi-
ties (Walsh et al.  2011 ; De la Fuente et al.  2011 ). 

 Although in old animals or elderly humans the 
effects of physical exercise on the immune func-
tions have been scarcely studied, the available 
data show that the practice of regular and moder-
ate exercise is an important candidate for improv-
ing the immune function throughout the aging 
process and in elderly subjects, delaying the onset 
of immunosenescence (Simpson et al.  2012 ). 
However, the confl ictive results on the effect of 
exercise on the immune system, abovementioned, 
are more common in aged subjects. In this context 
the question is if exercise produces oxidation, how 
could it decrease the increased levels of ROS of 
immune cells from old subjects? But, it is evident 
that physical exercise improves immune cell func-
tions through the recovery of the oxidant/antioxi-
dant and infl ammatory/anti-infl ammatory balance 
of these cells and consequently decreases oxi-
infl amma-aging. Since the immune system is a 
homeostatic system if it is well controlled and its 
functions take place in the physiological context, 
they are effi cient in infections and infl ammatory 
situations. However, a badly regulated immune 
response can be detrimental and cause oxidative 
and infl ammatory diseases. Currently, the optimal 
level of exercise that improves, but does not impair 
or overstimulate, a healthy immune function is 
still not really known. 

 For the optimal use of exercise as a therapeu-
tic strategy against aging, many aspects have to 
be resolved, as it was previously proposed (De la 

Fuente et al.  2011 ). For example, it should be 
answered when an increase in the production of 
ROS by immune cells, especially phagocytic 
cells, is positive and can enhance the microbici-
dal capacity and when it is negative, causing oxi-
dative stress damage, or when an increase in 
infl ammatory cytokine production is positive for 
improving the defenses of the body, or when does 
it become negative, causing infl ammatory dam-
age? It is possible that the levels of ROS and 
infl ammatory compounds produced, as well as 
the capacity of these levels in each organism in 
promoting and maintaining the expression of 
antioxidant and anti-infl ammatory defenses, 
could give us an answer to these questions. 

 In summary, before recommending physical 
exercise as a good therapeutic intervention in 
oxidative-/infl ammatory-associated diseases in 
general and aging in particular, it is necessary to 
know the intensity, regularity, and duration of 
this exercise as well as the physiological state of 
each subject. Perhaps, it would be more interest-
ing (from a physiological point of view) to think 
in terms of avoiding modern lifestyle-induced 
inactivity (sedentary), because this itself can 
deregulate the oxidative and infl ammatory 
responses accelerating the aging processes. Thus, 
having an active life is another strategy to slow 
down aging (De la Fuente et al.  2011 ).  

2.5.3    Environmental Enrichment 

 Environmental enrichment (EE) could be defi ned 
as an experimental approach in animal models 
that mimics the maintenance of an active social, 
mental, and physical life in humans. Thus, EE is 
a continuous enhancement in cognitive, senso-
rimotor, and physical activity, which overcomes 
emotional stress. In general, the positive effects 
of EE are manifested by many molecular, cellu-
lar, and functional modifi cations, which lead to 
an overall improvement in the physiological and 
physical well-being of the subjects (De la Fuente 
et al.  2011 ; Arranz et al.  2010c ; De la Fuente and 
Arranz  2012 ). 

 The most frequently used EE protocol in 
rodents is housing the animals in large groups 
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and cages with several types of objects (running 
wheels, tunnels, ladders, etc.) and spatial con-
fi gurations, which are changed frequently. This 
more complex housing, with the continual intro-
duction of new objects, induces sensory, cogni-
tive, motor, and social stimulation. Moreover, the 
availability of running wheels, ropes, ladders, 
tunnels, or bridges allows the animal to exercise, 
and since EE animals are housed in relatively 
large cages, typically in groups of 6–12 animals, 
they have the opportunity for more social inter-
action. The benefi cial effects of EE on the ner-
vous and endocrine systems have been largely 
studied. Thus, EE produces improvements in 
learning and memory, preventing age-related 
cognitive impairments and reversing some of the 
negative consequences of neurodegenerative dis-
eases. Moreover, it increases brain plasticity and 
neurogenesis, particularly at the level of the hip-
pocampus and cerebral cortex. These effects can 
also be mediated, at least in part, by the effect of 
EE modulating the levels of hormones, such as 
the sexual hormones. In addition, EE can be pos-
itive in the regulation of stress-related disorders, 
conferring stress resistance, since it is able to 
protect the animal from the consequences of 
uncontrollable stress exposure (Schloesser et al. 
 2010 ). Nevertheless, there are few studies on the 
effects of EE on the immune system. We have 
carried out a study on mice using the type of EE 
mentioned above, and the results have shown an 
improvement in many functions of immune cells 
as well as a decrease in the oxidative-infl amma-
tory stress of these cells. These positive effects 
were especially remarkable in old animals after a 
short period of EE. Moreover, when the EE starts 
at an adult age, a great increase in longevity 
occurs (Arranz et al.  2010c ). A recent study 
showed that in triple transgenic mice for 
Alzheimer’s disease, EE improved several 
immune functions in males. The results obtained 
also suggested that active life (by means of EE) 
should be maintained until the natural death of 
the animal in order to preserve all the positive 
effects that this strategy exerts on the immune 
system (Arranz et al.  2011 ). 

 Hydrotherapy is another strategy, which can 
be considered as a type of EE, for improving the 

neuroimmunoendocrine communication in old 
animals. In mice this therapy has consisted of 
simple baths (of 15 min/day) in normal hot tap 
water. After 2 and 4 weeks mice submitted to this 
EE showed an improvement of many behavioral 
parameters, which are clearly impaired with age. 
Moreover, this EE not only rejuvenated the ner-
vous system of mice but also the immune system, 
improving all the functions of the immune cells 
studied, as well as their redox state (De la Fuente 
et al.  2011 ). 

 These results show that EE may reverse the 
age-related dysfunction in immunity, as well as 
confi rm the importance of maintaining active 
mental and/or physical activity to improve the 
quality of life and even to obtain a healthy 
longevity.  

2.5.4    Hormesis 

 A phenomenon called “hormesis” has been pro-
posed as a good strategy to achieve a healthy 
aging (Calabrese et al.  2012 ). It can be defi ned as 
“a process in which exposure to a low amount of 
a chemical agent or environmental factors that 
are damaging in higher doses induces an adaptive 
benefi cial effect on the cell or organism” (Mattson 
 2008 ). Hormesis is based on the fact that all liv-
ing systems have the intrinsic ability to respond, 
to counteract, and to adapt to external and inter-
nal stress (Rattan  2008 ). In these adaptive 
responses to single or multiple mild stresses, 
after initial disruption of homeostasis, the organ-
ism responds with molecular and cellular protec-
tion and compensatory mechanisms, which 
provide benefi cial effects activating the pathways 
of maintenance and repair of the biological sys-
tems. Thus, whereas excessive stress accelerates 
the aging process, the exposure to low doses of 
otherwise harmful agents, such as irradiation, 
food limitation, heat stress, exercise, hypoxia, 
and oxidant compounds, produces a variety of 
benefi cial effects including improved health and 
an extended life span of organisms. These stress-
ors which are called “hormetins” can be defi ned 
as any condition that may be potentially hormetic 
in physiological terms by involving one or more 
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pathways of stress response within a cell (Rattan 
and Demirovic  2009 ). 

 Many of the effects of the strategies men-
tioned above seem to be due to their hormetic 
properties. Several groups of hormetins have 
been proposed: (1) physical hormetins, such as 
heat, radiation and exercise; (2) biological and 
nutritional hormetins, such as nutrients and infec-
tions; and (3) physiological hormetins, such as 
mental challenge and focused attention or media-
tion (Rattan and Demirovic  2009 ). The men-
tioned above strategies, such as nutrition, 
exercise, as well as mental and social challenges 
of EE, which slow down aging belong to one of 
these groups. Thus, the positive effects of those 
strategies on the immune system and on a healthy 
aging could be based on the capacity of these 
strategies to carry out hormesis mechanisms 
through stimulating repair systems (Gaman et al. 
 2011 ). 

 In spite of the recent increase in studies on 
hormesis, the basic nature of this phenomenon 
remains largely unknown (Vaiserman  2010 ). 
Nevertheless, hormetic interventions seem to be 
relevant strategies to improve immune function, 
and the functionality of the other regulatory sys-
tems, and therefore to slow down the aging pro-
cess (De la Fuente et al.  2011 ; Calabrese et al. 
 2012 ). 

2.5.4.1    Hormetic Effects of Nutrition 
 The mechanism of action of many antioxidant 
compounds in oxidative stress may not be related 
only to their antioxidant properties but to their 
hormetic activities. For example, antioxidants 
can activate, at a determined level, hormetic tran-
scription factors such as NFκB and cAMP 
response element-binding protein (CREB), 
which result in the induction of genes encoding 
growth factors, antiapoptotic proteins, and anti-
oxidant defenses (Mattson  2008 ). Moreover, sev-
eral antioxidants such as polyphenols induce 
mitochondrial biogenesis, which is related to a 
more effi cient energy production that contributes 
to a decrease in the levels of free radicals in the 
mitochondria and therefore to less oxidative tis-
sue damage. Thus, many of the positive results 
obtained with a diet enriched with appropriated 

amounts of antioxidants in the functions of the 
nervous, endocrine, and immune systems during 
aging could be attributed to the hormetic effects 
of these compounds. In fact, a hormetic role of 
dietary antioxidants with a U-shaped dose 
response in the redox situation of the organism 
has been proposed (Calabrese et al.  2010 ). Thus, 
many of the confl ictive results obtained with the 
administration of antioxidant compounds could 
be due to the hormetic balance between the 
amount of antioxidant and the physiological state 
of the subject, especially at redox levels. 

 With respect to dietary caloric restriction 
(CR), this strategy represents a mild dietary stress 
that produces hormetic responses in the organ-
ism. For this reason, when the CR is carried out 
without malnutrition, it delays most age-related 
physiological changes and extends life span in 
experimental animals (Kouda and Iki  2010 ). CR 
can show its hormetic properties increasing the 
silent mating-type information regulation 2 
homolog 1 (SIRT1) mRNA expression, SIRT1 
being a key regulator of many cellular defenses 
that allows survival in response to stress (Kouda 
and Iki  2010 ). CR also increases the levels and 
functions of heat shock proteins (HSP), these 
chaperones enhancing the stress resistance and 
consequently protecting cells against otherwise 
lethal levels of oxidative and metabolic stress. 
Other cytoprotective molecules upregulated by 
dietary energy restriction are the antioxidant 
defenses, which modulate the age-related oxida-
tive stress situation. 

 Many cell responses to CR are the result of the 
upregulation of expression of proteins involved 
in the regulation of mitochondrial oxidative state, 
which is denominated mitohormesis (Ristow and 
Zarse  2010 ; Ristow and Schmeisser  2011 ).  

2.5.4.2    The Hormetic Effects of 
Physical Exercise and EE 

 Physical exercise is another strategy, which acts 
using hormetic mechanisms. Exercise perfor-
mance involves the activation of NFκB signaling 
cascade, various stress kinases, antioxidant 
genes, as well as increasing levels of HSP and the 
expression of the mitochondrial uncoupling pro-
tein 2 (UCP2), allowing the generation of more 
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ATP and improving the mitochondria functions. 
All this provides crucial protection against oxida-
tive stress and molecular damage in aging. Thus, 
exercise is a hormesis intervention, which could 
be a good preventive strategy in aging. It is nec-
essary to take in account that physical exercise, 
even with moderate intensity, is a stress situation, 
and if this stress is weak, it can also generate hor-
metic responses. As previously mentioned, phys-
ical activity can produce a decrease in oxidative 
stress and a resistance to oxidative damage due to 
an upregulation in antioxidant enzymes. This 
happens especially in the skeletal muscle, which 
is recognized as a major source of free radical 
generation, but also in other tissues and cells and 
can be the cause of the benefi cial effects on the 
immune function of regular and moderate physi-
cal exercise (Rattan  2008 ; Radak et al.  2008 ; De 
la Fuente et al.  2011 ). 

 The hormetic effect of EE is based on the fact 
that the continuous exposure to new objects and 
social interactions could be considered a mild 
stress condition. In fact, in experimental animals 
with EE, increased levels of adrenocorticotropic 
hormone (ACTH) and glucocorticoids along with 
an adrenal hypertrophy occur. This mild stress 
seems to be benefi cial for the enriched animals to 
cope with other stressors (Moncek et al.  2004 ). 
The effect of EE on the hippocampus as already 
mentioned can explain how it may confer stress 
resistance, protecting the animal from the conse-
quences of uncontrollable stress exposure. Most 
of the benefi cial effects of hydrotherapy may also 
be due to thermal stress-inducing neuroendocrine 
reactions such as an enhancement of the HHA 
axis, leading to an increase of ACTH and corti-
costerone levels, as well as those of prolactin 
(PRL) and the growth hormone (GH). This ther-
apy also induces a release of beta-endorphin that 
shows analgesic properties and improves the 
immune functions (De la Fuente et al.  2011 ).  

2.5.4.3    Other Hormesis Interventions 
 Environmental toxins have also been used as 
possible hormetins (reviewed by Calabrese and 
Blain  2005 ). Since the response to low doses of 
toxins could be a good model of hormesis, we 
have studied the effects of an endotoxin, such as 

lipopolysaccharide (LPS) of  Escherichia coli , as 
a hormetin, using it in very low doses during the 
adult life of mice to try to improve the function 
and redox state of the immune cells in these ani-
mals when they are old. The results showed an 
improvement of nervous function as well as in 
several functions of the immune cells and in 
their redox state, all the values obtained being 
closer to those in the adult-mature control group 
(De la Fuente et al.  2011 ).    

2.6    Conclusions and 
Recommendations 

 In recent publications, much research has been 
proposed in order to better defi ne immunosenes-
cence beyond the usual relative poorer responses 
of old subjects compared to young subjects 
(Vallejo  2011 ). This chapter attempts to highlight 
the relevant involvement of the immune system 
in the rate of aging through its involvement in 
oxi-infl amm-aging, as well as the relevance of 
several functional parameters of immune cells as 
markers of biological age and, therefore, predic-
tors of mean longevity. Although more investiga-
tions are necessary in this scientifi c fi eld, and it 
has been questioned that if any of the markers 
shown in the literature are true biomarkers of 
aging (Vasto et al.  2010 ), it seems proved that 
maintaining an immune function in conditions 
similar to that of an adult can assure better health 
and a longer life span. In addition, having similar 
values in the functions of immune cells as older 
subjects is related to a shorter life. Thus, several 
lifestyle strategies such as a good nutrition, the 
practice of mental and physical exercise, social 
relationship, and overcoming emotional stress, 
all of which produces hormetic adaptation, could 
be useful, improving those immune functions, 
necessary for maintaining our health, and there-
fore increasing our mean longevity. The fact that 
health preservation depends on the style of life 
and environmental factors in about 75 % suggests 
all the strategies mentioned above as good candi-
dates to achieve a long and healthy longevity, and 
it shows our responsibility for obtaining this state 
of health. Moreover, the control of the effects of 
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these lifestyle factors on physiological systems, 
especially on the immune system, is very rele-
vant, not only in the aging process but also from 
the fetal life of each subject (Dietert and 
Piepenbrink  2008 ). 

 More research is needed in order to clarify the 
best amount, frequency, time, moment, and 
organism situation for each individual with which 
these strategies would show higher benefi cial 
effects. With respect to all the hormetic strategies 
commented, more studies are needed in order to 
better discriminate between their positive and 
possible negative effects to maintain health in the 
later stage of life. Nevertheless, the effectiveness 
of these strategies can be measured through their 
effects improving the immune function and thus 
the biological age, which allows a healthy lon-
gevity (Fig.  2.1 ).     

  Acknowledgements   The author thanks Mr. D. Potter for 
his help with the English language revision of the manu-
script and also expresses her gratitude to Dr. Ortega, Dr. 
Vallejo, Dr. Medina, Dr. Victor, Dr. Alvarado, Dr. Alvarez, 
Dr. Alonso, Dr. Arranz, Dr. Baeza, Dr, Gimenez-Llort, Ms 
De Castro, Ms Vida, Ms Hernandez, Ms Cruces, and Ms 
Maté for their invaluable help in performing several of the 
experiments which have allowed us to arrive at the ideas 
expressed in this chapter. This work was supported by 
grants of the MINECO (BFU2011-03336), Research 
Group of UCM (910379ENEROINN), and RETICEF 
(RD06/0013/0003) (RD12/0043/0018)(ISCIII-FEDER of 
the European Union).  

   References 

    Ahmed T, Das SK, Golden JK et al (2009) Caloric restric-
tion enhances T-cell-mediated immune response in 
adult overweight men and women. J Gerontol A Biol 
Sci Med Sci 64:1107–1113  

     Alonso-Fernandez P, De la Fuente M (2011) Role of the 
immune system in aging and longevity. Curr Aging 
Sci 4:78–100  

    Alonso-Fernandez P, Maté I, De la Fuente M (2010) 
Neutrophils: markers of biological age and predictors 
of longevity. In: DeFranco JE (ed) Neutrophils: lifes-
pan, functions and role in disease. Nova Science 
Publisher Inc, New York  

    Anderson RM, Weindruch R (2012) The caloric restric-
tion paradigm: implications for healthy human aging. 
Am J Hum Biol 24:101–106  

    Arranz L, Guayerbas N, De la Fuente M (2007) 
Impairment of several immune functions in anxious 
women. J Psychosom Res 62:1–8  

     Arranz L, De Vicente A, Muñoz M et al (2009) Impairment 
of immune function in the social excluded homeless 
population. Neuroimmunomodulation 16:251–260  

          Arranz L, Caamaño J, Lord JM, De la Fuente M (2010a) 
Preserved immune functions and controlled leukocyte 
oxidative stress in naturally long-lived mice: possible 
role of nuclear factor-kappa B. J Gerontol A Biol Sci 
Med Sci 65A:941–950  

     Arranz L, De Castro NM, Baeza I et al (2010b) 
Differential expression of Toll-like receptor 2 and 4 
on peritoneal leukocyte populations from long-lived 
and non-selected old female mice. Biogerontology 
11:475–482  

     Arranz L, De Castro NM, Baeza I et al (2010c) 
Environmental enrichment improves age-related 
immune system impairment. Long-term exposure 
since adulthood increases life span in mice. 
Rejuvenation Res 13:415–428  

         Arranz L, Lord JM, De la Fuente M (2010d) Preserved ex 
vivo infl ammatory status and cytokine responses in 
naturally long-lived mice. Age (Dordr) 32:451–466  

    Arranz L, De Castro NM, Baeza I (2011) Effect of envi-
ronmental enrichment on the immunoendocrineageing 
of male and female triple-transgenic 3xTg-AD mice 
for Alzheimer’s disease. J Alzheimers Dis 25:
727–737  

    Arranz L, Naudi A, De la Fuente M, Pamplona R (2013) 
Exceptionally old mice are highly resistant to lipoxi-
dation-derived molecular damage. Age (Dordr) 
35(3):621–635  

    Atzmon G, Cho M, Cawthon RM et al (2010) Evolution in 
health and medicine Sackler colloquium: genetic vari-
ation in human telomerase is associated with telomere 
length in Ashkenazi centenarians. Proc Natl Acad Sci 
U S A 107:1710–1717  

    Bae CY, Kang YG, Kim S et al (2008) Development of 
models for predicting biological age (BA) with physi-
cal, biochemical, and hormonal parameters. Arch 
Gerontol Geriatr 47:253–265  

    Bandeen-Roche K, Walston JD, Huang Y et al (2009) 
Measuring systemic infl ammatory regulation in older 
adults: evidence and utility. Rejuvenation Res 12:
403–410  

    Barak Y (2006) The immune system and happiness. 
Autoimmun Rev 5:523–527  

    Barja G (2004) Free radicals and aging. Trends Neurosci 
27:595–600  

    Bauer ME (2008) Chronic stress and immunosenescence. 
A review. Neuroimmunomodulation 15:244–253  

    Benfante R, Reed R, Brody J (1985) Biological and social 
predictors of health in an aging cohort. J Chronic Dis 
38:175–181  

    Benjamin H (1947) Biologic versus chronologic age. J 
Gerontol 2:217–227  

    Besedovsky HO, Del Rey A (2007) Physiology of psy-
choneuroimmunology: a personal view. Brain Behav 
Immun 21:34–44  

    Besedovsky HO, Del Rey A (2011) Central and peripheral 
cytokines mediate immune-brain connectivity. 
Neurochem Res 36:1–6  

M. De la Fuente



21

     Borkan A, Norris AH (1980) Assessment of biological 
age using a profi le of physical parameters. J Gerontol 
35:177–184  

     Bulpitt CJ, Antikainen RL, Markowe HL et al (2009) 
Mortality according to a prior assessment of biological 
age. Curr Aging Sci 2:193–199  

    Calabrese EJ, Blain R (2005) The occurrence of hormetic 
dose responses in the toxicological literature, the hor-
mesis database: an overview. Toxicol Appl Pharmacol 
202:289–301  

    Calabrese V, Cornelius C, Trovato A, Cavallaro M, 
Mancuso C, Di Rienzo L, Condorelli D, De Lorenzo 
A, Calabrese EJ (2010) The hormetic role of dietary 
antioxidants in free radical-related diseases. Curr 
Pharm Des 16:877–883  

    Calabrese EJ, Iavicoli I, Calabrese V (2012) Hormesis: 
why it is important to biogerontologists. Biogeron-
tology 13:215–235  

    Carnes BA, Staats DO, Sonntag WE (2008) Does senes-
cence give rise to disease? Mech Ageing Dev 129:
693–699  

    Cavallini G, Donati A, Gori Z et al (2008) Towards an 
understanding of the anti-aging mechanism of caloric 
restriction. Curr Aging Sci 1:4–9  

    Corona AW, Fenn AM, Godbout JP (2012) Cognitive and 
behavioral consequences of impaired immunoregula-
tion in aging. J Neuroimmune Pharmacol 7:7–23  

    Couillard-Depres S, Iglseder B, Aigner L (2011) 
Neurogenesis, cellular plasticity and cognition: the 
impact of stem cells in the adult and aging brain. 
Gerontology 57:559–564  

    De la Fuente M (1985) Changes in the macrophage func-
tion with aging. Comp Biochem Physiol 81:935–938  

    De la Fuente M (2004) The immune system as a marker of 
health and longevity. Antiaging Med 1:31–41  

    De la Fuente M (2010) Murine models of premature age-
ing for the study of diet-induced immune changes. 
Improvement of leukocyte functions in two strains of 
old prematurely ageing mice by dietary supplementa-
tion with sulphur-containing antioxidants. Proc Nutr 
Soc 69:651–659  

    De la Fuente M, Arranz L (2012) The importance of the 
environment in brain aging: be happy, live longer! In: 
Thakur MK, Rattan SI (eds) Brain aging, therapeutic 
interventions. Springer, New York  

     De la Fuente M, De Castro NM (2012) Obesity as a model 
of premature immunosenescence. Curr Immunol Rev 
8:63–75  

              De la Fuente M, Miquel J (2009) An update of the oxida-
tion-infl ammation theory of aging the involvement of 
the immune system in oxi-infl amm-aging. Curr Pharm 
Des 15:3003–3026  

    De la Fuente M, Hernanz A, Vallejo MC (2005) The 
immune system in the oxidation stress conditions of 
aging and hypertension favorable effects of antioxi-
dants and physical exercise. Antioxid Redox Signal 
7:1356–1366  

                  De la Fuente M, Hernandez O, Cruces J et al (2011) 
Strategies to improve the functions and redox state of 

the immune system in aged subjects. Curr Pharm Des 
17:3966–3993  

    Dewan SK, Zheng SB, Xia SJ (2012) Senescent remodel-
ing of the immune system and its contribution to the 
predisposition of the elderly to infections. Chin Med J 
125:3325–3331  

    Dietert RR, Piepenbrink MS (2008) The managed immune 
system: protecting the womb to delay the tomb. Hum 
Exp Toxicol 27:129–134  

    Dröge W (2002) Free radicals in the physiological control 
of cell function. Physiol Rev 82:47–95  

    Ferguson FG, Wikby A, Maxson P et al (1995) Immune 
parameters in a longitudinal study of a very old popu-
lation of Swedish people: a comparison between survi-
vors and nonsurvivors. J Gerontol A Biol Sci Med Sci 
50:B378–B382  

    Franceschi C, Bonafe M, Valensin S et al (2000) Infl amm-
aging. An evolutionary perspective on immunosenes-
cence. Ann N Y Acad Sci 908:244–254  

    Frasca D, Blomberg BB (2009) Effects of aging on B cell 
function. Curr Opin Immunol 21:425–430  

    Fulop T, Larbi A, Kotb R et al (2011) Aging, immunity, 
and cancer. Discov Med 11:537–550  

    Gaman L, Stoian I, Atanasiu V (2011) Can ageing be 
slowed?: hormetic and redox perspectives. J Med Life 
4:346–351  

    Garrido P (2011) Aging and stress: past hypothesis, pres-
ent approaches and perspectives. Aging Dis 2:80–99  

    Gayoso I, Sanchez-Correa B, Campos C et al (2011) 
Immunosenescence of human natural killer cells. J 
Innate Immun 3:337–343  

      Gimenez-Llort L, Mate I, Masnassra R et al (2012) 
Peripheral immune system and neuroimmune commu-
nication impairment in a mouse model of Alzheimer’s 
disease. Ann N Y Acad Sci 1262:74–84  

    Gouin JP, Hantsoo L, Kiecolt. Glaser JK (2008) Immune 
dysregulation and chronic stress among older adults: a 
review. Neuroimmunomodulation 15:254–262  

    Goyns MH (2002) Genes, telomeres and mammalian age-
ing. Mech Ageing Dev 123:791–799  

    Guayerbas N, De la Fuente M (2003) An impairment of 
phagocytic function is linked to a shorter life span in 
two strains of prematurely aging mice. Dev Comp 
Immunol 27:339–350  

    Guayerbas N, Puerto M, Víctor VM et al (2002) Leukocyte 
function and life span in a murine model of premature 
immunosenescence. Exp Gerontol 37:249–256  

    Haman D (2006) Free radical theory of aging: an update: 
increasing the functional life span. Ann N Y Acad Sci 
1067:10–21  

    Harman D (1956) Ageing: a theory based on free radical 
and radiation chemistry. J Gerontol 2:298–300  

    Hayfl ick L (2007) Biological aging is no longer an 
unsolved problem. Ann N Y Acad Sci 1100:1–13  

    Haynes L, Maue AC (2009) Effects of aging on T cell 
function. Curr Opin Immunol 21:414–417  

    Hernanz A, Bayon J, Bisbal E et al (2008) Leukocyte 
functions are altered in patients with depressive disor-
der. J Neuroimmunol 197:167–168  

2 The Immune System, a Marker and Modulator of the Rate of Aging



22

    Jenny NS (2012) Infl ammation in aging: cause, effect, or 
both? Discov Med 13:451–460  

    Kirkwood TBL (2008) Gerontology: healthy old age. 
Nature 455:739–740  

    Kokkinos P (2012) Physical activity, health benefi ts, and 
mortality risk. ISRN Cardiol. doi:  10.5402/2012/718789      

     Kouda K, Iki M (2010) Benefi cial effects of mild stress 
(hormetic effects): dietary restriction and health. J 
Physiol Anthropol 29:127–132  

    Lang PO, Govin S, Aspinall R (2013) Reversing T cell 
immunosenescence: why, who and how. Age 
35(3):609–620  

    Lupien SJ, McEwen BS, Gunnar MR (2009) Effects of 
stress throughout the lifespan on the brain, behaviour 
and cognition. Nat Rev Neurosci 10:434–445  

    Makrantonaki E, Schonknecht P, Hossini AM (2010) Skin 
and brain age together: the role of hormones in the 
ageing process. Exp Gerontol 45:801–813  

     Masoro EJ (2009) Caloric restriction induced life exten-
sion of rats and mice: a critique of proposed mecha-
nisms. Biochim Biophys Acta 1790:1040–1048  

     Mattson MP (2008) Hormesis defi ned. Ageing Res Rev 
7:1–7  

    Medvedev ZA (1990) An attempt at a rational classifi ca-
tion of theories of aging. Biol Rev 65:375–398  

    Messaoudi I, Fischer M, Warner J et al (2008) Optimal 
window of caloric restriction onset limits its benefi cial 
impact on T-cell senescence in primates. Aging Cell 
7:908–919  

    Miquel J (1998) An update on the oxygen stress-mito-
chondrial mutation theory of aging: genetic and evolu-
tionary implications. Exp Gerontol 33:113–126  

    Miquel J, Economos AC, Fleming J et al (1980) 
Mitochondrial role in cell aging. Exp Gerontol 
15:575–591  

    Moncek F, Duncko R, Johansson BB et al (2004) Effect of 
environmental enrichment on stress related systems in 
rats. J Neuroendocrinol 16:423–431  

    Nakamura E, Miyao K (2007) A method for identifying 
biomarkers of aging and constructing and index of 
biological age in humans. J Gerontol A Biol Sci Med 
Sci 62:1096–1105  

    Ogata K, Yokose N, Tamura H et al (1997) Natural killer 
cells in the late decades of human life. Clin Immunol 
Immunopathol 84:269–275  

         Pae M, Meydani SN, Wu D (2012) The role of nutrition in 
enhancing immunity in aging. Aging Dis 3:91–129  

    Pandey KB, Rizvi SI (2010) Markers of oxidative stress in 
erythrocytes and plasma during aging in humans. 
Oxidative Med Cel Longevity 3:2–12  

    Park J, Cho B, Kwon H (2009) Developing a biological 
age assessment equation using principal component 
analysis and clinical biomarkers of aging in Korean 
men. Arch Gerontol Geriatr 49:7–12  

    Pauwels EK (2011) The protective effect of the 
Mediterranean diet: focus on cancer and cardiovascu-
lar risk. Med Princ Pract 20:103–111  

    Pawelec G (2006) Immunity and ageing in man. Exp 
Gerontol 41:1239–1242  

    Pawelec G, Larbi A, Derhovanesian E (2010) Senescence 
of the human immune system. J Comp Pathol. 
doi:  10.1016/j.jcpa.2009.09.005      

    Puerto M, Guayerbas N, Alvarez P, De la Fuente M (2005) 
Modulation of neuropeptide Y and norepinephrine on 
several leucocyte functions in adult, old and very old 
mice. J Neuroimmunol 165:33–40  

     Radak Z, Chung HY, Koltai E et al (2008) Exercise, oxi-
dative stress and hormesis. Ageing Res Rev 7:34–42  

     Rattan SI (2008) Hormesis in aging. Ageing Res Rev 
7:63–78  

     Rattan SI, Demirovic D (2009) Hormesis can and does 
work in humans. Dose Response 8:58–63  

    Ristow M, Schmeisser S (2011) Extending life span by 
increasing oxidative stress. Free Radic Biol Med 
51:327–336  

    Ristow M, Zarse K (2010) How increased oxidative stress 
promotes longevity and metabolic health: the concept 
of mitochondrial hormesis (mitohormesis). Exp 
Gerontol 45:410–418  

    Ruiz Torres A (1991) Basic results for assessment of 
human ageing. Arch Gerontol Geriatr 12:261–272  

    Salim S, Chugh G, Asghar M (2012) Infl ammation and 
anxiety. Adv Protein Chem Struct Biol 88:1–25  

    Salminen A, Huuskonen J, Ojala J (2008a) Activation of 
innate immunity system during aging: NF-kB signal-
ing is the molecular culprit of infl amm-aging. Ageing 
Res Rev 7:83–105  

    Salminen A, Kauppinen A, Suuronen T et al (2008b) 
SIRT 1 longevity factor suppresses NF-kappaB-driven 
immune responses: regulation of aging via NF-kappa 
B acetylation? Bioessays 30:939–942  

    Schloesser RJ, Lehmann M, Martinowich K et al (2010) 
Environmental enrichment requires adult neurogene-
sis to facilitate the recovery from psychosocial stress. 
Mol Psychiatry 15:1152–1163  

    Shaw AC, Joshi S, Greenwood H et al (2010) Aging of the 
innate immune system. Curr Opin Immunol 
22:507–513  

    Simpson RJ, Lowder TW, Spielmann G et al (2012) 
Exercise and the aging immune system. Ageing Res 
Rev 11:404–420  

     Strehler BL (1977) Time, cells and aging, 2nd edn. 
Academic, New York  

    Vaiserman AM (2010) Hormesis, adaptive epigenetic 
reorganization, and implications for human health and 
longevity. Dose Response 8:16–21  

    Vallejo AN (2011) Is immune aging a cause of disease 
among the elderly, or is it a passive indicator of gen-
eral decline of physiologic function? Aging Dis 
2:444–448  

    Vasto S, Scapagnini G, Bulati M et al (2010) Biomarkers 
of aging. Front Biosci 2:392–402  

      Viveros MP, Arranz L, Hernanz A et al (2007) A model of 
premature ageing in mice based on altered stress-
related behavioural response and immunosenescence. 
Neuroimmunomodulation 14:157–162  

    Walford L (1969) The immunologic theory of aging. 
Williams & Wilkins, Baltimore  

M. De la Fuente

http://dx.doi.org/10.5402/2012/718789
http://dx.doi.org/10.1016/j.jcpa.2009.09.005


23

    Walsh NP, Gleeson M, Shepard RJ et al (2011) Positive 
statement. Part one: immune function and exercise. 
Exerc Immunol Rev 17:6–63  

    Wang L, Xie Y, Zhu LJ et al (2010) An association 
between immunosenescence and CD4(+) CD25(+) 
regulatory T cells: a systematic review. Biomed 
Environ Sci 23:327–332  

    Wayne SJ, Rhyne RL, Garry PJ et al (1990) Cell-
mediated immunity as a predictor of morbidity and 
mortality in subjects over 60. J Gerontol 114:80–88  

    Williams GC (1957) Pleiotropy, natural selection and the 
evolution of senescence. Evolution 2:397–411  

    Yirmiya R, Goshen I (2011) Immune modulation of learn-
ing, memory, neural plasticity and neurogenesis. Brain 
Behav Immun 25:181–213  

    Yoon SO, Yun CH, Cheng AS (2002) Dose effect of oxi-
dative stress on signal transduction in aging. Mech 
Ageing Dev 50:1–8      

2 The Immune System, a Marker and Modulator of the Rate of Aging



25A. Massoud, N. Rezaei (eds.), Immunology of Aging, 
DOI 10.1007/978-3-642-39495-9_3, © Springer-Verlag Berlin Heidelberg 2014

3.1            Introduction 

 Aging is a complex process involving every cell 
and organ in the body and leads to the deteriora-
tion of many body functions over the lifespan of 
an individual. The reduced capacity to regenerate 
injured tissues or organs and an increased pro-
pensity to infections and cancers are probably the 
most prominent hallmarks of senescence 
(Hayfl ick  1998 ). 

 As the regenerative capabilities of a living 
organism is determined by the ability and poten-
tial of its stem cells to replace damaged tissue or 
worn-out cells, all aging phenomena, including 
tissue deterioration, cancer, and propensity to 
infections, can be interpreted as signs of aging at 
the level of somatic stem cells. 

 The research into stem cell began in 1963 
when Siminovitch et al. established assays to 
detect hematopoietic stem cells (HSCs) 
(Siminovitch et al.  1963 ). The group has since 
found HSCs in the bone marrow (BM) of mice. 
First, their series of experiments demonstrated 
that cells from the BM could reconstitute hema-
topoiesis and hence rescue lethally irradiated ani-
mals. Second, using serial transplantations, they 
established the self-renewal ability of the original 
BM cells. When cells from splenic colonies in the 
fi rst recipients of BM transplants were further 

transplanted into other animals that had received 
a lethal dose of irradiation, colonies of white and 
red blood corpuscles were found in the secondary 
recipients. On the basis of these experiments, the 
group defi ned HSCs as cells that have “the abili-
ties of unrestricted self-renewal as well as multi-
lineage differentiation” (Siminovitch et al.  1963 ). 
This discovery marked the beginning of modern- 
day stem cell research. Since then two main cat-
egories of stem cells have defi ned throughout 
different studies in both human and animals: so- 
called embryonic stem cells (ESCs) (Thomson 
et al.  1998 ) and somatic or tissue-specifi c stem 
cells (Gage  2000 ; Ho and Punzel  2003 ). There 
are differences between these cell types with 
respect to their regenerative capacities: ESCs 
have unlimited potential for growth and differen-
tiation and have the potential to form most, if not 
all, cell types of the adult body over an almost 
unlimited period, whereas adult stem cells are 
committed towards specialization and have the 
ability to regenerate the tissue from which they 
are derived over the lifespan of an individual 
(Stojkovic et al.  2004 ; Bjerknes and Cheng  1999 ; 
Gage  2000 ; Weissman  2000b ).  

3.2     Evidence About the Age- 
Associated Stem Cell Decline 

 The regenerative capacity of stem cells declines 
with age. One of the best-studied stem cells in this 
respect are HSCs. HSCs differentiation is ongoing 
until death, as is HSCs renewal. However, there 
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are distinct changes as an organism ages. BM 
decreases in cellularity, anemias are more com-
mon, lymphopoiesis declines, and the incidence of 
myeloid abnormalities, such as malignancies, 
myelodysplastic syndromes, and myeloprolifera-
tive disorders, increases (Woolthuis et al.  2011 ). 
These changes are associated with alterations in 
the HSCs pool (Rossi et al.  2005 ; Kim et al.  2003 ). 
Hypothetically, HSCs could be affected into two 
ways. They can either decrease in number, or they 
cannot properly differentiate. Surprisingly, the 
number of HSCs increases with age in humans 
(Beerman et al.  2010 ; Taraldsrud et al.  2009 ). 
However, they appear to be impaired in differenti-
ation. Specifi cally, the stem cells appear to be 
myeloid- biased and exhibit less inclination to dif-
ferentiate into lymphoid lineages (Taraldsrud et al. 
 2009 ; Woolthuis et al.  2011 ). This would at fi rst 
sight suggest and problem in differentiation. 
However, it has been recently shown that there is a 
loss of a specifi c HSCs subpopulation that tends to 
form lymphoid progeny (Challen et al.  2010 ; 
Wang et al.  2011 ). The other type of HSCs is mes-
enchymal stem cells. They are present in BM and 
other tissues, such as adipose. These are multipo-
tent and can differentiate into mesodermal and 
nonmesodermal tissues (Deng et al.  2006 ; Smith 
et al.  2004 ). Studies in mice demonstrated that the 
number of BM mesenchymal stem cells decreases 
only marginally as the organism ages. However, 
their self-renewal ability dramatically drops. Thus, 
both major features of stem cells are affected by 
aging in this stem cell type (Chen  2004 ; Sun et al. 
 2011 ). 

 In addition, the tissue-specifi c stem cells 
involved in tissue repair are known to decline 
with age. This includes skin-derived precursors, 
which represses functionally and numerically 
with age (Gago et al.  2009 ). Another example is 
the age-related endothelial dysfunction (Heiss 
et al.  2005 ) which is due to decrease in bone-
marrow- derived endothelial progenitor cells 
(EPCs), playing an important role in maintenance 
of endothelial function by contributing to re- 
endothelization and neovacularization (Asahara 
et al.  1997 ). EPCs also functionally decline with 
age, and this decline correlates with impairment 
of the endothelium (Heiss et al.  2005 ). A similar 

situation occurs in muscles. The muscle stem cell 
(termed the satellite cell) is usually quiescent and 
mobilized when required for repair, for example, 
when an injury occurs. The numbers of satellite 
cells do not appear to change much with age 
(Brack and Rando  2007 ; Jones and Rando  2011 ). 
However, their repair, i.e., differentiation ability, 
is dramatically reduced (Brack et al.  2007 ; 
Conboy et al.  2003 ). Thus, the satellite cells are 
altered in at least one of the major features of 
stem cells. 

 Taken together, adult stem cells undergo age- 
related changes. The age-related decline is 
mainly functional, but in some cases, decline in 
stem cell numbers can be observed.  

3.3     The Reciprocal Effects of 
Tissue and Stem Cells During 
Aging 

 Given the key role of stem cells in maintenance 
of many tissues, it is easy to assume that they 
play a central role in the aging of the tissues. This 
model would assume that the somatic cells can be 
easily replaced, and, as long as stem cells are 
intact, tissue aging does not occur or is reversible. 
However, other aspects need to be considered 
such as stem cell environment. In other words, 
the microenvironment the stem cells reside in, as 
well as more distant interactions, mediated by 
circulating proteins and growth factors might 
reciprocally affect each other in the process of 
aging. The possible role of the microenvironment 
has been addressed using heterochronic 
approaches, where young stem cells were trans-
planted into an old niche and vice versa. What 
was demonstrated is that, at least in hemopoietic 
stem cell case, the BM environment signifi cantly 
affects stem cell aging, and a young environment 
can actually rejuvenate the old stem cells 
(Woolthuis et al.  2011 ; Marion and Blasco  2010 ). 
This is consistent with results from studies with 
induced pluripotent stem cells, which demon-
strate that reprogramming of somatic cells into 
stem cells leads to lengthening of telomeres, and 
thus indicates that the rejuvenation and revers-
ibility of the aging process is indeed possible 
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(Marion and Blasco  2010 ). Conversely, young 
stem cells fail to effi ciently repopulate an old 
niche microenvironment (Mauch et al.  1982 ). In 
conclusion, stem cell aging is infl uenced by the 
aged microenvironment they are in. Thus, stem 
cell and organism aging is an interconnected 
process.  

3.4     Molecular Changes 
Underlying the Age-Related 
Changes in Stem Cells 

 In general, mechanisms that are involved in aging 
of somatic cells are also involved in aging of 
adult stem cells. Multiple hypotheses have been 
proposed to address the molecular and biological 
age-associated changes in stem cells. These 
include shortening of telomeres, oxidative stress, 
DNA damage, epigenetic alterations of transcrip-
tional regulation, depletion, and reduced differ-
entiation capacity of stem cells (Goyns  2002 ; Li 
et al.  2008 ; Rodriguez-Rodero et al.  2010 ). 

 During DNA replication, cellular DNA has to 
replicate. It had been suggested fi rst at 1970s that 
DNA replication may result in chromosomal 
shortening, due to diffi culties when replicating 
chromosomal ends and this shortening may be 
related to aging (Olovnikov  1973 ). The chromo-
somal ends are protected by telomeres, which are 
ribonucleoprotein complexes that consist of tan-
dem DNA repeats (TTAGGG) and several pro-
teins, together termed shelterin (de Lange  2005 ). 
Conventional DNA polymerases cannot replicate 
the chromosomal ends. To prevent shortening of 
these ends (telomeres) with each cell cycle, cells 
possess the enzyme telomerase, which can add 
the TTAGGG repeats to the chromosomal ends. 
The activity of telomerase is known to decline 
with age (Donate and Blasco  2011 ). The shorten-
ing of chromosomal ends can eventually lead to 
the loss of telomere protection. The naked chro-
mosomal ends then may trigger a DNA damage 
response, with resulting growth arrest and/or 
apoptosis (Vaziri and Benchimol  1996 ). Adult 
stem cells express high levels of telomerase 
(Zimmermann and Martens  2005 ). The proposed 
role of telomere shortening in aging is supported 

by evidence from telomerase-defi cient mice, 
which exhibit premature aging (Blasco et al. 
 1995 ; Herrera et al.  1999 ; Lee et al.  1998 ). This 
fi nding is accompanied by dramatic impairment 
of adult skin stem cells which can be rescued by 
suppression of p53, which is a key protein of cel-
lular DNA damage response (Siegl-Cachedenier 
et al.  2007 ; Flores et al.  2005 ). This latter data 
thus support the hypothesis that naked chromo-
somal ends trigger DNA damage response. 
Consistently, p53 overexpression leads to prema-
ture aging in mice (Donate and Blasco  2011 ). In 
addition to skin stem cells, late-generation 
telomerase- defi cient mice have also limited 
HSCs reserve, which is accompanied by short 
telomeres in this population (Donate and Blasco 
 2011 ). 

 The DNA damage response can be also trig-
gered by other mechanisms than telomere short-
ening. The DNA damage theory of aging 
postulates that the main cause of the functional 
decline associated with aging is the accumulation 
of DNA damage and ensuing cellular alterations, 
e.g., apoptosis (Kenyon and Gerson  2007 ). From 
this point of view, telomere shortening is only a 
part of the picture. Cells are exposed to many 
types of DNA damaging agents and sources, both 
extrinsic and intrinsic, including reactive oxygen 
species (ROS). Accordingly, they possess multi-
ple DNA repair systems, which can repair the 
damage. Function of many of these systems 
declines with age (Donate and Blasco  2011 ). 

3.4.1     Age-Associated Epigenetic 
Changes 

 Another phenomenon associated with aging is 
changes in epigenetic modifi cations of histones 
and DNA and consequent dysregulation of gene 
expression. The epigenetic modifi cations that 
were observed during aging are related to change 
in histone acetylation, histone methylation, and 
DNA methylation. In mice, it has been observed 
that the level of the histone deacetylase SirT1 
decreases with age (Sasaki et al.  2006 ). 
Interestingly, the well-known SirT1 activator, 
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resveratrol, prolongs the life span of mice when 
added to the diet (Sasaki et al.  2006 ). 

 The second observed epigenetic change 
observed in senescent human stem cells is 
increased methylation of H4K20 (methylation of 
histone H4 at lysine residue 20) and decreased 
methylation of H3K27 (trimethylation of histone 
H3 at lysine residue 27) (Sarg et al.  2002 ). 
Epigenetic dysregulation of H3K9 (H3 at lysine 
residue 9) and H3K14 (H3 at lysine residue 14) 
acetylation also occurs in aging mesenchymal 
stem cells (Li et al.  2011 ). 

 The third aging-associated epigenetic phe-
nomenon is a global decrease in DNA methyla-
tion (Berdyshev et al.  1967 ). However, there is an 
increase in DNA methylation at certain loci at the 
same time. Among these are tumor suppressor 
genes (Esteller  2007 ,  2008 ; Maegawa et al. 
 2010 ). DNA methylation generally suppresses 
expression, and therefore inactivation of tumor 
suppression genes may increase risk of cancer in 
aged individuals. 

 It is not yet clear if all described epigenetic 
changes occur in aging stem cells. However, it 
has been demonstrated that the levels of some 
DNA methyltransferases (DNMTs) control the 
self-renewal and differentiation of stem cells. For 
example, DNMT1 is essential for self-renewal of 
HSCs (Trowbridge et al.  2009 ). In summary, the 
presented data suggest that aging of stem cells is 
associated with epigenetic changes, and these 
changes may affect either self-renewal or differ-
entiation of these essential cell types.   

3.5     Stem Cell Exhaustion in 
Premature Syndromes 

 The hypothesis that cumulative, unrepaired DNA 
damage may play a role in aging is supported by 
some premature aging (progeria) syndromes. 
These include Hutchinson–Gilford (Progeria) 
syndrome, Werner syndrome, trichothiodystro-
phy, Cockayne syndrome, and ataxia telangiecta-
sia. These are rare genetic diseases wherein 
symptoms resembling aging are manifested at an 
early age. Individuals that suffer from these syn-
dromes have signifi cantly shortened life span and 

exhibit signs on premature aging (Freitas and de 
Magalhaes  2011 ). Signifi cantly, mutations and 
genes in which these mutations occur were iden-
tifi ed for each of these syndromes. The Werner 
syndrome protein is a RECQ-related DNA heli-
case that is known to be involved in DNA repair 
(Lee et al.  2005 ). Trichothiodystrophy is caused 
by point mutation in the  XPD  gene, which is 
involved in nucleotide excision repair (NER) 
(Hasty et al.  2003 ). Similarly, Cockayne syn-
drome is caused by mutations in either  CSA  or 
 CSB  gene, both of which are required for nucleo-
tide excision repair (Hasty et al.  2003 ). Finally, 
the gene mutated in ataxia telangiectasia is 
involved in double-strand break DNA repair 
(Rotman and Shiloh  1997 ). Thus, this link 
between DNA repair and aging strongly supports 
the DNA damage hypothesis of aging. Similar 
results were obtained with transgenic animals 
that carry mutations in DNA repair genes. 
Mutations in ligase 4, Ku80, and Ku70 genes, 
which are involved in double-strand DNA break 
(DSB) repair, lead to poor hematopoietic recon-
stitution due to an HSC defect in repopulation 
ability (Rossi et al.  2005 ; Nijnik et al.  2007 ; Qing 
et al.  2012 ). Similarly, a defi ciency in another 
component of the DSB repair,  RAD50 , results in 
hematopoietic failure due to ablation of HSCs 
(Bender et al.  2002 ). In addition, mice carrying a 
mutation in the ataxia telangiectasia gene ( ATM ) 
have decreased stem cell numbers, loss of repop-
ulation ability, and increased apoptosis of HSCs 
(Ito et al.  2004 ). These results raise a question 
whether this type of stem cell defects is due to a 
decreased DNA repair ability of HSCs. In sup-
port of this hypothesis, it has been demonstrated 
that antioxidants reduced the oxidative stress and 
maintained stem cell function in ATM- defi cient 
mice (Ito et al.  2004 ). Finally, in aged humans, 
aged HSCs from normal individuals were shown 
to accumulate DNA damage, which appears to 
contribute to their functional decline, and exhibit 
increase in the numbers of H2AX foci, which are 
markers of double-strand DNA breaks (Rossi 
et al.  2007 ). Taken together, the presented results 
suggest that DNA damage may play a signifi cant 
role in aging and loss of functionality of stem 
cells.  
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3.6     Stem Cell Therapy 

 Stem cell treatments are a type of intervention 
strategy that introduces new adult stem cells into 
damaged tissue in order to treat disease or injury. 
Stem cell-based therapies hold tremendous prom-
ise for the treatment of serious diseases and inju-
ries. The ability of stem cells to self-renew and 
give rise to subsequent generations with variable 
degrees of differentiation capacities offers sig-
nifi cant potential for generation of tissues that 
can potentially replace diseased and damaged 
areas in the body, with minimal risk of rejection 
and side effects (Weissman  2000a ). 

 Medical researchers anticipate that adult and 
embryonic stem cells will soon be able to treat 
age-associated diseases, such as cancer, type 1 
diabetes mellitus, Parkinson’s disease, 
Huntington’s disease, celiac disease, cardiac fail-
ure, and muscle damage and neurological disor-
ders (Singec et al.  2007 ). Nevertheless, before 
stem cell therapies can be applied in the clinical 
setting, more research is necessary to understand 
the behavior of these cells upon transplantation as 
well as the mechanisms of stem cell interaction 
with the diseased/injured microenvironment. 

 It is conceivable that transplantation of appro-
priate cell types, either derived from embryonic 
or tissue-specifi c stem cells, is an effective 
method to replace cells lost due to pathology. The 
fi rst demonstration that stem cells might be used 
for cell replacement in a solid organ, derived 
from work in the adult mammalian neocortex 
(Snyder et al.  1997 ). In an adult mouse model of 
experimentally induced apoptosis of pyramidal 
neurons, it was demonstrated that engrafted naïve 
neural stem cells (NSCs) responded to the envi-
ronmental cue to differentiate specifi cally into 
that cell type and project axons to their proper 
target region. Outside that region, or in the neo-
cortex of an intact adult, the same clone of NSCs 
yielded only glia. 

 Since then, many studies have documented 
that cell replacement is effective in generating 
adult tissues. However, it is important not to 
overgeneralize and depend on the source of trans-
planted cells, their cellular differentiation state, 
and the disease model used; grafted cells could 

die during cell preparation and early after implan-
tation (Bakshi et al.  2005 ; Karlsson et al.  2005 ). 
Parkinson disease (PD) is a degenerative disorder 
of the central nervous system resulted from the 
death of dopamine-generating cells in the sub-
stantia nigra, a region of the midbrain; the cause 
of this cell death is unknown. Stem cell grafting 
has been utilized to treat PD in murine models. In 
a rat Parkinson model, it has been found that 
micrografting of multiple dopamine cell result in 
a more effective and successful stem cell transfer 
than single grafts (Nikkhah et al.  1994 ). Hence, 
this suggests that micrografting approach resulted 
in a better cell survival than did large single 
grafts. Defi ning the appropriate cell differentia-
tion state before grafting (naïve versus prediffer-
entiated) and improved transplantation techniques 
in combination with anti-apoptotic and cell- 
protective drugs are key areas that need to be bet-
ter understood prior to clinical translation of stem 
cell therapy. In addition, establishing a standard-
ized postoperative immunosuppressive regimen 
is critical, since insuffi cient immunosuppression 
has been suggested as a possible reason for the 
poor outcome in some clinical trials with patients. 
The continuous treatment with immunosuppres-
sive drugs (e.g., cyclosporine alone or in combi-
nation with other drugs) over several months 
seems to be important in order to prevent acute 
and delayed immunological responses to the 
grafted cells (Lindvall and Bjorklund  2004 ). 

 In addition to PD, in Huntington’s disease 
(HD) (an autosomal dominant neurodegenerative 
genetic disorder), transplantation of NSCs may 
offer a novel treatment option that may slow, 
halt, or even reverse the progression of this dev-
astating illness (Peschanski et al.  2004 ). 
Experimental studies in animal models of HD 
have provided convincing evidence that fetal 
neural tissue can survive transplantation, grow, 
and establish functional afferent and efferent 
connections with the host brain. These observa-
tions correlated with an amelioration of lesion- 
induced behavioral defi cits including abnormal 
locomotion, chorea, dystonia, and dementia 
(Peschanski et al.  2004 ). 

 Autoimmune diseases can appear in any ages, 
but their risk and prevalence is higher during 

3 Age-Associated Alterations of Pleiotropic Stem Cell 



30

 aging. Autoimmune diseases represent a failure of 
normal immune regulatory processes as they are 
characterized by activation and expansion of 
immune cell subsets in response to nonpathogenic 
stimuli. As autoimmune diseases can be trans-
ferred, or alternatively, cured, by stem cell trans-
plantation, a defect in the HSCs as a cause of 
autoimmune diseases may be postulated. The 
rationale for autologous hematopoietic stem cell 
transplantation in autoimmune diseases is the 
ablation of an aberrant or self-reactive immune 
system by chemotherapy and regeneration of a 
new and hopefully self-tolerant immune system 
from hematopoietic stem cells. Several works 
suggested that mesenchymal stem cells (MSCs) 
are defective in autoimmune diseases. These 
aspects are now considered the most intriguing 
aspect of their biology, introducing the possibility 
that these cells might be used as effective therapy 
in autoimmune diseases (Cipriani et al.  2013 ). 
Animal model of autoimmune diseases that have 
been shown to be effectively treated by stem cell 
transplantation includes multiple sclerosis, sys-
temic sclerosis, systemic lupus erythematosus, 
rheumatoid arthritis, juvenile idiopathic arthritis, 
and idiopathic cytopenic purpura (Cipriani et al. 
 2013 ). 

 Cardiovascular diseases are also a group of 
likely age-associated disorders of the heart and 
blood vessels. Stem cell-based treatments are 
expected to have an impact on promoting cardiac 
myogenesis and vascularization. It is widely 
believed that after birth new endothelial cells are 
derived from resident endothelial cells during the 
process of angiogenesis. Multiple studies have 
also indicated that endothelial progenitor cells 
(EPCs) derived from BM contribute to postnatal 
vascularization (Eguchi et al.  2007 ). HSCs can 
become entrapped at the site of injury and induce 
neovascularization by production of growth fac-
tors. In some studies on animal models of myo-
cardial infarction, cultured MSCs derived from 
BM have been shown to home in on the site of 
injury and to promote cardiomyocyte differentia-
tion and vascularization (Nagaya et al.  2004 ), 
thereby resulting in a normalization of ventricular 
function. However, the mechanisms remain 
obscure. The observation that BM elements such 

as EPCs, HSCs, and MSCs can contribute to car-
diac repair in the infarcted heart generated a thera-
peutic strategy for the use of adult BM cells after 
myocardial infarction. In clinical trials patients 
received mononuclear cells derived from BM by 
intracoronary injection exhibited improvement in 
cardiac function after myocardial infarction 
(Schachinger et al.  2004 ; Wollert et al.  2004 ). In 
addition to cell therapy approaches, the identifi ca-
tion of cardiac progenitor cells (Lafl amme and 
Murry  2005 ) in the adult heart opens up new ther-
apeutic possibilities for pharmacological stimula-
tion of the endogenous repair process in cardiac 
disorders. In agreement with these fi ndings, trans-
plantation of mobilized peripheral blood in 
patients with critical limb ischemia (occurs when 
there is a sudden lack of blood fl ow to a limb, 
such as atherosclerosis) resulted in increasing of 
vasculogenesis and an improvement of the symp-
toms (Kawamura et al.  2006 ).  

3.7     Stem Cell-Based Gene 
Therapy 

 Depending on the specifi c disease, pathology can 
be restricted to specifi c sites or widely distrib-
uted. In an ideal therapeutic scenario, it would be 
possible to target the pathological lesions while 
avoiding healthy tissue. Effi cient delivery of 
therapeutic molecules to specifi c regions is still a 
major challenge in gene therapy. Delivering ther-
apeutic genes to specifi c sites via stem cells is an 
alternative strategy of combined gene and stem 
cell therapy. There are advantages for stem cell- 
mediated gene delivery as opposed to direct gene 
transfer. In recent years, some investigations 
have used stem cells that overexpress different 
neurotrophic factors, such as brain-derived neu-
rotrophic factor (BDNF), glial cell-derived neu-
rotrophic factor (GDNT), or neurotrophin-3 
(NT3), and found that the delivery of these genet-
ically modifi ed stem cells to animal models of 
ischemic stroke is more safe and effective than 
delivering of naked or modifi es genes (Chen et al. 
 2012 ). 

 NSCs also exhibit a remarkable ability to 
home to specifi c sides and are able to integrate 

A. Massoud



31

seamlessly into the host brain while continuing to 
stably express a foreign transgene, it was rea-
soned that these cells may be ideal vehicles for 
the delivery of therapeutic molecules for central 
nervous system (CNS) disorders. In fact, infl am-
mation and molecules released during acute or 
chronic injuries were found to be chemoattrac-
tants for NSCs. For instance, stromal cell-derived 
factor α (SDF1-α) secreted during the infl amma-
tory response (in part by macrophages, activated 
microglia, reactive astrocytes, and infl amed 
endothelium) strongly attracts migratory human 
NSCs even over long distances (Imitola et al. 
 2004 ). Therefore, NSCs manipulated ex vivo 
(e.g., by viral transduction) and transplanted into 
the brain may be well suited for long-range deliv-
ery of therapeutically relevant molecules and 
drugs to CNS lesions. Taken together these data 
suggest that stem cell-based gene therapy may be 
a promising treatment for stroke.  

3.8     Stem Cells Regenerative 
Medicine 

 Synthetic small molecules and natural products 
have provided useful pharmacological interven-
tions to modulate cellular processes in stem cells. 
Indeed, several studies have shown that many 
drugs in current clinical use have the potential to 
modulate the function of stem cells (Kawamura 
et al.  2006 ). In addition, new chemical entities 
have been identifi ed which have modulatory 
activity on stem cells (Ding and Schultz  2004 , 
 2005 ). These chemicals might have potential for 
ex vivo expansion and differentiation of stem 
cells as well as for pharmacological intervention 
to stimulate self-repair processes. 

 Mouse embryonic stem cells are typically 
expanded in the presence of leukemia inhibitory 
factor (LIF) (Niwa et al.  1998 ) and bone morpho-
genetic protein (BMP) (Ying et al.  2003 ). The 
combination of these two factors allows these 
stem cells to proliferate in the absence of serum 
and feeder cells. LIF activates signal transducers 
and activators of transcription-3 (STAT-3) 
 signaling, which promotes self-renewal and inhib-
its mesodermal and endodermal differentiation 

(Niwa et al.  1998 ). BMP also inhibits mitogen- 
activated protein kinases signaling and neuroecto-
dermal differentiation (Ying et al.  2003 ). 
Compared to mouse embryonic stem cells, human 
counterparts are more vulnerable to apoptosis 
upon cellular detachment and dissociation, which 
causes major problems for manipulations, such as 
subcloning, which require dissociated cultures 
(Watanabe et al.  2007 ). 

 Enhancing of mobilization is one of the key 
factors in getting stem cells, progenitor cells, 
macrophages, and monocytes to sites of injury, 
where they can induce vascularization and sup-
port regeneration. The injection of Granulocyte 
colony-stimulating factor (G-CSF) is one of the 
most common methods to mobilize HSCs for 
transplantation in the clinical setting (Cutler and 
Antin  2005 ). In addition, several other pharma-
cological agents, such as granulocyte colony- 
stimulating factor (G-CSF) (Yoon et al.  2007 ), 
erythropoietin (Bahlmann et al.  2004 ), statins 
(Dimmeler et al.  2001 ), rosiglitazone (Wang 
et al.  2004 ), estrogens (Strehlow et al.  2003 ), and 
angiotensin II receptor antagonists (Bahlmann 
et al.  2005 ), have been shown to have an effect on 
BM cells. 

 G-CSF has received attention as a possible 
treatment for heart failure after myocardial 
infarction, and it has been shown to have benefi -
cial effects on cardiac function and cardiogenesis 
in animal models of myocardial infarction (Orlic 
et al.  2001 ; Minatoguchi et al.  2004 ). On the 
basis of these fi ndings, G-CSF has been tested in 
patients with acute myocardial infarction (AMI) 
or chronic myocardial ischemia and seems to be 
safe and accelerating recovery. In a mouse stroke 
model, the combination of G-CSF and the stem 
cell factor (SCF) induced neurogenesis from 
NSCs and MSCs in the infarct area and induced 
functional recovery (Kawada et al.  2006 ). Hence, 
in addition to its effects on HSCs, G-CSF plays 
multiple roles in CNS regeneration. 

 The identifi cation of regenerative pathways 
for pancreatic islet β cells is also an active area of 
research for developing regenerative treatment of 
diabetes type I. In this regard, three major routes 
for the generation of new β cells in the adult 
 pancreas have been proposed: (1) neogenesis 
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from ductal progenitor cells, (2) proliferation of 
 existing β cells, and (3) transdifferentiation of 
pancreatic exocrine progenitor cells (Fellous 
et al.  2007 ). Glucagon-like peptide-1 (GLP-1) 
and its related peptide exendin-4 have been 
shown to prevent diabetes by enhancing β cell 
mass (Li et al.  2003 ). Therefore, in addition to 
cell replacement therapy using islet β cells 
derived from stem cells, pharmacological inter-
vention could be an another important approach 
to the regenerative treatment of diabetes. 
However, similar to the situation in the heart, the 
very limited turnover capacity of these cells 
under normal conditions means that these studies 
are the subject of controversial discussion.  

3.9     Concluding Remarks 

 In the recent year, our knowledge in the biology 
of stem cells and the degree to which the aging of 
these cells contributes to the overall aging pro-
cess of human has been increased briskly. 
Understanding the molecular mechanisms under-
lies stem cell aging and utilizing technological 
methods for regenerating stem cells are enabling 
us to develop effective treatment for large spec-
trum of age-associated disorders. The application 
of human pluripotent stem cells for the treatment 
of a wide variety of age-associated diseases 
requires the development of technologies to 
fi nely regulate their growth and differentiation. 
In this regard, regenerative medicine, which aims 
to restore organ function, puts a lot of hopes into 
stem cell approaches. However, differences in 
pharmacological effects between animals and 
humans can be an obstacle to the selection of 
appropriate drug candidates for development. 
Techniques which allow the translation of the 
knowledge obtained from animal experiments to 
clinical application are vital for the improvement 
of drug development productivity and include 
in vitro and in vivo assay systems that mimic 
effects in human subjects. Although 
reprogramming- induced human pluripotent stem 
cells are not yet available, this technology would 
be a most effi cient tool for translational medicine 
as well as for the generation of human cells and 

tissues with specifi c genetic characteristics. They 
would provide useful tools for predicting the 
effects and side effects of drug candidates where 
these are related to genetic polymorphisms. 

 In summary, new stem cell fi ndings provide 
new perspectives and should stimulate new 
research on stem cells and aging, which can 
potentially result in breakthrough treatments and 
lifespan extension.     
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4.1            Introduction to Cellular 
Aging: Historical 
Perspective 

 Many theories have been suggested over the last 
100 years trying to explain cellular and organis-
mal aging. The rate of living hypothesis of Pearl 
in 1928 postulated that a quicker basal metabolic 
rate results in decreased lifespan (Pearl  1928 ). 
Denham Harman built on this notion with the 
free radical theory of aging which suggested that 
the by-products of metabolic activity such as the 
exposure to reactive oxygen species (ROS) OH ̇  
and H 2 O 2  cause damage that results in cellular 
aging (Harman  1956 ). The mutation accumula-
tion theory of Peter Medawar in 1952 proposed 
that over the course of the organism’s lifetime, 
mutations accumulate in the genome causing 
dysregulation of genes involved in aging and 
development (Medawar  1952 ). Others have con-
sidered aging to be a form of senescence; the pro-
cess of replicative senescence was fi rst described 
by Hayfl ick and Moorhead in 1961 as the capac-
ity for cells to undergo a limited number of divi-
sions, called the Hayfl ick limit (Hayfl ick and 
Moorhead  1961 ). Telomeric  shortening occurs 
with each cell division, is accelerated under 

stress, and ultimately limits replicative capacity 
resulting in senescence. 

 The infl amm-aging model of cellular aging 
proposed by Franceschi et al. incorporates many 
aspects of these theories (Franceschi et al.  2007 ). 
These authors propose that the aging phenotype 
is the result of damage-induced infl ammation 
that arises from a failure to adapt to stress- 
induced damage from ROS produced by normal 
cellular metabolism, exposure to ultraviolet (UV) 
radiation, and bacterial and viral infections. 
Ineffective DNA repair pathways, organelle 
autophagy, glutathione depletion, ineffective 
apoptosis, and cell clearance result in a non- 
resolving infl ammatory response which drives 
aging. This is consistent with the observations of 
a proinfl ammatory state during aging.  

4.2     Infl ammation During Aging 

 The principal effectors of infl ammation are cells 
of the innate immune system, particularly neutro-
phils, monocytes, and macrophages. Neutrophils 
from older adults have enhanced motility, but 
directionality of migration is poor and neutrophil- 
specifi c phagocytic activity is also decreased 
(Butcher et al.  2001 ).    Such a scenario would lead 
to poor recruitment towards and poor clearance 
of damage but an accumulation of infl ammatory 
mediators which would be secreted over a longer 
time. Similarly, the response to infl ammatory 
challenge in aging mice associates with a poor 
acute-phase protein response from the liver in 
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spite of signifi cant tissue damage (Gomez et al. 
 2007 ,  2008 ). Paradoxically, this associates with 
an enhanced infl ammatory cytokine response, 
particularly of the acute-phase protein inducer 
IL-6, but this cytokine is also produced by sys-
temic cells of the innate immune system. 

 It is recognized that monocyte subsets are 
important determinants of infl ammatory persis-
tence or resolution. Proportions and numbers of 
CD14 + (high)CD16 +  and CD14 + (low)CD16 +  mono-
cytes are signifi cantly increased, whereas propor-
tions of CD14 + (low)CD16 −  monocytes are 
decreased in aged subjects as compared to young 
subjects (Nyugen et al.  2010 ). CD14 +(low) CD16 +  
monocytes are termed proinfl ammatory compared 
to CD14 (high) CD16 −  monocytes based on cytokine 
secretion profi les, and there is a switch to proin-
fl ammatory monocytes with aging. Monocyte mat-
uration into macrophages is vital for the innate 
immunity response. Macrophages produce cyto-
kines and eicosanoids in response to exogenous 
and endogenous danger signals such as pathogen-
derived molecules, oxidized proteins and lipids, 
TNF-α, and heat shock proteins (HSPs) (Vabulas 
et al.  2002 ). 

 We have recently reviewed the infl uence of 
aging on Toll-like receptor (TLR) expression and 
downstream signaling from mouse to man 
(Dunston and Griffi ths  2010 ). The consensus of 
the literature that we reviewed is that TLRs, key 
receptors for innate immune signaling after 
gram-positive bacterial infection, are decreased 
on the cell surface of innate immune cells from 
older adults possibly due to altered traffi cking. 
Moreover we reviewed the extent to which TLR 
adaptor molecules, e.g., MyD88 interleukin 1 
receptor-associated kinase (IRAK)-1 and IRAK- 
4; tumor necrosis factor receptor-associated fac-
tor (TRAF)-6, tumor growth factor-β-activated 
kinase (TAK)-1, the mitogen-activated protein 
kinase (MAPK), and nuclear factor kappa light- 
chain enhancer of activated B cell (NFκB) path-
ways are refractory to the effect of stimulus and 
confi rmed that there are many levels at which 
defective intracellular signaling can contribute to 
the refractory phenotype of macrophages to stim-
ulus (Dunston and Griffi ths  2010 ). The inability 
of older macrophages to mount an effective 

innate response to challenge poses signifi cant 
health risk, notably the persistence of infection or 
pathogenic lipid debris and chronicity of infl am-
mation resulting in an increased risk or morbidity 
and mortality as a result of infection or cardiovas-
cular disease (Liang and Mackowiak  2007 ). 
During aging in vivo, there is a basal proinfl am-
matory state, increased levels of circulating cyto-
kines, and other mediators of innate immunity 
that are typically generated in response to lipo-
polysaccharide (LPS) stimulation (Lord et al. 
 2001 ). 

 The consequent proinfl ammatory environ-
ment increases the risk of disease such as rheu-
matoid arthritis, cardiovascular disease, and 
cancers which associate with a failure to resolve 
acute infl ammatory events (Flavell et al.  2008 ).  

4.3     Metabolism, Monocytes, 
and Infl ammation 

 Metabolic state is an important contributor to 
monocyte function and differentiation. Early 
studies described that butyrate downregulates the 
expression of major histocompatibility complex 
(MHC) molecules on the cell surface that are 
required for antigen presentation and decreases 
the phagocytic capacity of treated monocytes 
(Millard et al.  2002 ). More recently, the effects of 
fatty acids on infl ammatory responses of mono-
cytes and macrophages have been explored and 
confi rm that omega-3 fatty acid-treated macro-
phages are less infl ammatory whereas saturated 
fatty acid (palmitate)-treated monocytes are more 
infl ammatory (Wang et al.  2009 ; Gao et al.  2012 ). 
In humans, aging associates with an altered meta-
bolic phenotype typical of insulin resistance with 
impaired clearance of circulating free fatty acids 
and glucose (Pagano et al.  1996 ). These studies 
support the hypothesis that monocyte dysfunc-
tion (proinfl ammatory and failure to resolve) as a 
result of hyperglycemia/lipidemia will be more 
prevalent in aging. 

 In further confi rmation of the relationship 
between metabolism and infl ammation, Dasu 
et al. described that high glucose with or without 
high fatty acids increased cell surface TLR-2 and 
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TLR-4 expression and NFκB signaling in human 
monocytes (Dasu et al.  2008 ; Dasu and Jialal 
 2011 ). High glucose or free fatty acids have also 
been associated with increased monocyte adhe-
sion to human umbilical vein endothelial cells 
and vascular smooth muscle cells, increased rate 
of both monocyte migration and transendothelial 
migration, and impaired uptake of oxidized low-
density lipoprotein (LDL) in vitro (Meng et al. 
 2010 ; Nandy et al.  2011 ; Gao et al.  2012 ). 

 Monocytes treated with palmitate in vitro are 
also resistant to insulin-stimulated glucose uptake 
compared to non-palmitate-treated controls, and 
cellular memory of this effect can be retained 
(Gao et al.  2009 ) perhaps due to epigenetic modi-
fi cations. Epigenetic modifi cations of DNA and 
histone proteins have been proposed as important 
contributory mechanisms to the retention of met-
abolic memory over time. Indeed, the United 
Kingdom prospective diabetes study (UKPDS) 
and epidemiology of diabetes interventions and 
complications (EDIC) studies suggest that poor 
glycemic environment establishes a “metabolic 
memory” effect resulting in a poorer outcome 
with greater incidence of complications even 
after control of the glycemic environment has 
been established (The Diabetes Control and 
Complications Trial Research Group  1993 ; 
Chalmers and Cooper  2008 ). Assimilating these 
fi ndings, it is reasonable to consider that a decline 
in metabolic effi ciency with age drives an infl am-
matory phenotype which persists through epigen-
etic change.  

4.4     A Role for Epigenetic Change 
in Mediating Systemic 
Infl ammation During Aging 

 Epigenetic changes are believed to provide a link 
between the environment and nutrition to gene 
expression by altering the activity of some 
histone- modifying protein, e.g., the nicotinamide 
adenine dinucleotide (NAD + )-dependent histone 
deacetylase enzyme silent mating type informa-
tion regulation 2 homolog 1 (SIRT1) (Haigis and 
Sinclair  2010 ). As SIRT1 is an NAD + -dependent 
enzyme, its activity and therefore potential for 

epigenetic manipulation are dependent on energy 
availability within the cell. 

4.4.1     Epigenetic Histone 
Modifi cations 

 Nucleosomes, the functional units of chromatin, 
are formed from genomic DNA wrapped around 
histone protein complexes. The posttranslational 
additions of methyl or acetyl groups to histone 
proteins are important epigenetic modifi cations 
that are implicated in gene regulation (Rice and 
Allis  2001 ). 

 N-terminal histone methylation is catalyzed 
by the histone methyl transferase (HMT) family 
to yield a complex series of modifi cations; lysine 
residues can be either mono-, di-, or tri- 
methylated and arginine residues either mono- or 
di-methylated, and di- or tri-methylation can be 
either symmetrical or asymmetrical, thereby add-
ing further variation (Nimura et al.  2010 ). 
Although histone methylation is generally asso-
ciated with gene repression, it has been shown to 
be capable of activating gene expression. For 
example, di- or tri-methylation of the histone 
protein H3 at lysine K4 can activate gene expres-
sion, whereas di- or tri-methylation of H3 at 
lysine K9 has been shown to be capable of 
repressing gene expression (Hou and Yu  2010 ). 

 All the HMT families use S-adenosylmethionine 
(SAM) as a coenzyme in the transfer of methyl 
groups (Varier and Timmers  2011 ). With the dis-
covery of the fi rst histone demethylase enzyme, 
lysine-specifi c histone demethylase 1 (LSD1), in 
2004 by Shi et al., it became apparent that histone 
methylation is a dynamic process rather than a per-
manent one (Shi et al.  2004 ). Methylated histones 
in turn can recruit protein complexes with histone 
acetyl transferase (HAT) activity suggesting a 
mechanism by which histone methylation may 
infl uence histone acetylation (Rice and Allis  2001 ).  

4.4.2     Histone Acetylation 

 N-terminal histone acetylation is mediated by 
HAT which requires acetyl coenzyme A 
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(acetyl- CoA) as a source of acetyl groups (Rice 
and Allis  2001 ). The antagonistic process, 
deacetylation, is performed by histone deacet-
ylases (HDAC) which remove the acetyl groups 
for transfer to CoA. Histone acetylation is thus 
a dynamic and reversible process which can 
affect gene expression. Histone acetylation is 
generally considered to result in gene activa-
tion and deacetylation to result in gene silenc-
ing (Yeung et al.  2004 ). 

 Histone acetylation results in altered gene 
expression; although the mechanism has not yet 
been fully elucidated, it is likely to be due to 
altered interaction between DNA and histones as 
acetylation neutralizes the lysine residues’ posi-
tive charge weakening the interaction with the 
negatively charged phosphate backbone of the 
DNA. This relaxes the tight chromatin structure 
exposing the gene promoter to RNA polymerases 
allowing gene transcription and aiding in 
elongation.  

4.4.3     Histone Deacetylase Enzymes 
and the Regulation of Histone 
and Protein Acetylation 

 Histone deacetylase enzymes like HAT enzymes 
are also believed to be highly conserved between 
mammals and yeast. At least 18 HDAC enzymes 
have been discovered and separated into four dis-
tinct classes based on their homology to yeast 
HDAC proteins. Class III HDACs contain the 
sirtuin family of deacetylase proteins which are 
NAD +  dependent and share homology with the 
yeast silent information regulator 2 (Sir2) deacet-
ylase protein (Dokmanovic et al.  2007 ). 

 The yeast Sir2 histone deacetylase protein 
was fi rst discovered to have a role in regulating 
the aging process by Sinclair and Guarente 
( 1997 ). Overexpression of Sir2 in yeast results in 
an approximate 30 % increase in budding yeast 
cellular lifespan, whereas Sir2 knockout yeast 
cells cause a 50 % decrease in cellular lifespan. 
Yeast cells subjected to reduced glucose avail-
ability (caloric restriction) also experienced 
increased cellular lifespan via upregulation of the 
Sir2 protein. Calorie restriction (CR) has also 

been shown to increase lifespan in worm, fl y, and 
mice models via invertebrate and mammalian 
Sir2 homologs. The mammalian homologs of 
yeast Sir2 belong to the sirtuin family of proteins 
which contains seven proteins (SIRT1–7). SIRT1 
is the most closely related of the sirtuins to Sir2. 
SIRT1 is a NAD + -dependent deacetylase protein 
which recognizes and deacetylates both histones 
and several other proteins and transcription fac-
tors (Haigis and Sinclair  2010 ). 

 Intracellular NAD +  availability, increased dur-
ing low nutrient availability, is rate limiting for 
SIRT1 activity, and deacetylation is greater dur-
ing nutrient deprivation. In contrast, an increase 
in glycolysis arising from increased nutrient 
availability increases intracellular pyruvate and 
acetyl-CoA, a substrate necessary for acetylation. 
Thus increased nutrient availability results in 
increased acetylation frequency (Haigis and 
Sinclair  2010 ). 

4.4.3.1     Acetylation, Infl ammation, 
and Aging 

 SIRT1 catalyzes not only deacetylation of the 
histone proteins H3 and H4 at lysine residues 
K9 and K16, respectively, but also several 
 proteins and transcription factors involved in 
metabolism and infl ammation including the 
 peroxisome proliferator gamma co-activator 1 
alpha (PGC-1α) (Rodgers et al.  2005 ), the NFκB 
subunit P65 (Yeung et al.  2004 ), the forkhead box 
class O (FOXO) proteins FOXO1 and FOXO3 
(Brunet et al.  2004 ), P53 (Vaziri et al.  2001 ), 
tyrosine- protein phosphatase non-receptor type 1 
(PTP1B) (Sun et al.  2007 ), and the insulin recep-
tor substrate 2 (IRS2) (Zhang  2007 ). SIRT1 
deacetylates PGC-1a at specifi c lysine residues 
increasing PGC-1a activity. SIRT1 has also been 
identifi ed as a suppressor of infl ammation in sev-
eral tissue types by inhibiting the NFκB pathway. 
Upon activation the NFκB complex translocates 
to the cell nucleus where it is acetylated by the 
protein acetylase p300 and activated causing 
transcription of several genes responsible for the 
infl ammatory response such as cytokines. SIRT1 
deacetylates and binds to the P65 subunit of the 
NFκB complex preventing acetylation and acti-
vation (Yeung et al.  2004 ). By acting in response 
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to cellular nutrient availability and subsequently 
altering such biological processes such as infl am-
matory response, fatty acid and glucose metabo-
lism, mitochondrial biogenesis, DNA repair 
pathways, and cellular aging, SIRT1 may form a 
potential link between metabolism, infl amma-
tion, and cell aging.   

4.4.4     DNA Methylation 

 The DNA of higher organisms, especially of verte-
brates, is subject to the addition of methyl groups 
by DNA methyltransferases (DnMT) to the 5’ car-
bon of cytosine residues existing as part of cyto-
sine-phosphate-guanine (CpG) dinucleotides 
(Illingworth and Bird  2009 ). DNA methylation 
has been shown to have a fundamental role in 
developmental processes such as X-chromosome 
inactivation and genomic imprinting (Ideraabdullah 
et al.  2008 ; Panning  2008 ). Addition of methyl 
groups is primarily carried out by proteins belong-
ing to the DNA methyltransferase (DnMT) family 
and can be described as “maintenance” methyla-
tion or “de novo” methylation. Maintenance meth-
ylation is the process by which existing methylation 
is copied onto newly replicated DNA and is per-
formed by the DnMT1 methyltransferase. De novo 
methylation is performed by the methyltransfer-
ases DnMT3a and DnMT3b and is the addition of 
methyl groups to previously unmodifi ed DNA. 

 The sites of DNA methylation, CpG dinucleo-
tides, are distributed throughout the genome and 
are generally methylated, and methylated cyto-
sine may undergo spontaneous deamination to 
produce thymine. Regions of the genome con-
taining a high concentration of CpG residues 
called CpG islands exist in the promoter regions 
of approximately 70 % of genes these regions are 
inherently unmethylated, although can be meth-
ylated altering gene expression (Illingworth and 
Bird  2009 ). 

 Methylation represses transcription after rec-
ognition of methylated CpG by specifi c proteins 
such as the protein MeCP2 which can either 
block the promoter region to polymerases or 
form a complex with histone deacetylase proteins 
that in turn alter chromatin conformation 

 restricting gene expression (Nan et al.  1997 ). 
Conversely, demethylation is likely to lead to a 
deregulation in gene expression. 

4.4.4.1     Methylation, Infl ammation, 
and Aging 

 CpG island hypermethylation has been proposed 
as a common mechanism in tumorigenesis and 
aging where aberrant hypermethylation of pro-
moter CpG islands associates with inactivation 
of tumor suppressor genes. During aging, hyper-
methylation is reported to occur preferentially at 
bivalent chromatin that combine activating and 
repressive methylation signatures (Rakyan et al. 
 2010 ). This has led to several studies designed to 
characterize age-related epigenetic signatures.    A 
recent study involved the analysis of fi ve discrete 
DNA sources from dermis, epidermis, cervical 
smear, T cells, and monocytes, in a screen for 
CpG sites that are consistently and differentially 
methylated in aging. Koch and Wagner ( 2011 ) 
confi rmed the presence of 19 age-predictive 
islands, fi ve of which were applied to an algo-
rithm to defi ne age. The predictive hypermethyl-
ated genes were NPTX2, a neuronal pentraxin 
related to the acute-phase reactant C-reactive 
protein (CRP), TRIM58, GRIA2 (neuronal 
AMPA receptor), and KCNQ1DN which is 
related to Wilms’ tumors. A further hypomethyl-
ated CpG site was found in the BIRC4BP gene 
which encodes for an antiapoptotic protein 
(Koch and Wagner  2011 ). At this time it is not 
clear why these combined markers are signifi -
cant for aging. 

 A more obvious link between DNA methyla-
tion status and infl ammation is from studies 
investigating dysregulation of tumor necrosis 
factor-alpha (TNF-α) expression, an important 
cytokine in chronic infl ammation, with a decrease 
in TNF promoter methylation during aging 
(Gowers et al.  2011 ). This is likely to result in 
increased TNF-α expression however, in infl amed 
CKD patients global hypermethylation was asso-
ciated with mortality from cardiovascular disease 
risk after age has been accounted for (Stenvinkel 
et al.  2007 ) suggesting a complex interaction 
between infl ammation, age and disease on meth-
ylation status (Wilson  2008 ). 
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 Age-associated infl ammatory lung disease is a 
major cause of morbidity in the elderly. DNA 
methylation in nine infl ammatory genes and was 
correlated with lung function in a cohort of 756 
community-dwelling elderly men. Decreased 
methylation of TLR-2, CRAT, and F3 was associ-
ated with decreased lung function, whereas 
demethylation of IL-6 and interferon gamma 
(IFN-γ) was associated with better lung function 
possibly due to a negative feedback on the infl am-
matory process (Lepeule et al.  2012 ). 

 The monocyte is a good model to investigate 
the effect of longevity versus differentiation from 
a progenitor state. In a study of the maturation 
and differentiation of CD34 +  hematopoietic pro-
genitor cells, methylation changes observed in 
older progenitor cells showed a bimodal pattern 
with hypomethylation of differentiation- 
associated genes and de novo methylation events 
resembling epigenetic mutations (Bocker et al. 
 2011 ). Specifi c targeting of epigenetic mutations 
may be important in regulating monocyte differ-
entiation pathways during aging.   

4.4.5     miRNA and Epigenetic 
Regulation 

 MicroRNAs (miRNA) are members of the non-
coding RNA (ncRNA)—a class of nucleic acids, 
which regulate gene expression but do not encode 
any translated product. They include long ncRNA 
greater than 200 nucleotide bases, which may be 
precursors for small ncRNAs, and together are 
believed to regulate over 60 % of all human 
genes and are important in differentiation, senes-
cence, aging, and lifespan extension (Boehm and 
Slack  2005 ,  2006 ; Schickel et al.  2008 ; Bates 
et al.  2009 ; Friedman et al.  2009 ). Epigenomic 
regulation by ncRNA is achieved by modifying 
chromatin structure and gene imprinting (Rinn 
et al.  2007 ; Wilkinson et al.  2007 ). The relevance 
of ncRNA for aging has been highlighted by 
reports of telomeric ncRNAs (TelRNAs) that 
regulate telomerase activity and which may play 
a direct role in the molecular mechanisms of 
aging (Azzalin et al.  2007 ; Schoeftner and Blasco 
 2008 ). 

 Since their discovery almost 20 years ago, 
miRNA has emerged as a critical regulator of 
gene expression acting at the posttranslational 
level to either promote degeneration or inhibit 
transcription of target mRNA (Lepeule et al. 
 2012 ). miRNAs with almost-perfect complemen-
tarity usually signal for mRNA cleavage, whereas 
miRNAs that exhibit more mismatches usually 
inhibit translation and/or trigger the transport of 
mRNA to mRNA-processing bodies where 
mRNA is stored or degraded (Du and Zamore 
 2007 ). The biogenesis of mature miRNAs is 
complex; most miRNAs are transcribed into 
5′-capped poly(A)-tailed primary miRNAs (pri- 
miRNA) by RNAP I and after nuclear transcrip-
tion fold into clusters of imperfect 3 helical-turn 
(33 bp) stem-and-loop structures that are recog-
nized by DGCR8 and Drosha. These enzymes cut 
precursor miRNAs (pre-miRNA) to remove 22 
bp from the loop and release a pre-miRNA of 
about 70 nucleotides (Han et al.  2006 ). Exportin 
5 and ras-related nuclear protein (RAN) GTPase 
then transport pre-miRNAs into the cytoplasm 
for processing into double-strand intermediates 
by the enzyme Dicer, and the guide strand with 
less stable 5′ end is then incorporated into 
Argonaute effector complexes (Takeda et al. 
 2008 ). 

 The fi rst miRNA and gene target pair to be 
described in any species was from  C .  elegans , 
 lin - 4 , and the transcription factor,  lin - 14 , which 
initially were reported to control larval develop-
ment timing but later were shown to infl uence 
lifespan via the insulin/insulin-like growth fac-
tor- 1 pathway (Lee et al.  1993 ; Boehm and Slack 
 2005 ). 

4.4.5.1     miRNA, Infl ammation, 
and Aging 

 Interest in the role of miRNA molecules in regu-
lating infl ammation has burgeoned in the last 
5 years with the description of miR146 as an 
inhibitor of innate immune signaling which is 
turned on by NFκB and serves as a negative feed-
back loop to dampen down infl ammatory 
responses (Taganov et al.  2006 ) and is dysregu-
lated in aging (Jiang et al,  2012 ). 
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 A role for miRNA within cells for regulating 
gene expression and subsequently infl ammation 
is relatively straightforward to appreciate. 
However, miRNA is also found in extracellular 
fl uids, and the roles/functions of extracellular 
miRNAs are poorly studied. There are several 
potential explanations for their presence includ-
ing apoptosis, microparticle shedding, and active 
export with Argonaute family (Turchinovich 
et al.  2012 ). How good these molecules will 
prove to be as disease-specifi c biomarkers is 
therefore unknown. More interesting perhaps 
is the question of whether miRNA has any 
 extracellular signaling role, and early evidence 
in support of this pertains to Let-7, which acts as 
a potent activator of TLR-7 signaling in macro-
phages, microglia, and neurons (Lehmann et al. 
 2012 ).    

    Conclusion 

 The aging process results from a complex inter-
play with genes and the environment that can 
precipitate uncontrolled infl ammation. It is 
likely that epigenetic modifi cations may be 
important mediators of this relationship. A thor-
ough understanding of the posttranscriptional 
and epigenetic factors involved in both normal 
aging and age- related disease may inform new 
strategies and approaches to diagnose, treat, or 
suppress many aspects of age-dependent frailty. 
The importance of the regulatory ncRNAs is 
only just beginning, and the potential to reverse 
epigenetic changes could afford signifi cant 
health improvements during aging.     

  Acknowledgments   Funding is gratefully acknowledged 
from the following sources BBSRC (JWK); BBSRC 
(SJB); Alzheimer’s Research UK (IHKD); FP7 MARK-
AGE (EU FP7 Large-scale integrating Project 
HEALTH-F4-2008-2008800 (CRD); COST CM1001 and 
BM1203 (HRG).  

   References 

       Azzalin CM, Reichenbach P, Khoriauli L et al (2007) 
Telomeric repeat-containing RNA and RNA surveil-
lance factors at mammalian chromosome ends. 
Science 318:798–801  

    Bates DJ, Liang R, Li N et al (2009) The impact of non-
coding RNA on the biochemical and molecular mech-
anisms of aging. Biochim Biophys Acta 
1790:970–979  

    Bocker MT, Hellwig I, Breiling A et al (2011) Genome- 
wide promoter DNA methylation dynamics of human 
hematopoietic progenitor cells during differentiation 
and aging. Blood 117:e182–e189  

     Boehm M, Slack F (2005) Physiology: a developmental 
timing microRNA and its target regulate life span in C. 
Elegans. Science 310:1954–1957  

    Boehm M, Slack FJ (2006) MicroRNA control of lifespan 
and metabolism. Cell Cycle 5:837–840  

    Brunet A, Sweeney LB, Sturgill JF et al (2004) Stress- 
dependent regulation of FOXO transcription factors 
by the SIRT1 deacetylase. Science 303:2011–2015  

    Butcher SK, Chahal H, Nayak L et al (2001) Senescence 
in innate immune responses: reduced neutrophil 
phagocytic capacity and CD16 expression in elderly 
humans. J Leukoc Biol 70:881–886  

    Chalmers J, Cooper ME (2008) UKPDS and the legacy 
effect. N Engl J Med 359:1618–1620  

    Dasu MR, Jialal I (2011) Free fatty acids in the presence 
of high glucose amplify monocyte infl ammation via 
Toll-like receptors. Am J Physiol Endocrinol Metab 
300:E145–E154  

    Dasu MR, Devaraj S, Zhao L et al (2008) High glucose 
induces toll-like receptor expression in human mono-
cytes: mechanism of activation. Diabetes 57:3090–3098  

    Dokmanovic M, Clarke C, Marks PA (2007) Histone 
deacetylase inhibitors: overview and perspectives. 
Mol Cancer Res 5:981–989  

    Du T, Zamore PD (2007) Beginning to understand 
microRNA function. Cell Res 17:661–663  

     Dunston CR, Griffi ths HR (2010) The effect of ageing on 
macrophage Toll-like receptor-mediated responses in 
the fi ght against pathogens. Clin Exp Immunol 
161:407–416  

    Flavell SJ, Hou TZ, Lax S et al (2008) Fibroblasts as 
novel therapeutic targets in chronic infl ammation. Br J 
Pharmacol 153:S241–S246  

    Franceschi C, Capri M, Monti D et al (2007) Infl ammaging 
and anti-infl ammaging: a systemic perspective on 
aging and longevity emerged from studies in humans. 
Mech Ageing Dev 128:92–105  

    Friedman RC, Farh KKH, Burge CB et al (2009) Most 
mammalian mRNAs are conserved targets of microR-
NAs. Genome Res 19:92–105  

    Gao D, Bailey CJ, Griffi ths HR (2009) Metabolic memory 
effect of the saturated fatty acid, palmitate, in mono-
cytes. Biochem Biophys Res Commun 388:278–282  

     Gao D, Pararasa C, Dunston CR et al (2012) Palmitate 
promotes monocyte atherogenicity via de novo 
ceramide synthesis. Free Radic Biol Med 53:796–806  

    Gomez CR, Hirano S, Cutro B et al (2007) Advanced age 
exacerbates the pulmonary infl ammatory response after 
lipopolysaccharide exposure. Crit Care Med 35:246–251  

    Gomez CR, Acuna-Castillo C, Perez C et al (2008) 
Diminished acute phase response and increased 
hepatic infl ammation of aged rats in response to 

4 A Role for Epigenetic Modulation of the Innate Immune Response During Aging



44

 intraperitoneal injection of lipopolysaccharide. J 
Gerontol A Biol Sci Med Sci 63:1299–1306  

    Gowers IR, Walters K, Kiss-Toth E et al (2011) Age- 
related loss of CpG methylation in the tumour necrosis 
factor promoter. Cytokine 56:792–797  

      Haigis MC, Sinclair DA (2010) Mammalian sirtuins: bio-
logical insights and disease relevance. Annu Rev 
Pathol 5:253–295  

    Han J, Lee Y, Yeom KH et al (2006) Molecular basis for 
the recognition of primary microRNAs by the Drosha- 
DGCR8 complex. Cell 125:887–901  

    Harman D (1956) Aging: a theory based on free radical 
and radiation chemistry. J Gerontol 11:298–300  

    Hayfl ick L, Moorhead PS (1961) The serial cultivation of 
human diploid cell strains. Exp Cell Res 25:585–621  

    Hou H, Yu H (2010) Structural insights into histone lysine 
demethylation. Curr Opin Struct Biol 20:739–748  

    Ideraabdullah FY, Vigneau S, Bartolomei MS (2008) 
Genomic imprinting mechanisms in mammals. Mutat 
Res 647:77–85  

     Illingworth RS, Bird AP (2009) CpG islands–‘a rough 
guide’. FEBS Lett 583:1713–1720  

    Jiang M, Xiang Y, Wang D et al (2012) Dysregulated 
expression of miR-146a contributes to age-related 
dysfunction of macrophages. Aging Cell 11(1):29–40  

     Koch CM, Wagner W (2011) Epigenetic-aging-signature 
to determine age in different tissues. Aging (Albany 
NY) 3(10):1018–1027  

    Lee RC, Feinbaum RL, Ambros V (1993) The C. elegans 
heterochronic gene lin-4 encodes small RNAs with 
antisense complementarity to lin-14. Cell 75:843–854  

    Lehmann SM, Kruger C, Park B et al (2012) An uncon-
ventional role for miRNA: let-7 activates Toll-like 
receptor 7 and causes neurodegeneration. Nat Neurosci 
15:827–835  

     Lepeule J, Baccarelli A, Motta V et al (2012) Gene pro-
moter methylation is associated with lung function in 
the elderly: the Normative Aging Study. Epigenetics 
7(3):261–269  

    Liang SY, Mackowiak PA (2007) Infections in the elderly. 
Clin Geriatr Med 23:441–456  

    Lord JM, Butcher S, Killampali V et al (2001) Neutrophil 
ageing and immunesenescence. Mech Ageing Dev 
122:1521–1535  

   Medawar PB (1952) An unsolved problem in biology. 
Lewis, London. Reprinted in Medawar PG (1981) The 
uniqueness of the individual. Dover, New York  

    Meng L, Park J, Cai Q et al (2010) Diabetic conditions 
promote binding of monocytes to vascular smooth 
muscle cells and their subsequent differentiation. Am 
J Physiol Heart Circ Physiol 298:H736–H745  

    Millard AL, Mertes PM, Ittelet D et al (2002) Butyrate 
affects differentiation, maturation and function of 
human monocyte-derived dendritic cells and macro-
phages. Clin Exp Immunol 130:245–255  

    Nan X, Campoy FJ, Bird A (1997) MeCP2 is a transcrip-
tional repressor with abundant binding sites in 
genomic chromatin. Cell 88:471–481  

    Nandy D, Janardhanan R, Mukhopadhyay D et al (2011) 
Effect of hyperglycemia on human monocyte activa-
tion. J Investig Med 59:661–667  

    Nimura K, Ura K, Kaneda Y (2010) Histone methyltrans-
ferases: regulation of transcription and contribution to 
human disease. J Mol Med (Berl) 88:1213–1220  

    Nyugen J, Agrawal S, Gollapudi S et al (2010) Impaired 
functions of peripheral blood monocyte subpopula-
tions in aged humans. J Clin Immunol 30:806–813  

    Pagano G, Marena S, Scaglione L et al (1996) Insulin 
resistance shows selective metabolic and hormonal 
targets in the elderly. Eur J Clin Invest 26:650–656  

    Panning B (2008) X-chromosome inactivation: the molec-
ular basis of silencing. J Biol 7:30  

    Pearl R (1928) The rate of living. University of London 
Press, London  

    Rakyan VK, Down TA, Maslau S et al (2010) Human 
aging-associated DNA hypermethylation occurs pref-
erentially at bivalent chromatin domains. Genome Res 
20(4):434–439  

      Rice JC, Allis CD (2001) Histone methylation versus his-
tone acetylation: new insights into epigenetic regula-
tion. Curr Opin Cell Biol 13:263–273  

    Rinn JL, Kertesz M, Wang JK et al (2007) Functional demar-
cation of active and silent chromatin domains in human 
HOX loci by noncoding RNAs. Cell 129:1311–1323  

    Rodgers JT, Lerin C, Haas W et al (2005) Nutrient control 
of glucose homeostasis through a complex of PGC- 
1alpha and SIRT1. Nature 434:113–118  

    Schickel R, Boyerinas B, Park SM et al (2008) 
MicroRNAs: key players in the immune system, dif-
ferentiation, tumorigenesis and cell death. Oncogene 
27:5959–5974  

    Schoeftner S, Blasco MA (2008) Developmentally regu-
lated transcription of mammalian telomeres by DNA- 
dependent RNA polymerase II. Nat Cell Biol 
10:228–236  

    Shi Y, Lan F, Matson C et al (2004) Histone demethyl-
ation mediated by the nuclear amine oxidase homolog 
LSD1. Cell 119:941–953  

    Sinclair DA, Guarente L (1997) Extrachromosomal 
rDNA circles–a cause of aging in yeast. Cell 91:
1033–1042  

    Stenvinkel P, Karimi M, Johansson S et al (2007) Impact 
of infl ammation on epigenetic DNA methylation – a 
novel risk factor for cardiovascular disease? J Intern 
Med 261(5):488–499  

    Sun C, Zhang F, Ge X et al (2007) SIRT1 improves insulin 
sensitivity under insulin-resistant conditions by 
repressing PTP1B. Cell Metab 6:307–319  

    Taganov KD, Boldin MP, Chang K-J et al (2006) NF-κB- 
dependent induction of microRNA miR-146, an inhib-
itor targeted to signaling proteins of innate immune 
responses. Proc Natl Acad Sci 103:12481–12486  

    Takeda A, Iwasaki S, Watanabe T et al (2008) The mecha-
nism selecting the guide strand from small RNA 
duplexes is different among Argonaute proteins. Plant 
Cell Physiol 49:493–500  

J.W. Killick et al.



45

    The Diabetes Control and Complications Trial Research 
Group (1993) The effect of intensive treatment of dia-
betes on the development and progression of long- 
term complications in insulin-dependent diabetes 
mellitus. N Engl J Med 329:977–986  

    Turchinovich A, Weiz L, Burwinkel B (2012) Extracellular 
miRNAs: the mystery of their origin and function. 
Trends Biochem Sci 37:460–465  

    Vabulas RM, Ahmad-Nejad P, Ghose S et al (2002) HSP70 
as endogenous stimulus of the toll/interleukin- 1 recep-
tor signal pathway. J Biol Chem 277:15107–15112  

    Varier RA, Timmers HT (2011) Histone lysine methyla-
tion and demethylation pathways in cancer. Biochim 
Biophys Acta 1815:75–89  

    Vaziri H, Dessain SK, Ng Eaton E et al (2001) 
hSIR2(SIRT1) functions as an NAD-dependent p53 
deacetylase. Cell 107:149–159  

    Wang S, Wu D, Lamon-Fava S et al (2009) In vitro fatty 
acid enrichment of macrophages alters infl ammatory 
response and net cholesterol accumulation. Br J Nutr 
102:497–501  

    Wilkinson LS, Davies W, Isles AR (2007) Genomic 
imprinting effects on brain development and function. 
Nat Rev Neurosci 8:832–843  

    Wilson AG (2008) Epigenetic regulation of gene expres-
sion in the infl ammatory response and relevance to 
common diseases. J Periodontol 79:1514–1519  

      Yeung F, Hoberg JE, Ramsey CS et al (2004) Modulation 
of NF-kappaB-dependent transcription and cell sur-
vival by the SIRT1 deacetylase. EMBO J 23:
2369–2380  

    Zhang J (2007) The direct involvement of SirT1 in insulin- 
induced insulin receptor substrate-2 tyrosine phos-
phorylation. J Biol Chem 282:34356–34364      

4 A Role for Epigenetic Modulation of the Innate Immune Response During Aging



47A. Massoud, N. Rezaei (eds.), Immunology of Aging, 
DOI 10.1007/978-3-642-39495-9_5, © Springer-Verlag Berlin Heidelberg 2014

5.1            Introduction 

 Aging is accompanied with numerous alterations 
in the immune system resulting in refractory 
responses to vaccination and a signifi cant 
decrease in protective immunity (Weiskopf et al. 
 2009 ). Therefore, the elderly are more suscepti-
ble to viral and bacterial infections, chronic 
infectious diseases, autoimmune diseases, and 
neoplasia, contributing to increased morbidity 
and mortality (Mahbub et al.  2011 ). The impair-
ment in immunity during aging is referred to as 
“immunosenescence.” Immunosenescence is 
applied to describe age-associated failing sys-
temic immunity of both innate and adaptive 
immunity and an imbalance between them. It is 
believed to contribute to the increased incidence 
and severity of infectious disease in old animals 
and people (   Franceschi et al.  2007 ; Larbi et al. 
 2008 ; Grubeck-Loebenstein et al.  2009 ; Pawelec 
et al.  2010 ). 

 A number of proinfl ammatory cytokines such 
as interleukin (IL)-1β, IL-6, and tumor necrosis 
factor-α (TNFα) and acute phase proteins are 
detected in two- to fourfold increased levels in 
the serum of aged humans and mice, and there is 

evidence that these higher levels of infl ammatory 
cytokines are linked to increased mortality 
(Swain and Nikolich-Zugich  2009 ). This low- 
grade chronic proinfl ammatory status is termed 
“infl ammaging” (Franceschi et al.  2007 ). 

 To investigate immunosenescence, one has to 
strictly differentiate age-related changes of 
healthy individuals from alterations induced by 
medical treatment, nutrition, lifestyle, or dis-
eases. Hence, for the study of immunosenes-
cence, elderly donors are chosen in accordance to 
a protocol known as SENIEUR to distinguish 
healthy from frail elderly (Kita  2011 ; Ligthart 
et al.  1984 ). 

 The effects of advanced aging on T and B 
lymphocytes are well documented, but basophils, 
eosinophils, and especially neutrophils as the 
largest cellular part of the immune system have 
long been overlooked and not been studied in 
depth. Neutrophils are able to promote as well as 
to restrain infl ammation, play an important role 
in repairing and destroying tissues, infl uence the 
adoptive system, and have the potential for phar-
macological interference in preventing and treat-
ing age-related immune defi ciencies (Kita  2011 ; 
Nathan  2006 ). Human basophil and eosinophil 
numbers and their function in aging are only mar-
ginally considered in aging research, often ana-
lyzed as a by-product, although manipulating 
their properties might be a future horizon to mod-
ify age-related burden. This article summarizes 
the data about age-related changes affecting these 
cells.  
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5.2     Basophils 

 Basophils comprise only a small percentage 
(0.5 %) of circulating blood cells under resting 
conditions with a lifespan of 1–2 days, but in 
response to infl ammatory signals, they rapidly 
expand in the bone marrow and migrate to the 
blood, spleen, lung, and liver (Min et al.  2012 ). 
They are characterized by cytoplasmic granules 
stained blue upon exposure to a basic dye. One 
major problem in studying basophils, besides 
their very low cell number and short lifespan, is to 
distinguish them from mast cells. Both cell types 
can be differentiated from the multipotent, lin-
eage-restricted granulocyte–monocyte progeni-
tor, produce similar mediators upon activation, 
and express the high-affi nity receptor for IgE. By 
now, basophils can be characterized by the expres-
sion of ckit(−), Fc RI(+), CD11b(+), IL-3 high , and 
other markers. The usage of basophil- depleting 
monoclonal antibodies and basophil- defi cient 
transgenic mice will hopefully lead to the further 
evaluation of their role in host immunity. It could 
be shown that basophils are a primary source of 
IL-4 and are involved in the differentiation from 
naïve CD4 +  T- cells into IL-4-producing Th2 
effector cells (Min et al.  2012 ). 

 Basophils are also antigen-presenting cells 
since it was detected that they can pick up anti-
gen–IgE complexes leading to the differentiation 
of antigen-specifi c CD4 +  Th2 cells (Yoshimoto 
et al.  2009 ). Regulatory factors that mediate 
basophil generation and functions are IL-3, 
immune complexes, IL-18, IL-25, IL-33, lipo-
polysaccharide (LPS), and complement C5a. 
IL-3 produced by activated parasite-specifi c 
CD4 +  T cells induces IL-4 expression in baso-
phils. It also mediates the timed arrival and the 
number of basophils for recruitment to the 
infected sites. The main functions of basophils 
are Th2 differentiation, protective immunity 
against ectoparasite infection, and expulsion 
from the intestine (Min et al.  2012 ). 

 Denzel et al. reported a role of basophils in 
humoral immune responses (Denzel et al.  2008 ). 
On the other hand, basophils have been reported 
to play a critical role in allergic infl ammation by 
secreting IL-4 in response to IL-3 or FcεRI cross- 

linking (Denzel et al.  2008 ). Basophils contribute 
to allergic and helminth immunity; however, 
their exact role has not been completely under-
stood. They are the main producers of IL-4 dur-
ing primary helminth infection (van Panhuys 
et al.  2011 ). In experiments where basophils were 
specifi cally absent, it has been shown that baso-
phils did not mediate Th2 cell priming in vivo 
and only interact with T cells in lung tissues. 
Surprisingly, deletion of IL-4 and IL-13 in T cells 
or basophils shows that these basophil cytokines 
may not be required in primary helminth immu-
nity (Sullivan et al.  2011 ). 

5.2.1     Basophils and Aging 

 Although aging research of human basophils is 
limited, there are contradictory reports as well 
(Panda et al.  2009 ). While the degranulation of 
basophils in the elderly was found to be delayed 
(Schwarzenbach et al.  1982 ), another group 
reported that basophils from aged subjects 
showed the maximum proportion of anti-IgE- 
induced histamine release as well as higher sensi-
tivity to a standard concentration of anti-IgE than 
younger ones (Marone et al.  1986 ). Di Lorenzo 
et al. analyzed serum total IgE, serum CD23, and 
Th2 cytokines IL-4, IL-10, and IL-13 in samples 
from 37 young and 62 old individuals without 
fi nding signifi cant differences in both groups (Di 
Lorenzo et al.  2003 ). The authors queried that the 
incidence of allergic diseases declines with age 
(Di Lorenzo et al.  2003 ). Song et al. reported sig-
nifi cantly lower percentage and absolute num-
bers of basophils in healthy aged donors than in 
younger donors (Song et al.  1999 ). 

 Using two separate type 2 cytokine-dependent 
in vivo models, aged mice were shown to have 
impaired pulmonary granulomas and delayed 
rejection of intestinal worms. Aged mice did not 
develop eosinophilia and reveal decreased produc-
tion of antigen-specifi c IgE (Smith et al.  2001 ). 
This observed impairment in type 2 responsive-
ness may suggest an increased incidence of vari-
ous type 1 cytokine-mediated diseases but also a 
delayed eosinophilic and basophilic response to 
parasites with age. A defect in juvenile mice with 
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regard to helminth- induced innate basophil- 
mediated type 2 response (IL-4) is reported to be 
relevant to allergic conditions in contrast to older 
mice (Nel et al.  2011 ). This observation, by con-
trast, may support the notion that the aged have a 
decrease of onset of allergic symptoms and fewer 
allergic diseases. 

 Since basophils mediate CD4 +  Th2 cell dif-
ferentiation (Min et al.  2012 ) and lead to an 
increase in humoral immune memory responses 
(Denzel et al.  2008 ), the functions of these cells 
should be further examined in old individuals, 
particularly in regard to their newly reported 
abilities. Table  5.1  summarizes the age-related 
changes in basophils.   

5.3     Eosinophils 

 First described in 1879 by Paul Ehrlich, eosino-
phils are classifi ed as potent defenders against 
parasitic helminthes which are destroyed by 
granule proteins and superoxide radicals. 
Normally, eosinophils constitute about 1–6 % of 
blood cells. The name “eosinophil” derives from 
the affi nity of their cytoplasmic granules for the 

red acid dye eosin. Eosinophils carry cytoplasmic 
crystalloid (also termed secretory, specifi c, or 
secondary) granules that store diverse, preformed 
cationic proteins (Muniz et al.  2012 ). They are 
terminally differentiated cells and their half-life 
in blood is almost 18 h. Most of them are located 
in the tissues, predominantly in the skin and 
mucosal surfaces of the gut, respiratory, and 
reproductive systems. The normal lifespan of 
eosinophils in healthy tissue is unknown, but 
they are believed to survive for several days, pos-
sibly weeks (Behm and Ovington  2000 ). 

 Eosinophils synthesize a range of Th1 cyto-
kines [IL-12 and interferon gamma (IFN-γ)], Th2 
cytokines (IL-4, IL-5, IL-9, IL-13, IL-25), proin-
fl ammatory cytokines (TNFα, IL-1β, IL-6, IL-8), 
suppressing cytokines (e.g., transforming growth 
factor-beta (TGF-β) and IL-10), chemokines, and 
lipid mediators such as platelet-activating factor 
(PAF) and leukotriene (LT)C4 (Hogan et al. 
 2008 ). Eosinophils bind IgE and can be activated 
by antigen–IgE complexes. By expressing 
CD80/86 and major histocompatibility complex 
(MHC)-II molecules, eosinophils can function as 
antigen-presenting cells (APC) as well (Behm 
and Ovington  2000 ). 

     Table 5.1    Effects of aging on granulocyte cell function   

 Function  Basophils  Eosinophils  Neutrophils 

 Increased  –  –  Apoptosis (rescue) 
 Maintained  Number of IL-4 producing 

basophils (mice) 
 IL-4 and IL-13 production 
under allergic conditions 

 Number of eosinophils (mice) 
 Adhesion 

 Number of circulating neutrophils 
 Number of precursors in 
bone marrow 
 Adhesion 
 Receptor expression (GM-CSF-R, 
TLR2, TLR4, TREM-1, fMLP-R) 
 Spontaneous apoptosis 

 Reduced  Absolute number of 
basophils 
 Delayed response to 
parasites (mice) 

 Eosinophilia in allergic airway 
response (rat) 
 Delayed response to parasites 
(mice) 
 Eosinophil number 
 Degranulation 
 (Production of ROS) 

 Signal transduction (calcium infl ux, 
phosphorylation of ERK, p38, 
Akt, PLC-γ) 
 Pathways (JAK/STAT, ERK1/2/
MAPK) 
 Phagocytosis 
 Respiratory burst 
 Degranulation (fMLP) 
 Intracellular killing 
 Plasma membrane fl uidity 
 Receptor recruitment to lipid rafts 

 Controversial  Degranulation  Chemotaxis (rat) reduced 
 Chemotaxis (human) 
maintained 

 Chemotaxis 
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 Eosinophils carry pattern recognition 
 receptors (PPR) such as toll-like receptors (TLR 
1–5, 7,9) and others recognizing other pathogen- 
associated molecular patterns (PAMPs). 

 They are also included in tissue remodeling 
and repair by the release of TGF-β, basic fi bro-
blast growth factors (bFGF), platelet-derived 
growth factor (PDGF), matrix metalloproteinases 
(MMPs), vascular endothelial growth factors 
(VEGF), and other mediators. In addition, release 
of secondary granule proteins, eicosanoids, leu-
kotrienes, and ROS is probably involved in 
remodeling states of healthy and disease condi-
tions (Kita  2011 ). 

 However, eosinophils are the main cellular 
infi ltrate of the asthmatic lung and hypereosino-
philia which is defi ned as peripheral blood eosin-
ophil counts >1,500/μL and leads to organ 
damage and mortality. Additionally, by recogni-
tion of their possible deleterious role in immune 
hypersensitivity syndromes, including asthma, 
dermatitis, and rhinitis, tissue injury, tumor 
immunity, and allergic diseases, their status of a 
benign immune sentinel and effector cell began 
to totter (Adamko et al.  2005 ; Barthel et al.  2008 ; 
Hogan et al.  2008 ). 

5.3.1     Eosinophils and Aging 

 Studies about age-associated changes in eosino-
phil numbers and functional properties are rare. 
Yagi et al. investigated the effect of aging on the 
allergic airway response in a rat model of bron-
chial asthma (Yagi et al.  1997 ). They found a sig-
nifi cantly higher degree of specifi c IgE antibody 
in young animals and marked increase in the 
number of eosinophils and neutrophils in bron-
choalveolar lavage fl uid but no eosinophilia, like 
the study by Smith et al. in mice, in the aged 
group (Smith et al.  2001 ). Eosinophil chemotac-
tic activity was only detected in the supernatant 
of cultured lymph node cells from young rats, 
while it was absent from those of aged rats. The 
authors suggested that aged rats have a defect in 
eosinophil accumulation in sites exposed to anti-
gen, probably caused by age-modifi ed T cells. No 
associations of eosinophils and basophils with 

mortality, frailty, and age could be observed in 
women from the women’s health and aging stud-
ies (Leng et al.  2005 ,  2009 ). 

 Di Lorenzo and colleagues investigated the 
course of rhinitis in a long-term follow-up study by 
analyzing several parameters due to age and 
changes in rhinitis symptom severity. They 
observed milder rhinitis symptoms and a decrease 
in allergic parameters. Interestingly, the alterations 
in rhinitis symptoms seemed to be associated with 
nasal eosinophils (Di Lorenzo et al.  2012 ). Others 
found a signifi cant decrease in blood eosinophil 
and lymphocyte number with increased neutrophil 
and platelet counts in aged people between 79 and 
87 years (Starr and Deary  2011 ). Eosinophils do 
not play a role in skin aging; at fi rst, they are almost 
not present in dermis, and, secondly, their presence 
was independent on age (Gunin et al.  2011 ). 
Mathur et al. compared the functions of isolated 
blood  eosinophils from a younger and an older 
group with asthma (Mathur et al.  2008 ). They 
could not fi nd any differences in adhesion and che-
motaxis but a signifi cantly delayed degranulation 
(as measured by IL-5-induced degranulation of 
eosinophil- derived neurotoxin) and lower superox-
ide anion production in the old group (55–88 years 
of age) (Mathur et al.  2008 ). The number of eosino-
phils in the sputum was unchanged. Their fi ndings 
regarding degranulation are comparable with those 
reported by Schwarzenbach et al. with basophils 
(Schwarzenbach et al.  1982 ). The authors conclude 
that these changes in eosinophilic function may 
infl uence the responsiveness to medications and 
the manifestation of asthma. These data will be 
important in relation to the age-associated enhance-
ment in morbidity and mortality with allergy, 
asthma, autoimmune diseases, and atherosclerosis. 
Table  5.1  displays the age-related changes in 
basophils.   

5.4     Neutrophils 

 Neutrophils are the main cellular population of 
the immune system in the circulation and are the 
fi rst cells arriving at the site of an infection. By 
their ability to generate reactive oxygen and 
nitrogen species and by secreting a variety of 
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proteases and antimicrobial peptides, they are 
able to kill and attack phagocytosed and extracel-
lular pathogens including fungi (Mantovani et al. 
 2011 ; Panda et al.  2009 ; Wessels et al.  2010b ). 
Neutrophils, as short-lived cells, have a half-life 
circulation time of only 6–10 h in blood (Panda 
et al.  2009 ;    Schröder et al.  2006a ). Therefore, a 
continuous production of 1–2 × 10 11  neutrophils 
per day is necessary for their maintenance of 
60–70 % of blood leukocytes (Hellewell and 
Williams  1994 ). 

 Their lifespan can be prolonged in response to 
granulocyte-colony-stimulating factor (G-CSF), 
granulocyte–monocyte-colony-stimulating factor 
(GM-CSF), complement factors, PAF, and proin-
fl ammatory cytokines (TNFα, IL-6, IL-1β) (Gomez 
et al.  2008 ; Panda et al.  2009 ). Another survival 
factor is a hypoxic environment (Hannah et al. 
 1995 ). The prolongation of their lifespan increases 
neutrophil effector functions such as bactericidal 
ability but can also result in cumulative tissue dam-
age via secretion of proteolytic enzymes. 

 To exclude further infl ammatory reactions, 
they are eliminated by apoptosis after recognition 
and phagocytosis by macrophages (Panda et al. 
 2009 ; Savill et al.  1989 ). Because they are end- 
differentiated cells with few endoplasmic reticu-
lum (Wessels et al.  2010b ) and mainly phagocytic 
function, there are a limited number of studies 
investigating neutrophils. Hence, when current 
studies reveal that neutrophils held an armory of 
mediators, in part preformed in granules, and are 
able to de novo synthesize mediators and cyto-
kines after stimulation (Schröder et al.  2006b ; 
Wessels et al.  2010b ), new perspectives of neu-
trophils as immunoregulatory cells in concert 
with the adaptive immune system have been 
formed. 

 Neutrophils express CD66b; CD11a, b, and c; 
CD18; CD14; CD15; CD16 constitutively; and 
MHC class II, CD64, upon stimulation (Butcher 
et al.  2001 ; Schröder et al.  2006a ,  b ; Wessels et al. 
 2010b ). Whether neutrophils can function as 
APCs or accessory cells by processing and pre-
senting foreign antigens has been shown in some 
reports, but it is still not clearly determined (Fanger 
et al.  1997 ; Gosselin et al.  1993 ; Iking-Konert 
et al.  2002 ). Whether antigen-presenting abilities 

of neutrophils change during aging process or not 
has not been evaluated. In this context, no data 
exist about the expression of MHC-I, MHC-II, or 
CD80/CD86 molecules on neutrophils from aged 
donors. 

 The activation of neutrophils is mediated by 
receptors specifi cally binding to PAMPs such as 
formyl-methionyl-leucyl-phenylalanine (fMLP), 
endotoxins, and other TLR ligands. Except 
TLR3, neutrophils express all other TLRs 
(Mantovani et al.  2011 ). Additionally, cytokines 
such as GM-CSF, IL-15, and IL-18 or ligands of 
the triggering receptor expressed on myeloid 
cells (TREM)-1 activate neutrophils (Ferretti 
et al.  2003 ; Fortin et al.  2007c ,  2009a ,  b ; Fulop 
et al.  2006 ; Gomez et al.  2008 ; Panda et al.  2009 ; 
Wessels et al.  2010b ). 

 Conversely, activated neutrophils themselves 
produce cytokines and chemokines, including 
interferon gamma-induced protein 10 (IP-10), 
macrophage infl ammatory protein-1α (MIP-1α), 
B-lymphocyte stimulator (BLyS), IL-1 receptor 
antagonist (IL-1RA), IL-12, IL-8, and VEGF and 
are substantial regulators in the induction and 
resolution of an immune response (Altstaedt 
et al.  1996 ; Borregaard et al.  2007 ; Ferretti et al. 
 2003 ; Fortin et al.  2008 ; Mantovani et al.  2011 ; 
Wessels et al.  2010b ). On the other hand, neutro-
phils are described to express an array of proin-
fl ammatory cytokines such as IL-1, TNFα, IL-6, 
or IL-17 as well as immunoregulatory and anti- 
infl ammatory cytokines, but some of them have 
only been detected via polymerase chain reaction 
(PCR) analysis and/or their expression is contro-
versially discussed (Borregaard et al.  2007 ; 
Ferretti et al.  2003 ; Fortin et al.  2008 ; Mantovani 
et al.  2011 ; Wessels et al.  2010b ). 

 During infection, the neutrophil production is 
upregulated leading to neutrophilia (Schröder 
et al.  2006b ). Therefore, it is very important that 
the regulation of appropriate initiation but also 
resolution of their infl ammatory responses is 
fi ne-tuned to clear infections and prevent nonspe-
cifi c tissue damage, otherwise leading to chronic 
infl ammatory disease and frailty. The fi nding that 
neutropenia due to genetic defects or chemother-
apy leads to increased susceptibility to bacterial 
and fungal infections (Schröder and Rink  2003 ) 
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points to the importance of effi cient neutrophils 
for the immune system. 

5.4.1     Neutrophils During Aging 

 There is strong evidence that aging exerts signifi -
cant infl uence on all cells of the innate immune 
system (Agrawal and Gupta  2011 ; Chatta et al.  1993 ; 
De Martinis et al.  2004 ; Geiger and Rudolph  2009 ; 
Ginaldi et al.  1999 ; Gomez et al.  2008 ; Plackett 
et al.  2004 ; Shaw et al.  2010 ; Solana et al.  2006 ). 
Many studies suggest that the function of neutro-
phils such as phagocytic capacity, synthesis of 
ROS, and intracellular killing effi ciency might be 
compromised in the elderly (Fulop et al.  2004 ; Di 
Lorenzo et al.  1999 ; Panda et al.  2009 ; Tortorella 
et al.  1996 ,  1999 ,  2000 ,  2007 ; Wenisch et al.  2000 ). 
This is supported by the observation that bacterial 
infections during aging enhance morbidity and 
mortality (Laupland et al.  2003 ) and that age is an 
independent risk factor for the development of 
chronic infl ammatory diseases. For instance, 
impaired bactericidal activity and chemotaxis of 
neutrophils are very likely responsible for recur-
ring infections of the respiratory tract and skin in 
aged persons (Schröder and Rink  2003 ; Wessels 
et al.  2010b ). 

 However, many studies reported contradictory 
results, e.g., whether the chemotactic abilities of 
neutrophils are changed in the elderly population. 
For this purpose, there are also age-related stud-
ies in rodent animal models. But one has to keep 
in mind that neutrophils from aged mice did not 
show any functional defi ciency including exocy-
tosis, chemotaxis, respiratory burst, and phago-
cytosis when compared to young mice (Murciano 
et al.  2008 ). 

 How immunosenescence is involved into the 
development, progression, and treatment of can-
cer in elderly subjects is not clear. The low-grade 
infl ammation in combination with resistance 
from apoptosis, microenvironmental imbalances, 
chromosomal instability, telomere shortening, 
and decreases of immunosurveillance may favor 
cancerogenesis in the elderly (Fulop et al.  2010 ). 
The role of neutrophils in defense against cancer 
remains unclear. The changed functions of 

 neutrophils may also concur to tumor progres-
sion but of lower account (Fortin et al.  2008 ). 

 As mentioned above, many confl icting data in 
neutrophil research of the elderly have been pub-
lished by different groups. These controversial 
results are probably due to different neutrophil 
isolation techniques, purity and pre-activation 
of these neutrophil preparations, different meth-
ods, monocyte contaminations, and application 
of the SENIEUR protocol or not (Schröder et al. 
 2006b ; Schröder and Rink  2003 ). Another impor-
tant point is that monocytes isolated from aged 
donors release signifi cantly more proinfl amma-
tory cytokines after stimulation than those of 
younger persons (Gabriel et al.  2002 ). 

 Although there are many studies about the 
changes in neutrophil function in aging, many ques-
tions remain to be answered. Which  mechanisms 
are responsible for the delay in phosphorylation of 
signaling molecules, actin polymerization, second 
messenger generation, and changes in membrane 
composition and fl uidity? Are experiments in mice 
transferable into the situation of neutrophils from 
the elderly in vivo? 

 The following sections will address, in detail, 
the age-associated alterations in number, func-
tion, and signal pathways of neutrophils.  

5.4.2     Proliferation and Apoptosis 

 The total number of circulating neutrophils is 
constant throughout aging, and there are no alter-
ations in the number of precursor cells in the bone 
marrow (Born et al.  1995 ; Chatta et al.  1993 ). 
Additionally, the responses to IL-3 and GM-CSF 
(Chatta et al.  1993 ; Lord et al.  2001 ) are suffi cient 
enough to produce adequate neutrophil amounts 
during infection, while neutrophil precursor cells 
show a reduced proliferative response only to 
G-CSF (Born et al.  1995 ; Chatta et al.  1993 ). 

 Moreover, neutrophils have been described to 
be signifi cantly increased in the aged (Cakman 
et al.  1997 ). Therefore, it is assumed that more 
likely functional modifi cations in the neutro-
philic population result in observed defects of the 
innate immune system in the elderly. This is sup-
ported because hematopoietic stem cells from 
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young mice proliferating and differentiating into 
neutrophils in an aged microenvironment showed 
decreased effector functions (Geiger and Rudolph 
 2009 ). Microenvironmental factors being associ-
ated with advanced age in mice may decrease 
neutrophil function (Mahbub et al.  2011 ). 
However, the composition of those factors may 
be decisive since impaired killing of  Candida 
albicans  (Murciano et al.  2008 ) has been reported, 
but not of other microbes such as  Streptococcus 
pneumoniae  (Kovacs et al.  2009 ). 

 Changes or defects in apoptosis through aging 
or downregulation of death receptors such as 
CD95 on neutrophils have not been reported in 
elderly donors. Contrary to that, there is consen-
sus that rescue from apoptosis is disturbed since 
G-CSF, GM-CSF, IL-2, IL-6, TNFα, steroids, 
or LPS did not lead to an extension of lifes-
pan of neutrophils from aged persons (Fortin 
et al.  2007b ; Fulop et al.  1997 ,  1999 ,  2000a ,  b , 
 2004 ; Tortorella et al.  1998 ,  2006 ). An obvious 
assumption would be that the balance of pro- and 
anti-apoptotic molecules of the B cell leukemia 
(Bcl)-2 family, such as Bax, Bad, myeloid cell 
leukemia (Mcl)-1, or BclXL, is interrupted. This 
assumption is supported by the fi ndings that 
the Mcl-1/Bax ratio is increased in GM-CSF-
stimulated neutrophils from young donors while 
the ratio remains unchanged in neutrophils from 
aged donors (Fulop et al.  2004 ,  2006 ; Wessels 
et al.  2010b ). Age-related failure of GM-CSF in 
the induction of several neutrophil functions as 
well as in impeding apoptosis through the inhibi-
tion of lyn, phosphoinositide-3 kinase/Akt (PI3K/
Akt), extracellular signal- regulated protein kinase 
(ERK), and signal transducers and activator of 
transcription (STAT) signaling pathways is due 
to the increased activity of signal tyrosine phos-
phatase-1 (SHP-1), an inhibitor of Src family of 
tyrosine kinases and suppressors of cytokine sig-
naling (SOCS) (Fortin et al.  2006 ,  2007b ,  2009a ; 
Tortorella et al.  2004 ,  2006 ,  2007 ). 

 There are also defects in the Janus tyrosine 
kinase (JAK)/STAT and mitogen-activated protein 
kinase (   MEK)/ERK pathways regulating the 
expression of the Bcl-2 family members in neutro-
phils from the elderly (Fortin et al.  2009a ). Since 
JAK2 is involved in the expression of anti- apoptotic 

Bcl-2, a relationship between JAK2 and Mcl1 might 
negatively affect the rescue of neutrophils from 
apoptosis (Fulop et al.  2004 ). Fulop et al. observed 
a mitogen-activated protein kinase (MAPK) inde-
pendent conversion from the pro-apoptotic pheno-
type to an anti-apoptotic phenotype in young but 
not aged neutrophils after GM-CSF stimulation by 
modifi cation of the Bcl-2 family members Bax and 
Bcl-2 (Fulop et al.  2004 ). Together with a distur-
bance of caspase- 3 inhibition, alterations in signal-
ing pathways might be responsible for the damaged 
rescue from apoptosis. 

 In summary, these changes might create a pro- 
apoptotic milieu which causes the enhanced 
occurrence of infections in the elderly. 

 Another point is that shorter lifespan and early 
apoptosis are due to enhanced cell oxidative levels 
in neutrophils from aged donors (Tortorella et al. 
 1999 ). When superoxide dismutase (SOD) is 
added exogenously to cell cultures, one could 
detect prolonged neutrophil survival in young and 
aged individuals, but the addition of large amounts 
of SOD only caused a still increasing effect in cell 
cultures of young donors (Tortorella et al.  1999 ). 

 Early apoptosis and subsequently shortened 
lifespan will not lead to a reduction of the period of 
neutrophil activity alone but may also result in a 
higher rate of apoptotic neutrophils at the site of 
infection. Since this accumulation of neutrophils 
would not fully be cleared by macrophages, second-
ary necrosis followed by persistent chronic infec-
tions or frailty (Fortin et al.  2008 ; Leng et al.  2007 ; 
Panda et al.  2009 ) could be the consequence.  

5.4.3     Chemotaxis 

 During infection, peripheral blood neutrophils fol-
low a gradient of chemoattractants such as comple-
ment factor C5a, chemokine CXCL8 (IL- 8), or 
bacterial peptides like formylated tripeptide fMLP. 
The migration to the infected tissue is mediated 
through binding of CD15 on neutrophils to P- and 
L-selectin on endothelial cells (rolling) and, sec-
ondly, via interaction of CD11a/CD18 and CD11b/
CD18 on neutrophils and intercellular adhesion 
molecule 1 (ICAM-1) on endothelial cells (adhe-
sion) followed by transmigration through the 
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 endothelium. Adhesion to endothelial cells, 
 expression of adhesion molecules, and recruitment 
of neutrophils seem to be unaltered in aged persons 
(Biasi et al.  1996 ; Butcher et al.  2001 ), whereas one 
publication reported enhanced adhesion of fMLP/ 
phorbol 12-myristate 13-acetate (PMA)-stimulated 
neutrophils from aged donors on endothelial cells 
(Damtew et al.  1990 ). 

 Reduced chemotaxis of neutrophils from 
healthy aged donors primed with GM-CSF and 
fMLP is reported in a lot of in vitro studies (Alonso-
Fernandez et al.  2008 ; Fortin et al.  2006 ,  2009a ; 
Fulop et al.  2004 ; Niwa et al.  1989 ; Seres et al. 
 1993 ; Wenisch et al.  2000 ; Wessels et al.  2010b ). A 
lower actin polymerization of elderly neutrophils 
after fMLP stimulation is discussed as one mecha-
nism (Rao  1986 ; Rao et al.  1992 ). Changes in sig-
naling pathways could also be involved. The 
consequence of chemotactic defects in neutrophils 
from the elderly might be an impaired infi ltration 
of infected or injured tissues (Lord et al.  2001 ). 

 Data from in vivo studies in mice may contra-
dict this thesis. Swift et al. reported similar num-
bers of neutrophils in aged and young mice in a 
dermal excisional injury model (Swift et al. 
 2001 ). One group found that (a) LPS-induced 
pulmonary infl ammation was signifi cantly 
increased in aged mice and associated with ele-
vated levels of neutrophil chemokines and 
another (b) enhanced neutrophil infi ltration after 
a 15 % total body surface area burn injury 
(Gomez et al.  2007 ; Nomellini et al.  2008 ). 

 In vitro studies with isolated cells or cells in cul-
ture cannot fully equate with in vivo studies, espe-
cially when human and murine approaches will 
be compared. Variations in analyses techniques, 
microenvironment, local accumulation in tissue, 
and time points after initiation of infection could 
be the reasons for observed differences in mice 
models and between in vivo and in vitro results. 
Additionally, human in vivo studies have the disad-
vantage that analysis take place after the progres-
sion of an infection. A further problem is that one 
cannot differentiate whether found discrepancies 
are due to differences between species. In a study 
comparing age-related alterations in murine and 
human neutrophils, a high amount of differences 
has been described by Kovacs et al. (Kovacs et al. 
 2009 ). This group concluded that mice models may 

not be the best approach to investigate the impact 
of immunosenescence in neutrophils (Kovacs 
et al.  2009 ). Others stated that the existing mouse 
models where genes are deleted from birth are not 
entirely satisfactory to study immunosenescence 
(Swain and Nikolich- Zugich  2009 ). 

 Centenarians, in contrary, show no differences 
in chemotaxis (Alonso-Fernandez et al.  2008 ) 
compared to younger persons indicating that a 
defect in this function may contribute to the  failure 
of a correct immune reaction in aged persons.  

5.4.4     Adhesion 

 For diapedesis, a fi rm adhesion of neutrophils to 
endothelium is a prerequisite for the additional 
steps in transmigration. Most investigators found 
no differences in neutrophilic adhesion between 
young and aged individuals. There were no dis-
crepancies in adhesion to endothelium, gelatin, 
plastic, or nylon (Antonaci et al.  1984 ; Biasi et al. 
 1996 ; Plackett et al.  2004 ) when cells were stimu-
lated with calcium ionophores, PMA, zymosan, or 
fMLP. The expression of surface antigens such as 
CD11a and CD11c (Butcher et al.  2000 ), CD11a/
CD18, CD11b/CD18. and CD14 were reported 
not to be changed on neutrophils. The described 
slightly enhanced expression of CD11b and CD15 
may contribute to increased adhesion of neutrophils 
from aged subjects to endothelial cell monolay-
ers after stimulation with fMLP or PMA (Esparza 
et al.  1996 ; Wessels et al.  2010b ). The correlation of 
enhanced adhesion and impaired chemotaxis with 
higher susceptibility to infections (Egger et al.  2003 ) 
is corresponding with these data. An additional sur-
face molecule with altered expression during aging 
is ICAM-3 (CD50) (De Martinis et al.  2004 ), the 
ligand for LFA-1 (CD11a/CD18). Although De 
Martinis et al. reported a decrease of the surface 
density of CD50 on granulocytes of aged donors at 
a per cell level (De Martinis et al.  2004 ), the total 
amount of CD50+ cells was enhanced in the elderly. 

 The reduced Ca 2+  mobilization from the endo-
plasmatic reticulum into the cytosol and vice versa 
after fMLP stimulation but constitutively increased 
cytosolic Ca 2+  levels of unstimulated neutrophils 
from elderly donors (Klut et al.  2002 ; Lipschitz et al. 
 1991 ; Wenisch et al.  2000 ; Wessels et al.  2010b ) are 
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effects discussed as the outcome of the increased 
adhesion observed in the elderly. Additionally, this 
diminishes the highest possible response to fMLP 
stimulation in neutrophils of the aged when com-
pared to neutrophils from young donors.  

5.4.5     Phagocytosis and Respiratory 
Burst 

 Age-related impairments in the phagocytic func-
tion of neutrophils are still controversially dis-
cussed. Whereas studies report that phagocytosis is 
normal in the elderly (Plackett et al.  2004 ), others 
show a decreased phagocytosis of opsonized bacte-
ria by neutrophils during aging (Alonso- Fernandez 
et al.  2008 ; Antonaci et al.  1984 ; Butcher et al. 
 2000 ; Esparza et al.  1996 ; Murciano et al.  2008 ; 
Simell et al.  2011 ; Tortorella et al.  2000 ; Wenisch 
et al.  2000 ). The percentage of neutrophils, which 
phagocytose more than one particle (phagocytosis 
effi ciency), is also described to be decreased 
(Alonso-Fernandez et al.  2008 ). When decreased 
phagocytotic ability is reported, changes in actin 
polymerization (Lipschitz et al.  1991 ; Murciano 
et al.  2008 ; Rao  1986 ; Rao et al.  1992 ) and/or the 
signifi cant age- related reduction of the Fcγ recep-
tor (CD16), necessary for antibody dependent 
phagocytosis, are cited (Butcher et al.  2001 ). 

 The important killing mechanism of neutrophils 
is the production and release of ROS termed oxida-
tive or respiratory burst. There are variable fi ndings 
concerning changes in respiratory burst of neutro-
phils derived from aged individuals. In vitro studies 
using neutrophils from aged donors compared to 
young individuals found no differences in O 2  −  and 
peroxide production after stimulation with fMLP 
or Gram-negative  Escherichia coli  (Butcher et al. 
 2000 ; Ito et al.  1998 ; Lord et al.  2001 ). However, 
more recent studies report that neither GM-CSF, 
LPS, TREM-1, and fMLP nor the direct injection 
of Gram-positive bacteria like  Staphylococcus 
aureus  could fully activate intracellular killing 
(Braga et al.  1998 ; Mclaughlin et al.  1986 ; Panda 
et al.  2009 ; Seres et al.  1993 ; Tortorella et al.  1999 , 
 2000 ; Whitelaw et al.  1992 ). Stimulation with 
fMLP or GM-CSF led to a reduced superoxide 
anion production of neutrophils from aged donors 
after 24 h but to an increase after restimulation 

(Fulop et al.  2004 ). Neutrophils incubated with 
fMLP for 48 h could be stimulated herein, resulting 
in the authors’ suggestion that a subpopulation of 
“super neutrophils” may exist in the elderly (Fulop 
et al.  2004 ). Chaves and co-workers found that 
ROS generation by granulocytes is mediated by 
inositol 1,4,5-triphosphate and p38 mitogen-acti-
vated protein kinase in a cyclic AMP-dependent 
manner in aging (Chaves et al.  2007 ). 

 Neutrophils from young donors effi ciently 
fi nalize the response to stimulation, whereas neu-
trophils from aged donors seem to react more het-
erogeneously from the aspects of intensity and 
duration of a response (Klut et al.  2002 ). These 
data suggest that the divergent outcomes of the 
studies are partly due to different time points of 
measurements. Since the oxidative burst is a com-
plex reaction and can be detected by the analyses 
of various parameters, the difference of observa-
tions may also be a result of the usage of different 
analyzing methods (Wessels et al.  2010b ). 

 Antioxidant production, e.g., glutathione, is 
also impaired in the elderly (Alonso-Fernandez 
et al.  2008 ; Bhushan et al.  2002 ; Wessels et al. 
 2010b ), as well as the reduced ability to destroy 
fungi like  Candida albicans  (Murciano et al. 
 2008 ). The reasons for the alterations observed in 
phagocytosis and oxidative burst of the elderly 
are believed to be associated with changes in 
Ca 2+  mobilization, membrane fl uidity/composi-
tion, and modifi cations in signaling pathways. 

 Phagocytosis, respiratory burst, and, fi nally, 
killing of the invaded microorganisms are cou-
pled mechanisms important for an effi cient 
defense. More information about their linkage is 
desirable since defects of each of them or in com-
mon are correlated with age-related diseases and 
impaired antimicrobial functions.  

5.4.6     Cytokines 

 As aforementioned, neutrophils store preformed 
molecules in their granules and are able to de 
novo synthesize immunoregulatory mediators 
and cytokines upon activation (Borregaard et al. 
 2007 ; Uciechowski and Rink  2009 ; Wessels 
et al.  2010b ). Therefore, one has to leave the con-
ception that neutrophils are only professional 
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phagocytes or – vice versa – display the same 
cytokine spectrum as monocytes categorizing 
them as proinfl ammatory cells (Cassatella  1995 ; 
Lloyd and Oppenheim  1992 ). It is reported that 
neutrophils express IP-10, IL-17, IL-12, (Ferretti 
et al.  2003 ; Gomez et al.  2008 ) and even proin-
fl ammatory IL-1α and TNFα (Cassatella  1995 ; 
Lloyd and Oppenheim  1992 ; Mantovani et al. 
 2011 ), while other and own data investigating 
highly purifi ed neutrophils revealed that they 
synthesize mainly anti-infl ammatory or chemo-
tactic molecules such as IL-8, IL-1 receptor 
antagonist, MIP-1α, MIP-1β, soluble TNF-R, 
and growth-related oncogene (GRO)-α (Altstaedt 
et al.  1996 ; von der Ohe et al.  2001 ; Schröder 
et al.  2006b ; Schröder and Rink  2003 ; Wessels 
et al.  2010b ). 

 The discrepancies and variations found in sev-
eral publications may be due to low percentages of 
contaminating monocytes which can result in 
false-positive data when PCR and ELISA tech-
niques were used (Altstaedt et al.  1996 ; Reato 
et al.  1999 ; Schröder et al.  2006b ).    Though these 
data have to be interpreted very carefully, particu-
larly when cytokine data from human and murine 
neutrophils have not clearly been separated. 

 However, age-dependent alterations in cyto-
kine production of neutrophils could not be 
detected; therefore, the impact of these cytokines 
produced by neutrophils has to be determined. 

 The reported amplifi ed proinfl ammatory cyto-
kine secretion by myeloid dendritic cells (DCs) 
and monocytes of aged donors (Agrawal et al. 
 2007 ; Rink et al.  1998 ) and a low-grade infl am-
matory situation summarizes up in the question 
whether cytokine production by neutrophils is 
also modifi ed during aging. 

 Recently, it could be shown by our group that 
epigenetic mechanisms such as chromatin remod-
eling, histone methylation, and acetylation are 
responsible for IL-1β and TNFα expression per 
se and, additionally, regulate these cytokine 
expressions in granulocytic and monocytic dif-
ferentiation (Wessels et al.  2010a ). Low-grade 
infl ammation reported for resting neutrophils of 
aged donors, accompanied by CD62L shedding 
and constitutive ROS production (Biasi et al. 
 1996 ; De Martinis et al.  2004 ), is initiated by 

alterations in cytokine production conceivably in 
part due to dysregulated epigenetic mechanisms, 
e.g., in IL-1β and TNFα gene expression. In this 
context, cells cultured under long-time zinc defi -
ciency, which is also a feature of aged persons 
(Biasi et al.  1996 ; De Martinis et al.  2004 ; Haase 
et al.  2006 ; Haase and Rink  2009 ; Rink and 
Kirchner  2000 ), undergo chromatin remodeling 
leading to signifi cantly increased IL-1β, TNFα, 
and ROS production (Wessels et al.  2013 ). In 
addition, persistent signal transduction molecule 
phosphorylation (Fortin et al.  2008 ), altered dis-
tribution of signaling molecules in lipid rafts, and 
constantly elevated Ca 2+  levels in resting neutro-
phils from aged donors (Fortin et al.  2006 ,  2007c ; 
Fulop et al.  2004 ; Wessels et al.  2010b ) strongly 
contribute to the generation of a basically proin-
fl ammatory condition in the elderly.  

5.4.7     Signaling Pathways 

 The described alteration in neutrophilic functions 
of elderly persons is due to defects in signaling 
pathways and receptors, receptor distribution, and 
changes of membrane fl uidity. Mainly the signal-
ing pathways of fMLP-R, GM-CSF-R, TREM-1, 
and TLR4 in PMN of aged donors have been 
investigated (Fortin et al.  2007c ; Panda et al. 
 2010 ). In contrast to age-related changes in TLR 
expression observed in monocytes (Shaw et al. 
 2011 ; van Duin and Shaw  2007 ), there was no dif-
ference in the expression of all four receptors 
throughout aging, indicating that the infl uence of 
aging varies from cell type to cell type. 

 Modifi ed fMLP-mediated signal transduction 
is most probably due to the non-adequate synthe-
sis of the second messengers diacylglycerol 
(DAG) and inositol triphosphate (IP 3 ) (Lipschitz 
et al.  1991 ) as well as Ca 2+  mobilization (Fortin 
et al.  2009a ). Whereas resting neutrophils of 
elderly persons show an enhanced level of intra-
cellular Ca 2+  (Mohacsi et al.  1992 ; Varga et al. 
 1988 ; Wenisch et al.  2000 ), stimulation of neu-
trophils leads to decreased intracellular Ca 2+ . 
This in combination with altered plasma mem-
brane composition and altered receptor and 
adapter protein linkage suggests that fMLP 

P. Uciechowski and L. Rink



57

 pre- activation also affects Ca 2+  mobilization. 
fMLP stimulation activates the MAPKs p38 and 
the ERK1/2 signal pathways being involved in 
regulating gene transcription, chemotaxis, adhe-
sion, and respiratory burst activity. Defects in the 
signal cascades of both pathways, the decrease in 
activation and lower phosphorylation levels of 
p38 and ERK1/2 after fMLP stimulation are sug-
gested to affect chemotaxis and superoxide gen-
eration reported in PMN from aged donors (Fulop 
 1994 ; Fulop et al.  2004 ; Lipschitz et al.  1991 ). 

 TLRs and components of the TLR signaling 
pathway have also been investigated. These stud-
ies reveal that the basal expression of TLR2 and 
TLR4 in neutrophils from aged donors is not 
changed (Boehmer et al.  2004 ; Fulop et al.  2004b ). 
IL-1 receptor-associated protein kinase (IRAK)-1, 
a key component of TLR signaling, was not found 
to be associated with lipid rafts after stimulation 
with LPS. TLR4 has to be recruited to lipid rafts in 
order to execute its function (Lord et al.  2001 ). By 
comparing neutrophils from young and aged sub-
jects, TLR4 expression in unstimulated lipid rafts 
and non-raft fractions was increased in the elderly. 
LPS did not infl uence recruitment or redistribution 
of TLRs between lipid raft and non-raft fractions 
in the elderly. This is in contrast to fi ndings in 
young mice where a signifi cant enhancement in 
TLR recruitment was observed (Fulop et al.  2004 ). 
Additionally, the expression of MyD88 on neutro-
phils after LPS stimulation between young and old 
mice was unaltered with the exception that the 
quantity of MyD88 in the neutrophilic plasma 
membrane of aged subjects was signifi cantly 
reduced after stimulation (Fulop et al.  2004 ). The 
latter may have an effect on the strength of the 
TLR4-MyD88-dependent signaling, but no direct 
relations between TLR- mediated signaling defects 
and impaired functions in neutrophils from aged 
donors have been reported. Surprisingly, LPS-
induced chemotaxis remains unaffected. 

 Strikingly, the results in men and mice are 
varying since two studies reported that LPS- 
stimulated macrophages from aged mice synthe-
size less IL-6 and TNFα than younger ones. 
Furthermore, divergent results were found in 
mice describing a lower TLR4 mRNA level in 
aged macrophages, whereas others did not fi nd 

changes in TLR4 surface expression with age 
(Boehmer et al.  2004 ; Renshaw et al.  2002 ). 

 A study of 154 young and old individuals 
revealed an age-associated decrease in TNFα and 
IL-6 production in human monocytes after stimu-
lation with a specifi c TLR1/2 ligand (Van Duin 
and Shaw  2007 ). The authors also found a strong 
correlation of impaired cytokine production with a 
lower surface expression of TLR1 but not TLR2 
on monocytes. They also detected a reduction of 
TLR4 expression on monocytes of aged donors 
when compared to younger ones. Unfortunately, 
this group did not analyze neutrophils in aged 
donors, which, in contrast to their fi ndings, showed 
an unaltered TLR4 expression (Fulop et al.  2004 ). 

 Another receptor designated triggering receptor 
expressed on myeloid cells (TREM)-1 is involved 
in phagocytosis, respiratory burst, degranulation, 
and survival of neutrophils after engagement by a 
yet unknown ligand (Fortin et al.  2007a ,  c ). To 
function properly, TREM-1 has to be translocated 
into lipid rafts where it co- localizes with TLR4 or 
the NACHT-LRR (NLR) pattern recognition recep-
tor. ERK1/2, phospholipase C-γ, Akt activation, 
and intracellular calcium release were detected 
after TREM-1 engagement. It has been described 
that PMN from elderly individuals displayed 
impaired responses concerning respiratory burst or 
anti- apoptotic effects after TREM-1 engagement in 
contrast to young donors (Fortin et al.  2007a ,  c ). 
Additionally, the authors observed alterations in 
signal transduction following TREM-1 activation 
and impaired recruitment to lipid rafts of TREM-1 
after stimulation in the elderly but did not found 
any differences in TREM-1 expression. The reten-
tion of TREM-1 in the non-raft fraction of the 
plasma membrane might be an explanation for the 
impaired TREM-1-induced functions reported for 
neutrophils of aged volunteers. Increased levels of 
soluble TREM-1 in the circulation is a sign for a 
divergent infl ammatory state; additionally, an asso-
ciation with soluble TREM-1 levels in the plasma 
and poor outcomes for life- threatening ill patients 
with sepsis has been described (Routsi et al.  2008 ). 

 The disturbed interaction with the NLR recep-
tor and TLR4, which recognizes extra- and intra-
cellular PAMPs, abolishes the synergistic 
induction of cytokine and ROS production. 
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Reasons for the defects in translocation of TLR4 
and TREM-1 could be the reduction in actin 
polymerization, but also the increased fl uidity of 
the plasma membrane, which also infl uences the 
integrity of lipid rafts (Fortin et al.  2007c ). It is 
suggested that age-associated changes in TREM-
1- mediated functions may contribute to a higher 
incidence of sepsis in the elderly. 

 GM-CSF activates the JAK/STAT pathway, the 
Ras–Raf-1–MEK–ERK1/2 pathway, and PI-3K 
triggered signaling (Fortin et al.  2007b ; Fortin 
et al.  2009a ; Fulop et al.  2004 ; Tortorella et al. 
 2004 ,  2006 ). Although the GM-CSF-R expression 
is unchanged during aging, GM-CSF signaling is 
disturbed in the elderly (Fortin et al.  2009a ). One 
mechanism of this defect is mediated by impaired 
phosphorylation of signaling molecules through-
out the signaling cascade. Next, GM-CSF signal-
ing may also be disturbed via delayed actions of 
SHP-1 (Tortorella et al.  2007 ), an inhibitor of Src 
family of tyrosine kinases. Contrary to the blocked 
recruitment of TLR4 and TREM-1, the action of 
SHP-1 is inhibited by interruption of its emigra-
tion from lipid rafts (Fortin et al.  2007c ; Tortorella 
et al.  2007 ). One major consequence of the mal-
function of the GM-CSF-mediated signaling in 
neutrophils of aged donors is impaired protection 
from apoptosis, in particular due to alterations in 
caspase-3 cleavage in combination with changes 
in pro- and anti-apoptotic ratios of the Bcl-2 fam-
ily. Defects in GM-CSF signaling pathways dur-
ing aging also infl uence the respiratory burst and 
degranulation functions of neutrophils. GM-CSF 
(and fMLP) is able to activate but also to prime 
neutrophils on a second stimulus emphasizing the 
relevance of the dysregulated GM-CSF signaling 
for the intact function of these cells. 

 Besides dysregulation of signaling pathways 
during aging, signal transduction is also depen-
dent upon membrane fl uidity. By studying the 
effect of altered fl uidity in fMLP-induced ROS 
production, a correlation between increased and 
decreased ROS generation was detected. In con-
trast, protein kinase C (PKC)-mediated ROS pro-
duction after PMA activation is an independent 
process from membrane fl uidity, indicating that 
signaling defects are located more proximal to 
the receptors (Alvarez et al.  2001 ; Schröder and 

Rink  2003 ; Wessels et al.  2010b ). There are no 
reports about the association of GM-CSF signal-
ing and membrane fl uidity. The disturbance in 
signal transduction pathways important for main-
tenance of apoptosis may contribute to decreased 
infl ammatory responses during senescence.   

5.5     Granulocytes in Age-Related 
Diseases 

 The roles of basophils and eosinophils in age- 
associated diseases have to be examined in more 
detail as discussed earlier. Their contribution to 
host immunity, allergic reactions, asthma, and 
autoimmune disease in aging is mostly unknown. 

 The relationship between age-associated 
changes in neutrophils and diseases is well docu-
mented (Fortin et al.  2008 ; Wessels et al.  2010b ), 
but the mechanisms that induce these modifi cations 
are mainly unknown. Information about the direct 
contribution of neutrophils to diseases in aging is 
rare and much generalized. One can clearly deduce 
from changes in ROS production, chemotaxis, 
phagocytosis, signal transduction, and the lack of 
protection from apoptosis that the antimicrobial 
defense of neutrophils is attenuated in the elderly. 
The consequences are simply a delayed killing of 
bacteria, including intracellular pathogens such as 
 Mycobacterium tuberculosis , parasites, and fungi. 
These modifi cations in combination with dysregu-
lated induction of proinfl ammatory cytokines after 
septic stimuli may result in generating elderly 
patients at excess risk for mortality from severe sep-
sis and septic shock (Opal et al.  2005 ). 

 Aging is also associated with increased lung 
infl ammation without concomitant lung disease. 
Bronchoalveolar lavage (BAL) fl uid from donors 
aged 19–83 years showed an increase in BAL 
neutrophils and CD4+ T cells with age. Between 
4 and 13 % of the population over 65 years of age 
has current asthma which is underdiagnosed in 
the elderly. In this context, increased airspace 
neutrophilia corresponding to increased levels of 
sputum neutrophil mediators including MMP-9, 
neutrophil elastase, and IL-8 might contribute to 
greater severity of asthma in the elderly (Busse 
and Mathur  2010 ). 
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 But exposure to oxidative stress (Alonso- 
Fernandez et al.  2008 ) or epigenetic modifi cations 
(Haase et al.  2006 ; Issa  2003 ; Kim et al.  2009 ; 
Wessels et al.  2010b ) and defi ciency in nutrition 
might cause impaired phagocytosis, oxidative 
burst, and parasite killing (Haase and Rink  2009 ). 
Zinc defi ciency, related with aging, increases 
susceptibility to  Salmonella enteritidis ,  M .  tuber-
culosis , or  Listeria monocytogenes  (Haase and 
Rink  2009 ; Prasad et al.  1993 ,  2007 ). Zinc, in 
addition, can infl uence immune cell signal trans-
duction and is involved in cytokine gene regula-
tion via nuclear factor kappa-light- chain- enhancer 
of activated B cells (NFκB), chromatin remodeling, 
and acetylation (Haase and Rink  2009 ; Wessels 
et al.  2010b ,  2013 ). 

 Therefore, a range of age-related diseases may 
be originated from impaired function of neutro-
phils that regulate recruitment, differentiation, 
and activation of both innate and adaptive 
immune cells.  

    Conclusion 

 Granulocytes reveal age-associated modifi ca-
tions like all cell types of the immune system. 
Although no differences appear to exist in neu-
trophil and eosinophil number in the circula-
tion between aged and young individuals, a 
delayed degranulation is observed in basophils 
and eosinophils, as well as a reduction of 
phagocytotic capacity and a delay in the pro-
duction of ROS in neutrophils. If chemotaxis is 
also altered with aging is currently controver-
sially discussed since a lot of contrary data 
exist. Other reported modifi cations such as 
decreased Ca 2+  mobilization, receptor assem-
bling, and impaired protection from apoptosis 
in concert with delayed function of neutrophils 
of the elderly are due to changes and defects in 
signal transduction pathways,  protein tyrosine 
phosphatase activity, and membrane compo-
nents and fl uidity. Whereas some key mole-
cules in these pathways have been identifi ed, 
the mechanisms triggering these modifi cations 
are still uncovered. As a result, the functional 
consequences will be a decline in the killing of 
bacteria and fungi of neutrophils in the elderly. 
   This might be the result from failures in migra-

tion to and a reduced role in infl ammation 
accompanied by a disturbed interaction with 
the adaptive part of the immune system. If 
basophil and eosinophil functions are changed 
with age remained to be elucidated in future 
studies. Table  5.1  summarizes the age-related 
changes in granulocytes.
   In this context, new approaches using, e.g., 
small interfering RNA (siRNA) knockdown 
assays to identify the key molecules that affect 
signaling or non-rodent animal models for tar-
geting the in vivo situation may be interesting 
strategies to investigate granulocytes with age. 
In addition, the manipulation of microRNAs 
(Ward et al.  2011 ) in neutrophil senescence 
may also play a future role for therapeutic 
applications in aging.     
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6.1            Introduction 

 Advancing age has a profound effect on the 
immune system. The capacity to mount effec-
tive immune responses against foreign antigens 
decreases concomitantly as the reactivity towards 
self increases (Liu et al.  2011 ). Dysregulation of 
the immune system at both innate and adaptive 
levels contributes to the change.  Age-associated 
alterations in the adaptive immune system are 
more obvious with decline in naïve T cell numbers 
due to involution of thymus (Brunner et al.  2011 ). 
In contrast, the modifi cations in innate immune 
system cells are subtle but together cause exten-
sive damage. 

 Among the innate immune cells, antigen- 
presenting cells (APCs) such as dendritic cells 
(DCs) and macrophages bridge the innate and 
adaptive immune systems (Steinman  2012 ); thus 
age-associated alterations in their functions also 
impact the functions of downstream adaptive 
immune cells. The activation of T and B cells, 
polarization of T helper (Th) cell responses, and 
generation of effector and memory cells are all 
governed by APCs particularly DCs as they are 
initiators of the immune response. Age-associated 
changes in DC function can thus signifi cantly 
impact the immune status of the elderly.  

6.2     Dendritic Cell Numbers 
and Phenotype 

 DCs are rare cells of the immune system which 
were discovered by Steinman and Cohn (Steinman 
et al.  1979 ) in 1979. DCs are derived from hema-
topoietic stem cells (HSCs) through gradually 
restricted precursors (Chopin et al.  2012 ). There 
are two major subsets of DCs – the myeloid DC 
(mDC) which are derived from common myeloid 
progenitor cells (MDP) and the plasmacytoid 
(PDC) which are lymphoid in origin and are 
morphologically similar to B plasma cells. Both 
subsets are widely distributed among all tissues 
though the myeloid DCs are more abundant than 
PDCs. An alternative DC developmental circuit 
occurring after the MDP stage involves mono-
cytes. Under infl ammatory conditions, monocytes 
migrate to the tissues to differentiate into mono-
cyte-derived DCs (Liu and Nussenzweig  2010 ). 
This property of monocytes to differentiate into 
DCs (MDDCs) is used extensively in the labo-
ratory to generate DCs. These MDDCs resemble 
mDCs in function and phenotype. 

 Two major populations of DCs have been 
identifi ed in the blood, the myeloid or conven-
tional DCs (cDCs, to distinguish them from other 
myeloid DCs present in tissues) and PDCs (Cao 
and Liu  2007 ). Extensive characterization of DCs 
in the circulation has been performed in aged 
humans. Most reports suggest that numbers and 
phenotype of cDC populations is not dramati-
cally altered with age; however, various studies 
did observe a reduction in the number of PDCs 
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in circulation (Jing et al.  2009 ; Agrawal et al. 
 2007 ; Della Bella et al.  2007 ; Pietschmann et al. 
 2000 ; Uyemura et al.  2002 ; Panda et al.  2010 ; 
Perez- Cabezas et al.  2007 ; Shodell and Siegal 
 2002 ; Canaday et al.  2010 ; Steger et al.  1996 ). 
The expression of costimulatory (CD40, CD80, 
and CD86) and major histocompatibility com-
plex (MHC) markers (HLA-DR) was also com-
parable between the aged and young cDC and 
PDC population. However, few studies also 
reported decreased expression of HLA-DR on 
cDCs (Shodell and Siegal  2002 ). In contrast to 
healthy aged population, the frail elderly popu-
lations which reside in nursing homes tended to 
display more differences in numbers and pheno-
type of DCs (Jing et al.  2009 ). Both the numbers 
and expression of DC activation markers were 
reduced in this subset of the elderly. In addition 
to cDC and PDC subsets, MDDCs have also been 
extensively studied in aging. The generation of 
MDDCs as well as the expression of DC markers 
is not reported to be different between aged and 
young subjects (Agrawal et al.  2007 ; Uyemura 
et al.  2002 ; Steger et al.  1996 ). 

 Studies describing DC phenotype and function 
in tissues from aged subjects are scarce due to the 
limitation in obtaining the material nevertheless 
there is suffi cient data regarding age- associated 
changes in DCs in skin and oral cavity. DCs in the 
skin are myeloid in nature and express Langerin 
granules and are therefore called Langerhans 
cells (LCs). A reduction in the number of epider-
mal LCs in has been reported in elderly subjects 
(Bhushan et al.  2004 ). However, in monocytes 
differentiated into LCs, no signifi cant difference 
was observed in the numbers or in the expres-
sion of activation markers in the aged subjects 
relative to young (Xu et al.  2012 ). Another study 
(Bodineau et al.  2007 ,  2009 ) examined intraepi-
thelial LC during chronic periodontitis in elderly 
patients and reported a decrease in the numbers. 
They also observed morphological changes in 
LCs in that LCs from the elderly were more 
rounded with fewer numbers of dendrites which 
would affect their T cell stimulation capacity. 
Thus, it seems DC numbers and phenotype dis-
play more age-associated changes in tissues as 
compared to that in circulation in humans. 

 Similar to humans, DCs in tissues of mice dis-
played signifi cant age-associated changes. 
In general, the cDC numbers in the spleen and 
lymph nodes were similar to young, whereas the 
number of cDC in the lungs increased in aged 
mice (Stout-Delgado et al.  2008 ; Tan et al.  2012 ). 
Several studies in mice have determined the age- 
associated modifi cations in DCs in the brain due 
to the strong correlation between neurodegenera-
tion and immunological changes. Increased lev-
els of CD11 +  DCs were observed (Stichel and 
Luebbert  2007 ) throughout the brains of older 
mice while in the young DCs were only visible in 
the meninges and choroid plexus. These fi ndings 
were further confi rmed by Kaunzner et al. ( 2012 ), 
who showed increased accumulation of DCs in 
aged brains when compared to younger control 
animals. Thus, it seems DC numbers can be 
increased or decreased with age depending on the 
anatomical location.  

6.3     Dendritic Cells and Immunity 
in the Elderly 

6.3.1     TLR and Cytokine Secretion 

 DCs are key players in generation of immunity 
to foreign antigens and maintain tolerance to self 
antigens (Steinman et al.  2000 ). DCs distributed 
throughout the body are armed with pathogen 
recognition receptors (PRRs) which allow them 
to sense and respond to threats. Engagement of 
PRRs leads to DC activation characterized by 
upregulation of several costimulatory and APC 
surface receptors as well as pro-infl ammatory 
cytokine secretion. PRRs can be divided into dif-
ferent classes such as Toll-like receptors (TLRs), 
NOD-like receptors (NLRs), and C-type lectin 
receptors (CLRs) (Kawasaki et al.  2011 ; Kumar 
et al.  2011 ).    TLR function, particularly in aged 
human MDDCs, has been reported to be largely 
intact at the level of both expression and function 
(Agrawal et al.  2007 ; Uyemura et al.  2002 ). Our 
own observations (Agrawal et al.  2007 ) suggest 
that infl ammatory cytokine secretion particularly 
tumor necrosis factor-alpha (TNF-α) and inter-
leukin (IL)-6 are increased in response to TLR4 
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and TLR8. In contrast to MDDCs,  intracellular 
cytokine detection of TLR stimulated cDCs 
in aged blood revealed signifi cant impairment in 
the production of TNF-α, IL-6, and IL-12p40 in 
response to nearly all TLRs (Panda et al.  2010 ). 
Other studies with blood myeloid DCs have also 
reported impairment in IL-12 production though 
these studies did not observe a reduction in 
TNF-α and IL-6 (Della Bella et al.  2007 ). Similar 
to MDDCs, no signifi cant difference in baseline 
or inducible cytokine secretion was observed 
in monocyte-derived LCs from aged or young 
subjects. A recent study in rhesus macaques 
(Asquith et al.  2012 ) observed an increase in the 
frequency of myeloid DC with age but found 
reduced secretion of cytokines in response to 
TLR4, TLR2/6, and TLR7/9. Interestingly, they 
observed reduced expression of absent in mela-
noma 2 (AIM2) (Barber  2011 ) and retinoic acid-
inducible gene I (RIG-1) (Rietdijk et al.  2008 ) in 
aged animals. Both these receptors are involved 
in IFN-α production.  

6.3.2     Innate Interferon (IFN) 
Secretion 

 In keeping with this, the production of IFN-
alpha is universally reported to be decreased 
in aging in response to TLR7, TLR8, or TLR9 
(Canaday et al.  2010 ; Jing et al.  2009 ; Panda 
et al.  2010 ; Sridharan et al.  2011 ). The PDC 
subset in the blood is the primary IFN producer 
against infections. They express the intracellu-
lar TLR receptors TLR7 and TLR9 which allow 
sensing of ssRNA viruses such as infl uenza and 
unmethylated DNA motifs from bacteria (Gilliet 
et al.  2008 ). The production of IFN from PDCs 
is very rapid and the amount of IFN produced by 
these cells can be 100 fold more than other cells 
(Fitzgerald-Bocarsly  2002 ). Almost all studies 
have reported decreased type I IFN secretion by 
aged PDCs in response to infl uenza virus, TLR7 
ligand Gardiquimod, and TLR9 ligand ODN 
which may well be responsible for the increased 
susceptibility of the aged to respiratory viral 
infections as robust IFN production by PDCs is 
essential to generate effective immune response 

against viruses. Reduced IFN secretion by PDCs 
in aged subjects is due to a number of reasons. 
Most studies observe a reduction in PDC num-
bers as well as reduced expression of the TLR7 
and TLR9 in PDCs in the blood of aged subjects 
(Jing et al.  2009 ; Panda et al.  2009 ). Our own 
studies suggest that the defect lies in the signal-
ing pathway downstream of TLRs (Sridharan 
et al.  2011 ). We observed impaired phosphory-
lation of interferon regulatory factor 7 (IRF-7), 
primary transcription factor required for IFN 
production (Honda et al.  2005 ). A recent study 
(Qian et al.  2011 ) reports similar defi ciency in 
IFN production from aged PDCs in response 
to West Nile virus. These studies together sug-
gest that type I IFN secretion from aged PDCs is 
impaired though the mechanisms may vary with 
the population studied. 

 Interestingly, this defi cit in IFN production 
was not restricted to PDCs alone; MDDCs from 
aged donors also demonstrated signifi cantly 
impaired IFN secretion in response to infl u-
enza virus. Here also, similar to PDCs, secre-
tion of other cytokines was comparable to young 
(Prakash et al.  2012 ). Further investigations sug-
gested that the defect was at the epigenetic level. 
Chromatin immunoprecipitation (ChIP) studies 
with activator histone, H3K4me3, and repres-
sor histone, H3K9me3, antibodies revealed 
that the association of IFN promoter with the 
repressor histone is increased in aged DCs at 
the basal level which reduces the association of 
the promoter with activation histone on activa-
tion with infl uenza. Similar reduction in type I 
IFN secretion in by MDDCs from aged donors 
was also observed in response to West Nile 
virus (Qian et al.  2011 ). Their observations sug-
gested that DCs from older donors had dimin-
ished late-phase responses, such as induction of 
the transcription factors signal transducers and 
activators of transcription 1 (STAT1) and IRF-
7, and lower expression of IRF-1, suggesting 
defective positive-feedback regulation of type 
I IFN expression. Altogether, DCs (both PDCs 
and MDDCs) from aged donors show selective 
defect in IFN secretion in response to viruses 
while the secretion of other pro-infl ammatory 
cytokines is largely intact. 
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 In addition to type I IFNs, PDCs also produce 
type III IFNs – IL28/IL29 or IFN-lambda (Ank 
et al.  2006 ,  2008 ; Yin et al.  2012 ). These are 
more recently discovered innate IFNs which 
have been reported to play a major role in protec-
tion against viral infections of the mucosa par-
ticularly of the respiratory tract (Mordstein et al. 
 2010b ). In support of this,  IL28R  knockout mice 
were reported to be more susceptible to several 
pneumotropic viruses than  IFNAR1 - knockout  
mice (Mordstein et al.  2010a ). This is because 
their induction in DCs utilizes the same path-
ways as type I IFN however; their mode of action 
is restricted as the receptor for type III IFN is 
expressed mainly on epithelial cells of the 
mucosa (Ank et al.  2006 ). Thus, IFN-III seems to 
selectively contribute to innate immunity at 
mucosal surfaces, which are the most frequent 
entry sites of viruses. Our group has observed 
reduced type III IFN secretion from both PDCs 
and MDDCs from aged in response to infl uenza 
virus (Sridharan et al.  2011 ; Prakash et al.  2012 ). 
Reduced IFN-III is also observed in asthmatic 
individuals (Edwards and Johnston  2011 ). Thus, 
impaired secretion of IFN- III by aged DCs could 
be a major factor in the susceptibility of the 
elderly to not only respiratory viral infections but 
also other respiratory disorders such asthma and 
COPD. Given the selective nature of IFN defi -
ciency observed in aged donors, supplementa-
tion of IFN particularly of the type III subtype 
during viral infections may help reduce the inci-
dence and severity of respiratory viral infections 
in the elderly provided the response to IFN is not 
compromised.  

6.3.3     Infl ammasome 

 Most studies in the elderly are focused on TLRs 
and there is a scarcity of information on the func-
tions of other PRRs, which are emerging as major 
players in the immune response. A recent mouse 
study with infl uenza infection demonstrates that 
activation of NOD receptor NLRP3 is impaired in 
aged mice resulting in reduced IL-1β  production 
(Stout-Delgado et al.  2012 ). There is reduced 
expression of ASC, NLRP3, and caspase-1 but 

increased expression of pro-IL-1β, pro-IL-18, and 
pro-IL-33 in DCs from aged mice as compared to 
DCs from young mice. The authors also showed 
that treatment of mice with nigericin reduced 
the infl uenza infection in mice by enhancing the 
IL-1β production. In another study, the authors 
have demonstrated that increased generation of 
danger signals in the thymus activates the cas-
pase-1 via NLRP3 infl ammasome resulting in 
thymic atrophy (Youm et al.  2012 ). Inhibition of 
infl ammasome activity restored the thymic epi-
thelium and T cell repertoire. One other study 
has examined the activity of infl ammasomes in 
nonimmune cells. In this study (Mawhinney et al. 
 2011 ), the activation of NLRP1 was reported to 
be enhanced in hippocampus of aged rats result-
ing in increased secretion of IL-1β and IL-18 
which contributed to cognitive decline in the 
elderly. A recent microarray study (Cribbs et al. 
 2012 ) of aged human brain tissue also observed 
signatures reminiscent of activation of microglia 
and perivascular macrophages in the aging brain. 
Almost all innate immune response genes such as 
TLR signaling, complement components, as well 
as infl ammasome signaling were upregulated 
in aged brain. These studies suggest that activ-
ity of NOD-like receptors may be increased or 
decreased with age and vary with different recep-
tors and anatomical location.   

6.4     Phagocytosis and Migration 

 Sensing of pathogens by DC leads to antigen 
uptake by phagocytosis and activation of DCs 
which upregulates chemokine receptor type 7 
(CCR7) receptor on DCs allowing their migration 
to draining lymph nodes to prime T cells. Our 
studies indicate that MDDCs from aged are 
impaired in phosphorylation of AKT, a kinase in 
the PI3kinase signaling pathway which controls 
cytoskeletal proteins (Agrawal et al.  2007 ). This 
impairment leads to reduced phagocytic uptake of 
antigens by DCs as well as reduced migration in 
response to macrophage infl ammatory protein- 3 
(MIP3-β). Similar impairment in migratory capac-
ity of epidermal LCs to TNF-α has also been 
reported in the elderly (Cumberbatch et al.  2003 ). 
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However, differentiated monocyte (Ogden et al. 
 2011 ) showed migration equivalent to young in 
response to the chemokine ligand chemokine 
(C-C motif) ligand 19 (CCL19). A decrease in the 
capacity of migration of adoptively transferred 
aged DCs is also observed in aged mice. Reduced 
CCR7 signaling as well as reduced response to 
CCL21 was considered to be the primary culprit 
(Grolleau-Julius et al.  2008 ). A recent study (Zhao 
et al.  2011 ) also observed impaired migration of 
lung DCs to draining lymph nodes in aged mice in 
an infl uenza infection model. They attributed it to 
increased expression of prostaglandin D2 (PGD2) 
in mouse lungs. In summary advancing age seems 
to slow down aged DCs.  

6.5     T Cell Priming 

 Once DCs migrate to lymph nodes they activate 
CD4 +  Th cell, CD8 +  T cytotoxic and B cell anti-
body responses. Almost all studies in humans 
studying DC-T interaction have been performed 
using MDDCs. Most studies did not observe 
a signifi cant difference in the capacity of aged 
MDDCs to induce T cell proliferation com-
pared to young DCs (Steger et al.  1997 ; Agrawal 
et al.  2009 ,  2012b ). This was true for MDDCs 
and PDCs. However, we did observe (Agrawal 
et al.  2012b ) increased basal level of prolifera-
tion and IFN-γ secretion by young CD4 +  T cells 
when cultured with aged MDDCs as compared to 
young which may be a consequence of increased 
basal level of DC activation in the elderly. 
Culture of unstimulated PDCs with CD8 +  T 
cells also resulted in higher basal level of IFN-γ 
secretion and granzyme and perforin induction 
(Sridharan et al.  2011 ). However, infl uenza-stim-
ulated PDCs from aged subjects were defi cient in 
inducing granzyme and perforin in CD8 +  T cells 
of young subjects due to the reduced secretion of 
IFN-I and IFN-III by aged PDCs. 

 DCs also dictate the polarization of Th cells 
(Manicassamy and Pulendran  2009a ). The 
 cytokines secreted by DCs direct the differentia-
tion of Th cells towards Th1/Th2/Th17/Treg/Tfh 
cells. Evidence suggests that Th1 response is pre-
dominant in healthy old subjects which changes 

to Th2 in the frail elderly probably due to increase 
in histamine which enhances Th2 polarization 
(Rafi  et al.  2003 ). Treatment with antihistamine 
reduced Th2 responses and improved immune 
function in the frail elderly. Most studies with 
MDDC-T interaction do not report any change 
in Th cell cytokine secretion in aged donors. We 
have observed an increase in basal level of IFN-γ 
secretion from young Th cells when cultured 
with aged DC. This increase was more promi-
nent in aged DC-aged T coculture (Agrawal 
et al.  2012b ). We also observed increased dif-
ferentiation of aged CD4 T cells of aged towards 
IL-21 secreting T follicular helper (Tfh) cells 
(Agrawal et al.  2012b ). IL-21 affects almost all 
immune cells of the body and increased secretion 
of IL-21 is associated with autoimmune diseases 
(Shekhar and Yang  2012 ). IL-21 enhances IL-17 
production and also increases the differentiation 
of B cells towards antibody secreting plasma cells 
thus IL-21 enhances autoantibody production in 
autoimmune and infl ammatory diseases (Sarra 
et al.  2011 ). Increased levels of autoantibodies 
are common in aged individuals (Howard et al. 
 2006 ). Furthermore, IL-21 enhances the forma-
tion of IL-10 secreting B regulatory cells which 
suppress immune responses (Yoshizaki et al. 
 2012 ). IL-21 also enhances the cytotoxicity of 
CD8 +  T cells and natural killer (NK) cells which 
may account for increased granzyme and perforin 
observed in aged CD8 +  T cells in the absence of 
infection. Increased IL-21 was found to enhance 
the susceptibility of mouse to pneumovirus infec-
tion (Spolski et al.  2012 ). IL-21 also promotes 
allergic infl ammation (Spolski and Leonard 
 2008 ). Therefore, increased IL-21 in aging may 
be detrimental for generating effi cient immune 
responses against infections and enhance the sus-
ceptibility of the elderly to respiratory diseases.  

6.6     Dendritic Cell and Tolerance 

6.6.1     Peripheral Tolerance 

 DCs are unique among the APCs due to their 
constitutive low level expression of MHC 
and costimulatory molecules. This low level 
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 expression of MHC allows DCs to sample and 
present  endogenous antigens to T cells and 
induces the formation of T regulatory (Treg) 
cells. DCs are therefore crucial for maintenance 
of tolerance (peripheral and mucosal) in the body 
(Hu and Wan  2011 ). Impaired capacity of DCs to 
maintain tolerance is one of the primary mecha-
nisms of induction of autoimmunity (Agrawal 
et al.  2012a ). Increased response of DCs to self 
antigens induces the secretion of pro-infl amma-
tory cytokines and decreases the formation of 
Treg cells. Most studies in aging have not focused 
on the tolerizing function of DCs. Our own group 
determined the response of aged MDDCs to 
self-antigen, human DNA and demonstrated that 
aged MDDCs secrete signifi cantly higher level 
of IFN-α and IL-6 compared to young MDDCs 
(Agrawal et al.  2009 ). The capacity of aged 
MDDCs to prime T cells was also enhanced. 
Increased response to self antigens would enhance 
chronic infl ammation as DCs are constantly sam-
pling self antigens from the surrounding milieu. 
Investigations into the signaling mechanisms sug-
gest that DCs from aged display increased basal 
level of activation as evidenced by increased phos-
phorylation of the p65 subunit of nuclear factor 
kappa-light-chain- enhancer of activated B cells 
(NF-κB) in aged MDDCs. Increased basal level 
activation of DCs may induce secretion of pro-
infl ammatory cytokines and other infl ammatory 
mediators from aged DCs. This was confi rmed by 
study of Panda et al. ( 2010 ) where they observed 
increased secretion of TNF and IL-6 from cDCs 
from aged donors in the absence of stimulation. 
Our unpublished observations from gene expres-
sion analysis using microarrays suggest a pro-
infl ammatory signature in aged MDDCs.  

6.6.2     Mucosal Tolerance 

 Besides maintaining peripheral tolerance, DCs 
play a major role in mediating tolerance at muco-
sal surfaces. The airways and the mucosa are 
continuously exposed to millions of harmless 
pathogens, toxins, etc. DCs are present just below 
the mucosal epithelium and can sense these stim-
uli via extension of their dendrites as well as via 

activation of epithelial cells (Allam et al.  2011 ; 
Lambrecht and Hammad  2012 ). The mucosal 
environment is rich in immunosuppressive cyto-
kines such as transforming growth factor beta 
(TGF-β) and vitamin A metabolite, retinoic acid 
(RA), which prevent activation of DCs to these 
stimuli and results in the generation of Treg cells 
(Manicassamy and Pulendran  2009b ; Feng et al. 
 2010 ). Majority of the DCs in the mucosa are 
myeloid in origin though it has recently been 
shown DCs in the mucosa can be divided into 
two subsets: one expressing the CD103 +  which 
are immunosuppressive and induces Tregs and 
the other CD103 subset which react to pathogens 
and activate T cells (Haniffa et al.  2012 ; Ivanov 
et al.  2012 ; Nakano et al.  2012 ; Leepiyasakulchai 
et al.  2012 ). Increased activation of DCs from 
aged donors may disturb the mucosal equilibrium 
as they may react to harmless antigens to induce 
chronic infl ammation which would result in air-
way hyperresponsiveness and increase the sus-
ceptibility of the elderly to mucosal infections.   

    Conclusion 

 In summary, DC function changes signifi -
cantly with age. Certain responses such as 
the production of innate IFNs in response to 
viruses decrease while the basal levels of pro-
infl ammatory cytokines increase. Reduced 
IFN secretion impairs the ability of the aged 
subjects to fi ght viral infections particularly 
of the respiratory mucosa, while enhanced 
basal level of infl ammation causes erosion of 
tolerance both at the peripheral level and in 
the mucosa. Increased IL-21 secretion further 
impairs the capacity of the elderly to fi ght 
infections. Thus, DCs from aged subjects 
 display defects at multiple levels and thera-
peutic measures targeting DCs may restore the 
immune functions in the elderly.     
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7.1            Introduction 

 The population of the world is aging, and since 
cancer predominantly affects older people, the 
increase in the numbers of elderly individuals 
will lead to more incidence of cancer (Ferlay 
et al.  2010 ). The overall incidence of cancer 
and cancer-related mortality increase with age 
(Agostara et al.  2008 ; Mazzola et al.  2012 ). In 
animals, the genetic background seems to infl u-
ence age-related cancer incidence that usually are 
specie and strain specifi c. In humans, more than 
80 % of malignancies are diagnosed after age 50 
(Anisimov  2003 ). Several causes may explain 
the higher incidence of cancer in the elderly. 
The development of tumors is a multistage pro-
cess that usually occurs over the course of many 
years, acting a large number of factors to dis-
turb normal cell growth. Moreover, an increased 
susceptibility of aged cells to carcinogens has 
also been described. It has been also suggested 
that the age- associated deterioration of the 

immune system can also be an additional cause 
for the high incidence of cancer in the elderly. 
Immunosenescence can make elderly individuals 
less able to mount an effective immune response 
after challenges with tumors (Derhovanessian 
et al.  2008 ; Pawelec and Solana  2008 ). 

 Cancer immunosurveillance refers to the 
capacity of the immune system to identify and 
destroy tumor cells. Both innate and adaptive 
immune responses have been involved in cancer 
elimination, and consequently, alterations of 
one or more components of the immune system 
will affect this process (Derhovanessian et al. 
 2008 ; Fulop et al.  2010a ; Malaguarnera et al. 
 2010 ; Pawelec et al.  2010 ). It is generally 
accepted that cancer cells of different origins 
are immunogenic and that the immune system 
can target these antigens to destroy cancer cells. 
Supporting evidences of this hypothesis mainly 
come from the analysis of the phenotype of the 
cancer cells obtained ex vivo that, in many 
instances, refl ects alterations compatible with 
an immunoediting process associated with the 
escape of immune recognition and lysis 
(Schreiber et al.  2011 ; Vesely et al.  2011 ). Thus, 
a decreased immunosurveillance against cancer 
could also contribute to the increased incidence 
of cancer in the elderly (Derhovanessian et al. 
 2008 ; Fulop et al.  2010a ). 

 Immunosenescence, the age-related decline 
in the immune function, renders older individu-
als more susceptible to infectious diseases and 
tumors (Fulop et al.  2010b ; Pawelec and Solana 
 1997 ). It involves both innate and  adaptive 
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immunity (DelaRosa et al.  2006 ; Pawelec et al. 
 1997 ,  1998b ; Solana et al.  2006 ; Tarazona et al. 
 2000 ). Age-related changes in the adaptive 
immune system have been extensively studied. 
Immunosenescence of T cells is characterized by 
loss of naïve T cells and a shift towards memory 
phenotype T cells, especially increasing highly 
differentiated effector-memory CD8 T cells and 
a decline in T cell repertoire diversity (Koch et al. 
 2006 ; Pawelec et al.  1998a ). Signifi cant alterations 
on B cell numbers and function and a decreased 
diversity of the B cell repertoire have also been 
described (Siegrist and Aspinall  2009 ). In addi-
tion, immunosenescence is also accompanied by 
changes in the cells of innate immunity includ-
ing alteration of natural killer (NK) cells and by 
increased systemic infl ammation believed to con-
tribute to the development and/or exacerbation of 
several age-related diseases (De et al.  2005 ; Larbi 
et al.  2008 ; Solana et al.  2006 ; Vasto et al.  2007 ; 
Wagner et al.  2004 ; Wikby et al.  2006 ).  

7.2     NK Cells 

 NK cells are lymphocytes involved in the early 
defense against tumors and virus-infected cells. 
NK cells are part of the innate immunity arse-
nal and are able to lyse tumor and virus-infected 
cells without the requirement of prior sensitiza-
tion. NK cells were originally defi ned as large 
lymphocytes which respond spontaneously to 
abnormal cells using their germline-encoded 
receptors and require no prior exposure to anti-
gen in contrast to cytotoxic CD8 +  T lymphocytes. 
Human NK cells are defi ned by the expression of 
CD56 +  and/or CD16 +  and lack of expression of 
CD3 + . Two phenotypic and functionally distinct 
NK cell subsets, CD56 dim  and CD56 bright , can be 
defi ned according to the level of expression of 
CD56 + . CD56 dim  NK cells represent mature cells 
with high cytolytic capacity and the CD56 bright  
cells are immature cells with high cytokine pro-
duction (Freud and Caligiuri  2006 ). A third sub-
population of CD56 -  NK cells expressing CD16 +  
that is expanded in some chronic viral infections 
has also been defi ned (Solana et al.  2006 ,  2012 ; 
Tarazona et al.  2002 ). 

 NK cells express a wide array of 
 germline- encoded inhibitory and activating NK 
cell  receptors that are capable of recognizing major 
histocompatibility complex (MHC) class I and 
class I-like molecules, as well as other ligands fre-
quently overexpressed on virus-infected or tumor 
transformed cells (Bryceson et al.  2011 ; Vivier 
et al.  2008 ). There are two main types of inhibi-
tory receptors with different specifi cities for dif-
ferent alleles of MHC class I molecules: killer 
immunoglobulin-like receptors (KIRs) that belong 
to the Ig superfamily and are specifi c for deter-
minants shared by groups of human leukocyte 
antigen (HLA)-A, HLA-B, or HLA-C allotypes 
and the heterodimeric receptors CD94/NKG2A 
related to C-type lectins that recognizes HLA-E, 
an HLA class Ib molecule (Thielens et al.  2012 ; 
Zamai et al.  2007 ). NK cytotoxicity is not due 
to the simple absence of MHC class I molecules 
but also requires the triggering of NK activating 
receptors. One of these receptors is the NK cell 
marker CD16 + , the low-affi nity IgG Fc receptor 
(FcγRIII-A). Its cross-linking by antibody- coated 
target cells triggers the so-called antibody-depen-
dent cell cytotoxicity (ADCC). Other NK activat-
ing receptors have been characterized, NKG2D, 
CD94/NKG2C, CD244, the natural cytotoxicity 
receptors (NCRs: NKp30, NKp44, and NKp46), 
and NKp80 (Pegram et al.  2011 ; Thielens et al. 
 2012 ). Among these NK cell-activating receptors, 
the role of NKp30 and NKp46 that are expressed 
constitutively and NKp44 expressed after NK cell 
activation, the C-type lectin-like receptor NKG2D, 
and the DNAX accessory molecule-1 (DNAM-1) 
in the killing of a different types of tumor target cell 
has been highlighted (Levy et al.  2011 ; Morgado 
et al.  2011 ; Sanchez-Correa et al.  2011 ). NK cell 
function is regulated by the tune balance between 
signals transmitted through activating and inhibi-
tory receptors. NK cell-mediated killing of target 
cells requires not only triggering of activating NK 
receptors but also the lack of inhibitory signals ini-
tiated by the interaction of NK inhibitory receptors 
with MHC class I molecules on target cells. Total 
or partial loss of MHC-I expression, a frequent 
event in tumor cells, sensitizes them to NK cell-
mediated cytotoxicity (Bernal et al.  2012 ; Garrido 
et al.  2010 ; Mendez et al.  2009 ). 
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 Target cell recognition by NK cells also 
induces the production of different cytokines and 
chemokines that directly participate in the elimi-
nation of pathogens or activate other cellular 
components of immunity. Thus, NK cells also 
play a crucial role in promoting the activation of 
dendritic cells (DCs) and vice versa. In this bidi-
rectional crosstalk, NK cells induce the matura-
tion of DCs and increase their capacity to produce 
proinfl ammatory cytokines and to stimulate T 
cell responses. This effect is dependent on acti-
vating receptors as NKp30 and cytokines as 
tumor necrosis factor (TNF)-α and interferon 
(IFN)-γ (Wehner et al.  2011 ). Recently, it has 
been shown that NK cells also interact with mac-
rophages and that this crosstalk exerts important 
role in anti-infection and antitumor responses 
(Bellora et al.  2010 ; Zhou et al.  2012 ).  

7.3     NK Cells in the Elderly 

 Several alterations have been described in 
human NK cell function with advancing aging, 
therefore contributing to immunosenescence 
(Camous et al.  2012 ; Solana et al.  2006 ,  2012 ). 
Although the NK cell frequency and absolute 
numbers tend to increase in healthy aging, a 
redistribution of NK cell subsets is also found in 
the elderly (Fig.  7.1 ). A shrinkage of the subset 
of immature CD56 bright  NK cells and an increase 
of the mature CD56 dim  NK cells are also 
observed, indicating that the increased fre-
quency of NK cells is due to the expansion of 
the more mature NK cell subset (Borrego et al. 
 1999 ; Chidrawar et al.  2006 ; Gayoso et al.  2011 ; 

Le Garff-Tavernier et al.  2010 ). In addition, the 
expression of CD57 (HNK-1epitope, sialyl-
Lewis X) on CD56 dim  NK cells from elderly 
individuals is increased (Borrego et al.  1999 ). It 
has been shown that CD57 + CD56 dim  cells are 
highly differentiated NK cells with poor 
response to cytokines and decreased prolifera-
tive response but higher cytotoxic capacity than 
their CD57 −  counterpart (Bjorkstrom et al. 
 2010 ; Lopez-Verges et al.  2010 ).

   Healthy elderly and centenarians, in particular 
those with criteria of healthy status, have an over-
all increase of NK cell number and  well- preserved 
cytotoxicity whereas the decrease in NK cell 
activity is associated to increased incidence of 
infectious and infl ammatory diseases and to 
increased mortality risk in the fi rst 2 years of 
follow-up compared to those with high NK cell 
numbers (Ogata et al.  2001 ; Remarque and 
Pawelec  1998 ; Solana and Mariani  2000 ; 
Tarazona et al.  2009 ). 

 The decreased proportion of immature 
CD56 bright  NK cells is likely associated to the 
lower production rates of NK cells in healthy 
elderly subjects compared to young healthy indi-
viduals (Zhang et al.  2007 ). An age-associated 
loss of telomeres on NK cells together with a 
reduction of telomerase activity has been shown, 
in particular in the oldest individuals and in those 
with increased NK cell numbers (Mariani et al. 
 2003a ,  b ). Taken together, these results support 
the hypothesis that the preservation of NK cell 
numbers in healthy aging depends on the accumu-
lation of terminally differentiated CD56 dim CD57 +  
long-lived NK cells (Gayoso et al.  2011 ; Le 
Garff-Tavernier et al.  2010 ). 
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  Fig. 7.1    Redistribution of NK cell subsets in healthy aging. Decreased proportion of CD56 bright  and increase of CD56 dim  
CD57+ NK cells during aging       
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 Whereas the overall NK cell cytotoxicity 
is maintained in healthy elderly, the analysis 
of cytotoxicity per NK cell shows a decreased 
lysis of the NK cell-susceptible K562 target cell, 
suggesting that the maintenance of overall NK 
cell cytotoxicity in healthy elderly individuals 
is associated with an increased number of NK 
cells (Gayoso et al.  2011 ; Le Garff-Tavernier 
et al.  2010 ; Solana and Mariani  2000 ). Neither 
CD16 +    - (FcγRIII-A) nor CD16 − -dependent NK 
cell activation is affected by aging, indicating 
NK activation and cytotoxic granule release 
remain intact in the elderly (Bruunsgaard et al. 
 2001 ; Gayoso et al.  2011 ; Le Garff-Tavernier 
et al.  2010 ; Lutz et al.  2005 ; Solana et al.  2006 ; 
Solana and Mariani  2000 ). Scarce and confl ict-
ing data exists regarding the effects of aging on 
the expression and function of other NK recep-
tors. Discordant results have been published in 
relation with the expression of HLA-specifi c 
KIR. KIR and CD94 expression was either not 
signifi cantly affected in NK cells from elderly 
compared to young donors (Le Garff-Tavernier 
et al.  2010 ; Mariani et al.  1994 ) or increased 
(Lutz et al.  2005 ). A decrease of NKG2A (Lutz 
et al.  2005 ), CD94 (Hayhoe et al.  2010 , Lutz 
et al.  2005 ), and the inhibitory receptor KLRG-1 
was observed on NK cells from elderly donors 
(Hayhoe et al.  2010 ). These discordances may 
probably be due to the criteria used for selection 
of the individuals, healthy versus frail elderly, 
and the broad age ranges considered in the differ-
ent studies (Gayoso et al.  2011 ). The expression 
or the functionality of some activating NK cell 
receptors is defective in the elderly. A decreased 
expression of the activating receptors NKp30 
and DNAM-1 has been shown in NK cells from 
elderly donors (Sanchez-Correa et al.  2012 ; 
Tarazona et al.  2009 ). Elderly individuals show a 
decrease in the expression of activating receptors 
whereas the expression of KIR is increased only 
in the CD56 bright  subset (Almeida-Oliveira et al. 
 2011 ). The expression of NKG2D is not affected 
by age (Gayoso et al.  2009 ). 

 In addition to their cytotoxic functions against 
infected and tumor cells, NK cells also secrete 
cytokines upon activation. It has been reported 
that in the elderly the secretion of IFN-γ by 

 interleukin (IL)-2-stimulated NK cells either 
shows an early decrease which can be overcome 
by prolonging the incubation time (Murasko and 
Jiang  2005 ) or is maintained (Le Garff-Tavernier 
et al.  2010 ) with an increased production of IFN-γ 
by CD56 bright  cells (Hayhoe et al.  2010 ). The pro-
duction of chemokines in response to IL-2 or 
IL-12 is decreased in NK cells from elderly indi-
viduals (Mariani et al.  2002 ). Considering that 
CD56 dim  NK cells can produce high amounts of 
IFN-γ and whereas chemokines are mainly pro-
duced by CD56 bright  NK cells, these alterations 
can be explained the decrease of this subset in the 
elderly. Due to the co-stimulatory role of chemo-
kines on NK responses, the decreased production 
of chemokines can be involved in the defective 
functional activity of NK cells in elderly. As a 
consequence, the defective production of cyto-
kines and chemokines may also compromise NK 
cell-driven adaptive immune responses in the 
elderly (Panda et al.  2009 ). 

 NK cell activation by cytokines results in pro-
liferation and enhanced cytotoxicity. IL-2- 
induced NK cell proliferation is decreased in old 
donors (Borrego et al.  1999 ), whereas the 
enhancement of the cytotoxic activity in response 
to IL-2, IL-12 or IFN-α, and IFN-γ is well pre-
served in the healthy elderly (Kutza and Murasko 
 1994 ,  1996 ; Le Garff-Tavernier et al.  2010 ; 
Murasko and Jiang  2005 ). 

 In addition, aging is characterized by a pro-
infl ammatory status called “infl amm-aging” 
with an increase in the level of several cytokines 
(e.g., IL-6, IL-1β, TNFα) and chemokines (e.g., 
IL-8, regulated upon activation normal T cell 
expressed and presumably secreted (RANTES), 
MIPα) (Franceschi et al.  2000 ). It has been sug-
gested that infl amm-aging is involved in the 
pathogenesis of infl ammatory diseases including 
cancer (Lustgarten  2009 ; Myers et al.  2011 ). The 
alterations in cytokine production in the elderly 
can also play a role in the age-associated altera-
tions observed in NK cells in the elderly. 

 These studies support the signifi cance of age- 
associated changes in NK cell function and NK 
receptor expression in the increased susceptibil-
ity of elderly subjects to infectious, infl amma-
tory, and neoplastic diseases.  
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7.4     NK Cells in Cancer 

 As stated before, NK cells have the capacity of 
recognizing tumor cells that have lost the expres-
sion of MHC class I molecules (“missing self” 
hypothesis), an escape mechanism used frequently 
by tumors cells to avoid CD8 +  T cell recogni-
tion (Levy et al.  2011 ; Stojanovic and Cerwenka 
 2011 ). Activation of NK cells is the result of a 
balance between inhibitory and activating signals 
(Fig.  7.2 ). In the absence of inhibitory signals, 
NK cell cytotoxicity depends on the signals trans-
mitted by a set of triggering receptors. Different 
activating receptors have been described that 
participate in NK cell-mediated killing of tumor 
targets. The role of NKp30, NKp46, NKG2D, 
and DNAM-1 in the interaction of NK cells with 

tumor cells from different lineages has been high-
lighted. Since the  threshold of activating signals 
required to overcome the inhibitory signals is usu-
ally high, the collaboration of several activating 
receptors in the destruction of tumor cells occurs 
frequently (Casado et al.  2009 ; Morgado et al. 
 2011 ; Morisaki et al.  2012 ; Pegram et al.  2011 ; 
Sanchez-Correa et al.  2011 ; Solana et al.  2007 ).

   NK cells play an important role in the immune 
response against hematological malignancies as 
demonstrated by the low relapse in allogenic 
stem cell transplantation when there is KIR- 
ligand mismatch between the donor and the 
recipient. Thus, NK cells in the haploidentical 
hematopoietic stem cell transplantation setting 
are very effective in eradicating residual blasts 
(Farnault et al.  2012 ; Verheyden and Demanet 
 2008 ). In non-Hodgkin lymphoma, NK cell 
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  Fig. 7.2    NK cell activation depends on the balance 
between inhibitory and activating signals transmitted 
through surface receptors. NK cells are inhibited by cross-
linking of inhibitory receptors that recognize MHC class I 
molecules, and thus, healthy cells expressing normal lev-
els of MHC class I are generally protected from NK cell-
mediated lysis. However, malignant cells may express 
reduced levels of MHC class I molecules or have lost the 

expression of one or more MHC class I alleles, and thus, 
provided that they also express appropriate ligands for 
activating receptors, they become vulnerable to NK cell 
attack. The lysis of tumor cells expressing both MHC 
class I molecules and ligands for activating receptors 
depends on the tune balance of signals transmitted through 
inhibitory and activating NK cell receptors       
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count after autologous peripheral blood hemato-
poietic stem cell transplantation is a prognostic 
factor for overall survival and progression-free 
survival (Porrata et al.  2008 ). 

 The role of NK cells in the defense against 
solid tumors is highlighted by different studies 
showing a role in the protection against metas-
tasis. In pancreatic cancer it has been observed 
a small number of tumor-infi ltrating NK cells 
(Ademmer et al.  1998 ). It was showed that 
apoptotic pancreatic tumor cells are very good 
activators of NK and T cells and immunothera-
peutic strategies directed to the local adminis-
tration of autologous NK cells may be relevant 
for clinical outcome (Schnurr et al.  2002 ). In 
stomach cancer, NK activity could be a good 
marker for tumor volume and dissemination 
and patient survival (Ishigami et al.  2000a ,  b ; 
Takeuchi et al.  2001 ). In lung cancer, tumor-
infi ltrating NK cells are mainly CD56 bright  
noncytotoxic NK cells (Carrega et al.  2008 ). 
Intratumoral NK cells display phenotypic alter-
ations such as reduced NK cell receptor expres-
sion that lead to an impaired degranulation and 
secretion of cytokines, like IFN-γ. Because of 
these defects, NK cells are not correlated to 
the clinical outcome of these patients, support-
ing the existence of tumor escape mechanism 
to avoid NK cell cytotoxicity (Platonova et al. 
 2011 ). Tumor-infi ltrating NK cells are very rare 
in colorectal carcinoma, but NK activity could 
be used as a marker of colorectal progression 
(Halama et al.  2011 ). Thus, a reduction of NK 
cell activity was related to colon cancer metas-
tasis (Nüssler et al.  2007 ). 

 Several NKG2D ligands (NKG2DL) have 
been identifi ed in humans and mice that exhibit 
different affi nities for NKG2D. NKG2DL are 
homologous to MHC class I molecules and 
they exhibit considerable allelic variation. In 
humans, NKG2DL include MHC class I chain-
related proteins (MIC) A and B and up to six 
different proteins called UL16-binding proteins 
(ULBPs). NKG2D ligands are likely regulated 
differently by diverse stress pathways; thus, 
the same receptor can stimulate a response in 
different situations as viral infection or tumor 
transformation. It has been    proposed that the 

existence of multiple NKG2DL may also 
 diffi cult  pathogen (or tumor cell) evasion from 
NKG2D-mediated immune response (Pegram 
et al.  2011 ; Raulet et al.  2013 ). 

 Ligands for DNAM-1 (DNAM-1L) include 
nectin-2/CD112 and PVR/CD155 belonging to 
the nectin/nectin-like family of adhesion mole-
cules. DNAM-1 ligands are broadly distributed 
on hematopoietic, epithelial, and endothelial 
cells as well as on tumors from different ori-
gins (Casado et al.  2009 ; Fuchs and Colonna 
 2006 ; Pende et al.  2005 ; Sanchez-Correa et al. 
 2011 ). Interestingly, TIGIT, an inhibitory 
receptor expressed on activated lymphocytes 
including NK cells, also binds to CD112 and 
CD155 and to CD113 (PVRL3, nectin-3) and 
may play a role in tumor escape from NK cells 
(Chan et al.  2012 ). 

 By analyzing a large panel of melanoma cell 
lines, it has been shown that melanoma cells fre-
quently express ligands for NKG2D and 
DNAM-1 activating NK receptors. NK cell- 
mediated recognition and killing of melanoma 
cells depend on multiple receptor-ligand interac-
tions (Casado et al.  2009 ; Morgado et al.  2011 ; 
Solana et al.  2007 ). However, melanoma cells 
have developed several mechanisms to escape 
NK recognition and killing, including the shed-
ding of NKG2DL and the induction of the 
NKG2D downregulation (Paschen et al.  2009 ; 
Schwinn et al.  2009 ). We have previously ana-
lyzed the expression of ligands for NK cell- 
activating receptors on acute myeloid leukemia 
(AML) blasts, showing that 85 % of patients 
expressed ligands for DNAM-1 and about 55 % 
expressed MICA/B, a ligand for NKG2D 
(Sanchez-Correa et al.  2011 ,  2012 ). 

 Different reports have demonstrated that 
patients with cancer of different origins have low 
NK cell cytotoxicity although the bases of this 
alteration remain unclear (Levy et al.  2011 ; 
Stojanovic and Cerwenka  2011 ; Verheyden and 
Demanet  2008 ). It has been shown that the 
expression of activating receptors such as NCR 
and DNAM-1 is reduced in NK cells from cancer 
patients (Carlsten et al.  2009 ; Farnault et al. 
 2012 ; Fauriat et al.  2007 ; Markel et al.  2009 ; 
Sanchez-Correa et al.  2011 ,  2012 ). Altered NK 
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cell subset distribution has been observed in 
 metastatic melanoma showing an expansion of 
CD16 -  NK cells that was associated with elevated 
plasma levels of transforming growth factor-beta 
(TGF-β) (Holtan et al.  2011 ). 

 Diminished expression of NCRs (Fauriat et al. 
 2007 ; Sanchez-Correa et al.  2011 ,  2012 ) and 
DNAM-1 (Sanchez-Correa et al.  2012 ) on NK 
cells from myeloid leukemia patients has been 
correlated with the expression of their ligands on 
leukemic blasts. In ovarian carcinoma, reduced 
expression of DNAM-1 on NK cells was corre-
lated with low cytotoxicity and was induced by 
chronic ligand exposure (Carlsten et al.  2009 ). 
Decreased expression of NKG2D (Konjevic et al. 
 2009 ) and NKp30 (Markel et al.  2009 ) has been 
found on NK cells from metastatic melanoma 
patients that correlated with a lower NK cell 
cytotoxicity against melanoma. 

 Shedding of ligands for activating receptors 
are escape mechanisms used frequently by tumor 
cells to evade immune recognition. The presence 
of soluble NKG2D ligands in serum from cancer 
patients has been related with an impaired 
NKG2D-mediated cytotoxicity (Fernandez- 
Messina et al.  2012 ; Hilpert et al.  2012 ; Salih 
et al.  2008 ). Tumor   -derived exosomes which 
have been viewed as a source of tumor antigens 
that can be used to induce antitumor immune 
responses can also negatively regulate NK cells 
(Whiteside  2013 ; Yang and Robbins  2011 ). 
Shedding of NKG2DL has been correlated with 
poor prognosis in human melanoma and prostate 
cancer, supporting previous evidences that tumor 
cells also evolve to escape from NK cells (Vivier 
et al.  2011 ). 

 The frequent expression of ligands for 
NKG2D and DNAM-1 on tumor cells and the 
possibility of modulating ligand expression by 
cytokines and chemotherapeutic agents may 
open new avenues for immunotherapy in cancer 
patients (Krieg and Ullrich  2013 ; Morisaki et al. 
 2012 ). A better understanding of the mechanisms 
involved in NK recognition and lysis of tumor 
cells of different origins may explain why some 
tumors are resistant to NK cell lysis even when 
tumors express low levels of MHC class I 
molecules.  

7.5     NK Cells in Elderly Patients 
with Cancer and Cancer- 
Induced NK Cell 
Immunosenescence 

 The incidence of cancer increases with age, but 
not all types of cancers. The epidemiological 
studies indicate that the most frequent tumors in 
patients over 65 years are represented by lung, 
colon, rectum, prostate, and bladder in men and 
breast, lung, colon-rectum, bladder, pancreas, 
and non-Hodgkin lymphoma in women 
(Malaguarnera et al.  2010 ). Chronic lymphoid 
and acute myeloid leukemia also have higher 
prevalence in patients over age 65 (Gribben  2011 ; 
Jabbour et al.  2006 ). The accumulation of DNA 
damage constitutes one of the main characteris-
tics during aging, and consequently the accumu-
lation of senescent cell in tissue could promote 
cancer initiation (Falandry et al.  2013 ). However, 
the contribution of immunosenescence to the 
high prevalence of cancer in the elderly remains 
elusive. Interestingly a decrease in cancer inci-
dence in centenarians has been observed 
(Anisimov  2003 ). Data analysis has demon-
strated that cancer in the very elderly is uncom-
mon, the number of metastases is less, and 
cancer-related mortality is also decreased after 
age 90, suggesting that cancer in centenarians is 
a more silent disease, of slower growth and of 
less-threatening potential (Pavlidis et al.  2012 ). 

 As indicated above, it has been suggested that 
age-associated alterations of the immune system 
may also contribute to the development of cancer 
in the elderly. Immunosenescence affects princi-
pally the T cell compartment (Appay et al.  2010 ; 
Ferrando-Martinez et al.  2011 ; Pawelec et al.  2002 ; 
Tarazona et al.  2000 ) but also has an effect on NK 
cells (Gayoso et al.  2011 ; Sanchez-Correa et al. 
 2012 ). Altered NK-DC crosstalk may disrupt their 
ability to induce DC maturation and to cooperate in 
the initiation of the adaptive immune response 
against tumors or virus-infected cells (Gayoso 
et al.  2009 ; Tarazona et al.  2009 ; Wehner et al. 
 2011 ). Several studies support the notion that NK 
cells play a role in tumor immunosurveillance 
(Fuchs and Colonna  2006 ; Morgado et al.  2011 ; 
Stojanovic and Cerwenka  2011 ; Zamai et al.  2007 ). 
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The presence of NK cells in colorectal carcinoma 
tissue has been negatively correlated with the age 
of the patients probably due to an age-related 
decrease in adherence molecule expression 
(Papanikolaou et al.  2004 ). 

 We have previously analyzed NK cells from 
elderly patients with AML and compared with 
healthy elderly individuals. The expression of 
the activating receptor NKp46 was found dimin-
ished in elderly AML patients in comparison 
to healthy elderly individuals (Sanchez-Correa 
et al.  2011 ,  2012 ). Interestingly, NKp46 expres-
sion on NK cells has also been associated to 
patient survival in AML (Fauriat et al.  2007 ) and 
Sanchez-Correa et al. ( 2013 ). The expression 
of NKp30 and DNAM-1 was low in the elderly 
compared to young healthy donors and no sig-
nifi cant differences were found between healthy 
elderly and elderly AML patients (Sanchez-
Correa et al.  2011 ,  2012 ). Neither the expres-
sion of the DNAM-1 ligands on AML blasts 
(Sanchez- Correa et al.  2012 ) nor the expression 
of NKG2D ligands were associated with patient 
age (Sanchez-Correa et al.  2013 ). 

 Tumor progression is associated with immu-
nosuppression. It has been reported that the num-
ber of regulatory T cells (Tregs) increases with 
age (Gregg et al.  2005 ). It is discussed that the 
accumulation of Tregs in the old may inhibit or 
prevent the activation of immune responses 
against cancer (Lustgarten  2009 ; Myers et al. 
 2011 ). Regarding NK cells, a bidirectional inter-
action between these cells and Tregs has been 
described. Tregs can suppress NK cell function 
although the molecular mechanism by which 
Treg cells perform its regulatory/suppressor 
function on NK cells has not been fully charac-
terized (Zimmer et al.  2008 ). 

 Several biomarkers of human immunosenes-
cence identifi ed in elderly individuals have been 
also observed in cancer patients due to chronic 
activation of the immune system by tumor anti-
gens. Thus, alterations at the CD8 +  T cell com-
partment observed in the elderly without cancer 
can also be found in younger individuals with 
cancer (Hirokawa et al.  2009 ) and recently, it has 
been observed that the altered phenotype of NK 
cells in young and middle-age acute myeloid 

 leukemia patients resembles in some aspects the 
NK cell phenotype of elderly individuals 
(Sanchez- Correa et al.  2011 ,  2012 ). 

 The age-associated alterations observed on 
cytokine production, infl amm-aging, can also 
play a role in cancer pathogenesis (Lustgarten 
 2009 ; Myers et al.  2011 ). Recently, we have 
described an altered cytokine profi le in AML 
patients. Our results showed that patient survival 
was inversely correlated with IL-6 and directly 
correlated with IL-10 levels. IL-8 levels were 
higher in AML patients over 65 years compared 
with younger patients (Sanchez-Correa et al. 
 2013 ). 

 Altogether, evidences support that tumor- 
induced alterations of activating NK cell recep-
tors have an effect on immunosurveillance and 
may promote tumor progression. However, the 
identifi cation of the factors involved in the 
decreased expression of these activating recep-
tors in elderly individuals remains elusive.  

7.6     Concluding Remarks 

 NK cells are known to be involved in the recog-
nition and lysis of tumor cells. The results 
reviewed here indicate that aging may affect not 
only NK cell cytotoxicity but also NK cell 
response to cytokines and in sum provokes a det-
riment in NK cell capacity to kill target cells and 
to synthesize cytokines and chemokines (Solana 
et al.  2006 ). Age-related changes on NK cell 
function can also contribute to the dysregulation 
of other cells of the adaptive and innate immune 
system since NK cells may interact with mono-
cytes promoting infl ammation and also induce 
the maturation of DCs (Tarazona et al.  2009 ; 
Wehner et al.  2011 ). 

 The analysis of NK cells in elderly individuals 
with cancer and the possibility to enhance NK 
cell function by the modulation of activating 
receptor expression on NK cells or their ligands 
on tumors may open new therapeutic strategies. 
In addition, clinical trials testing novel methods 
to enhance NK cytotoxicity against cancer will 
favor the development of NK cell-based immu-
notherapy to fi ght cancer (Lee and Gasser  2010 ). 
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Further studies are required to analyze NK cell 
immunosenescence in healthy elderly individuals 
compared with the frail elderly, who have a 
higher morbidity and mortality risk and represent 
the majority of elderly individuals.     
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8.1            Introduction 

 About two decades ago, Charles Janeway Jr. 
proposed the existence of pathogen-sensing 
receptors through which the innate immune sys-
tem instructs the initiation of adaptive immune 
responses to antigens of foreign microbial ori-
gin (Janeway  1989 ). Specifi cally, he postulated 
that these innate “pattern recognition receptors” 
(PRRs) are germline-encoded and recognize con-
served microbial structural or biosynthetic prod-
ucts, known as pathogen-associated molecular 
patterns (PAMPs), in contrast to the receptors 
associated with adaptive immunity (T cell recep-
tors and B cell immunoglobulins), which are gen-
erated  de novo  by random gene rearrangement, 
recognize unique antigen-specifi c epitopes, and 
are clonally distributed (reviewed in Janeway 
and Medzhitov ( 2002 ), Medzhitov ( 2009 ), and 
O’Neill et al. ( 2013 )). Importantly, he hypoth-
esized that activated PRRs would be capable of 
stimulating pro-infl ammatory pathways, such as 
nuclear factor κB (NFκB) signaling, and costimu-
latory molecule expression in antigen- presenting 

cells such as dendritic cells and  macrophages, 
thus permitting the immune system to distin-
guish infectious nonself from noninfectious self- 
antigens under normal physiological conditions. 
Janeway’s theory also provided an explanation 
for the well-established immunostimulatory and 
adjuvant effects of certain microbial molecules, 
such as lipopolysaccharide (LPS), and led to 
the discovery of the toll-like receptors (TLRs), 
the most extensively studied family of PRRs 
(O’Neill et al.  2013 ). To date, 12 murine and 10 
human functional TLRs have been identifi ed that 
recognize a variety of bacterial, viral, fungal, and 
protozoal ligands, including DNA, RNA, carbo-
hydrates, lipopeptides, and glycolipids (Iwasaki 
and Medzhitov  2010 ; Kawai and Akira  2011 ). 
The resulting activation of TLRs can promote 
the production of pro-infl ammatory cytokines, 
chemokines, type I interferons (IFNs), costimu-
latory and adhesion molecules, major histo-
compatibility complex (MHC) expression, and 
antibody production to ensure the stimulation 
of rapid and robust immune responses against 
pathogenic environmental signals (Iwasaki and 
Medzhitov  2010 ; Janeway and Medzhitov  2002 ). 
However, PRRs play an even more expansive 
role in regulating immunity in that their activa-
tion can additionally be triggered by nonpatho-
genic organisms, including commensals, as well 
as endogenous ligands or damage- associated 
molecular patterns (DAMPs) that are exposed 
in the context of cellular stress, tissue injury, or 
autoimmunity such as host DNA, the intracellu-
lar high-mobility group box protein 1, heat shock 
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proteins and the extracellular matrix components, 
hyaluronan, biglycan, and versican (Iwasaki and 
Medzhitov  2010 ; Medzhitov  2009 ). Thus, TLR 
signaling occurs constitutively under normal 
physiological conditions and is further induced 
by foreign or endogenous ligands within patho-
physiological contexts. 

 Other families of PRRs have also been identi-
fi ed (reviewed in Iwasaki and Medzhitov ( 2010 ) 
and Medzhitov ( 2009 )); the cell-surface C-type 
lectin receptors (CLRs or dectins) participate par-
ticularly in antifungal immunity (Hardison and 
Brown  2012 ). The cytosolic family of nucleotide- 
binding oligomerization domain and leucine-rich 
repeat-containing receptors (NLRs) detects bac-
terial and viral components, and some members 
of this family form multiprotein complexes, 
infl ammasomes, which activate IL-1β production 
in response to pathogens, noninfectious stimuli, 
and DAMPs that compromise cellular membrane 
integrity (Elinav et al.  2011a ; Ting et al.  2008 ). 
More recently, numerous    nucleic acid-detecting 
receptors have been discovered which partici-
pate in antiviral and bacterial immunity, includ-
ing the intracellular RNA-sensing helicases (the 
retinoic acid-inducible gene I (RIG-I)-like recep-
tors (RLRs)) and DNA-sensing PRRs (Absent in 
Melanoma-2 (AIM2) and interferon-inducible 
protein 16 (IFI16), which constitute the AIM2- 
like receptors (ALRs)), as well as the cytosolic 
DNA-dependent activator of interferon regulatory 
factor 3 (DAI), RNA polymerase III (Pol III), and 
aspartate-glutamate-any amino acid- aspartate/
histidine box helicases, which activate the core 
signaling molecule “stimulator of type I inter-
feron genes” (STING) (reviewed in Atianand and 
Fitzgerald ( 2013 ), Dixit and Kagan ( 2013 ), and 
Rathinam and Fitzgerald ( 2011 )). The pentraxins 
(C-reactive protein, serum amyloid protein, and 
pentraxin 3), as well as the lectin families of fi co-
lins and collectins (including mannan-binding lec-
tin and surfactant proteins A and D), are secreted, 
extracellular PRRs that activate the complement 
system and opsonize pathogens for phagocyto-
sis, accounting for most of the remaining patho-
gen-sensing capabilities of the mammalian host 
(Iwasaki and Medzhitov  2010 ). Thus, PRRs can 
occur on the cell surface and in  intracellular com-

partments or can be secreted into the  bloodstream 
and tissue fl uids, and their localization is an 
important determinant of the ligands that they 
detect and the ensuing signaling pathways that are 
activated (Blasius and Beutler  2010 ; Kagan and 
Iwasaki  2012 ). Most, if not all, PRRs that activate 
the transcription  factors NFκB, interferon regula-
tory factors (IRFs), or nuclear factor of activated 
T cells (NFAT) are suffi cient to induce T and B 
cell responses, whereas the secreted PRRs and 
some phagocytic PRRs (scavenger receptors) 
are not (Iwasaki and Medzhitov  2010 ). Research 
in the domain of PRRs is fl ourishing and for 
many of the newly discovered families is still in 
its infancy. However, numerous PRRs and their 
associated signaling molecules have already been 
implicated in various infl ammatory and autoim-
mune conditions, as well as hereditary immu-
nodefi ciencies (Atianand and Fitzgerald  2013 ; 
Casanova et al.  2011 ; Netea et al.  2012 ). PRRs 
have additionally been established to play a cru-
cial role in the immunostimulatory effects of vac-
cine adjuvants to native antigens lacking intrinsic 
immunogenic activity (Eisenbarth et al.  2008 ; 
Palm and Medzhitov  2009 ; Pasare and Medzhitov 
 2005 ). The subsequent sections will address the 
impact of immunosenescence on PRR expression 
and function and its consequences upon immune 
regulation in the context of healthy aging, patho-
physiology of diseases associated with aging, 
and responsiveness of an aging immune system 
to vaccination.  

8.2     PRR Expression and Function 
from Birth to Old Age 

8.2.1     Ontogeny of TLR Responses 
in Infancy 

 TLRs are selectively expressed on numerous cell 
types, including the innate immune cells (mono-
cytes, macrophages, dendritic cells, granulo-
cytes, and natural killer cells) as well as T and B 
cells. Beyond the immune system, specifi c TLRs 
are also expressed by epithelial and endothelial 
cells, fi broblasts, smooth muscle, osteoblasts and 
osteoclasts, neurons, neuron progenitor cells, 
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microglia, and astrocytes, among other cells. The 
expression and function of TLRs in these various 
cells is gradually being elucidated. Interestingly, 
newborns demonstrate heightened susceptibility 
to infection and diminished responsiveness to 
vaccines compared to older children and adults, 
similarly to the elderly (Kollmann et al.  2012 ; 
Levy  2005 ). Newborns (defi ned as those less than 
28 days of age) demonstrate Th2-biased immu-
nity and have generally been reported to display 
attenuated responsiveness to TLR stimulation 
compared to adults in studies that have assayed 
whole cord blood versus peripheral blood 
mononuclear cell (PBMC) responses or cord 
blood-derived monocyte versus PBMC- derived 
monocyte responses (Kollmann et al.  2012 ; 
Levy  2005 ,  2007 ). Various reports have collec-
tively evaluated neonatal responses to agonists of 
TLR1-9. A number of studies have shown that 
the production of pro-infl ammatory and/or Th1-
polarizing cytokines, such as TNF-α, IL-12 and 
IFN-γ, by neonatal monocytes is diminished in 
response to the TLR4 ligand, LPS, as well as 
di- and tri-acylated bacterial lipoproteins that are 
recognized by TLR2/6 or TLR2/1 heterodimers, 
respectively (Belderbos et al.  2009 ; Goriely et al. 
 2001 ; Levy et al.  2004 ). Type I IFN production by 
neonatal plasmacytoid dendritic cells in response 
to TLR7/8 and TLR9 agonists has also been 
shown to be diminished (Corbett et al.  2010 ; Gold 
et al.  2006 ) and is associated with posttranscrip-
tional downregulation of the TLR9/IRF-7 sig-
naling pathway (Charrier et al.  2012 ). However, 
other TLR-induced cytokine responses, such as 
IL-1β, IL-6, IL-23, and the anti- infl ammatory 
IL-10, remain equivalent to or even greater than 
responses of adult mononuclear cells, indicating 
that the impairment in TLR responses may be 
specifi c to certain mediators and, therefore, dis-
tinct TLR signaling pathways (Burl et al.  2011 ; 
Kollmann et al.  2012 ; Yerkovich et al.  2007 ). 
In one study, blood TNF-α and IL-12 responses 
to LPS, as well as induction of costimulatory 
molecules on DCs, were reported to reach adult 
levels within 1 year of birth, whereas type I IFN 
production in response to the TLR9 ligand, CpG-
containing oligodeoxynucleotides (CpG DNA), 
remained low (Nguyen et al.  2010 ). However, 

apart from TLR-induced IFN-γ  production 
which appears to gradually increase from birth to 
adulthood, the reported acquisition of adult-like 
cytokine responses to TLR stimulation has been 
variable, with one study indicating that even at 
12 years of age, IL-12 production still remains 
lower compared to adults (Upham et al.  2002 ). 
Some studies have reported augmented induction 
of IL-10 from neonatal mononuclear cells stimu-
lated with TLR4, TLR7/8, or TLR9 agonists and 
a decline in IL-10 induction through infancy 
and childhood (Belderbos et al.  2009 ; Corbett 
et al.  2010 ; Upham et al.  2002 ). In contrast, 
TLR-mediated cytokine responses in Gambian 
and Papua New Guinean infants showed stable 
or increasing IL-10 production during infancy 
(Burl et al.  2011 ; Lisciandro et al.  2012 ), indi-
cating that geographical diversity is also likely to 
affect innate immune responses to TLR ligands. 
Interestingly, LPS-induced IL-12p40, IL-6, and 
IL-23 production which is thought to support 
Th17 immunity was found to peak at birth and 
declined throughout the fi rst year of infancy, 
while BCG immunization at birth has also been 
shown to promote stronger Th17 responses com-
pared to vaccination at 4 months of age (Burl 
et al.  2010 ,  2011 ). Furthermore, differential LPS-
induced upregulation of various transcription 
factors, cytokines, and chemokines in neonatal 
versus adult mononuclear cells has been docu-
mented (Jiang et al.  2004 ). 

 The altered TLR stimulatory capacity in neo-
natal blood cells may be related to cell-intrin-
sic as well as extrinsic environmental factors. 
Though basal expression of various TLRs and 
the membrane-bound TLR4 coreceptor CD14 
on neonatal monocytes has been reported to 
be equivalent to that of adults (Dasari et al. 
 2011 ; Levy  2005 ), TLR4 expression actually 
increased more substantially in neonatal mono-
cytes in response to LPS than in infant or adult 
monocytes (Levy et al.  2009 ; Yerkovich et al. 
 2007 ). Neonatal neutrophils also expressed nor-
mal TLR4 levels but lower levels of the primary 
TLR signaling adaptor, MyD88, and displayed 
reduced p38 MAPK activation (Al-Hertani 
et al.  2007 ). Soluble factors in neonatal plasma, 
including vitamin D, have been shown to 
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affect  TLR- induced  antimicrobial peptide gene 
expression and cytokine responses (Levy et al. 
 2004 ; Walker et al.  2011 ). Levels of soluble 
CD14 and bactericidal/permeability-increasing 
protein, which affect the delivery of LPS to the 
TLR4 receptor complex, are different in neo-
natal compared to adult plasma (Levy  2005 ). 
Also, cyclic adenosine monophosphate (cAMP) 
synthesis, induced by adenosine and prostaglan-
dins in neonatal plasma, inhibits TLR-induced 
TNF-α and IL-12 production while preserving 
or enhancing Th2- polarizing IL-6 and IL-10 
production (Levy et al.  2006 ; Levy  2007 ). 
Maternal infl uences such as atopic status and 
breast-feeding additionally affect TLR expres-
sion and function in the newborn (LeBouder 
et al.  2006 ; Liu et al.  2011 ). 

 Collectively, the evidence indicates that 
the ontogeny of the immune response to TLR 
stimulation is variable and is ligand-, cell-, as 
well as cytokine-specifi c. It is also dependent 
upon external environmental infl uences and 
does not appear to progress linearly from birth 
to adulthood, but is rather likely to be gov-
erned by age- specifi c regulatory mechanisms, 
such as the expression of plasma-modulating 
factors (Kollmann et al.  2012 ). The functional 
immaturity of TLR responses in neonates may 
be associated with their enhanced susceptibility 
to infectious agents and dampened reactivity to 
vaccination, whereas aberrant TLR responsive-
ness has also been associated with neonatal 
preterm birth and sepsis (Kollmann et al.  2012 ; 
Sadeghi et al.  2007 ). Other PRR families are 
also critical to neonatal immunity. The mannan-
binding lectin is implicated in neonatal sepsis, 
and the collectins (surfactant proteins) play a 
central role in neonatal lung development and 
disease (Bersani et al.  2012 ; Cedzynski et al. 
 2012 ; Schlapbach et al.  2010 ). In contrast 
to TLR responses, NLR and infl ammasome 
responses to alum, the most widely used com-
mercial vaccine adjuvant, were shown to peak 
immediately after birth and decline thereafter, 
suggesting differential regulation of distinct 
PRR families and innate immune functions 
through infancy (Lisciandro et al.  2012 ).  

8.2.2     Disequilibrium of PRR 
Responses in the Aged 

 Similar to infants, there is evidence that TLR 
function is altered in monocytes and macro-
phages of aged adults. However, with regard to 
LPS-mediated cytokine responses, the evidence 
is confl icting, with some studies indicating 
increased LPS-induced cytokine secretion and 
others showing unchanged or decreased secre-
tion (reviewed in Panda et al. ( 2009 ) and Van 
and Shaw ( 2007 )). The divergent results may be 
related to differences in experimental protocols, 
such as cell enrichment, the origin and dose of 
the LPS preparations, cytokine assays (ELISA 
or fl ow cytometry), as well as sample size and 
enrolment criteria for subjects. For example, use 
of the highly selective SENIEUR protocol, which 
excludes participants taking prescribed medica-
tions or showing abnormalities in serum, urine, 
and blood count or a history of malignancy, while 
on the one hand permitting standardization of 
studies of human aging, may also be restricting 
such studies to a subset of uncommonly healthy, 
successfully aged individuals. The application 
of statistical models that adjust for potential 
confounding covariates such as age, gender, eth-
nicity, medication use, and comorbidities may 
uncover useful information with respect to TLR- 
induced cytokine responses in aging humans; one 
study that employed less stringent enrolment cri-
teria and multivariable mixed statistical analysis 
reported that whereas peripheral blood monocyte 
responses to TLR2/6, TLR4, and TLR5 ligands 
were similar in aged compared to young adults, 
aged individuals demonstrated lower TNF-α, 
IL-6, and IL-8 production in response to TLR1/2 
ligands, even after adjustment for covariates, 
which was associated specifi cally with lower 
surface expression of TLR1 (Van et al.  2007b ). 
IL-6 synthesis in response to a TLR7/8 ligand 
was also diminished in monocytes from older 
adults (Van et al.  2007b ). A more recent study 
which evaluated responses to a TLR1/2 ligand 
in subpopulations of monocytes, stratifi ed on 
the basis of their expression of CD14 and CD16, 
confi rmed the impaired TNF-α and IL-6 produc-
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tion as well as reduced TLR1 expression among 
 multiple  monocyte subsets in aged subjects and 
particularly those expressing CD16 (Nyugen 
et al.  2010 ). In contrast to the study by Van Duin 
et al. ( 2007b ), elevated TLR5 expression and 
MAPK signaling resulting in higher IL-8 produc-
tion from monocytes of older adults and dimin-
ished NFκB activation and TNF-α production 
were recently demonstrated (Qian et al.  2012 ). 
Therefore, cytokine responses of peripheral blood 
monocytes to TLR1/2 ligand, as well as TLR1 
expression, have been reproducibly shown to be 
impaired in aged individuals, whereas cytokine 
responses to TLR4 and TLR5 stimulation are 
inconclusive. However, analysis of TLR-induced 
upregulation of CD80 and CD86 costimulatory 
molecules on monocytes revealed an age-associ-
ated defect that was signifi cant for all tested TLR 
agonists, including ligands of TLR1/2, TLR2/6, 
TLR4, TLR5, and TLR7/8, supporting that aging 
(and potentially even that which is considered 
“normal” or healthy) is associated with dimin-
ished TLR responsiveness in these cells (Van 
et al.  2007a ). 

 Studies comparing dendritic cells (DCs) from 
young and old adults have also indicated age- 
associated differences in TLR function. Due 
to the limited abundance of DCs in peripheral 
blood, a number of studies have examined DCs 
that are derived  in vitro  from monocytes using 
a concoction of growth factors and cytokines 
(monocyte-derived DCs or MDDCs). Agrawal 
et al. observed elevated cytokine production by 
MDDCs from older individuals in response to 
LPS, single-stranded RNA (TLR7/8 ligand), 
and self-DNA (TLR9 ligand) but simultaneously 
reported defective phagocytic and migratory 
function of these cells (Agrawal et al.  2007 ). In 
contrast, MDDCs and peripheral blood plasma-
cytoid DCs (pDCs) from older donors produced 
signifi cantly lower levels of type I IFNs when 
infected with West Nile virus (TLR3 stimula-
tion) (Kong et al.  2008 ; Shaw et al.  2011 ). pDCs 
are copious producers of type I IFNs and there-
fore play an important role in antiviral immunity 
(Diebold et al.  2004 ). Myeloid DCs (mDCs) are 
crucial for promotion of Th1 or Th2 immune 

responses and express a diverse repertoire of 
TLRs (GeurtsvanKessel and Lambrecht  2008 ). 
Primary mDCs isolated from older individuals 
displayed reduced IL-12 production upon TLR4 
stimulation (Della et al.  2007 ) but no difference 
in response to TLR3 activation (Jing et al.  2009 ). 
In the latter study, primary pDCs from older indi-
viduals had decreased infl uenza-virus (TLR7 
and TLR9)-induced IFN-α production. The 
relative proportion of pDCs expressing TLRs 
7 and 9 was also found to be reduced in aged 
individuals, whereas no difference in TLR2- or 
TLR4- expressing mDCs was observed. An age- 
associated decline in TLR7- and TLR9-induced 
IFN-α production by pDCs was confi rmed more 
recently in a larger study, which also revealed 
a broad defect in TNF-α, IL-6, and IL-12p40 
production by mDCs in response to most TLR 
ligands that were tested (TLR1/2, TLR2/6, 
TLR3, TLR4, TLR5, and TLR8). These age-
related defects remained signifi cant when the 
subjects were reevaluated nearly 2 years later 
(Panda et al.  2010 ). Age-associated reductions 
in mRNA and/or protein expression of specifi c 
TLRs has also been noted in mDCs and pDCs, 
suggesting that both transcriptional and posttran-
scriptional regulatory processes may underlie the 
TLR dysfunction observed with aging. Overall, 
the aforementioned studies support that aging 
results in diminished responsiveness of human 
DCs to TLR ligands. Curiously, basal intracel-
lular cytokine production in the absence of TLR 
stimulation was in contrast found to be elevated 
in mDCs and pDCs of older compared to young 
adults (Panda et al.  2010 ; Shaw et al.  2011 ), 
perhaps suggesting that other PRR families or 
innate immune mechanisms may become hyper-
active with aging or that regulatory mechanisms 
in DCs may become compromised. Several neu-
trophil functions have also been shown to be 
reduced with aging, such as chemotaxis, phago-
cytosis, and respiratory burst in response to a 
range of ligands including LPS (Solana et al. 
 2012 ). Although TLR expression in neutrophils 
is thought to be unaffected, aging may be asso-
ciated with dysregulated traffi cking of signal-
ing molecules to cell membrane microdomains 
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called lipid rafts, which facilitate the aggregation 
of TLR receptors and their downstream adaptor 
molecules during activation and signaling (Fortin 
et al.  2007a ,  b ; Fulop et al.  2004 ). Other families 
of receptors expressed on neutrophils also appear 
to be implicated in the age-associated functional 
defi ciencies of these cells (Solana et al.  2012 ). 

 That TLR responsiveness declines with aging 
is also supported by data from animal studies, 
although many dendritic cell and neutrophil func-
tions do not appear to be affected as markedly in 
aged, but otherwise healthy, rodents as compared 
to their human counterparts. Neutrophils isolated 
from aged mice were reported to be functionally 
intact but became impaired only  in vivo  and upon 
exposure to an additional environmental stress, 
such as dietary defi ciency or infection, empha-
sizing that the age- associated impairment of 
cell function is caused by not only cell-intrinsic 
but also extrinsic microenvironmental factors 
(Kovacs et al.  2009 ). In accordance with human 
studies, pDCs from aged mice were found to 
produce less type I IFN in response to synthetic 
or viral TLR9 ligand, as well as TLR7 ligand 
(Kovacs et al.  2009 ). However, TLR function 
in response to TLR2/6, TLR3, TLR4, TLR5, or 
TLR9 ligands was reportedly preserved in aged 
murine mDCs (Tesar et al.  2006 ). Gene expres-
sion analysis of splenic macrophages revealed 
lower expression of all tested TLRs (TLRs 1–9) 
in aged compared to young mice (Renshaw 
et al.  2002 ).    Functional defi ciency of aged mac-
rophages in response to numerous TLR ligands as 
well as lower surface expression of TLR4 protein 
was also reported. However, these age-associated 
effects have not been consistently confi rmed in 
other studies (Boehmer et al.  2004 ,  2005 ; Tesar 
et al.  2006 ). 

 The data discussed thus far from both human 
and rodent studies collectively support that TLR 
responsiveness declines with aging and may be 
a strong contributing factor to the age-associated 
increase in susceptibility to infectious disease 
and reduction of immunostimulatory capacity of 
vaccines. However, the role of TLRs in aging is 
complicated by the widely recognized observa-
tion that aging is paradoxically associated with 
chronic, low-grade infl ammation characterized 

by elevated levels of circulating IL-6, TNF-α, and 
the pentraxin, C-reactive protein (sometimes also 
IFN-γ, IL-12, IP-10, and CXCL9) (Franceschi 
et al.  2007 ; Kollmann et al.  2012 ). It has therefore 
been hypothesized that constitutive TLR function 
in the elderly may be elevated, thus causing this 
phenomenon of “infl ammageing,” which may 
be particularly pertinent in the context of nonin-
fectious age-associated diseases as will be dis-
cussed in the ensuing sections. Furthermore, this 
pro-infl ammatory environment may precipitate 
the apparent age-associated refractory or hypo-
responsive TLR activation by infectious stimuli 
(Kollmann et al.  2012 ). Increased NFκB (and 
mitogen-activated protein kinase (MAPK)) activ-
ity is also a prominent feature of infl ammageing 
(Chung et al.  2009 ), having been consistently 
documented in older adults; however, defi nitive 
evidence demonstrating augmented basal activity 
of TLRs in relation to these processes is scarce. 
Nevertheless, there are a number of plausible 
mechanisms implicating TLRs in infl ammageing. 
Although the expression and functional relevance 
of other PRR families in relation to aging has not 
been studied as extensively, there is increasing 
evidence to suggest a role for NLRs, RLRs, and 
infl ammasome activation in infl ammageing, as 
well as the pentraxins, C-reactive protein (CRP) 
and serum amyloid A. Circulating CRP levels 
have been shown to correlate with numerous age-
associated diseases, including metabolic syn-
drome, cardiovascular disease, and osteoporosis, 
but are curiously found at even higher levels in 
centenarians than in old adults (Arai et al.  2001 ; 
Chung et al.  2009 ). Increased serum levels of 
serum amyloid A also correlate with the risk of 
cardiovascular disease (Johnson et al.  2004 ). 
Furthermore, this molecule was shown to trigger 
NLRP3 infl ammasome activation via TLRs 2 and 
4 in human and murine macrophages, thus imply-
ing that coordinated cross talk between multiple 
PRR families may underlie age-related infl am-
mation (Niemi et al.  2011 ). Moreover, aberrant 
infl ammasome activation has in recent years 
emerged as a leitmotif in infl ammageing and age-
related infl ammatory disorders, though in certain 
contexts of aging, infl ammasome and other PRR 
responses actually may be  protective (see Sect   . 
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8.4.4 and 8.4.6). Before elaborating upon the 
roles of PRRs in specifi c age- associated immune 
disorders, the ensuing section addresses the pre-
eminent hypotheses regarding the mechanisms 
underlying altered PRR function in aging.   

8.3     Mechanisms of TLR 
Hyporesponsiveness 
and PRR Disequilibrium 
in Aging 

8.3.1     TLR Hyporesponsiveness 

 Reduced age-associated expression in human or 
murine cells of most TLRs (except TLR5 which 
may be expressed at higher levels) has been doc-
umented in a number of studies, as mentioned. 
However, the extent to which the altered expres-
sion contributes to the reduced functionality of 
TLRs with aging is unclear. Microarray gene 
expression analysis of macrophages isolated 
from older mice has also revealed altered expres-
sion of several downstream signaling molecules, 
including decreased expression of the primary 
TLR adaptor molecule myeloid differentiating 
factor 88 (MyD88) and TNF receptor-associated 
factor 6 (TRAF-6), as well as elevated expres-
sion of the adaptor Toll/IL-1R-associated protein 
(TIRAP) and TLR-inhibitory molecule IL-1R- 
associated kinase-M (IRAK-M) (Chelvarajan 
et al.  2006 ). MyD88 and TIRAP work in tan-
dem to direct signaling downstream of all 
TLRs, with the exception of TLR3, promoting 
the phosphorylation of IRAK molecules and 
TRAF-6 which results in the activation of NFκB, 
MAPKs, and IRFs and, eventually, produc-
tion of pro- infl ammatory mediators. Numerous 
endogenous inhibitors within the TLR signal-
ing network have been identifi ed, although apart 
from IRAK-M, it is unclear how these molecules 
are affected in the context of aging. Elevated 
expression of IRAK-M and reduced expression 
of MyD88 and TRAF-6 might,  nevertheless, 
contribute to the age- associated hyporespon-
siveness of TLRs. Macrophages of aged mice 
have also been found to express lower levels of 
CD14 (Chelvarajan et al.  2005 ), a coreceptor 

for LPS which  facilitates signaling through the 
MyD88 pathway and particularly the other major 
TLR signaling  pathway governed by the “TIR 
domain-containing adaptor-inducing IFN-β” 
(TRIF) which leads to the production of antiviral 
type I IFNs (Jiang et al.  2005 ; Wright et al.  1990 ; 
Zanoni et al.  2011 ). Systems genetics approaches 
are additionally being employed to delineate 
TLR signal transduction networks relevant to 
aging (Diego et al.  2012 ), whereas functional 
studies have thus far described lower NFκB and 
p38 MAPK signaling via TLR4 in macrophages 
(Boehmer et al.  2004 ; Boehmer et al.  2005 ), as 
well as diminished induction of type I IFNs in 
DCs of older donors due to reduced activity of 
signal transducer and activator of transcription 
(STAT) 1, IRF-1, and IRF-7 (Qian et al.  2011 ; 
Stout- Delgado et al.  2008 ). Although TLR1 sur-
face expression was determined to be lower in 
macrophages of aged individuals, intracellular 
TLR1 expression was equivalent to that of the 
young, suggesting that impaired regulation of 
TLR traffi cking to the cell surface may be another 
mechanism leading to reduced TLR responsive-
ness (Nyugen et al.  2010 ; Van et al.  2007b ). 
Dysregulated recruitment of TLRs and their sig-
naling molecules into membrane lipid rafts has 
also been postulated as a common mechanism 
to explain the broad decline in responsiveness of 
numerous TLRs with aging (Fortin et al.  2006 , 
 2007a ,  b ). 

 TLR-induced responses may also be down-
regulated by cross talk with other age-related 
pathological mechanisms that are not intrinsi-
cally part of the TLR signaling pathway. For 
example, increased expression and activity of 
Axl, a receptor tyrosine kinase, and broad inhibi-
tor of various TLR responses is also believed 
to negatively regulate TLR signaling in DCs 
and further impair antiviral immunity in aging 
(Lemke and Rothlin  2008 ). Finally, oxidative 
stress and redox imbalance caused by weakening 
antioxidant defense mechanisms is a hallmark 
of aging that may have substantial implications 
upon TLR signaling (Peters et al.  2009 ). Reactive 
oxygen and nitrogen species (ROS and RNS) 
can react with and modify several cellular com-
ponents including nucleic acids, proteins, and 
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 lipids. The resulting oxidation products, such as 
oxidized membrane phospholipids, have been 
shown to interact with multiple PRR pathways, 
including the TLRs, infl ammasomes, C-reactive 
protein, and scavenger receptors (Weismann and 
Binder  2012 ). For example, 4-hydroxynonenal, 
an end product of membrane lipid peroxidation, 
can inhibit TLR4 receptor dimerization and sig-
naling (Kim et al.  2009b ) but is also capable of 
activating the NLRP3 infl ammasome (Kauppinen 
et al.  2012 ). Oxidized phospholipids have been 
reported to inhibit TLR2, 3, 4, and 9 signaling 
(Kim et al.  2013 ; Weismann and Binder  2012 ). 
Moreover, reduction of the augmented oxidative 
stress levels observed in pDCs of aged mice can 
alleviate the impaired upregulation of IRF7 and 
induction of IFN-α in response to TLR9 activa-
tion (Stout-Delgado et al.  2008 ), additionally 
demonstrating the potential of oxidative stress to 
negatively regulate TLR responses. A recent study 
reported that the reduced type I IFN production 
by MDDCs of aged subjects in response to infl u-
enza virus infection was associated with altered 
chromatin structure and histone interactions with 
the IFN promoter (Prakash et al.  2012 ), support-
ing that various mechanisms may contribute to 
the hyporesponsiveness of TLRs in the elderly 
(Peters et al.  2009 ; Stout-Delgado et al.  2009 ).  

8.3.2     PRR Disequilibrium 
in Infl ammageing 

 Infl ammageing refers to the heightened pro- 
infl ammatory status associated with aging 
(Franceschi et al.  2007 ). In contrast to the gener-
ally diminished TLR function described thus far 
in innate immune cells, TLRs may also contribute 
to the pathophysiology of infl ammageing given 
the additional evidence demonstrating hyperre-
sponsiveness of certain TLRs in specifi c contexts. 
For example, Agrawal et al. reported augmented 
TLR4-, 7-, or 9-induced cytokine and costimu-
latory responses in MDDCs from aged subjects 
(Agrawal et al.  2007 ,  2009 ). The augmented 
TLR4 or TLR7 responsiveness was suggested to 
be due to decreased activation of the PI3K path-
way,  possibly caused by enhanced  expression of 

the phosphatase and tensin  homolog (PTEN), 
a negative regulator of PI3K signaling which 
is now also known to promote pro- rather than 
anti-infl ammatory TLR responses (Agrawal 
et al.  2007 ; Siegemund and Sauer  2012 ). The 
increased TLR9 activity occurred in response to 
self-DNA and was associated with augmented 
basal activation of NFκB and p38 MAPK in DCs 
(Agrawal et al.  2009 ). Elevated TLR5 mRNA and 
protein expression in monocytes of aged subjects, 
as well as augmented TLR5-induced cytokine pro-
duction, has also been demonstrated and associ-
ated particularly with augmented p38 MAPK and 
ERK activity in these cells rather than NFκB acti-
vation (Qian et al.  2012 ). Furthermore, whereas 
resting macrophages from aged individuals were 
found to express lower basal levels of TLR3, 
activation of this TLR was enhanced and pro-
longed following West Nile virus infection (Kong 
et al.  2008 ). This was due to impaired downregu-
lation of TLR3 resulting from increased STAT1 
activity in the elderly. Thus, hyperresponsiveness 
of TLR3 was implicated in the over-exuberant 
 infl ammatory response and therefore potentially 
in the increased morbidity and  mortality of aged 
individuals to this virus. 

 Interestingly, whereas splenic and peritoneal 
macrophages from aged mice produce lower 
amounts of pro-infl ammatory mediators in 
response to LPS treatment  ex vivo  than those of 
young mice, the same mediators are augmented 
in aged mice following  in vivo  exposure to LPS 
or other bacterial products (Kovacs et al.  2009 ). 
This indicates that TLR4 activation on additional 
cell types, such as adipocytes or endothelial and 
epithelial cells, may perhaps be an important 
source of these cytokines in the context of aging. 
Indeed, epithelial cells in particular are receiving 
greater recognition for their substantial role in 
the initiation of PRR-mediated pro- infl ammatory 
responses (Lambrecht and Hammad  2012 ). 
Alternatively, the presence of various microenvi-
ronmental stimuli  in vivo , such as reactive oxy-
gen species, hormones, cytokines, chemokines, 
adrenergic and cholinergic agonists, fatty acids, 
and immunoglobulins, may additionally contrib-
ute to the elevated infl ammatory status associated 
with aging and TLR  hyperresponsiveness that is 
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evident in certain instances (Kovacs et al.  2009 ). 
Also, epigenetic and transcriptional mechanisms 
have been suggested to enhance TLR-induced 
cellular expression of specifi c cytokines, such 
as IL-23, which can contribute to age-related 
autoimmune disease (rheumatoid arthritis) 
(El et al.  2009 ). 

 A growing repertoire of endogenous PRR 
ligands or DAMPs has also been linked to age- 
associated immunopathology, such as mitochon-
drial DNA, saturated fatty acids, and phospholipid 
peroxidation products which can activate both 
cellular and soluble PRRs including TLRs, scav-
enger receptors, C-reactive protein, and infl am-
masomes (Salminen et al.  2012 ; Weismann and 
Binder  2012 ; West et al.  2010 ). Despite having 
the potential to inhibit TLR signaling, oxidative 
stress is perhaps predominantly considered to 
be a signifi cant amplifi er of TLR responses. For 
instance, oxidants can trigger TLR2 and TLR8 
signaling, while oxidized phospholipids have also 
been documented to promote TLR2 and 4 acti-
vation (Kadl et al.  2011 ; Paul-Clark et al.  2009 ; 
Yanagisawa et al.  2009 ). Moreover, increases in 
cellular oxidative stress and nuclear transloca-
tion of antioxidant enzymes, such as thioredoxin, 
are believed to contribute to the age- related 
upregulation of the redox-sensitive transcrip-
tion factors, NFκB and AP-1, which are central 
to TLR signaling (Chung et al.  2009 ). Heme 
oxygenase I, a major antioxidant gene, has also 
been demonstrated to be necessary for the acti-
vation of IRF3 and the expression of its primary 
target genes following TLR3 or TLR4 stimula-
tion, as well as viral infection, while ROS pro-
duction correlates with the increased ERK, JNK, 
and p38 MAPK activation associated with the 
aging process (Chung et al.  2009 ; Koliaraki and 
Kollias  2011 ; Tzima et al.  2009 ). Furthermore, 
mouse macrophages lacking a master transcrip-
tion factor that regulates antioxidant genes, Nrf2, 
therefore having impaired antioxidant defense, 
were reported to exhibit augmented LPS-induced 
NADPH oxidase activity and ROS production, 
which enhanced TLR4 signaling via both the 
MyD88 and TRIF signaling pathways (Kong 
et al.  2010 ). Finally, ROS accumulation from 
damaged mitochondria can amplify RLR and 

infl ammasome activation, as will be  discussed in 
the ensuing sections (Tal et al.  2009 ; Zhou et al. 
 2011 ). Therefore, there is considerable evidence 
to support that a redox imbalance associated with 
aging has signifi cant and broad effects upon PRR 
signaling pathways and amplifi cation of infl am-
matory mediators. 

 Although reduced TLR function has gener-
ally been described in mDCs and pDCs of older 
adults, the elevated basal production of intra-
cellular cytokines in these cells in the absence 
of TLR stimulation suggests that alternative 
mechanisms are also at play in infl ammageing. 
Recent evidence supports that TLRs are not the 
only family of PRRs with relevance to infl am-
mageing. In this regard, another important 
 feature of age-associated immunopathology in 
innate immune cells is a decline in phagocyto-
sis and autophagy, the process of sequestration 
of intracellular organelles within double-mem-
brane vacuoles called “autophagosomes” and 
their eventual delivery to lysosomes for degrada-
tion (Kollmann et al.  2012 ). The persistence of 
damaged or senescent cells or intracellular com-
ponents (resulting from defi cient phagocytosis 
or autophagy, respectively) may thus augment 
infl ammation by eliciting sustained PRR activa-
tion. Such defects may occur and may exacerbate 
infl ammation in concert with the described redox 
imbalance associated with aging given that oxi-
dized phospholipids have been shown to inhibit 
phagocytosis in macrophages, while this in turn, 
as well as impaired autophagy, can augment cel-
lular oxidative stress (Knapp et al.  2007 ; Lee 
et al.  2012 ). In addition to providing homeostatic 
controlled clearance of toxic macromolecular 
aggregates and defunct cellular organelles, such 
as mitochondria, the major functions of autoph-
agy include restoration of nutrient supply during 
cell starvation and clearance of cytosol-invad-
ing microbes (xenophagy) in cooperation with 
innate and adaptive immunity (Deretic  2012 ; 
Into et al.  2012 ). Whereas starvation-induced 
autophagy degrades cellular components nonspe-
cifi cally via digestion of bulk cytoplasm, certain 
stressful stimuli induce “selective autophagy” 
in which specifi c cell constituents or intracellu-
lar microbes are targeted by autophagy-related 
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ubiquitin- binding proteins, also referred to as 
autophagic receptors, such as sequestosome 
1/p62-like receptors (SLRs), which in and of 
themselves have been proposed to be a class of 
PRRs (Deretic  2012 ; Into et al.  2012 ; Johansen 
and Lamark  2011 ). SLRs possess numerous pro-
tein interaction domains through which they can 
interact with microbial components and endog-
enous signaling molecules to expand pro-infl am-
matory immune responses but are normally 
consumed when autophagy proceeds effi ciently. 
It is now known that canonical autophagy-related 
proteins and SLRs interact with numerous “con-
ventional” PRR signaling pathways and vice 
versa, including TLRs (TLR2, 4, and 7), NLRs 
(Nod1/2, NLRC4, NLRP3, and NLRP4), RLRs, 
and infl ammasomes. Endogenous alarmins or 
DAMPs such as IL-1β, high-mobility group box 
1 (HMGB1), and ATP also stimulate autophagy 
(Bortoluci and Medzhitov  2010 ; Deretic  2012 ; 
Into et al.  2012 ). Several TLRs, such as TLRs 2, 
4, and 7, rely upon autophagic clearance of spe-
cifi c intracellular microbes. For example, TLR7 
engagement induces autophagy which is neces-
sary for elimination of bacillus Calmette-Guerin, 
as well as recognition of RNA viruses by TLR7 
in autolysosomes (Delgado and Deretic  2009 ; 
Into et al.  2012 ). However, autophagy also plays 
an important role in restraining TLR- and PRR- 
mediated infl ammatory responses, as well as cross 
talk between PRR pathways (Deretic  2012 ; Into 
et al.  2012 ). This is primarily achieved by effi -
cient sequestration and clearance of intracellular 
pathogens, autophagic receptors, as well as cel-
lular material, such as mitochondrial DNA, that 
could otherwise, in the case of ineffi cient autoph-
agy, provoke persistent innate immune activa-
tion. For instance, disruption of autophagy causes 
accumulation of physiologically abnormal mito-
chondria which, under normal circumstances, are 
continuously removed by a form of housekeep-
ing autophagy (mitophagy) (Into et al.  2012 ; Lee 
et al.  2012 ). When this basal autophagy is defec-
tive, leaky mitochondria provide an ongoing 
source of ROS which can amplify RLR signaling 
as well as NLRP3 (or NALP3) infl ammasome 
activation in macrophages (Nakahira et al.  2011 ; 
Tal et al.  2009 ; Zhou et al.  2011 ). The result-

ing damage releases mitochondrial DNA which 
further augments NLRP3 infl ammasome activa-
tion (Nakahira et al.  2011 ; Shimada et al.  2012 ). 
Mitochondrial DNA that has escaped autophagy 
can also activate TLR9, promoting autoimmune 
and cardiovascular disease (Oka et al.  2012 ) 
(Therefore, defects in DNA clearance and/or 
repair mechanisms may also be substantial in 
relation to  age-associated infl ammation and vice 
versa (Nijnik et al.  2007 )). Autophagic proteins 
also negatively regulate RLR signaling by directly 
binding RLRs and their adaptor proteins (Jounai 
et al.  2007 ). Autophagy additionally appears to 
serve the housekeeping function of tempering 
infl ammation by eliminating components of the 
RLR pathway, such as the adaptor “IFN-β pro-
moter stimulator 1” (Tal et al.  2009 ), as well 
as activated AIM2 and NLRP3 infl ammasomes 
(Shi et al.  2012 ), and therefore could perhaps be 
involved in the increased RLR and infl amma-
some activation that has been  documented in sev-
eral age-associated diseases, such as Alzheimer’s 
(Halle et al.  2008 ; Heneka et al.  2013 ). Although 
other NLRs, such as NOD1/2, are known to induce 
autophagy, while NLRC4 and NLRP4 negatively 
regulate autophagy, further studies will be nec-
essary to determine whether these processes are 
reciprocally regulated (Deretic  2012 ). Also, the 
functional consequences of the interaction of 
NLRP1, NLRP3, and NLRP10 with autophagy-
related proteins are unknown. Moreover, TLR4 
engagement by LPS in the context of defective 
autophagy augments mitochondrial ROS pro-
duction, NLRP3 infl ammasome activation, and 
subsequent IL-1β and IL-18 secretion (Juliana 
et al.  2012 ; Nakahira et al.  2011 ; Saitoh et al. 
 2008 ; West et al.  2011 ), indicating that autophagy 
additionally constrains TLR-induced infl amma-
tion and cross talk with infl ammasomes. In sum-
mary, the clearance of mitochondria seems to be 
at least one chief mechanism by which autophagy 
maintains innate immune homeostasis. 

 Furthermore, several autophagic receptors are 
also known to interact with and negatively regu-
late TLR signaling (Into et al.  2012 ; Saitoh 
et al.  2008 ). For example, following TLR4 
 signaling via MyD88 and TRIF, the resulting 
activation of TRAF6 and TRAF3 mediates the 
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recruitment and activation of various SLRs which 
in turn promote clearance of cytosolic bacteria 
via selective xenophagy but also accumulate sig-
naling proteins, including MyD88, TRIF, and 
TRAF6, in cytosolic aggregates for degradation 
via a category of selective autophagy known as 
aggrephagy (Into et al.  2012 ). TLR4-mediated 
activation of p38 MAPK and JNK was thus atten-
uated, while other SLRs have also been shown to 
suppress TLR3/4-induced NFκB and IRF3 acti-
vation, as well as TRIF or TRAF3-dependent 
type I IFN production. Thus, age-associated defi -
ciency in autophagy may very well contribute to 
the pathophysiology of infl ammageing, poten-
tially by facilitating dysregulation of TLR and 
other PRR pathways. However, it remains to be 
established how pervasive impaired phagocyto-
sis/autophagy is among elderly individuals, what 
the precise mechanistic consequences are of such 
a defect upon specifi c PRR pathways, and 
whether defective autophagy may be the cause or 
result of dysregulated PRR activity in the context 
of infl ammageing. The following section summa-
rizes our current knowledge regarding PRRs that 
have been implicated in specifi c age-related 
immune disorders.   

8.4     Age-Related Diseases 

8.4.1     Declining Immunity: 
Susceptibility to Infection 

 Reduced PRR activity in innate immune cells is 
possibly a major factor in the increased suscepti-
bility and/or morbidity of elderly individuals to 
specifi c infections, such as tuberculosis, bacterial 
pneumonia, listeria, Candida albicans, herpes, 
and infl uenza (reviewed in Kollmann et al. 
( 2012 )). In particular, reduced TLR1 expression 
in monocytes and TLR7/9 activity in pDCs have 
been shown to be important in some of these con-
texts (Canaday et al.  2010 ; Van et al.  2007b ), 
while reduced expression in the lungs of TLRs 1, 
2, and 4 was associated with impaired immunity 
against pneumonia in aged mice (Hinojosa et al. 
 2009 ). Also, impaired NLRP3 infl ammasome 
activation was recently discovered in DCs of 

aged mice infected with infl uenza virus, causing 
increased morbidity and mortality (Stout-
Delgado et al.  2012 ). In contrast, excessive acti-
vation of certain PRRs can also modulate immune 
responses to infection in the aged; sustained 
upregulation of TLR3 in macrophages in response 
to West Nile virus (WNV) was shown to cause 
excessive infl ammation and, thus, increased 
severity and mortality in the elderly (Kong et al. 
 2008 ). The dysregulation of TLR3 was appar-
ently the indirect result of impaired signaling 
downstream of the CLR, dendritic cell-specifi c 
intercellular adhesion molecule 3 grabbing non-
integrin (DC-SIGN) which binds a WNV enve-
lope protein in the initial stages of infection. 
Thus, age-dependent impairment in CLR func-
tion was determined to amplify TLR3 activation 
in macrophages in response to WNV. Moreover, 
immunosenescence of adaptive immune 
responses may perhaps also be infl uenced by 
dysfunction or dysregulation of PRRs. B cells, 
for example, express various TLRs, the ligands of 
which can directly modulate B cell functions, 
while CD4+ or CD8+ T cell responses are pri-
marily infl uenced by antigen-presenting cell acti-
vation via numerous PRRs and infl ammasomes 
(Dostert et al.  2013 ; Manicassamy and Pulendran 
 2009 ; Pasare and Medzhitov  2005 ). Age-
associated defects in CD4+ T cell functions, such 
as chemotaxis, priming by DCs, and transition to 
a T follicular helper cell phenotype, are not only 
caused by cell-intrinsic defects but are also the 
result of the aged microenvironment (Lefebvre 
et al.  2012 ; Schindowski et al.  2002 ). Thus, 
altered PRR function might additionally contrib-
ute to age-associated defi ciencies in germinal 
center formation, memory B cell generation and 
survival, immunoglobulin production, and 
changes in the quality and quantity of CD4+, 
CD8+, and regulatory T cell responses (Arnold 
et al.  2011 ; Frasca and Blomberg  2011 ; Raynor 
et al.  2012 ; Sridharan et al.  2011 ). However, a 
recent study reported that a specifi c subset of B 
cell receptor-refractory but TLR-responsive B 
cells preferentially expands with aging, suggest-
ing that TLR responses are intact in aged B cells 
(Hao et al.  2011 ). Notably, NLRP3  infl ammasome 
activation has recently been shown to promote 
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age-dependent thymic demise and T cell 
 senescence, which might occur as a result of 
accumulation of by-products of thymic fatty 
acids and lipids acting as DAMPs (Dixit  2012 ; 
Youm et al.  2012 ). Deletion of the NLRP3 infl am-
masome also accelerated T cell reconstitution in 
hematopoietic stem cell transplants (Youm et al. 
 2012 ). Finally, chronic exposure to endogenous 
or pathogen-derived TLR ligands such as in the 
context of persistent low-grade infection has also 
been suggested to contribute to aspects of hema-
topoietic stem cell senescence (Esplin et al. 
 2011 ).  

8.4.2     Metabolic Syndrome 

 The term “metabolic syndrome” encompasses 
the immunologically and clinically associated 
disorders of obesity, type 2 diabetes, and cardio-
vascular disease (Hotamisligil  2006 ; Mokdad 
et al.  2003 ). Obesity is characterized by increased 
storage of fatty acids in an expanded adipose tissue 
and chronic low-grade infl ammation even in the 
absence of overt infection or autoimmunity (De 
Nardo and Latz  2011 ; Konner and Bruning  2011 ). 
Obesity predisposes individuals to chronic meta-
bolic diseases, namely, type 2 diabetes mellitus 
and atherosclerosis (Hotamisligil  2006 ; Mokdad 
et al.  2003 ). High-fat diet and resulting obesity-
associated infl ammation cause resistance, not only 
in peripheral tissues but also in the central nervous 
system (CNS), to the peptide hormones insulin 
and leptin which regulate metabolism and energy 
homeostasis (Sandoval et al.  2008 ). This effect 
is even more pronounced when food intake con-
tains high levels of carbohydrates (Dasu and Jialal 
 2011 ; Ferreira et al.  2011 ). Obesity-associated 
infl ammation is caused by adipose tissue-infi ltrat-
ing infl ammatory macrophages as well as adipo-
cytes, which themselves are a signifi cant source 
of pro-infl ammatory mediators or “adipokines”, 
such as TNF-α and IL-6 (Weisberg et al.  2003 ). 
Adipose tissue, apart from its classical role as an 
energy storage depot, has thus increasingly been 
recognized as a dynamic endocrine organ whose 
secretion of metabolic and pro-infl ammatory 
 factors varies according to the degree of adiposity 

(Chung et al.  2009 ; Konner and Bruning  2011 ). 
Perhaps not surprisingly, age-related accumula-
tion of visceral adipose tissue is directly associ-
ated with systemic infl ammation in the elderly, and 
adipokines are believed to contribute signifi cantly 
to infl ammageing (Chung et al.  2009 ; Xu et al. 
 2003 ). Moreover, caloric restriction and exercise 
are currently the two most effective antiageing 
regimens known to man, and their anti-infl amma-
tory effects are widely documented (Chung et al. 
 2009 ; Salminen et al.  2012 ). Leptin is the major 
adipocyte-derived hormone controlling energy 
homeostasis by promoting energy expenditure, by 
inhibiting food (or energy) intake, and by regu-
lating glucose metabolism and peripheral insulin 
sensitivity (Frederich et al.  1995 ; Mistry et al. 
 1997 ). The vast majority of obese individuals, as 
well as obese mice fed a high-fat diet, present with 
increased circulating leptin concentrations indica-
tive of neuronal leptin resistance (Friedman  2009 ). 
Insulin regulates glucose and fat metabolism by 
reducing blood glucose levels, food intake, and 
body weight via its actions on peripheral tissues 
and the brain (Obici et al.  2002 ; Plum et al.  2006 ). 
Insulin resistance peripherally and in the CNS is 
another hallmark of obesity (Konner and Bruning 
 2011 ). Insulin resistance is driven by activation of 
JNK, NFκB, and protein kinase C infl ammatory 
pathways in metabolically active sites in response 
to various obesity-related stress signals such as 
cytokines and metabolic or cellular disturbances 
(increased circulating fatty acid levels, hypergly-
cemia, endoplasmic reticulum stress, as well as 
NADPH oxidase- and mitochondria- derived ROS) 
(Dasu et al.  2012 ; Konner and Bruning  2011 ; 
Nguyen et al.  2007 ). Various PRRs are activated 
in these contexts and are recognized to contribute 
to the pathophysiology of obesity and its related 
disorders. For instance, circulating CRP levels 
in humans have been reported to correlate with 
increased adiposity and leptin resistance, sug-
gesting that the pentraxin, CRP, is associated with 
metabolic syndrome (Bruunsgaard et al.  1999 ; 
Chen et al.  2006c ). 

 Though recent studies indicate that numer-
ous TLRs have the capacity to stimulate infl am-
matory mediator production and induce insulin 
resistance in adipocytes (Franchini et al.  2010 ; 
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Kopp et al.  2010 ,  2009 ; Schaeffl er et al.  2009 ), 
the most extensively studied PRRs described to 
play a prominent role in insulin and leptin resis-
tance are the TLRs 2 and 4. Increased expression 
and activity of these TLRs in monocytes and 
adipose tissues have been demonstrated in obese 
and type 2 diabetic patients, as well as in murine 
models of these diseases (Bes-Houtmann et al. 
 2007 ; Creely et al.  2007 ; Dasu et al.  2010 ; Jialal 
et al.  2012 ; Roncon-Albuquerque et al.  2008 ; 
Song et al.  2006 ). Obese individuals and those 
with type 2 diabetes also display signifi cantly 
elevated TLR4 gene and protein expression in 
their muscle which correlates with the severity 
of insulin resistance (Reyna et al.  2008 ). Studies 
have shown that saturated fatty acids, the circu-
lating levels of which are increased in obesity, 
are capable of stimulating TLR2 and 4 activa-
tion in macrophages and adipocytes, whereas 
unsaturated fatty acids are not (Lee et al.  2001 ; 
Shi et al.  2006 ; Tripathy et al.  2003 ). Also, the 
induction of infl ammation in these cells is TLR4 
dependent. Furthermore, the stimulatory capacity 
of saturated fatty acids and consequential insu-
lin resistance in skeletal muscle is chain length 
dependent; the longer-chain fatty acids, palmitate 
and stearate, were shown to trigger infl amma-
tion and insulin resistance, whereas the short-
chain fatty acid laurate was unable to activate 
TLR4 or induce insulin resistance (Hommelberg 
et al.  2009 ). Mice with either targeted disruption 
or naturally occurring mutation in TLR4 are pro-
tected from the development of obesity and insu-
lin resistance, although TLR4 defi ciency appears 
to selectively protect against obesity and insulin 
resistance caused by a diet rich in saturated fats 
but not by an isocaloric diet high in unsaturated 
fats (Davis et al.  2008 ; Poggi et al.  2007 ; Shi 
et al.  2006 ; Tsukumo et al.  2007 ). More recently, 
hematopoietic cell-specifi c deletion of TLR4 
was shown to ameliorate high-fat-diet-induced 
hepatic and adipose tissue insulin resistance 
(Saberi et al.  2009 ). 

 The aforementioned fi ndings support that 
TLR4 activation by specifi c saturated fatty acids, 
such as palmitate, plays a substantial role in medi-
ating obesity-associated insulin resistance elicited 
by high-fat diet. However, numerous studies have 

shown that TLR2 defi ciency or  pharmacological 
inhibition also improves insulin sensitivity in the 
muscle, liver, and adipose tissues of mice fed a 
high-fat diet and, furthermore, prevents pancreatic 
islet β cell death and palmitate- induced insulin 
resistance, implying redundancy between TLR2 
and TLR4 in mediating fatty acid-induced insulin 
resistance (Caricilli et al.  2008 ; Davis et al.  2011 ; 
Ehses et al.  2010 ; Himes and Smith  2010 ; Kuo 
et al.  2011 ; Senn  2006 ). Furthermore, both TLRs 
2 and 4 have been shown to mediate high-fat-
diet-induced vascular infl ammation and impaired 
responsiveness of vascular endothelial cells to 
insulin, thus providing a potential link to the 
cardiovascular complications associated with 
obesity and diabetes (Jang et al.  2013 ; Kim 
et al.  2007a ). However, the capacity of saturated 
fatty acids to directly stimulate TLRs 2 and 4 was 
also challenged in one study which raised the 
possibility of LPS and lipopeptide contamination 
of fatty acid preparations (Erridge and Samani 
 2009 ). Thus, alternative mechanisms or endog-
enous ligands are additionally likely to contrib-
ute to the  activation of TLR4 by high-fat foods. 
For instance, saturated fatty acids may be capable 
of activating TLR-dependent signaling via inter-
mediate molecules produced during metabolic 
processing, such as the sphingolipid ceramide, a 
specifi c product of long-chain saturated fatty acid 
metabolism which has been shown to activate 
TLR4 (Fischer et al.  2007 ). Metabolic processing 
of fatty acids to ceramide has also been shown 
to activate TLR4-independent infl ammatory 
events that will be described shortly (Schwartz 
et al.  2010 ). 

 The receptor for advanced glycation end 
products (RAGE) is a nonclassical PRR which 
interacts with numerous endogenous ligands 
and can subsequently activate NFκB, PI3K, 
and MAPKs (Kierdorf and Fritz  2013 ). The 
high-mobility group box protein 1 (HMGB1) 
and heat shock protein 60 are additional TLR2, 
TLR4, and/or RAGE-activating DAMPs which 
are increased in the plasma of obese individu-
als and have been reported to function as media-
tors of adipose tissue infl ammation and insulin 
resistance (Dasu et al.  2010 ; Marker et al.  2012 ; 
Nogueira- Machado et al.  2011 ). Moreover, a 
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high blood glucose level (or hyperglycemia) 
increases the expression of TLRs 2 and 4 in 
human monocytes (an effect that is amplifi ed in 
the presence of fatty acids), as well as RAGE, 
and thus could potentially enhance the sensitiv-
ity of obese and diabetic patients to endogenous 
ligands of these receptors (Dasu et al.  2008 ; Dasu 
and Jialal  2011 ; Yao and Brownlee  2010 ). TLR2 
also appears to contribute to autoimmune diabe-
tes by sensing DAMPs released from injured or 
dying pancreatic islet β cells (Kim et al.  2007b ). 
Finally, there is a growing literature indicating 
that the gut microbiota also plays a key role in 
metabolism and energy storage by activating 
TLR2- and TLR4-dependent signaling (Cani and 
Delzenne  2009 ; Caricilli et al.  2011 ; Turnbaugh 
et al.  2006 ). Interestingly, high-fat diet increases 
the proportion of LPS-containing microbes in 
the gut as well as plasma LPS levels, and the 
resulting metabolic endotoxemia triggers TLR4-
dependent infl ammation, weight gain, and dia-
betes (Cani et al.  2007 ,  2008 ; Kim et al.  2012 ). 
Although TLR2-defi cient mice are protected 
from diet- induced obesity and insulin resis-
tance under germ-free conditions, it was recently 
reported that conventional, non-germ-free hous-
ing caused these mice to develop a phenotype 
resembling metabolic syndrome, characterized 
by changes in gut microbiota, increased serum 
LPS concentrations, glucose intolerance, obesity, 
and TLR4- dependent insulin resistance (Caricilli 
et al.  2011 ). These effects were reproducible in 
wild- type animals following transplantation of 
microbiota. Furthermore, recent studies have 
shown that such features may be prevented by 
antibiotic treatment of high-fat-diet-fed mice 
(Caricilli et al.  2011 ; Carvalho et al.  2012 ). 
Exercise training in rodents also reduces circulat-
ing LPS levels, adipose tissue infl ammation, and 
TLR4 activation while improving glucose and 
insulin tolerance (Kawanishi et al.  2010 ; Oliveira 
et al.  2011 ). These fi ndings indicate an additional 
layer of complexity in the role of TLRs in meta-
bolic syndrome. 

 The specifi c signaling pathways and effec-
tor molecules downstream of TLR activation 
which promote or counteract the development of 
obesity- associated disorders are still in the process 

of being resolved. Despite the abundant  evidence 
supporting the prominent role of TLR2 and 
TLR4 signaling in obesity and insulin resistance, 
a study examining the consequences of MyD88 
defi ciency in high-fat-diet-induced disease curi-
ously reported an exacerbation of circulating 
insulin, leptin, and cholesterol levels, as well 
as liver dysfunction in MyD88 knockout com-
pared to wild-type mice, which was not related to 
TNF-α (Hosoi et al.  2010 ). MyD88 signaling was 
therefore concluded to prevent the development 
of diabetes caused by high-fat diet. Meanwhile, 
CNS-restricted deletion of MyD88 protected 
mice from weight gain, leptin resistance, and 
impaired peripheral glucose metabolism induced 
by either high-fat diet or intracerebroventricular 
injection of palmitate (Kleinridders et al.  2009 ). 
These results indicate that MyD88 signaling in 
the CNS is important in diet-induced leptin and 
insulin resistance and suggest that the activation 
of these innate immune pathways in different tis-
sues could have variable consequences upon the 
pathophysiology of obesity and diabetes. Global 
CD14 defi ciency also attenuates cardiovascular 
and metabolic complications in a murine model of 
diet-induced obesity (Roncon-Albuquerque et al. 
 2008 ), while TRIF defi ciency can affect glucose 
metabolism and insulin production in mice after 
fasting, without causing insulin resistance (Hutton 
et al.  2010 ). Therefore, there is abundant evidence 
indicating the regulatory role of TLR signaling 
in glucose and fatty acid metabolism. TNF-α is 
likely to be an important effector molecule down-
stream of TLR activation given its increased 
expression in both adipose and muscle tissues of 
obese individuals and established role in promot-
ing insulin resistance in rodent models of obesity 
(Hardy et al.  2013 ; Konner and Bruning  2011 ; 
Uysal et al.  1997 ). In contrast,  certain mediators 
such as IL-6 and IL-18 may actually have protec-
tive effects against obesity and insulin resistance 
(Konner and Bruning  2011 ). 

 Recent studies have also revealed NLRP3 
infl ammasome activation as a key mechanism 
in obesity and insulin resistance (Stienstra 
et al.  2011 ; Vandanmagsar et al.  2011 ; Wen 
et al.  2012 ). One seminal study demonstrated that 
caloric restriction and exercise-mediated weight 
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loss in obese individuals with type 2 diabetes 
was associated with a reduction in adipose tissue 
expression of Nlrp3, as well as with decreased 
infl ammation and improved insulin sensitivity 
(Vandanmagsar et al.  2011 ). Ablation of Nlrp3 in 
mice also prevented obesity-induced infl amma-
some activation, effector T cell accumulation in 
adipose tissues and augmented insulin signaling. 
A comparison of abdominal adipose tissue from 
obese men with impaired glucose tolerance with 
lean normal glucose tolerant age-matched con-
trols confi rmed that the former group exhibited 
signs of enhanced NLRP3 infl ammasome acti-
vation and augmented T helper 1 and T helper 
17 immune responses (Goossens et al.  2012 ). 
Another study reported that infl ammasome defi -
ciency in mice attenuated features of high-fat- 
diet-induced obesity and insulin resistance, such 
as hepatic triglyceride content, adipocyte size, 
and macrophage infi ltration of adipose tissues, 
while also affecting plasma concentrations of 
insulin and the energy-regulating hormones leptin 
and resistin (Stienstra et al.  2011 ). Therefore, 
these fi ndings suggest that infl ammasome activa-
tion not only regulates the infl ammatory profi le 
associated with obesity but also controls energy 
expenditure and adipogenic gene expression dur-
ing chronic overfeeding, similar to what has been 
described for the TLRs. Infl ammasome defi -
ciency in mice or caspase 1 inhibitor treatment 
of obese mice has also been shown to enhance 
metabolic activity and insulin sensitivity of adi-
pocytes (Stienstra et al.  2010 ). 

 NLRP3 infl ammasome activation in adipose 
tissues of mice can occur as a result of increases 
in intracellular ceramide, further supporting its 
role as a potential obesity-associated DAMP (De 
Nardo and Latz  2011 ). Palmitate also induces 
NLRP3 infl ammasome activation in hemato-
poietic cells and production of IL-1β in adipose 
tissues, which is known to play a major role in 
insulin resistance (Wen et al.  2011 ). Interestingly, 
as in the case of TLR4, infl ammasome activation 
and insulin resistance occurred only in response 
to this saturated fatty acid and not the unsatu-
rated fatty acid oleate. Infl ammasome activa-
tion by  palmitate was mediated by a mechanism 
 involving mitochondrial ROS production and 

inhibition of autophagy which consequently 
impaired insulin signaling in several target tissues 
(Wen et al.  2011 ). Moreover, the activation of the 
NLRP3 infl ammasome in dendritic cells and adi-
pocytes of mice by dietary saturated fatty acids 
depended on priming via TLR4 of the dendritic 
cells (Reynolds et al.  2012 ). These fi ndings fur-
ther highlight the signifi cance of saturated fatty 
acid metabolism to the manifestation of insu-
lin resistance, which occurs not only as a result 
of TLR activation but also the activation of the 
NLRP3 infl ammasome. Another signature feature 
of obesity- induced insulin resistance is the accu-
mulation of pancreatic islet amyloid polypeptide 
which, when taken up by DCs and macrophages, 
has also been shown to stimulate activation of the 
NLRP3 infl ammasome and IL-1β production in 
the pancreas (Masters et al.  2010 ). Accordingly, 
chronic obesity-induced pancreatic damage is 
also attenuated in infl ammasome-defi cient mice 
(Youm et al.  2011 ). The polypeptide-induced 
infl ammasome activation is also apparently 
primed by TLR4 signaling triggered by modi-
fi ed low-density lipoprotein, the concentration 
of which is characteristically elevated in obe-
sity, type 2 diabetes, and cardiovascular disease 
(Masters et al.  2010 ). Taken together, these fi nd-
ings indicate the contribution of multiple obesity- 
associated DAMPs in the development of type 
2 diabetes and support that inhibitors of TLRs, 
NLRP3, and perhaps other infl ammasomes could 
be useful therapeutic agents in the treatment of 
obesity and type 2 diabetes. To date, no therapeu-
tics directly targeting TLRs or the NLRP3 infl am-
masome have been tested in this context, while 
therapies that neutralize the major downstream 
product of infl ammasome activation, IL-1β, 
such as the recombinant human IL-1 receptor 
antagonist, anakinra, or monoclonal anti-IL-1β 
antibody, have thus far yielded mixed results 
(reviewed in De Nardo and Latz ( 2011 )). Recent 
studies in mice, however, indicate that defi ciency 
in the infl ammasome component caspase 1 dra-
matically reduces high-fat-diet-induced weight 
gain and increases insulin sensitivity (Kotas 
et al.  2013 ; van Diepen et al.  2013 ). This is a 
result of increased  triglyceride clearance and pos-
sibly reduced intestinal  triglyceride  absorption 
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and hepatic triglyceride secretion into the blood 
in the absence of caspase 1. Interestingly, caspase 
1-mediated triglyceride clearance was indepen-
dent of IL-1 family cytokine signaling, indicating 
that infl ammasomes may potentially infl uence 
lipid metabolism and insulin sensitivity via 
IL-1β- and IL-18-dependent as well as indepen-
dent mechanisms (Kotas et al.  2013 ). As men-
tioned, the non-infl ammasome cytokine TNF-α 
also contributes to impaired glucose homeosta-
sis and insulin resistance in patients with type 2 
diabetes, perhaps necessitating the development 
of combined therapies that target multiple cyto-
kines or PRR pathways simultaneously (Wen 
et al.  2012 ). Finally, metabolic syndrome is a 
common malady in aging, perhaps by default, 
due to the chronicity of the processes leading to 
the disorder. But despite the similarities between 
obesity- associated infl ammation and age-related 
infl ammageing, much work remains to clarify 
whether the mechanisms driving infl ammation 
in obesity and type 2 diabetes are equivalent to 
those underlying the infl ammageing process.  

8.4.3     Cardiovascular Disease 

 Atherosclerosis is the leading cause of cardio-
vascular disease. TLRs are differentially regu-
lated by several cardiovascular risk factors, such 
as hypercholesterolemia, hyperlipidemia, and 
hyperglycemia (Moghimpour Bijani et al.  2012 ). 
A peripheral blood gene expression profi le indi-
cating elevated TLR and IL-1R signaling was 
suggested to be a strong indicator of atheroscle-
rotic burden, and importantly, even in women 
who were at lower risk based on predictive clini-
cal factors (Huang et al.  2011 ). Obesity was also 
shown to be a signifi cant risk factor for enhanced 
peripheral blood responses to bacterial TLR2 and 
4 ligands in patients suffering from established 
atherosclerotic disease (Scholtes et al.  2011 ). 
TLR4 expression has been found to be upregu-
lated in atherosclerotic tissues, and various 
 pro- infl ammatory mediators produced by TLR4 
activation, such as IL-6 and TNF-α, exert athero-
genic effects (Katsargyris et al.  2011 ; Michelsen 
et al.  2004 ; Spirig et al.  2012 ). Bacterial ligands 

of TLR2 and TLR4 accelerate atherosclerosis, but 
various endogenous DAMPs which contribute to 
atherogenesis and cardiovascular disease have 
also been identifi ed (reviewed in De Nardo and 
Latz ( 2011 ), Moghimpour Bijani et al. ( 2012 )). 
For instance, oxidized low-density lipoprotein 
and phospholipids can function as endogenous 
TLR ligands to promote cytoskeletal changes, 
pro-infl ammatory cytokine secretion, and ROS 
production in macrophages and endothelial cells 
and, thus, contribute to the chronic infl amma-
tion in atherosclerotic lesions (Miller et al.  2011 ; 
Moghimpour Bijani et al.  2012 ). The atherogenic 
effects of modifi ed low-density lipoproteins 
have been attributed to both TLR4-MyD88- 
dependent and MyD88-independent signaling, 
as well as TLR2 activation (Miller et al.  2012 , 
 2011 ); mice defi cient in either TLR4, TLR6, 
MyD88, CD14, or IRAK-4 exhibit reduced ath-
erosclerotic burden (Erridge  2009 ; Michelsen 
et al.  2004 ; Spirig et al.  2012 ). The activa-
tion of these pathways can additionally prime 
NLRP3 infl ammasome  activation (De Nardo 
and Latz  2011 ). Furthermore,  oxidized low-
density lipoprotein can also activate the NLRP3 
infl ammasome through ROS production and 
by facilitating the formation of infl ammasome- 
activating cholesterol crystals (Duewell et al. 
 2010 ; Rajamaki et al.  2010 ). Other TLR2- and/
or TLR4-activating DAMPs that are abundant in 
atherosclerotic plaques include the high-mobility 
group box protein 1, the heat shock proteins 60 
and 70, fi brinogen, tenascin C, and the extracel-
lular matrix components hyaluronan and versican 
(reviewed in Moghimpour Bijani et al. ( 2012 )). 

 Cardiovascular disease is infl uenced by both 
genetic and environmental factors, and com-
mon single-nucleotide polymorphisms (SNPs) 
in the CD14 and TLR4 genes have been shown 
to modify the risk of myocardial infarction, one 
of the major complications in cardiovascular dis-
ease. The CD14/-260 gene variant may be associ-
ated with augmented systemic levels of IL-6 and 
TNF-α and higher risk of myocardial infarction 
(Giacconi et al.  2007 ), although this fi nding has not 
been replicated in all studies (Longobardo et al. 
 2003 ; Zee et al.  2001 ). There are also  discordant 
results regarding the role of the TLR4/-299 gene 
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variant upon the risk of myocardial infarction; 
although some studies indicate a potential for the 
TLR4/-299 SNP to modify the effect of specifi c 
environmental factors such as pharmacological 
treatments or smoking, resulting in increased 
risk of myocardial infarction (Edfeldt et al.  2004 ; 
Holloway et al.  2005 ; Olivieri et al.  2006 ), most 
studies have reported no association (Dzumhur 
et al.  2012 ; Nebel et al.  2007 ; Zee et al.  2005 ). 
Interestingly, a single study found this loss-of- 
function mutation to occur at a signifi cantly lower 
frequency in individuals affected by myocardial 
infarction and at a higher frequency in centenar-
ians, suggesting that a genetic predisposition to 
developing weaker infl ammatory responses via 
TLR4 may be protective against cardiovascular 
disease (Balistreri et al.  2004 ). Therefore, while 
enhancing risk of infections in the elderly, this 
polymorphism was proposed to decrease athero-
genesis and perhaps confer longevity to individu-
als living in an environment with lower microbial 
burden and advanced control of severe infections. 
However, two subsequent studies were unable to 
confi rm an association of the TLR4/-299 SNP 
with longevity and/or acute myocardial infarc-
tion, whereas a SNP in the TLR2 gene was found 
to be expressed less frequently in affl icted sub-
jects, suggesting a protective role for this SNP 
(Dzumhur et al.  2012 ; Nebel et al.  2007 ). Another 
group failed to detect an association between 
TLR2 gene variants and acute myocardial infarc-
tion (Balistreri et al.  2008a ), implying that the 
infl uence of gene polymorphisms may depend on 
the specifi c mutation and gene-environment inter-
actions. TLR4 defi ciency has also been shown to 
reduce tissue damage in a mouse model of myo-
cardial infarction (Zhao et al.  2009 ). A protective 
effect has similarly been observed in mice defi -
cient in TLR2 (Favre et al.  2007 ), although, in 
contrast, TLR2 ligands have also been reported 
to induce cardioprotection (Ha et al.  2010 ). 
Furthermore, TLR4 may partially contribute to 
lipid  accumulation in cardiac muscle and reduced 
cardiac function in the nonobese diabetic mouse 
model of type 1 diabetes (Dong et al.  2012 ). 
Finally, blockade of TLR2 or TLR4 by antago-
nists has shown benefi t in murine models of isch-
emia/reperfusion injury (reviewed in Spirig et al. 

( 2012 )), and TLR4 antagonism reduced disease 
parameters in  spontaneously hypertensive rats 
(Bomfi m et al.  2012 ). These fi ndings support a 
role for TLRs 2 and 4 in the infl ammatory events 
associated with both the development of heart dis-
ease (e.g. atherosclerosis) as well as actual injury 
of the heart (e.g. myocardial infarction). 

 Growing evidence indicates an additional 
role for other TLRs and PRRs in cardiovascu-
lar disease. TLR3-, TLR4-, or TLR9-mediated 
signaling can contribute to excessive lipid accu-
mulation in macrophages resulting in foam 
cell formation, a major hallmark of atheroscle-
rosis (Moghimpour Bijani et al.  2012 ; Spirig 
et al.  2012 ). Mitochondrial DNA that escapes from 
autophagy was shown to elicit TLR9-mediated 
infl ammatory responses in cardiomyocytes caus-
ing myocarditis and dilated cardiomyopathy, also 
supporting that declining autophagy and resultant 
mitochondrial DNA release may contribute to the 
chronic infl ammation leading to age-related heart 
disease (Oka et al.  2012 ). Meanwhile, ablation of 
TLR3 or TLR7 function has recently been shown 
to accelerate the onset of atherosclerosis in 
hypercholesterolemic mice, suggesting a protec-
tive role for these TLRs in vascular health (Cole 
et al.  2011 ; Salagianni et al.  2012 ). The recep-
tor for advanced glycation end products (RAGE) 
may also contribute to atherogenesis and arterial 
aging (Lin et al.  2009 ). 

 Moreover, there is increasing evidence impli-
cating infl ammasome activation in the develop-
ment of heart disease. Although vascular tissues 
and the heart were found to express fewer mem-
bers of the NLR family compared to tissues 
associated with immunity, infl ammasome and 
NLR upregulation is inducible in these tissues 
(Yin et al.  2009 ). The atherogenic role of IL-1β 
and IL-18 is well established; however, there are 
confl icting reports regarding the contribution of 
NLRP3 infl ammasome activation to the patho-
genesis of atherosclerosis in different murine 
models (Duewell et al.  2010 ; Garg  2011 ; Menu 
et al.  2011 ). Nevertheless, recent studies indicate 
that genetic ablation of NLRP3 or an important 
signaling molecule in infl ammasomes, the apop-
tosis-associated speck-like protein  containing a 
caspase recruitment domain (ASC), markedly 
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diminished myocardial ischemia/reperfusion 
injury in mice (Kawaguchi et al.  2011 ; Sandanger 
et al.  2013 ). Infl ammasome activation particularly 
in cardiac fi broblasts rather than cardiomyocytes 
appeared to be an important mediator of injury 
in these studies. However, infl ammasome forma-
tion also occurred in cardiomyocytes in a murine 
model of acute myocardial infarction in which it 
was shown to contribute to the loss of the myocar-
dium and cardiac remodeling (Mezzaroma et al. 
 2011 ). ROS production and ATP release from 
apoptotic cells were suggested to play an impor-
tant role as DAMPs in these experimental mod-
els of sterile infl ammation, while uric acid and 
calcium pyrophosphate crystals could also con-
stitute relevant endogenous danger signals (Garg 
 2011 ). Elevated blood cholesterol and high-cho-
lesterol diet are intimately linked to atheroscle-
rosis (De Nardo and Latz  2011 ). Recent studies 
have additionally identifi ed cholesterol crystals, 
which are found to accumulate in atherosclerotic 
lesions, as NLRP3 infl ammasome-activating ath-
erogenic DAMPs (Duewell et al.  2010 ; Rajamaki 
et al.  2010 ). It has also been suggested that cho-
lesterol-induced membrane microvesicles could 
function as carriers of certain DAMPs which 
may contribute to age-related cardiovascular dis-
ease (Liu et al.  2012 ). Bacterial PAMPs could 
perhaps also activate the infl ammasome to cause 
heart disease, such as in the context of periodon-
titis which is a signifi cant risk factor for athero-
sclerosis (Garg  2011 ; Roth et al.  2007 ). Finally, 
a synthetic derivative of a bacterial ligand of the 
NOD1 (or NLRC1) receptor was also demon-
strated to promote cardiac dysfunction, fi brosis, 
and cardiomyocyte apoptosis in mice, common 
features associated with heart failure (Fernandez-
Velasco et al.  2012 ).  

8.4.4     Cancer 

 Cancer is commonly viewed as a process that orig-
inates from cell-autonomous defects, but which 
evolves as a result of complex microenvironmen-
tal factors (Zitvogel et al.  2012 ). Specifi cally, 
cancer cells engage in stimulatory and inhibi-
tory interactions with stromal constituents and 

can escape from or suppress  immunosurveillance 
mechanisms. A link between a chronic infl amma-
tory microenvironment and carcinogenesis has 
been established since the nineteenth century; 
in 1858, Rudolf Virchow noticed that cancer 
often developed at sites of chronic infl amma-
tion (Basith et al.  2012 ). However, the capac-
ity of innate immunity to fi ght cancer has also 
been appreciated for quite some time, since the 
1890s, when surgical oncologist William Coley 
observed spontaneous tumor regressions in some 
patients who had contracted bacterial infections 
and demonstrated that repeated administration 
of crude microbial extracts (known as “Coley’s 
toxin”) could promote an antitumor response 
against different types of cancer (Coley  1894 ) 
(TLR ligands were later discovered to account 
for this antitumor effect (Garay et al.  2007 )). It 
has therefore been postulated that carcinogen-
esis and tumor progression are either stimulated 
or restrained by infl ammatory or immune pro-
cesses, respectively. Thus, PRRs, such as TLRs 
and infl ammasomes, have the potential to infl u-
ence the formation, progression, and, conversely, 
the treatment of cancer given their contribution 
to tissue homeostasis and immunity (reviewed in 
Basith et al. ( 2012 ), Zitvogel et al. ( 2012 )). 

 Numerous forms of cancer have been etiologi-
cally linked to local chronic infl ammatory pro-
cesses in which the activation of infl ammasomes, 
as well as various other PRRs, may be impli-
cated. A few examples include the association of 
infl ammatory bowel disease with colorectal can-
cer, chronic  Helicobacter pylori  infections with 
gastric cancer, chronic bronchitis with lung can-
cer, chronic pancreatitis with pancreatic cancer, 
and papillomavirus infection with cervical can-
cer (Balkwill and Coussens  2004 ; Balkwill and 
Mantovani  2001 ). A role for augmented IL-1β 
activity has been described in various experimen-
tal models of carcinogenesis, including stomach, 
breast, and skin cancer (reviewed in Zitvogel 
et al. ( 2012 )). Tumor-derived IL-1β and IL-18 
production can render the tumor stroma carcino-
genic by stimulating the production of trophic fac-
tors, such as IL-6, and growth factors. This is one 
mechanism by which the tumor  microenvironment 
provides support to malignant cells. IL-1β and 
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fi broblast growth factor, another mediator whose 
secretion requires infl ammasome- dependent 
proteolysis, may also play a major role in pro-
moting angiogenesis, tumor growth, and metas-
tasis (Voronov et al.  2003 ; Zitvogel et al.  2012 ). 
Furthermore, NLRP3 infl ammasome activation 
and IL-1β activity have been shown to promote 
the accumulation of tumor-associated myeloid-
derived suppressor cells which can dampen anti-
tumor immunity and thereby suppress tumor 
immunosurveillance (Bunt et al.  2006 ,  2007 ; 
Song et al.  2005 ; Tu et al.  2008 ; van Deventer 
et al.  2010 ). Notably, dendritic cell- based vacci-
nation against experimental melanoma was more 
effi cient in Nlrp3 knockout compared to wild-type 
mice (van Deventer et al.  2010 ). Activation of the 
NLRP3 infl ammasome may also suppress natural 
killer cell-mediated antitumor responses (Chow 
et al.  2012 ). NLR members such as NLRP3 and 
NLRP6 and the adaptor ASC have certainly been 
shown to affect the gut microfl ora and trans-
mission of colitogenic microbiota (Elinav et al. 
 2011b ); however, there are confl icting reports 
regarding the role of infl ammasomes and NLRs 
in colitis and colitis- associated cancer; the 
absence of NLRP3 and caspase 1 has been shown 
to attenuate experimental colitis in mice (Bauer 
et al.  2010 ; Siegmund et al.  2001 ), whereas oth-
ers have demonstrated enhanced susceptibility to 
experimental colitis and tumorigenesis in mice 
lacking NLRP3, NLRP6, NLRP12, ASC, or cas-
pase 1 compared to their wild-type counterparts 
(Allen et al.  2010 ; Chen et al.  2011 ; Dupaul-
Chicoine et al.  2010 ; Normand et al.  2011 ; Zaki 
et al.  2010a ,  2011 ). Furthermore, bone marrow 
reconstitution experiments revealed that NLRP3 
expression in hematopoietic cells was oncosup-
pressive, whereas its expression in intestinal 
 epithelial or stromal cells did not exert similar 
function (Allen et al.  2010 ). NLRP3 and NLRP6 
have, however, been shown to be important in 
maintaining epithelial membrane integrity and 
homeostasis, thus protecting against colitis and 
associated tumorigenesis (Normand et al.  2011 ; 
Zaki et al.  2010a ), a phenomenon in which the 
infl ammasome substrate IL-18 may play a major 
role (Zaki et al.  2010b ; Zitvogel et al.  2012 ). 

 A major cell-autonomous hallmark of cancer 
is that tumor cells escape from or are resistant 
to programmed cell death, such as that mediated 
by apoptosis or programmed necrosis (Zitvogel 
et al.  2012 ). Classical infl ammasomes involving 
the adaptor ASC and either NLRs (most com-
monly NLRP3) or the cytoplasmic DNA recep-
tor AIM2 can also induce a form of cell death 
referred to as “pyroptosis” which is characterized 
by activation of caspase 1 and secretion of IL-1β 
and IL-18, hence precipitating local infl am-
mation, unlike classical apoptosis (Fernandes- 
Alnemri et al.  2009 ; Hornung et al.  2009 ; 
Rathinam et al.  2010 ). Pyroptosis may also 
be induced by an ASC-independent, NLRC4- 
dependent pathway (Miao et al.  2010 ). Though 
primarily described to play a role in killing bac-
terially infected macrophages, pyroptosis has 
been postulated to potentially contribute to cell- 
autonomous tumor suppression, a mechanism 
which may be compromised in specifi c forms of 
cancer. This is supported by the observed down-
regulation of caspase 1 in human prostate cancers 
(Winter et al.  2001 ), as well as animal studies 
indicating resistance to apoptosis and enhanced 
proliferation of colon epithelial cells from cas-
pase 1- or Nlrc4   -defi cient mice compared to their 
wild-type counterparts (Hu et al.  2010 ). There 
are also reports that Nlrp3    or Nlrc4 knockout 
mice are more susceptible to colitis-associated 
experimental colon cancer (Allen et al.  2010 ; Hu 
et al.  2010 ). 

 The transformation of normal melanocytes to 
malignant melanoma cells results from an accu-
mulation of genetic alterations, most frequently 
in chromosomes 1, 6, and 9. Interestingly, the 
introduction of a normal copy of human chro-
mosome 6 suppressed the tumorigenicity or 
metastasis of melanoma cell lines and permitted 
the identifi cation of novel genes that were dif-
ferentially expressed in association with chro-
mosome 6-mediated suppression (DeYoung 
et al.  1997 ; Ray et al.  1996 ). An overexpressed 
gene located on chromosome 1 whose expres-
sion was found to coincide with tumor regres-
sion was thus isolated and cloned (DeYoung 
et al.  1997 ). The gene, which shared homology 
with the gene for interferon-inducible protein 
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16 (IFI16), was named “Absent in Melanoma 
2” (AIM2). A subsequent study determined that 
the overexpression of AIM2 retarded the pro-
liferation of murine fi broblasts, thus confi rm-
ing the growth- inhibitory effects of this protein 
(Choubey et al.  2000 ). AIM2 has since been 
shown to suppress human breast cancer cell pro-
liferation  in vitro  and mammary tumor growth 
in a murine model (Chen et al.  2006a ). A high 
frequency of frameshift mutations in the AIM2 
gene, as well as promoter hypermethylation, 
have been detected in colorectal tumors, indi-
cating that inactivation of AIM2 by genetic and 
epigenetic mechanisms is frequent in colorectal 
cancers (Woerner et al.  2007 ). AIM2 and IFI16 
have only very recently been recognized to func-
tion as intracellular DNA-sensing PRRs that are 
important in immunity against cytosolic bacte-
ria and DNA viruses and which induce infl am-
masome formation and type I IFN production, 
respectively (Fernandes-Alnemri et al.  2009 ; 
Hornung et al.  2009 ; Rathinam et al.  2010 ; 
Unterholzner et al.  2010 ). It is noteworthy that an 
estimated 15 % of all human cancers worldwide 
may be attributed to viruses, particularly DNA 
viruses (Liao  2006 ). Additionally, a number    of 
human and viral proteins with oncogenic poten-
tial such as the antiapoptotic proteins, Bcl-2 
and Bcl-x L,  or the Kaposi sarcoma virus protein 
Orf63 are known to interact with members of 
the NLR family (NLRP1 and NLRP3) (reviewed 
in Zitvogel et al. ( 2012 )), while IFI16 interacts 
with and is upregulated by the tumor suppressor 
p53 (Johnstone et al.  2000 ; Song et al.  2008 ). 
IFI16 expression is higher in old compared to 
young human fi broblasts (as is AIM2 expres-
sion), is induced by DNA-damaging agents or 
oxidative stress, augments p53 transcriptional 
activity, and is associated with cellular senes-
cence-mediated cell growth arrest (Duan et al. 
 2011b ; Gugliesi et al.  2005 ; Song et al.  2008 , 
 2010 ; Xin et al.  2003 ,  2004 ). Furthermore, IFI16 
was shown to constitutively bind to the BRCA1 
breast cancer tumor suppressor, and its subcel-
lular localization depended on BRCA1 (Aglipay 
et al.  2003 ). These proteins were crucial to the 
p53-mediated apoptosis caused by damaged 
DNA. Immunocytochemical and histological 

analyses of breast cancer cell lines and specimens 
revealed that IFI16 levels are frequently attenu-
ated, supporting the notion that loss of IFI16 
expression is associated with tumor develop-
ment (Aglipay et al.  2003 ; Choubey et al.  2008 ). 
Lastly, in human prostate cancer cell lines, IFI16 
protein expression was also lower than normal, 
or undetectable, and its overexpression inhib-
ited cell growth (Xin et al.  2003 ). The loss of 
IFI16 expression in malignant prostate epithelial 
cells could be attributed to histone deacetylase- 
dependent transcriptional silencing of the IFI16 
gene (Alimirah et al.  2007 ), suggesting that epi-
genetic regulation of IFI16 may contribute to the 
development of prostate cancer and may addition-
ally infl uence the variable constitutive and IFN-
inducible expression of IFI16 among different 
individuals (Choubey et al.  2008 ). In conclusion, 
both AIM2 and IFI16 possess oncosuppressive 
activity. Additionally, IFI16 augments autoph-
agy and cell death triggered by glucose restric-
tion, suggesting that reduction or loss of IFI16 
expression may provide a survival advantage for 
cancer cells in microenvironments with low glu-
cose levels (Duan et al.  2011a ). Oxidative DNA 
damage which is a key factor in cellular senes-
cence can also activate the AIM2-like receptors 
(ALRs). However, enhanced expression of both 
AIM2 and IFI16 was detected in oral squamous 
cell tumors, which augmented tumorigenesis 
in the p53-defi cient cells (Kondo et al.  2012 ). 
Interestingly, in the presence of wild-type p53, 
co-expression of the receptors had the opposite 
effect and suppressed cell growth. Recent studies 
also indicate that IFI16 can itself interact with 
ASC and pro-caspase 1, forming a functional 
infl ammasome in response to certain viruses, 
including the Kaposi sarcoma-associated her-
pesvirus, a DNA virus etiologically linked to 
Kaposi sarcoma, an angioproliferative tumor of 
the skin (Johnson et al.  2013 ; Kerur et al.  2011 ). 
However, IFI16 has also been reported to sup-
press AIM2 or NLRP3 infl ammasome-induced 
caspase 1 activation and thus can antagonize 
IL-1β production (Veeranki et al.  2011 ). The reg-
ulatory cross talk between these ALRs and their 
signifi cance in tumor development continues to 
be investigated. 
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 Beyond AIM2 and IFI16, it remains to be 
examined whether defi cient activation of infl am-
masomes or DNA-sensing PRRs and whether 
loss-of-function mutations or epigenetic silenc-
ing of their components may contribute to onco-
genesis, such as through defective pyroptosis 
or apoptosis. Notably, that many tumors con-
stitutively produce IL-1β indicates that defec-
tive infl ammasome activation in cancer cells is 
unlikely to be a general mechanism of oncogen-
esis (Zitvogel et al.  2012 ). Collectively, the con-
tribution of infl ammasomes to pro-carcinogenic 
“sterile” infl ammation, production of trophic fac-
tors, and promotion of angiogenesis and metasta-
sis versus anticarcinogenic immunity, pyroptotic 
cell death, and tissue homeostasis remains to be 
reconciled, and the specifi c conditions for each 
of these processes require delineation. As alluded 
to previously, there is mounting evidence that 
infl ammasome activation and particularly IL-1β 
are essential in stimulating adaptive immune 
responses that are important in antitumorigenic 
immunosurveillance (Zitvogel et al.  2012 ). 
Anticancer chemotherapeutics tend to be particu-
larly effi cient when they succeed in killing cancer 
cells through immunogenic cell death, wherein 
dying cells release tumor antigens which elicit 
a cytotoxic T cell response that can control the 
residual disease (Zitvogel et al.  2010 ,  2011 ). For 
instance, ATP release from dying cells constitutes 
one such immunogenic signal that can trigger the 
P2RX7 purinergic receptor on dendritic cells 
causing activation of the NLRP3 infl ammasome 
and generation of IL-1β (Iyer et al.  2009 ; Martins 
et al.  2009 ). This in turn elicits the recruitment 
and activation of γδ T cells and CD8+ αβ T cells 
which can attack and eradicate therapy-resistant 
cancer cells (Ma et al.  2011 ; Michaud et al.  2011 ; 
Sutton et al.  2009 ).  In vitro  and animal stud-
ies indicate that this T  cell- mediated anticancer 
immunity may be very important in enhancing 
the effi ciency of chemotherapy (reviewed in 
Zitvogel et al. ( 2012 )). Defi ciency in P2RX7, 
NLRP3 infl ammasome components (NLRP3, 
ASC, or caspase 1), or IL-1R renders unrespon-
siveness in mice to chemotherapy with immuno-
genic cell death inducers, such as anthracyclines 
(Ghiringhelli et al.  2009 ; Zitvogel et al.  2012 ). 

A few studies in humans also support a role for 
ATP in colorectal cancer as well as metastatic 
melanoma and breast cancer, while a loss- 
of-function mutation in P2RX7 that negatively 
affects IL-1β and IL-18 production by mono-
cytes was associated with reduced effi cacy of 
anthracycline-based adjuvant chemotherapy of 
human breast cancer (Kunzli et al.  2011 ; Sluyter 
et al.  2004a ,  b ; Stagg and Smyth  2010 ). Finally, 
a recent study reported increased expression of 
the NLRP3, AIM2, and RIG-I infl ammasomes 
in Epstein-Barr virus (EBV)-associated naso-
pharyngeal carcinoma, wherein expression lev-
els correlated with patient survival (Chen et al. 
 2012 ). In tumor cells, AIM2 and RIG-I were 
required for IL-1β induction by EBV genomic 
DNA and EBV-encoded small RNAs, respec-
tively, while NLRP3 was activated by extracellu-
lar ATP and ROS. Irradiation and chemotherapy 
were shown to further augment NLRP3 and 
AIM2 activation, while tumor infl ammasome-
derived IL-1β inhibited tumor growth, enhanced 
survival in mice, and promoted the infi ltration 
of neutrophils. Lastly, tumor- associated neutro-
philia signifi cantly correlated with enhanced sur-
vival in cancer patients (Chen et al.  2012 ). These 
fi ndings strongly support the therapeutic benefi t 
of ATP-dependent, P2RX7- mediated activation 
of the NLRP3 infl ammasome, as well as nucleic 
acid-induced infl ammasome activation. 

 Conversely, various inhibitors of IL-1β and its 
receptor, including ones that have been approved 
by the US Food and Drug Administration for 
the treatment of several autoinfl ammatory dis-
eases, are currently in preclinical and clinical 
trials to determine their effi cacy in the prophy-
laxis or treatment of infl ammation-related can-
cers (reviewed in Zitvogel et al. ( 2012 )). Small 
compounds that specifi cally target the infl am-
masome, as well as caspase 1 inhibitors, are 
also in development. Therapeutic effi cacy of 
the recombinant IL-1R antagonist, anakinra, 
has been correlated with reduced circulat-
ing levels of C-reactive protein and IL-6 (Lust 
et al.  2009 ). The use of IL-1β inhibitors has 
also been suggested to perhaps be effective in 
reducing toxicity or side effects associated with 
NLRP3 infl ammasome activation by specifi c 
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chemotherapeutics (Zitvogel et al.  2012 ). Thus, 
although such inhibitors may interfere with the 
induction of anticarcinogenic adaptive immune 
responses by immunogenic cell death induc-
ers, they are still regarded as promising candi-
dates for the inhibition of tumor growth and 
metastasis. In summary, infl ammasomes and 
their products have pleiotropic and contrasting 
effects upon oncogenesis in that they contribute 
to tissue homeostasis, cell- autonomous death of 
malignant cells, and anticancer immunosurveil-
lance but also stimulate autocrine or paracrine 
processes that favor carcinogenic infl ammation, 
tumor growth, metastasis, and angiogenesis. 
Therefore, cancer therapies that aim to inhibit 
infl ammasome activation appear promising 
but require careful refi nement. Moreover, it is 
unknown whether infl ammasome inhibition 
would abolish the effi cacy of established anti-
cancer immunotherapies that employ adjuvants, 
such as the TLR7 ligand imiquimod and bacterial 
BCG, or dendritic cell vaccines. Infl ammasome 
inhibitors would thus be contraindicated during 
chemotherapy or immunotherapy which relies 
upon activation of anticancer immune responses 
via infl ammasome activation. The epidemiolog-
ical association between metabolic syndrome, 
its infl ammatory complications that are charac-
terized by augmented activation of the infl am-
masome, and greater incidence of tumors also 
supports the notion that infl ammasome inhibi-
tion could be a viable therapeutic option in these 
various  diseases (Zitvogel et al.  2012 ). 

 Like the infl ammasomes, TLRs also appear to 
have a dual role in cancer development. In addi-
tion to their primary function of protecting tissues 
against pathogens, TLRs are important in tissue 
homeostasis due to their role in regulating injury, 
repair, apoptosis, and regeneration  occurring 
in response to infectious or noninfectious tis-
sue damage (Ioannou and Voulgarelis  2010 ). 
Uncontrolled TLR signaling can provide a micro-
environment that supports tumor cell prolifera-
tion and immune evasion, whereas impaired TLR 
function or hyporesponsiveness, such as that 
associated with aging, could potentially increase 
susceptibility to and persistence of infection, 
hence sustaining infl ammation which is favorable 

to oncogenesis (Basith et al.  2012 ). Conversely, 
appropriate TLR activation can augment the anti-
cancer immune response, thereby inhibiting tumor 
progression. TLRs may therefore participate in 
the development of infl ammation- associated can-
cers or could alternatively be harnessed in can-
cer therapy. In contrast to the generally reduced 
expression of the DNA-sensing ALRs, mostly 
elevated expression of numerous TLRs has been 
noted in various tumors and cancer cell lines 
(reviewed in Basith et al. ( 2012 )). The effect of 
TLR stimulation varies according to the expres-
sion of the receptors as well as the specifi c type 
of tumor but generally promotes tumorigenesis 
by establishing an infl ammatory tumor microen-
vironment that facilitates cell survival and migra-
tion, while also suppressing immunosurveillance 
(Huang et al.  2005 ; Pikarsky et al.  2004 ; Vaknin 
et al.  2008 ). Activation of the transcription fac-
tors, NFκB and Akt, appears to be crucial in this 
effect, as well as in chemotherapy resistance 
(Clark et al.  2002 ; Doan et al.  2009 ; Pikarsky 
et al.  2004 ; Xu et al.  2010 ). NFκB activation gen-
erates pro-infl ammatory mediators, antiapoptotic 
proteins, and pro-angiogenic and remodeling fac-
tors, thus promoting resistance in preneoplastic 
and malignant cells to apoptosis- based tumor 
surveillance and enhancing tumor invasiveness 
(Karin  2006 ) (although in some models, its inhi-
bition can also promote tumorigenesis (Pikarsky 
and Ben-Neriah  2006 )). TLR2, for instance, is 
highly expressed in human hepatocellular carci-
noma (Huang et al.  2012b ), breast cancer (Xie 
et al.  2009 ) and ovarian cancer cell lines (Zhou 
et al.  2009 ), laryngeal (Szczepanski et al.  2007 ) 
and intestinal cancer specimens (Pimentel-
Nunes et al.  2011 ), as well as malignant kera-
tinocytes from oral squamous cell carcinoma 
(Ng et al.  2011 ). Functional TLR3 expression 
has also been reported in numerous human can-
cers, including neuroblastoma, breast adenocar-
cinoma, and cervical, ovarian, hepatocellular, 
thyroid, nasopharyngeal, laryngeal, and lung car-
cinoma (reviewed in Basith et al. ( 2012 )). TLR4 
is overexpressed in various forms of cancer and 
in cancer cell lines, as well (reviewed in Basith 
et al. ( 2012 )), and is  associated with augmented 
cell survival and  invasiveness,  suppression of 
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 immunosurveillance, and resistance to  apoptosis 
and chemotherapy (He et al.  2007 ; Huang 
et al.  2005 ; Kelly et al.  2006 ; Killeen et al.  2009 ; 
Sun et al.  2012 ; Szczepanski et al.  2009 ). Altered 
expression of TLRs 5, 7, and 9 has also been 
demonstrated in numerous cancers (reviewed in 
Basith et al. ( 2012 )). TLR9 expression, for exam-
ple, is altered in tumor specimens of patients with 
prostate, breast, brain, or lung cancer, among 
other cancers, as well as in cancer cell lines 
(Droemann et al.  2005 ; Ilvesaro et al.  2007 ; Ren 
et al.  2009 ). 

 A number of SNPs in TLR genes have been 
reported to infl uence susceptibility to cancer 
or identifi ed as potential candidates in further 
studies that examine the association of TLR 
SNPs with cancer risk (reviewed in Kutikhin 
( 2011a ,  b )). Different SNPs within the TLR1-
TLR6- TLR10 gene cluster have opposing 
effects on the risk of non-Hodgkin’s lymphoma 
(Purdue et al.  2009 ), and TLR10 gene polymor-
phisms may also affect the risk of meningioma 
and breast cancer (Barnholtz-Sloan et al.  2010 ; 
Rajaraman et al.  2010 ). TLR2 gene variants have 
been associated with increased risk of mucosa-
associated lymphoid tissue (MALT) lymphoma 
(Nieters et al.  2006 ), follicular lymphoma 
(Purdue et al.  2009 ), and gallbladder (Srivastava 
et al.  2010 ), cervical (Pandey et al.  2009 ), gastric 
(de Oliveira and Silva  2012 ; Tahara et al.  2007 ), 
and colorectal cancers (Boraska Jelavic 
et al.  2006 ). TLR4 gene SNPs have also been 
linked to numerous forms of cancer (reviewed 
in Kutikhin ( 2011b )), and some of these asso-
ciations were confi rmed in a recent meta-analysis 
(Zhang et al.  2013 ). Whereas TLR9 gene variants 
may increase the risk of Hodgkin’s lymphoma 
(Mollaki et al.  2009 ), a TLR7 gene polymorphism 
was associated with a lower risk of this malig-
nancy (Monroy et al.  2011 ). Apart from these 
polymorphisms, the majority of studies have 
reported no association of TLR gene SNPs with 
various cancers (reviewed in Kutikhin ( 2011a )). 
This is also the case among studies which have 
screened for polymorphisms of genes encoding 
proteins that are part of TLR signaling networks 
(Kutikhin  2011a ). However, interferon regulatory 
factor 3; TNF receptor-associated factors 1, 3, 

and 5; and IRAK3 (or IRAK-M) gene polymor-
phisms have been detected to signifi cantly affect 
cancer risk (Cerhan et al.  2007 ; Du et al.  2011 ; 
Lee et al.  2009 ; Rajaraman et al.  2009 ; Wang 
et al.  2009b ,  c ; Zhang et al.  2004 ), although 
further studies will be necessary to corroborate 
these fi ndings, particularly in larger studies as 
well as to determine the penetrance of such gene 
variants. Individual TLR polymorphisms may 
infl uence cancer development to only a modest 
degree, and future studies may need to exam-
ine the role of gene-gene and gene-environment 
interactions in modifying the effect of TLR SNPs 
in cancer. Although there is evidence to support 
that many of the loss-of-function polymorphisms 
in TLR genes or their signaling components may 
be linked to cancer by virtue of impaired protec-
tive immunity against oncogenic pathogens, such 
as  Helicobacter pylori , human papillomavirus, or 
Epstein-Barr virus, further studies will be nec-
essary to confi rm this hypothesis (Kutikhin and 
Yuzhalin  2012b ). 

 TLR activation in    tumors or cancer cell lines 
typically promotes cell proliferation, production 
of trophic factors—such as pro-infl ammatory 
cytokines (IL-6, IL-8, and IL-12)—growth fac-
tors (TGF-β and vascular endothelial growth 
factor), and remodeling factors (matrix metal-
loproteinase (MMP) 9), and, thus, tumor inva-
siveness and metastasis (Goto et al.  2008 ; Huang 
et al.  2005 ,  2012b ; Jego et al.  2006 ; Szczepanski 
et al.  2009 ; Xie et al.  2009 ). For example, TLR4 
or TLR9 ligands increase the proliferation of 
primary and immortalized prostate epithelial 
cells (Kundu et al.  2008 ), and a recent study 
reported that higher expression of TLRs 3, 4, and 
9 in prostate carcinomas conferred an increased 
susceptibility to biochemical recurrence of the 
cancer (Gonzalez-Reyes et al.  2011 ). TLR4-
MyD88-dependent signaling was important in 
ovarian cancer progression and chemoresistance 
(Szajnik et al.  2009 ). MyD88, the adaptor mol-
ecule through which almost every TLR signals 
(with the exception of TLR3), as well as the 
structurally related IL-1, IL-18, and IL-33 cyto-
kine receptors, was also shown to be necessary 
for chronic colitis and either spontaneous or 
carcinogen-induced  intestinal tumorigenesis in 
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mice (Hoebe et al.  2003 ; Rakoff-Nahoum and 
Medzhitov  2007 ; Tomita et al.  2008 ). Expression 
of TLR7 and 8, which recognize single- stranded 
RNA, was detected in tumor cells in human 
lung cancer  in situ , as well as in human lung 
tumor cell lines in which TLR7/8 stimulation 
favored tumor development and chemoresistance 
(Cherfi ls-Vicini et al.  2010 ). TLR7 or 9 activa-
tion in myeloma cells induces tumor growth and 
prevents chemotherapy-induced apoptosis (Jego 
et al.  2006 ). Furthermore, gradually increasing 
expression of TLR5 and TLR9 was shown to con-
tribute to cervical carcinogenesis and cell inva-
siveness (Kim et al.  2008 ; Lee et al.  2007 ), while 
TLR9 overexpression in breast, ovarian, prostate, 
and lung cancers and stimulation by hypometh-
ylated CpG DNA also augments the  migratory 
capacity and invasiveness of the malignant 
cells (Berger et al.  2010 ; Droemann et al.  2005 ; 
Ilvesaro et al.  2007 ; Merrell et al.  2006 ; Ren 
et al.  2009 ). In addition to the factors mentioned 
earlier, NFκB-regulated antiapoptotic proteins, 
Bcl-2 and Bcl-x L , as well as the cellular and 
X-linked inhibitors of apoptosis proteins, cIAP1, 
cIAP2, and XIAP, also contribute to TLR ligand-
induced resistance of cancer cells to apoptosis 
and chemotherapy (Cherfi ls-Vicini et al.  2010 ; 
Kelly et al.  2006 ; Luo et al.  2004 ). Increased 
expression or shedding of matrix metallopro-
teinases (MMP2 and MMP13), cell adhesion 
molecules (β1 integrin), and chemokine recep-
tors (CXCR7) enhances tumor cell adhesion, 
invasiveness, and metastasis in response to TLR 
activation (Harmey et al.  2002 ; Hsu et al.  2011 ; 
Ilvesaro et al.  2008 ; Ilvesaro et al.  2007 ; 
Merrell et al.  2006 ; Wang et al.  2003 ,  2012 ; Xu 
et al.  2011 ). Finally, several studies have shown 
that TLR defi ciency in animals or loss of func-
tion in tumor cells prevents tumor development. 
Knockdown or neutralization of TLRs, such as 
TLR2, TLR4, TLR5, or TLR9, has been shown in 
several instances to inhibit the survival, growth, 
and metastasis of various cancers and the associ-
ated oncogenic, metastatogenic, and angiogenic 
mediators (Fukata et al.  2007 ; Hua et al.  2009 ; 
Huang et al.  2012b ; Ilvesaro et al.  2008 ; Park 
et al.  2011 ; Xie et al.  2009 ; Yang et al.  2010 ). 
Altogether, there is considerable evidence to sup-

port the oncogenic effect of tumor-intrinsic TLR 
expression. 

 Furthermore, adoptive transfer of tumor cell 
lines has also revealed a contribution, or in some 
cases requirement, of recipient TLR signaling 
for tumor growth which is enhanced by either 
exogenously administered or tumor-derived TLR 
ligands, indicating that TLR activation beyond 
that which is tumor-intrinsic can additionally 
contribute to tumorigenesis (Kim et al.  2009a ; 
Luo et al.  2004 ). For instance, TLR4 signaling in 
recipient mice was necessary for LPS-stimulated 
tumor growth in a murine model of cancer metas-
tasis (Luo et al.  2004 ). The proposed mechanism 
for this involves the host hematopoietic cell- 
dependent (or tumor-extrinsic) increase in the 
circulating levels of TNF-α which then elicits 
the upregulation of NFκB-dependent antiapop-
totic proteins in the tumor cells, such as Bcl-x L , 
cIAP1, and cIAP2. Interestingly, tumor-specifi c 
ablation of NFκB signaling yielded LPS-induced 
tumor regression rather than growth (Luo 
et al.  2004 ). Furthermore, bone marrow expres-
sion of TLR2 in mice receiving lung cancer cells 
was necessary for the activation of macrophages 
and myeloid suppressor cells producing TNF-α 
which specifi cally amplifi ed tumor metastasis but 
not tumor growth (Kim et al.  2009a ). These stud-
ies, as well as others, additionally indicate that 
the tumorigenic effects of TLR ligands may be 
due to actions on both tumor cells and accessory 
or immune cells, such as stromal cells or myeloid 
suppressor cells, in the tumor microenviron-
ment (Kim et al.  2009a ,  2008 ; Lee et al.  2007 ). 
Such mechanisms might also explain the asso-
ciation of systemic low-grade infl ammation, 
or “infl ammageing,” with the development of 
cancer. Remarkably, similar effects have also 
been observed in the context of immunotherapy, 
wherein TLR9 expression was necessary in either 
the tumor or the host for effective combination 
chemotherapy with CpG DNA (Li et al.  2007a ). 

 Hepatocarcinoma is a particularly interesting 
type of cancer given how many different PRR 
pathways have been shown to infl uence its devel-
opment. Hepatitis C virus (HCV) is an RNA virus 
which causes chronic infection that can often 
lead to liver cancer. This virus is capable of evad-
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ing the RNA-sensing RIG-I  receptor-induced 
immunity (Liu and Gale  2010 ), whose role in 
carcinogenesis will be discussed shortly, but 
can also activate TLR3- and TLR7-dependent 
signaling which can infl uence hepatocarcinoma 
(Gondois-Rey et al.  2009 ; Imran et al.  2012 ; 
Li et al.  2012a ; Tanaka et al.  2010 ; Wang 
et al.  2009a ). Interestingly, TLR2/1 and TLR2/6 
heterodimers are activated by HCV-associated 
proteins (Chang et al.  2007 ), and recent stud-
ies indicate a role for overexpression of TLR2 
and TLR4 (Soares et al.  2012 ) or SNPs of the 
TLR2 gene in modulating susceptibility to HCV- 
associated hepatocarcinoma (Junjie et al.  2012 ; 
Nischalke et al.  2012 ). Furthermore, TLR2 was 
essential in tumor growth accelerated by direct 
contact of a murine hepatocarcinoma cell line 
with  Listeria monocytogenes  bacteria or interac-
tion of  Helicobacter pylori  with tumor cells from 
gastric carcinoma patients (Huang et al.  2007 ). 
 Helicobacter pylori -induced gastritis and gas-
tric carcinogenesis were also associated with 
higher TLR2 expression and lower expression 
of TLR inhibitors (Pimentel-Nunes et al.  2013 ). 
Peptidoglycan from  Staphylococcus aureus  bac-
teria also enhances invasiveness of breast cancer 
cells TLR2-dependently (Xie et al.  2010 ). Lastly, 
hepatitis B virus (HBV) is a DNA virus (also 
epidemiologically associated with hepatocellular 
carcinoma) whose CpG DNA-mediated activa-
tion of TLR9 is important in the virus-induced 
carcinogenesis of human normal liver cells (Liu 
et al.  2009 ). These fi ndings provide further com-
pelling evidence of the PRR-mediated oncogenic 
properties of infectious agents. 

 Moreover, numerous studies have established 
the importance of various TLRs and other PRR 
families in immune defense against oncogenic 
pathogens, although no direct link to cancer was 
necessarily shown (Kutikhin and Yuzhalin  2012b ). 
TLR4, for instance, mediates innate immunity to 
Kaposi sarcoma-associated herpesvirus    (Lagos 
et al.  2008 ). Furthermore, it is possible that 
chronic TLR activation resulting from persistent 
infection or release of TLR ligands from cancer 
cells, in addition to contributing to the production 
of trophic or immunosuppressive cytokines in the 
tumor microenvironment as mentioned  earlier, 

could compromise the  function of immune cells 
that are important in tumor immunosurveillance. 
For example, activation of TLRs (e.g., TLRs 2, 
3, and 7) by HCV-associated proteins induces 
tolerance in human APCs and PBMCs to fur-
ther stimulation by exogenous ligands of various 
TLRs and impairs subsequent CD4 T cell immu-
nity (Chung et al.  2010 ,  2011 ; Dolganiuc et al. 
 2006 ; Gondois-Rey et al.  2009 ; Qian et al.  2013 ; 
Wang et al.  2013a ), thus potentially contributing 
to the persistence of infection as well as sup-
pression of antitumor immunity. Chronic HBV 
infection also impairs TLR7 and 9 expression 
and function in PBMCs, including plasmacytoid 
dendritic cells and B cells, of patients with HBV-
associated chronic hepatitis and hepatocellular 
carcinoma (Vincent et al.  2011 ; Xu et al.  2012 ). 
Whether the virus-induced TLR hyporesponsive-
ness in PBMCs is comparable to that which has 
been described in the context of aging is intrigu-
ing. Importantly, these observations indicate 
that oncogenic, immune evasive pathogens may 
impair TLR function and, furthermore, imply 
that loss of PRR function, for instance due to 
gene polymorphisms or age- related immunose-
nescence, could further enhance susceptibil-
ity to oncogenic infectious agents. Therefore, it 
remains unclear whether oncogenic pathogens 
take advantage of augmented or attenuated TLR 
expression and function to promote cancer devel-
opment. It appears that augmented TLR activa-
tion in the tumor microenvironment but reduced 
TLR function in immune cells would manifest 
the optimal environment for carcinogenesis. 

 Moreover, in addition to the described tumor- 
specifi c overexpression of TLRs 2 and 4 in 
HCV- induced hepatocarcinoma and TLR hypo-
responsiveness in immune cells, recent stud-
ies have shown that TLR2 or 4 defi ciency in 
murine models of genotoxic carcinogen-induced 
liver cancer augmented susceptibility to hepa-
tocarcinogenesis due to the loss of proteins that 
are important in DNA repair, as well as due to 
autophagic dysfunction (Lin et al.  2012 ,  2013a ; 
Wang et al.  2013b ,  c ). Thus, TLRs 2 and 4 have 
been shown to maintain DNA repair mecha-
nisms and effi cient autophagic control of oxi-
dative stress by regulating the expression of 
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DNA repair proteins which ensure cancer cell 
 apoptosis. As such, in preventing the dysfunction 
of autophagy and DNA repair processes by sup-
porting cellular senescence and autophagic fl ux, 
TLRs 2 and 4 would additionally be expected to 
negatively regulate the ensuing pro-infl ammatory 
cascades such as activation of infl ammasomes 
in response to cellular stress or various DNA-
sensing PRRs such as TLR9. That TLRs infl u-
ence DNA repair mechanisms implies that PRRs 
could potentially play an even more substantive 
role than was previously appreciated in cellular 
senescence and homeostasis. Moreover, these 
studies further support the importance of TLRs 
2 and 4 in liver cancer and suggest that their 
role may differ depending on whether the can-
cer is virally or chemically induced. Recently, 
there has also been progress in our understand-
ing of microRNA (miRNA) regulation by TLRs 
which may be relevant to carcinogenesis. TLR9-
enhanced human lung cancer progression  in vitro 
 or  in vivo  in mice was mediated by miRNA-574-
5p- dependent inhibition of the cell cycle tran-
scription factor “checkpoint suppressor 1” (Li 
et al.  2012b ). Expression levels of these mole-
cules in cancer patients were also congruent with 
such a mechanism. Conversely, TLR9-dependent 
inhibition of miRNA-7 in human lung cancer 
cells augments activity of the pro-survival PI3K/
Akt pathway (Xu et al.  2013 ). There is emerging 
evidence of inhibition of TLR signaling compo-
nents in infected cells by viral miRNAs, such as 
that of the Kaposi sarcoma-associated herpes-
virus (Abend et al.  2012 ), although the direct 
signifi cance of this in relation to carcinogenesis 
remains to be clarifi ed. To date, one of the most 
striking fi ndings in this area is the reported acti-
vation of murine TLR7 and human TLR8 by 
 tumor- secreted miRNAs which trigger a TLR-
mediated pro-metastatic infl ammatory response 
(Fabbri et al.  2012 ). MiRNAs have been detected 
in the blood of cancer patients and can serve 
as circulating biomarkers of cancer (Gibbings 
et al.  2009 ; Lawrie et al.  2008 ; Mitchell et al. 
 2008 ). They can be secreted in exosomes from 
one cell to another and may therefore function 
as key regulators of the tumor microenvironment 
by acting as paracrine agonists of TLRs (Valadi 

et al.  2007 ). MiRNAs could potentially also 
enhance the infl ammatory microenvironment of 
cancer cells by regulating signaling components 
of the TLR-NFκB pathway (Chen et al.  2008 ). 
Therefore, miRNAs could also be an important 
effector of “infl ammageing.” Whether this might 
additionally be a key mechanism in the suppres-
sion of antitumor immunity remains to be deter-
mined. Interestingly,  in vivo  infusion of miRNAs 
in murine peripheral blood was actually found 
to protect against cancer development through 
the TLR1-NFκB-dependent activation of natural 
killer cells (He et al.  2013 ). 

 An increasing array of endogenous TLR ligands 
that may be pertinent to oncogenesis and cancer 
metastasis is being identifi ed. Such ligands could 
potentially originate from tumor cells themselves, 
as previously alluded to, and facilitate tumor pro-
gression or may be released as DAMPs or alarmins 
by cells surrounding the tumor microenvironment 
to alert the host immune system. The extracellu-
lar matrix proteoglycan, versican, is upregulated 
in many human tumors including lung tumors and 
was identifi ed in lung cancer cell cultures as a fac-
tor activating the TLR2/6 heterodimer to induce 
myeloid cell production of TNF-α. This was spe-
cifi cally crucial to metastasis rather than growth 
of tumors  in vivo  (Kim et al.  2009a ). Other matrix 
components that activate TLRs 2 and 4, namely, 
 biglycan and hyaluronan, have also been implicated 
in metastasis (Lokeshwar et al.  2005 ; Schaefer 
et al.  2005 ; Scheibner et al.  2006 ). More recently, 
an end product of lipid oxidation, a carboxyalkyl-
pyrrole, was discovered as an endogenous TLR2 
ligand which was elevated in tissues of aged mice 
and promoted angiogenesis in highly vascularized 
tumors of murine and human melanoma (West 
et al.  2010 ). This TLR2 ligand is thus also a poten-
tial link between senescence-associated oxidative 
stress and carcinogenesis. Stimulation of a human 
lung cancer cell line with TLR9 agonist CpG 
DNA also dose-dependently increased the expres-
sion of the high-mobility group box 1 (HMGB1), 
a protein involved in an array of biological pro-
cesses, including gene transcription, DNA repair, 
cell differentiation, development, and extracel-
lular signaling (Wang et al.  2012 ). Blockade of 
HMGB1 abrogated the CpG- enhanced tumor 
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progression. The tumorigenic effects of HMGB1, 
including MMP2 and 9 upregulation, were also 
dependent on the TLR4 and RAGE receptors, as 
well as MyD88. Therefore, there is considerable 
evidence indicating that endogenous PRR ago-
nists, especially TLR ligands, can contribute par-
ticularly to cancer metastasis. Perhaps microbial 
TLR ligands play an important role in the initial 
stages of carcinogenesis by causing infl ammation 
which promotes tumor growth, invasiveness, and 
tissue injury, thereby releasing endogenous TLR 
ligands as DAMPs which facilitate further tumor 
progression and metastasis. 

 In the 1890s, William Coley reported the suc-
cessful use of bacterial toxins in cancer treatment 
(Coley  1894 ). LPS, or the “hemorrhage- producing 
fraction” of Coley’s toxin, was subsequently 
shown in 1943 to account for its antitumor 
effects (Garay et al.  2007 ). Since then, various 
bacterial components, such as endotoxins/exo-
toxins, lipoteichoic acid, and DNA, have been 
recognized to possess potent antitumor activities, 
in some instances promoting complete tumor 
regression (Ishii et al.  2003 ). In recent years, a 
number of studies have also described antitu-
morigenic effects of TLR signaling (reviewed 
in Basith et al. ( 2012 )). Moreover, despite the 
extensive literature discussed thus far indicat-
ing an oncogenic potential of TLR signaling, 
virtually all existing TLR-targeting immuno-
therapeutics that are currently in clinical trials 
for cancer treatment consist of TLR agonists. 
   This is due to the capacity of TLRs to stimu-
late (i) direct tumoricidal effects and (ii) innate 
infl ammatory responses that kill cancer cells, 
e.g., natural killer cells and neutrophils, or (iii) 
to serve as adjuvants enhancing tumor antigen-
specifi c immune responses, e.g. T helper 1 cells 
as well as cytotoxic CD8 +  αβ T cells and γδ T 
cells (Brignole et al.  2010 ; Chew et al.  2012 ; De 
Cesare et al.  2008 ; Huang et al.  2012a ; Ishii et al. 
 2003 ; Ren et al.  2008 ; Salaun et al.  2006 ; Simons 
et al.  2008 ; Wang et al.  2006a ,  b ). Animal stud-
ies using mice genetically defi cient in TLRs have 
demonstrated protective effects of TLRs 2 and 
4 against tumor  development; TLR2 knockout 
mice developed signifi cantly greater numbers 
and larger tumors than wild-type mice in a model 

of colitis- associated colorectal cancer (Lowe 
et al.  2010 ), while TLR4 defi ciency exacerbated 
infl ammation- mediated lung cancer elicited by 
chemical carcinogenesis (Bauer et al.  2005 ). 
Stimulation of human primary cancer cells or cell 
lines with poly(I:C), a synthetic double-stranded 
RNA which can trigger TLR3, RNA-activated 
protein kinase, as well as RLR activation, 
induces apoptosis and direct killing of tumor 
and ancillary cells, such as vascular endothelial 
cells in the tumor microenvironment (Matijevic 
et al.  2009 ; Nomi et al.  2010 ; Salaun et al.  2006 ). 
Therefore, TLR3 has also been suggested to 
have a dual effect upon cancer cells (Matijevic 
and Pavelic  2011 ). Poly(I:C)- or imiquimod 
(TLR7/8-ligand)-treated cancer cells enhance 
the cytotoxic activity of co-cultured human γδ 
T cells (Shojaei et al.  2009 ), further indicating 
that tumor-intrinsic TLR activation may also 
carry antitumorigenic potential, in addition to the 
oncogenic activity described earlier. The most 
extensively studied TLR ligand in cancer therapy 
is the TLR9 agonist CpG oligodeoxynucleotide 
(ODN), whose antitumor potential has been 
evaluated in breast cancer, colorectal cancer, 
lung cancer, melanoma, as well as leukemias and 
lymphomas (reviewed in Basith et al. ( 2012 ) and 
Krieg ( 2008 )). TLR9 activation can also directly 
induce apoptosis of cancer cells and enhances 
antitumor immunity by augmenting dendritic cell 
and B cell responses (Brignole et al.  2010 ; De 
Cesare et al.  2008 ; Wang et al.  2006a ). 

 Numerous TLR agonists are under develop-
ment as immunotherapeutic agents, and a sub-
stantial number have successfully advanced 
through preclinical trials, including TLR2, 3, 4, 
5, 7, 8, and 9 ligands (summarized in Basith et al. 
( 2012 )). Although results from clinical trials have 
generally been less promising, some TLR ago-
nists have been approved for treatment by the US 
Food and Drug Administration, such as the 
 Mycobacterium bovis  BCG vaccine possessing 
TLR2/4 (and some TLR9) agonist activity, which 
has been approved for the treatment of bladder 
cancer (Morales et al.  1976 ; Simons et al.  2008 ). 
Also, monophosphoryl lipid A, a TLR4 agonist 
with potent immunostimulatory capacity and 
reduced toxicity compared to the diphosphory-
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lated lipid A-carrying LPS, has been approved as 
a vaccine adjuvant for cervical cancer, specifi -
cally that which is caused by human papillomavi-
rus types 16 and 18 (D’Souza et al.  2007 ; 
Rietschel et al.  1987 ). Imiquimod, the TLR7 ago-
nist belonging to the small-molecule imidazo-
quinoline family, is the fi rst topical TLR 
therapeutic approved for the treatment of basal 
skin tumors (Schon and Schon  2008 ). TLR7 ago-
nists are believed to act by inducing immuno-
genic cell death, type I IFN production, and Th1 
immune responses (Schon and Schon  2008 ; 
Spaner et al.  2010 ). BCG and imiquimod have 
also been approved as monotherapies, as opposed 
to the combination of TLR agonists with chemo-
therapeutic agents. The TLR9 agonist CpG 
ODNs, in particular, have shown considerable 
promise as vaccine adjuvants and monotherapies 
or combination therapies in early trials (reviewed 
in Basith et al. ( 2012 )). However, recent clinical 
trials of TLR agonists have been disappointing, 
the latest being the phase II failure of Idera 
Pharmaceutical’s immunostimulatory oligode-
oxynucleotide- 2055 in head and neck cancer 
(Guha  2012 ). Other high-profi le failures include 
Pfi zer’s ODN-based CpG-7909 which was inef-
fective in combination with chemotherapy in 
phase III trials in non-small cell lung cancer 
(Guha  2012 ). Although experts in the fi eld are 
lacking optimism that TLR agonists will prove 
successful as monotherapies, the belief remains 
that TLRs would be promising as vaccine adju-
vants or when combined with immunogenic cell 
death-inducing agents (Guha  2012 ). Indeed most 
TLR agonists currently in clinical trials are for-
mulated in such a manner, although in many of 
the failed trials the TLR agonists had been 
 combined with chemotherapy or a targeted anti-
cancer agent. Moreover, there is uncertainty 
regarding the choice and dosage of TLR agonists 
and which specifi c tumor antigens, chemothera-
pies, or anticancer drugs to combine them with 
for the generation of maximal antitumor immune 
responses while limiting toxicity. 

 There are also those who have questioned 
whether the rapidly growing metastatic tumors in 
which most novel anticancer drugs are initially 
investigated are an appropriate setting for testing 

TLR agonists, given that such cancers are likely 
to involve multiple immune evasive mechanisms 
and TLR immunotherapeutics have thus far been 
unsuccessful in the treatment of metastatic malig-
nancies (Guha  2012 ). That TLR agonists have 
been found to sometimes drive tumorigenesis in 
preclinical models is also a potentially confound-
ing issue, although such effects have not been 
observed directly in the clinic. Furthermore, the 
differential expression and function of certain 
TLRs in humans and mice may also be a factor in 
the failure of certain TLR agonists to treat human 
cancer. This might be overcome using ligands 
that target TLRs which are more highly expressed 
in humans or which induce more potent immune 
responses in human cells, such as agonists of 
TLR3 or TLR8, which may be capable of  inducing 
greater T cell responses than TLR7 or 9 agonists 
(Gorden et al.  2006 ; Guha  2012 ). Simultaneous 
targeting of different TLRs or TLRs and other 
PRRs, such as the CLR dectin receptors or the 
NLR NAIP5 (neuronal apoptosis inhibitor protein 
5), is being tested in order to determine whether 
the combined activation of multiple TLR or PRR 
signaling pathways could boost anticancer immu-
nity (Dzopalic et al.  2012 ; Garaude and Blander 
 2012 ). Finally, tumor- derived immunosuppres-
sive mechanisms are a major hurdle for TLR ago-
nists to overcome, and it is possible that TLR 
ligands may thus need to be combined with agents 
that counteract such factors. However, TLRs 
themselves also stimulate negative feedback 
mechanisms to prevent uncontrolled infl amma-
tion. One example is the anti-infl ammatory IL-10 
cytokine production elicited by imiquimod, the 
blockade of which enhanced the effi cacy of this 
TLR ligand (Lu et al.  2010 ). Similarly, adminis-
tration of a PI3K inhibitor suppressed the IL-10 
and TGF-β activity induced by the TLR5 ligand 
fl agellin in preclinical trials (Marshall et al. 
 2012 ), while the inhibitory costimulatory mole-
cule CTLA-4 is also being examined as a viable 
target for overcoming tumor-mediated immuno-
suppression (Egen et al.  2002 ; Leach et al.  1996 ; 
Sotomayor et al.  1999 ; Wolchok et al.  2013 ). 
Moreover, though TLR ligands augment antican-
cer immune responses in part by relieving 
 regulatory T cell suppressive activity in the tumor 
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microenvironment (Peng et al.  2005 ; Sharma 
et al.  2010 ; Zhang et al.  2011 ), repeated adminis-
tration of various TLR agonists can promote 
counterproductive myeloid suppressor cell-medi-
ated inhibition of natural killer and T cell 
responses (Cohen et al.  2012 ; Dang et al.  2012 ; 
Vaknin et al.  2008 ). Therefore, although TLR 
agonists may acutely enhance anticancer immu-
nity, their long-term use is undetermined. 
Moreover, the challenge posed by the therapeutic 
antagonism of immunoregulatory processes is the 
risk of excessive immune reactions. Given the 
dual nature of TLRs in cancer, a major outstand-
ing question is distinguishing the difference 
between the infl ammation that drives tumorigen-
esis and the infl ammation that drives tumor 
regression, particularly as it pertains to specifi c 
TLR signaling pathways (Basith et al.  2012 ). 

 Finally, studies have shown that additional 
PRR families, namely, the CLRs and RLRs, 
are also likely to play a role in tumorigenesis. 
Certain CLRs and RLRs are known to recognize 
PAMPs of oncogenic infectious agents (Kutikhin 
and Yuzhalin  2012a ). Moreover, there is some, 
albeit very limited and preliminary, evidence 
supporting the hypothesis that inherited genetic 
variants of these receptors may be associated 
with increased cancer risk, keeping in mind that 
this area of oncogenomics is still in its nascency 
(Kutikhin and Yuzhalin  2012a ,  b ; Lu et al.  2013 ; 
Moumad et al.  2013 ). The CLRs are a family 
of transmembrane carbohydrate-binding recep-
tors that recognize pathogens as well as endog-
enous glycoproteins (Garcia-Vallejo and van 
Kooyk  2009 ; Geijtenbeek and Gringhuis  2009 ). 
A number of studies have demonstrated that at 
least some CLRs elicit anti-infl ammatory or 
immunosuppressive responses, supporting the 
possibility that pathogens may exploit this prop-
erty to overcome innate immune defenses and 
survive within the host and, furthermore, that 
tumors may release endogenous ligands of CLRs 
which facilitate immunosuppression (Allavena 
et al.  2010 ; Geijtenbeek and Gringhuis  2009 ). 
Tumor- associated macrophages isolated from 
human ovarian carcinoma or cell lines were 
shown to express a number of CLRs, the most 
abundant of which is the mannose receptor. 

Engagement and activation of this receptor by 
tumor-derived mucins (which are known to be 
heavily glycosylated) modulated the pheno-
type of tumor- associated macrophages towards 
an immune-suppressive profi le (Allavena 
et al.  2010 ). Mannose receptor activation by 
tumor- released mannose residue-containing gly-
colipids has also been shown to induce the polar-
ization of immune-suppressive tumor-associated 
macrophages (Dangaj et al.  2011 ). Recent stud-
ies have shown that RLR signaling and IFN-β 
mediate protection against experimental colitis 
and colitis- associated cancer and contribute to 
gastrointestinal homeostasis (Gonzalez-Navajas 
et al.  2012 ; Li et al.  2011 ; Wang et al.  2007 ). 
Furthermore, the endoribonuclease RNAse-L 
is a type I IFN-regulated enzyme that produces 
RNA agonists of RLRs and functions in antivi-
ral, antibacterial, and antiproliferative activities 
(Malathi et al.  2007 ). A newly published study 
demonstrated that RNAse-L defi ciency exacer-
bates experimental colitis and colitis-associated 
cancer and that the RNAse-L-mediated produc-
tion of IFN-β in response to bacterial RNA may 
be an important protective mechanism against 
gastrointestinal infl ammatory disease and malig-
nancy (Long et al.  2013 ). These fi ndings indicate 
a protective role of RLR signaling in cancer. 
Furthermore, RIG-I expression is elevated in 
head and neck squamous cell carcinoma, and it 
was recently reported that RIG-I activation by 
low-dose viral dsRNA augmented tumor cell 
proliferation, invasion, and metastasis, whereas 
a high dose of this RIG-I ligand triggered cell 
apoptosis (Hu et al.  2013 ). This indicates an 
agonist dose-dependent bimodal effect of RLR 
signaling in cancer with higher levels of activa-
tion promoting antitumorigenic activity. Another 
study assessing the contribution of the TLR3/
TRIF or the RLR, MDA5/MAVS, pathways in 
antitumor immunity elicited by RNA adjuvants 
determined that systemic activation of the MAVS 
pathway was required for robust cytokine and 
type I IFN production, whereas TRIF signaling is 
important for the maturation of dendritic cells and 
subsequent effector responses, including natural 
killer cell and cytotoxic T lymphocyte responses 
(Seya et al.  2013 ). The authors concluded, how-
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ever, that TLR3-targeting RNA duplexes were 
effective in cancer immunotherapy, even in 
the absence of RLR signaling. Interestingly, a 
novel therapeutic approach to cancer, termed 
“virotherapy,” utilizes the capacity of naturally 
occurring and engineered oncolytic viruses to 
selectively infect and cause cytotoxicity to tumor 
cells without affecting healthy cells (Patel and 
Kratzke  2013 ; Russell et al.  2012 ). However, the 
tumor  selectivity and effi cacy of such viruses, like 
the Newcastle disease virus, depend on a reduced 
antiviral IFN-α response in tumor cells and, 
effectively, reduced expression of RLRs (specifi -
cally RIG-I) (Biswas et al.  2012 ; Elankumaran 
et al.  2010 ; Fournier et al.  2012b ). In contrast, 
the Newcastle disease virus is a potent inducer 
of IFN-β and pro- infl ammatory cytokines in den-
dritic cells and Tregs and is therefore believed 
to mediate antitumor immunity not only via its 
oncolytic activity but also by promoting effector 
T cell responses and additionally blunting Treg 
activity (Fournier et al.  2012a ). Both of the latter 
effects appear to rely on RLR signaling in these 
immune cells, given that RLRs are important for 
the production of the mentioned virus-induced 
mediators in dendritic cells and that RLR acti-
vation in Tregs inhibits the suppressive function 
of these cells (Anz et al.  2010 ; Fournier et al. 
 2012a ). In summary, these fi ndings suggest that 
reduced expression of RLRs in tumor cells facili-
tates infection and oncolytic activity of this virus, 
whereas enhanced RLR activation in immune 
cells would ensure maximal antitumorigenic 
immunity by promoting effector cell responses 
and simultaneously counteracting tumor-medi-
ated  immunosuppression. Time will tell whether 
the great potential of RLR modulation in cancer 
immunotherapy can be realized.  

8.4.5     Cognition and 
Neurodegenerative Disease 

 TLR expression has been recognized among cells 
in the brain and central nervous system that con-
tribute to immune homeostasis, namely, microglia 
and astrocytes, but also among  oligodendrocytes, 
neurons, and neural stem/progenitor cells (NPCs) 

(reviewed in Okun et al. ( 2011 )). It has also 
become evident that TLRs infl uence the differen-
tiation and proliferation of NPCs and neurons in 
early stages of human development, in the adult 
brain, and perhaps during the course of aging. 
Therefore, TLRs additionally affect neurogenesis 
and plasticity of the central nervous system. In 
some cases the cells of the central nervous sys-
tem, such as microglia, express and signal via 
the same TLR4 co- receptors (CD14 and MD2) 
and adaptor molecules (MyD88 and TRIF) as 
those that are utilized by conventional immune 
cells. However, other cell types can exhibit more 
selective signaling via the MyD88- or TRIF-
dependent pathways depending on the TLR 
ligand (e.g. astrocytes) or express an unusual 
assortment of TLR adaptor proteins, such as 
MD-1 instead of MD-2, and are not known to sig-
nal via either the MyD88 or TRIF proteins (as in 
the case of neurons) (Bsibsi et al. ( 2006 ), Gorina 
et al. ( 2011 ) and reviewed in Okun et al. ( 2011 )). 
Interestingly, neurons also do not translocate 
NFκB to the nucleus, transcribe IFN-β, or activate 
AP-1 in response to TLR3, TLR4, or TLR8 acti-
vation (Tang et al.  2007 ). Therefore, the signaling 
mechanisms ensuing from TLR activation in neu-
rons remain elusive. However, in NPCs, TLR4 
activation can induce both MyD88- and TRIF-
dependent signaling, though the downstream 
effectors are mostly undefi ned. TLRs 2, 3, and 
4 have been shown to differentially affect NPC 
differentiation and/or proliferation and depend-
ing on the stage of embryonic, neonatal, or adult 
development. This has been demonstrated by 
TLR or TIR adaptor protein defi ciency, by phar-
macological inhibition, or by activation of TLRs 
using PAMPs, thus demonstrating that TLRs can 
modulate NPC proliferation even in the absence 
of exogenous stimuli, suggesting the existence of 
endogenous ligands (Martino and Pluchino  2007 ; 
Okun et al.  2011 ; Zhang and Schluesener  2006 ). 
TLR3, 4, or MyD88 signaling suppresses NPC 
proliferation, whereas TLR2 alters NPC dif-
ferentiation by preferentially promoting the dif-
ferentiation of neurons rather than astrocytes 
(reviewed in Martino and Pluchino ( 2007 ) and 
Okun et al. ( 2011 )). TLR4 has the opposite effect 
on  neuronal differentiation. Similar modulatory 
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effects of these TLRs upon neurogenesis in the 
adult mammalian brain have also been noted 
(Rolls et al.  2007 ). TLR3 and 8 stimulation have 
additionally been shown to affect neurite growth 
and therefore the development of neuronal cir-
cuits (Okun et al.  2011 ). Furthermore, cells of the 
central nervous system, particularly microglia, 
can be activated via TLRs that facilitate the clear-
ance of bacterial and viral infections of the CNS 
or by specifi c systemic infections, suggesting that 
certain PAMPs may be able to cross the blood–
brain barrier to promote neurodegenerative dis-
ease (Arroyo et al.  2013 ; Combrinck et al.  2002 ; 
Cunningham et al.  2005 ; Field et al.  2010 ; Okun 
et al.  2011 ). TLRs 2 and 4 are important in the 
immune response against cerebral meningitis, 
while TLRs 2, 3, and 9 protect against herpes 
simplex viral encephalitis. TLR3 and MyD88 
also protect against West Nile virus infection of 
the brain (reviewed in Okun et al. ( 2011 )). 

 The involvement of TLRs in neurogenesis, 
neurite outgrowth, and neuronal survival sug-
gests that they may also infl uence cognitive func-
tion in health and disease (Okun et al.  2011 ; Rolls 
et al.  2007 ). TLR3 defi ciency in mice enhances 
various memory functions, and ligands of TLRs 
3, 4, and 9 have also been shown to affect cogni-
tive performance, though it is not clear whether 
these phenomena are related to developmental 
effects, neurotoxicity, or effects on synaptic plas-
ticity (Okun et al.  2010 ; Palin et al.  2009 ; Sloane 
et al.  2010 ; Tanaka et al.  2006 ; Tauber et al.  2009 ; 
Watson et al.  2010 ). Increased expression and 
production of various innate immune genes and 
pro-infl ammatory mediators and declining lev-
els of anti-infl ammatory molecules have been 
described during “normal” or physiological 
aging of the brain (Cribbs et al.  2012 ; Godbout 
and Johnson  2004 ; Ye and Johnson  2001 ). The 
expression of numerous TLR genes is also 
altered in this context, suggesting that TLRs may 
be involved in both healthy and pathological 
aging of the brain (Letiembre et al.  2007 ,  2009 ). 
Alzheimer’s disease, the most common age- 
related neurodegenerative disease, is character-
ized by the accumulation of extracellular fi brillar 
amyloid β peptide deposits or “senile plaques” 
on neurons as well as intracellular tau protein 

“tangles” within brain regions that are crucial for 
learning and memory (Mattson  2004 ; Weiner and 
Frenkel  2006 ). Increased expression in the brain, 
and particularly within amyloid plaques, of TLRs 
2 and 7 or TLRs 2 and 4 has been described in 
murine models or human Alzheimer’s disease, 
respectively (Bsibsi et al.  2002 ; Frank et al.  2009 ; 
Letiembre et al.  2007 ; Walter et al.  2007 ). TLR 
activation in microglia may play a signifi cant 
role in the clearance of amyloid β from the brain 
(Reed-Geaghan et al.  2009 ).  In vitro , agonists 
of TLRs 2, 4, or 9 were shown to be capable of 
promoting such function in microglia (Iribarren 
et al.  2005 ; Tahara et al.  2006 ), while  in vivo 
 administration of TLR2/4 or 9 ligands also 
reduces amyloid β accumulation and ameliorates 
cognitive function in mice (Chen et al.  2006b ; 
Frenkel et al.  2005 ,  2008 ; Herber et al.  2007 ; 
Iribarren et al.  2005 ; Lifshitz et al.  2012 ; Tahara 
et al.  2006 ). Furthermore, TLRs 2 and 4 might be 
required for the activation of microglia by amy-
loid β itself and amyloid plaques  in vivo ; TLR4 
defi ciency in    mice attenuates the activation of 
microglia and monocytes by amyloid β, resultant 
production of pro-infl ammatory mediators, and 
causes a decline in cognitive function (Reed- 
Geaghan et al.  2009 ; Song et al.  2011 ; Walter 
et al.  2007 ). Thus, TLR4 was shown not to be 
necessary for the initiation of β-amyloidosis, but 
rather contributed to the clearance of amyloid β 
deposits and preservation of cognitive functions 
(Song et al.  2011 ). A recent gene association 
study also suggests that a loss-of-function SNP 
in the TLR4 gene is associated with increased 
susceptibility to late-onset Alzheimer’s disease 
in a Han Chinese population (Wang et al.  2011 ). 
In contrast, earlier studies linked the loss-of- 
function TLR4/-299 SNP with reduced risk of 
developing late-onset Alzheimer’s in Italians 
(Balistreri et al.  2008b ; Minoretti et al.  2006 ), 
suggesting that TLR4 activation might sustain 
the damaging infl ammatory environment that is 
conducive to the disease (in t’ Veld et al.  2001 ; 
Stewart et al.  1997 ). Thus, although microglial 
activation by TLRs (particularly TLRs 2, 4, and 
9) may be important in the clearance of protein 
deposits, it may also mediate damage to the 
central nervous system (Hoffmann et al.  2007 ; 
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Lehnardt et al.  2002 ,  2003 ; Li et al.  2007b ). 
Active immunization with amyloid β peptide 
which is used in immunotherapy to reduce plaque 
formation in the CNS of Alzheimer’s patients but 
can also promote serious meningoencephalitis 
was shown to reduce murine cognitive function 
in a TLR2/4- dependent manner (Vollmar et al. 
 2010 ). Furthermore, deletion of the CD14 gene 
attenuated experimental Alzheimer’s disease, 
namely, amyloid β deposition, plaque burden, 
and microglial cell numbers (Reed-Geaghan 
et al.  2010 ). TLR activation in other cell types, 
such as in neurons, can also promote neuronal 
damage and degeneration. Indeed, TLR4 expres-
sion in neurons was shown to be important in 
their response to amyloid β and the resulting neu-
ronal damage (Tan et al.  2008 ; Tang et al.  2008 ). 
TLR2- and, in particular, TLR4-defi cient mice 
are also protected from cerebral ischemic injury 
or “stroke” (reviewed in Okun et al. ( 2009 )). 
Furthermore, in multiple sclerosis, the most 
common demyelinating disease which is char-
acterized by damage to myelinated axons in the 
brain and spinal cord, TLR2 and TLR8 activa-
tion may promote the progression of the disease 
(reviewed in Okun et al. ( 2011 )). Interestingly, 
whereas MyD88- dependent signaling is crucial 
to the development of experimental autoimmune 
encephalitis (EAE), a rodent model of multiple 
sclerosis, TLRs 3 and 4 may have a protective 
role (Marta et al.  2008 ; Tanaka et al.  2008 ; Touil 
et al.  2006 ). TLR expression is markedly aug-
mented in MS lesions, as well as in the brains 
of animals suffering from EAE. There is also 
 limited evidence to support that TLR2 and 4 
may be important in promoting neuronal repair 
following injury, specifi cally remyelination, per-
haps via their action on oligodendrocytes (Kigerl 
et al.  2007 ). Finally, it is possible that alteration 
of the physicochemical structure of membrane 
lipid raft microdomains, or “premature lipid raft 
aging,” described in Alzheimer’s patients and in 
murine models could be a contributing factor to 
the dysregulation of TLR function in this disease 
(Chadwick et al.  2010 ; Fabelo et al.  2012 ; Martin 
et al.  2010 ). In summary, TLRs can infl uence 
the development and function of various cells of 
the CNS in health and disease and have also been 

shown to mediate the responsiveness of numer-
ous cells to amyloid β. However, both patho-
physiological and protective roles have been 
attributed to TLR function in the context of age-
related or autoimmune brain disease, and further 
studies will be necessary to clarify the contribu-
tion of individual TLRs, their signaling pathways 
and downstream effector molecules, as well as 
the identity of the ligands that are responsible for 
their activation. 

 Recent studies have indicated a potentially 
crucial role for NLRP3 infl ammasome activation 
in the pathogenesis of Alzheimer’s disease. First, 
Halle et al. demonstrated that fi brillar amyloid β 
elicits cleavage of caspase 1 and production of 
IL-1β in microglia and macrophages which is 
dependent on the NLRP3 infl ammasome. Also, 
microglial accumulation and activation was 
found to be lower in the brains of ASC- and 
caspase 1-defi cient mice injected with amyloid 
β (Halle et al.  2008 ). Furthermore, increased 
expression of active caspase 1 was demon-
strated in the brains of humans with mild cogni-
tive impairment, as well as Alzheimer’s disease 
(Heneka et al.  2013 ). Mice carrying mutations 
associated with familial Alzheimer’s disease but 
defi cient in either NLRP3 or caspase 1 exhib-
ited reduced activation of IL-1β and deposition 
of amyloid β in the brain as well as enhanced 
cognitive function. NLRP3 infl ammasome defi -
ciency also altered the microglial phenotype and 
enhanced the clearance of amyloid β, altogether 
suggesting that inhibition of the NLRP3 infl am-
masome may represent a new therapeutic avenue 
for the treatment of Alzheimer’s disease (Heneka 
et al.  2013 ). Lysosomal “destabilization” or per-
meabilization appears to be a key mechanism 
in the activation of the NLRP3 infl ammasome, 
which could occur upon phagocytosis of amyloid 
fi brils by microglia (Willingham and Ting  2008 ). 
Intralysosomal amyloid β content in neurons is 
also substantially increased in Alzheimer’s dis-
ease, to which impaired amyloid β secretion 
and oxidative stress-triggered autophagy are 
thought to contribute (Zheng et al.  2009 ,  2011 , 
 2012 ). The resultant lysosomal permeabilization 
leads to neuronal death, though it remains to be 
 investigated whether this is necessarily associated 
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with activation of the NLRP3 infl ammasome. On 
the other hand, there are indications that autopha-
gic capacity is compromised in certain neurode-
generative diseases, such as Alzheimer’s, though 
the consequences of this are yet to be determined 
(Martinez-Vicente and Cuervo  2007 ; Nixon and 
Yang  2011 ). Using mice defi cient in Nlrp3 or 
other components of the infl ammasome (caspase 
1 or IL-18), NLRP3 infl ammasome activation 
was also found to be an important contributor 
to CNS infl ammation, neuronal demyelination, 
and oligodendrocyte loss in experimental auto-
immune encephalitis (Gris et al.  2010 ; Jha et al. 
 2010 ). Finally, age-related cognitive decline in 
rats was correlated with heightened hippocampal 
NLRP1 infl ammasome activation (Mawhinney 
et al.  2011 ), while inhibition of the NLRP1 
infl ammasome was also shown to be protec-
tive in the context of traumatic brain injury (de 
Rivero Vaccari et al.  2009 ). Amyloid β oligomers 
can potentially activate the NLRP1 infl amma-
some (Salminen et al.  2008 ), and multiple single- 
nucleotide variations in the NLRP1 gene were 
recently associated with Alzheimer’s disease 
(Pontillo et al.  2012 ). The possible role of other 
NLR members and PRR families in age-related 
neurodegeneration remains to be explored.  

8.4.6     Macular Degeneration 
and Retinopathy 

 Age-related macular degeneration (AMD) is one 
of the leading causes of blindness in the elderly. 
A hallmark of early stage AMD is the accumula-
tion of extracellular lipid deposits at the retina, 
called “drusen,” and chronic infl ammation (Chen 
and Smith  2012 ; Hageman et al.  2001 ; Mullins 
et al.  2000 ). These deposits gradually separate the 
retinal pigment epithelium from the underlying 
choroidal vascular bed which provides oxygen 
and nutrients to photoreceptors. Disruption of 
the epithelial-choroid interface by drusen results 
in degeneration of photoreceptors and what is 
known as “dry” or non-neovascular AMD which 
is characterized by atrophy of the retinal pigment 
epithelium. Neovascularization in the form of 
abnormal leaky blood vessels arising from the 

choroid and growing through the disrupted epi-
thelium causes rapid and substantial vision loss, 
referred to as “wet” AMD (Chen and Smith  2012 ; 
Rosenbaum  2012 ). Innate immune mechanisms 
are commonly believed to play a major role in 
AMD, and the relevant PRRs are beginning to be 
elucidated. For example, advanced glycation end 
products (AGEs) and their receptors (RAGEs) 
are found at high levels within drusen deposits 
and have been postulated to contribute to the 
abundant oxidative stress, apoptosis, and lipo-
fuscin accumulation that occurs in AMD (Glenn 
et al.  2009 ; Yamada et al.  2006 ). Stimulation of 
retinal pigment epithelial cells by AGEs induces 
the expression of numerous pro-infl ammatory 
mediators which could contribute to the patho-
genesis of AMD (Lin et al.  2013b ). Interestingly, 
two recent studies implicated the NLRP3 infl am-
masome in macular degeneration. One study 
described the activation of the infl ammasome by 
drusen isolates from the eyes of AMD donors or 
known drusen components, the complement fac-
tor C1q, and the protein carboxyethylpyrrole, 
a lipid oxidation product (Doyle et al.  2012 ). 
Another group corroborated the activation of the 
NLRP3 infl ammasome in patients with AMD 
but used an RNA motif known as an  Alu  repeat 
which may also be relevant to the pathogen-
esis of AMD to activate the infl ammasome in 
murine and tissue culture studies (Tarallo et al. 
 2012 ). The former study suggested that NLRP3 
infl ammasome activation in myeloid cells inhib-
its choroidal neovascularization and thus protects 
against “wet” AMD, whereas the latter one sug-
gested that activation of this infl ammasome in 
the retinal pigment epithelium causes its atrophy 
and thus promotes “dry” AMD. The two stud-
ies also arrived at opposite conclusions regard-
ing the role of infl ammasome-produced IL-18 
in AMD. The study by Doyle et al. suggests that 
innate immunity in the form of NLRP3 infl am-
masome activation may be benefi cial in prevent-
ing the progression of dry to wet AMD (Doyle 
et al.  2012 ). However, taken together, the two 
studies present challenges to therapies that aim 
to target the NLRP3 infl ammasome. Stimulation 
of a  retinal pigment epithelial cell line with the 
lipid  peroxidation product, 4-HNE, also trig-
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gers NLRP3 infl ammasome activation, further 
 supporting that oxidative stress and its associated 
endogenous danger signals contribute to AMD 
pathology by promoting epithelial lysosomal 
destabilization and resultant infl ammasome-
mediated pyroptosis (Kauppinen et al.  2012 ; 
Tseng et al.  2013 ).   

8.5     Vaccination of the Elderly 

 TLR dysfunction has been shown to impede 
immune responses of aged subjects to vaccines 
(Kollmann et al.  2012 ; Van and Shaw  2007 ). 
Reduced cytokine production in response to 
TLR1/2, TLR2/6, TLR3, TLR5, or TLR8 ligands 
in mDCs, as well as TLR7 or TLR9 ligands in 
pDCs, was associated with diminished antibody 
responses to a trivalent infl uenza vaccine in old 
compared to young adults (Panda et al.  2010 ), 
as was TLR-induced B7 costimulatory mol-
ecule expression in human monocytes (Van 
et al.  2007a ). These studies therefore suggested 
that TLR function in antigen-presenting cells 
is predictive of infl uenza vaccine responses 
in the elderly. On the other hand, higher IL-10 
production in response to LPS, possibly indica-
tive of skewed TLR4 signaling, was associated 
with a reduced antibody response to an infl u-
enza vaccine (Corsini et al.  2006 ). It is not clear 
whether TLR dysfunction is also relevant to the 
suboptimal effi cacy of pneumococcal polysac-
charide vaccines in older individuals (Van and 
Shaw  2007 ). Therefore, it may be necessary to 
 specially tailor vaccines for the elderly popula-
tion such that they target individual PRRs whose 
function is intact or even augmented in aging, 
or activate multiple PRR families in concert, 
to enable enhanced immunostimulatory capac-
ity in this poorly responsive demographic. For 
example, elevated TLR5 expression and respon-
siveness in the elderly has been proposed as a 
potential avenue for enhancing immune responses 
in older individuals, and the inclusion of TLR5 
ligand, fl agellin, in infl uenza vaccines has indeed 
shown early promise (Huleatt et al.  2008 ; Qian 
et al.  2012 ; Skountzou et al.  2010 ). A recent study 
also  indicated that adjuvants targeting TLR3 

(poly(I:C)) or the NLRP3 infl ammasome (alum) 
could enhance the effi cacy of an infl uenza vac-
cine in aged mice (Schneider-Ohrum et al.  2011 ). 
Poly(I:C) was also shown to enhance T cell helper 
activity, thereby augmenting B cell differentia-
tion and expansion and immunoglobulin affi n-
ity maturation (Maue et al.  2009 ). Another study 
demonstrated that various TLR ligands (TLR1/2, 
TLR3, or TLR9) were capable of activating DCs 
such that certain age-associated defects in CD4+ 
T cell responses could be ameliorated (Jones 
et al.  2010 ). TLR9 agonists have also been shown 
to be effective as adjuvants in restoring adap-
tive immune responses in the elderly (Sen et al. 
 2006 ; Sharma et al.  2008 ). Finally, it is not clear 
whether age-associated aberrations in other PRR 
families may also infl uence vaccine responses in 
the elderly.  

    Conclusions 

 The infl uence of immunosenescence on innate 
immune responses and particularly the func-
tion of PRRs deserves greater attention given 
its potential to substantially impact the health 
of a growing population of aging individuals 
and, consequently, the health policies directed 
towards this demographic. The expression 
and function of various TLRs and the adap-
tor molecules that transduce their signals 
is known to decrease in the aging popula-
tion and is perhaps directly associated with 
reduced responsiveness of the immune system 
to vaccination and increased susceptibility 
to infectious disease, as well as the emer-
gence of other health disorders in the elderly. 
Amplifi cation of constitutive PRR signaling 
by infectious or noninfectious agents may be a 
major contributing factor towards the elevated 
basal infl ammatory status or “infl ammage-
ing” that is associated with aging and various 
age-related disorders such as cancer and car-
diovascular disease, whereas age-associated 
dysfunction of processes associated with cel-
lular homeostasis such as autophagy and DNA 
repair may also contribute to persistent PRR 
activation, such as in the case of neurodegen-
erative disease. Moreover, chronic infl amma-
tion and PRR activation may actually be the 
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driving force behind impaired responsiveness 
of  infl ammatory cells, such as monocytes and 
dendritic cells, from aged individuals to certain 
types of PRR ligands, such as TLR agonists. 
It remains to be confi rmed, however, whether 
the age-associated decline in TLR function in 
PBMCs is the cause or result of infl ammage-
ing due to the activation of compensatory 
innate immune mechanisms or dampening of 
TLR signaling, respectively. Defi ning the role 
of PRR families other than the TLRs in immu-
nosenescence may help to reconcile these 
observations and advance the selection and 
design of appropriate therapeutic countermea-
sures to overcome the age-associated damp-
ening or dysregulation of PRR responses. In 
this regard, the past few years have seen an 
emergence in data suggesting that infl amma-
some activation may be a central component 
underlying age-associated systemic infl am-
mation and disease pathogenesis, upon which 
numerous PRR pathways, including those of 
the TLRs, NLRs, and ALRs appear to con-
verge. The NLRP3 infl ammasome, in par-
ticular, could perhaps be the most promising 
target of novel therapeutics aimed at resolving 
age-associated diseases. It is also very likely 
that with time, the recently discovered RNA- 
and DNA-sensing PRRs will be found to play 
a prominent role in age-related diseases in 
addition to the TLRs and NLRs. The study 
of PRRs in age-related diseases will continue 
to broaden our understanding of their diverse 
functions that extend beyond immunity and 
encompass the regulation of cellular senes-
cence and tissue homeostasis. A vast  number 
of endogenous ligands of PRRs have also been 
discovered and many more are likely to fol-
low. The priority of future research endeavors 
is likely to be the delineation of the specifi c 
mechanisms and pathways leading to the dys-
regulation of PRR responses in the elderly, the 
endogenous or exogenous ligands that engage 
the implicated PRR pathways in the context of 
each disease, the discrete signaling events that 
are triggered, and the selection of appropri-
ate therapeutic options. Nevertheless, PRRs 
serve the fundamental purpose of maintaining 

immunity and health by recognizing microbial 
components, and a major challenge facing the 
scientifi c community is to determine the spec-
ifi city and degree of inhibition or stimulation 
of various PRRs that effectively ameliorates 
age-associated disease without jeopardizing 
immune defenses or conversely triggering 
excessive infl ammatory reactions.     
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9.1            Introduction 

 A hallmark of aging is a decline in immune func-
tion, resulting in increased susceptibility to infec-
tion and reduced vaccination effi cacy. For 
example, elderly humans respond poorly to infl u-
enza virus infection and suffer increased morbid-
ity and mortality. The elderly also respond poorly 
to vaccines, for example, for infl uenza virus, and 
fail to generate high titers of neutralizing anti-
bodies (Vu et al.  2002 ) and effi cient cytolytic 
CD8 +  T cells (McElhaney et al.  2006 ,  2009 ). In 
addition, previously established memory can be 
disrupted during aging. Many factors impact 
immune dysfunction, including age-associated 
changes in innate cells, B cells, and T cells 
(Miller  1996 ; Solana et al.  2006 ; Agrawal et al. 
 2008 ; Gibson et al.  2009 ). These include age- 
associated increases in numbers of T-regulatory 
(Treg) cells, impaired T cell function, and reper-
toire perturbations in both mouse and human 
(Nishioka et al.  2006 ; Lages et al.  2008 ; Jiang 
et al.  2009 ; Pawelec et al.  2010 ; Goronzy et al. 
 2007 ; Cicin-Sain et al.  2010 ; Ahmed et al.  2009 ). 
As it is believed that a diverse T cell repertoire to 
allow a broad polyclonal response to pathogens 

is essential for strong cellular immunity (Yewdell 
and Haeryfar  2005 ; Messaoudi et al.  2002 ; 
Kedzierska et al.  2005 ), declining repertoire 
diversity is strongly implicated in impaired 
immunity associated with aging, which is the 
focus of this chapter. 

 Much of our understanding of the impact of 
aging on immunity has come from the experimen-
tally amenable mouse model. Mice display key 
characteristics of age-associated decline in 
immune function that have been described in 
human and other models. The mouse model 
allows longitudinal studies and direct determina-
tion of the impact of age on the ability to respond 
to infection with a variety of pathogens (Murasko 
and Jiang  2005 ; Ely et al.  2007b ). For example, 
the mouse infl uenza virus model is frequently 
used to examine the impact of aging on vaccina-
tion and immunity (Po et al.  2002 ; Effros and 
Walford  1983 ). The basic observation is that aged 
mice are more diffi cult to vaccinate and are more 
susceptible to infl uenza infection, often succumb-
ing to doses that are nonlethal for young mice. 
Aged mice are also impaired in their ability to 
clear infectious virus. Although effector cells in 
aged mice have been shown to be highly func-
tional on a per cell basis, they are fewer in number 
as a consequence of impaired T cell proliferation 
(Effros et al.  2003 ). In addition, there are pro-
found repertoire perturbations (Yager et al.  2008 ; 
Li et al.  2002 ; Jiang et al.  2011 ; Decman et al. 
 2012 ; Valkenburg et al.  2012 ). 

 Several factors affect the diversity of the T 
cell repertoire in mouse and human. First, there is 
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 progressive thymic involution with age,  resulting 
in export of fewer naïve T cells. Second, with 
increasing antigen experience, the memory pool 
progressively expands, and there is a steady rever-
sal of the naïve-memory ratio over time, with the 
memory pool eventually dominating the peripheral 
repertoire. Third, the memory compartment is fur-
ther perturbed by the frequent appearance of T cell 
clonal expansions (TCEs) in the memory CD8 +  T 
cells. In humans, chronic infection with cytomega-
lovirus (CMV) drives the development of TCE and 
is strongly associated with impaired immunity. 
Accumulating data from studies in mouse, primate, 
and human support the role of repertoire perturba-
tion in immune dysfunction associated with aging, 
which have directed experimental approaches to 
reverse immunosenescence. While it is likely that 
there are many contributing factors to the decline of 
T cell function in aging, increasing evidence sug-
gests that a major controlling factor is the reduction 
in the diversity of the antigen-specifi c repertoire of 
T cells, which will be the focus of this chapter.  

9.2     Infl uence of Age on 
the T Cell Repertoire 

 As discussed above, aging is associated with 
decreased T cell repertoire and it has been 
hypothesized that decreased repertoire diversity 
is associated with impaired immune function. 
There are constraints in both the naïve and mem-
ory T cell repertoires with age. 

9.2.1     Impact of Aging on 
the Naïve T Cell Repertoire 

 In young adults, T cells in the periphery are 
largely naïve, with a highly diverse repertoire. 
The mouse is estimated to have ~1–2 × 10 8  T cells 
expressing ~2 × 10 6  different specifi cities, sug-
gesting that there are ~50 naïve T cells of each 
specifi city (Casrouge et al.  2000 ). Humans are 
estimated to have ~3 × 10 11  T cells with ~10 8  dif-
ferent specifi cities, suggesting that the clone size 
for each specifi city in human is ~1,000 (Arstila 
et al.  1999 ; Goronzy and Weyand  2005 ). 

 T cells mature in the thymus and seed the 
periphery with naïve T cells. With age, the thy-
mus undergoes atrophy, which results in loss of 
thymic epithelial cells and decreased production 
of new, naïve T cells (Taub and Longo  2005 ; 
Heng et al.  2010 ). Since maintenance of the naïve 
pool is dependent on homeostatic proliferation in 
the periphery, the absence of new T cells from the 
thymus results in a decline in numbers and loss of 
diversity of naïve T cells. Importantly, the 
homeostatic maintenance is not random, but 
becomes biased toward cells capable of higher 
rates of homeostatic proliferation and of higher T 
cell receptor (TCR) avidity (Rudd et al.  2011b ). 
With aging, the naïve T cells become more 
“memory-like” and the repertoire becomes more 
focused. In addition, the proportion of naïve- 
memory T cells decreases with increasing anti-
gen experience and increasing age. 

 It has been shown that the number of naïve 
peripheral T cells declines with age. The diver-
sity of the T cell repertoire has been measured 
both by genetic approaches (spectratyping, which 
assesses T cell receptor CDR3 length) and by 
directly counting antigen-specifi c naïve T cells. 
Spectratyping and sequence analysis of naïve 
CD8 +  T cells isolated from young and aged mice 
showed that aged mice had skewed spectratype 
profi les indicative of reduced diversity (Ahmed 
et al.  2009 ). In addition, unexpected sequence 
repeats in naïve T cells from aged mice suggested 
dysregulation in the normal homeostatic mecha-
nisms that maintain diversity in young animals. 
This analysis was carried out in specifi c pathogen- 
free “naïve” mice and was not associated with the 
presence of clonal expansions in the CD8 +  mem-
ory pool or with chronic infection. 

 More recently, the decline in the size of antigen- 
specifi c naïve pools has been measured directly 
using the tetramer pull-down assay (Moon et al. 
 2007 ; Obar et al.  2008 ). In one report, the num-
ber of naïve CD8 +  T cells specifi c for a herpes 
simplex virus (HSV)-1 glycoprotein B epitope 
showed a decline in frequency from ~400 in adult, 
unprimed mice to ~125 in 22-month-old mice 
(Rudd et al.  2011b ). Interestingly, the constric-
tion with age was accompanied by the emergence 
of dominant  clonotypes shared in individual 
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aged mice, indicative of selective rather than 
 stochastic mechanisms (Rudd et al.  2011a ). In 
another study, the naïve repertoire was analyzed 
in aged and young mice, as well as herpesvirus-
infected aged mice. The data showed that there 
was a reduction in epitope- specifi c naïve precur-
sors to ovalbumin (OVA) expressed in the context 
of Listeria monocytogenes, determined by tetra-
mer pull-down experiments in aged compared to 
young mice, which was further reduced in mice 
infected with murine CMV (Smithey et al.  2012 ). 
The impact of CMV infection on repertoire will 
be discussed in detail below. 

 Studies in humans have shown that the decline 
in diversity of the naïve T cell repertoire with age 
is not linear. In the case of the CD4 +  T cell reper-
toire, it has been shown that diversity was main-
tained relatively stably at ~2 × 10 7  different T cell 
receptor β-chains until age 70, despite extensive 
loss of thymic function at that age. However, 
after age 70 the diversity plummeted to 2 × 10 5  
specifi cities (Naylor et al.  2005 ). These data sug-
gest that homeostatic proliferation, which main-
tains the T cell repertoire increasingly as thymic 
function declines, may have physiological limits, 
and the proliferative capacity of T cells may 
become greatly diminished by age 70 (Goronzy 
and Weyand  2005 ).  

9.2.2     TCE Basic Parameters 

 One of the most profound changes in repertoire 
with age is the development of TCE, which are 
nonmalignant, monoclonal populations of CD8 +  
T cells, but not CD4 +  T cells. These TCE were 
fi rst detected in mice, using TCR Vβ antibodies 
(Callahan et al.  1993 ). The expansions varied in 
size and could be as great as 90 % of the popu-
lation of peripheral CD8 +  T cells in aged mice. 
TCE are found in about 60 % of mice over 2 
years old (although the frequency probably var-
ies in different animal facilities) (Clambey et al. 
 2007 ). In addition, clonal populations of CD8 +  T 
cells in aged humans were identifi ed in approxi-
mately one-third of individuals over 65 years of 
age (Posnett et al.  1994 ; Clambey et al.  2007 ). It 
has been hypothesized that such  expansions cause 

perturbation of the repertoire due to “crowding 
out” of naïve and/or memory cells of diverse 
specifi cities and thus contributing to impaired 
immunity associated with aging. Data supporting 
this possibility are presented below. 

 Characteristics of TCE have been described 
in detail (Clambey et al.  2007 ,  2008 ). One key 
characteristic is that most TCE do not require 
antigen for their generation or maintenance. This 
is supported by the observations that specifi c 
pathogen- free mice develop TCE and that TCEs 
transferred into β 2  microglobulin-defi cient mice 
maintain their proliferative function. TCE some-
times arise as a consequence of chronic stimula-
tion in mice (Lang et al.  2008 ). In humans, most 
TCE are thought to be triggered by infection with 
CMV, suggesting that they are driven by chronic 
antigen stimulation (Khan et al.  2002 ; Ouyang 
et al.  2003 ). TCE can also develop from the 
memory pool specifi c for viruses that are cleared 
following an acute infection (Ely et al.  2007a ; 
Kohlmeier et al.  2010 ; Connor et al.  2012 ). It 
is hypothesized that these acute virus-specifi c 
TCE are formed as a consequence of slight varia-
tions in the rate of homeostatic proliferation of 
memory cells, in agreement with previous stud-
ies assessing rates of basal proliferation of TCE 
compared with normal memory homeostatic pro-
liferation (Kohlmeier et al.  2010 ; Connor et al. 
 2012 ; Ku et al.  2001 ,  1997 ). 

 Another key characteristic is that TCE are 
phenotypically heterogeneous and their stability 
varies. There is considerable variability in the 
phenotype of TCE perhaps refl ecting heterogene-
ity in the types or origin of TCE. In one study, 
microarray analysis was used to study integrin 
α4-gene expression in TCE and polyclonal mem-
ory CD8+ T cells. There was variation in expres-
sion within individual TCE although levels were 
stable within a single TCE. Furthermore, clones 
with high levels of integrin α4-gene expression 
were found to be unstable in vivo (Clambey et al. 
 2008 ). It has also been shown in the mouse that 
TCE are frequently unstable, with some clones 
disappearing in a 2–4-month time frame and new 
ones developing (LeMaoult et al.  2000 ). In some 
studies, TCE have been reported that appear to be 
a type of central memory cell, expressing higher 

9 Impact of Aging on T Cell Repertoire and Immunity



148

levels of CD122 and CD127, components of the 
interleukin (IL)-15R and IL-7R which regulate 
homeostasis (Messaoudi et al.  2006b ). 

 Are there perturbations in the CD4 +  T cell 
repertoire? Although most of the attention has 
focused on CD8 +  TCE in CMV-infected aged 
individuals, high levels of CD4 +  CMV-specifi c 
T cells have been found in healthy seropositive 
individuals (Sester et al.  2002 ). It is unclear 
whether they increase with age and contribute to 
the immunosenescence (Pawelec et al.  2005 ). 
Infection with CMV has been shown to induce 
the accumulation of late-stage differentiated 
CD4 +  T cells in addition to CD8 +  T cells in 
middle- aged individuals, although in lower fre-
quencies than CD8 +  T cells (Derhovanessian 
et al.  2011 ). The late-stage differentiation phe-
notype was CD27 − , CD28 − , and with some cells 
CD57 + , a putative senescence marker. Higher 
levels of anti-CMV antibody correlated exclu-
sively with levels of late-differentiated CD4 +  T 
cells, perhaps as a consequence of the helper 
role CD4 +  T cells play in generating antibody 
(Derhovanessian et al.  2011 ). It has also been 
shown that accumulation of CMV-driven CD4 +  
T cells, rather than CD8 +  T cells, correlated with 
poor humoral response to infl uenza vaccination 
(Derhovanessian et al.  2012 ). 

 There are confl icting reports of the  functional 
capacity of TCE. Whereas in vitro studies have 
shown that TCE can respond in terms of cyto-
kine secretion (Clambey et al.  2007 ; Ely et al. 
 2007a ), in vivo studies of antigen-specifi c TCE 
generated from acute virus-specifi c memory 
CD8 +  T cells show a reduced capacity to par-
ticipate in recall responses. These studies 
directly compared the ability of antigen-spe-
cifi c TCE to respond to secondary infection in 
an in vivo model with the ability of young, non-
expanded memory cells, using a dual adoptive 
transfer approach in which equal numbers of 
antigen-specifi c cells were cotransferred into a 
young naïve recipient and then challenged with 
virus. The data show that the TCE generally 
failed to compete equally with the young mem-
ory cells, although some TCE clones had com-
parable responsiveness (Kohlmeier et al.  2010 ; 
Connor et al.  2012 ).  

9.2.3     Role of Chronic Infection 
in the Development of TCE 

 How do TCE arise? Early studies in the mouse 
were carried out in specifi c pathogen-free mice 
and were detected using T cell receptor Vβ anti-
bodies, so that the antigen specifi city was not 
known (Blackman and Woodland  2011 ). More 
recent evidence shows that TCE can develop 
from memory cells derived from previous 
encounters with viruses that cause acute infec-
tions, such as infl uenza virus and Sendai virus 
(Ely et al.  2007a ; Kohlmeier et al.  2010 ; Connor 
et al.  2012 ). However, the bulk of data in humans 
show that chronic infections such as CMV are 
important drivers of TCEs. 

 CMV is a β-herpesvirus that infects a major-
ity of the world’s population. The seropreva-
lence increases with increasing age. Following 
acute infection, the virus goes dormant and per-
sists for the life of the individual. Human CMV 
(HCMV) responses to the initial, acute infec-
tion occupy more than 20 % of the total CD8 +  T 
cell pool (Sylwester et al.  2005 ). Initially there 
is a broad repertoire of CMV-specifi c cells, but 
with time the repertoire becomes focused on a 
restricted number of immunodominant epitopes 
(Munks et al.  2006 ; Day et al.  2007 ), and over 
time there is a preferential expansion of “infl a-
tionary” epitopes, and the human CD8 +  T cell 
repertoire becomes dominated by CMV-specifi c 
cells (Khan et al.  2002 ,  2004 ; Karrer et al.  2003 ). 
The clonality of the populations increases with 
age, perhaps a result of exhaustion and dropping 
out of many specifi cities (Hadrup et al.  2006 ). It 
is unknown whether the strong repertoire effects 
are due to the persistence and periodic reactiva-
tion of CMV, as reactivation events are clinically 
silent. With age, large oligoclonal populations of 
CD28 − CD8 +  T cells accumulate in the periphery, 
with a corresponding decrease in naïve T cells. 
Over time, there is a further focusing, culminat-
ing in dominance by a single specifi city with a 
higher avidity (Schwanninger et al.  2008 ). It is 
assumed, but not proven, that other clones disap-
pear with age, due to exhaustion or superinfec-
tion (Trautmann et al.  2005 ; Hansen et al.  2010 ). 
CD8 + CD28 −  T cells dominate in CMV-infected 
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elderly individuals (Almanzar et al.  2005 ; Ge 
et al.  2002 ; Appay et al.  2002 ; Ouyang et al. 
 2004 ). CD8 + CD28 −  T cells are considered to be 
senescent T cells, with shorter telomeres, aris-
ing from chronic TCR stimulation (Effros et al. 
 1996 ; Monteiro et al.  1996 ). The noninfl ationary 
epitopes maintain a functional, central memory 
phenotype, whereas the infl ationary epitopes 
develop an extreme effector memory pheno-
type. They are strong secretors of tumor necro-
sis factor alpha (TNF-α) and interferon gamma 
(IFN-γ), they maintain lytic capacity, and they 
are not exhausted, as has been described for 
LCMV (Klenerman and Dunbar  2008 ; Snyder 
et al.  2008 ; Waller et al.  2008 ). CMV not only 
acts through effects on T cells but also impacts 
proinfl ammatory status, as viral gene products 
upregulate production of IL-6, IL-1, TNF-α, 
IFN-γ, and a variety of chemokines (reviewed in 
(Varani et al.  2009 )). 

 TCE can also arise as a consequence of 
chronic infection of the mouse. For example, 
HSV-1 was shown to elicit an acute response, 
which contracted but then exhibited memory 
infl ation and an accumulation of antigen-specifi c 
cells. However, continuous treatment with an 
antiviral drug that prevented viral replication did 
not prevent the infl ation, showing that continual 
viral replication was not required for the devel-
opment of TCE (Lang et al.  2008 ). There is such 
a strong association between CMV and senes-
cence that it has been proposed that immunose-
nescence is “infectious” (Pawelec et al.  2005 ) 
(reviewed in (Pawelec et al.  2009 )). CMV drives 
the development of CD8 + CD28 −  dysfunctional T 
cells and is strongly implicated in the immune 
risk phenotype (Wikby et al.  2002 ).  

9.2.4     Is CMV Unique, or Will Other 
Chronic Infections 
Induce TCE? 

 The strong association between CMV, TCE, and 
immunosenescence has raised the question as to 
whether there is something unique about CMV 
infection or whether any persistent virus can 
induce the same effect. Although Epstein-Barr 

virus (EBV) is also a persistent herpes virus, 
it is not as strongly associated as CMV with 
 accumulations of memory cells and develop-
ment of TCE (Khan et al.  2004 ). Although the 
frequency of CMV-negative EBV-positive indi-
viduals is low, making an analysis of the impact 
of EBV in the absence of CMV is diffi cult, EBV 
memory cells have been shown to accumulate in 
some CMV seronegative individuals, and TCE 
to EBV have been demonstrated at reduced fre-
quencies compared with CMV-specifi c TCE 
(Colonna-Romano et al.  2007 ; Ouyang et al. 
 2003 ; Vescovini et al.  2004 ). In addition, impor-
tant phenotypic differences between CMV- and 
EBV-induced T cells have been identifi ed. 
CMV drives differentiation of CD8 +  T cells 
to a highly differentiated phenotype- effector 
memory (CCR7 null CD45RA low ) or effector 
(CCR7 null CD45RA + ) −  and to become CD28 − , 
a phenotype associated with dysfunction and 
immunosenescence, whereas this was not the 
case of EBV-specifi c T cells (Derhovanessian 
et al.  2011 ), which maintained expression of 
CD28 (Pawelec et al.  2005 ). Although CMV and 
EBV elicit TCE, it appears that not all chronic 
viruses can do this. For example, infection with 
HSV, another persistent virus, does not result in 
clonal expansions in CMV-negative aged humans 
(Derhovanessian et al.  2011 ). In contrast, the 
virus does cause TCE in mice (Lang et al.  2009 ). 
One possible reason for the disparate results is 
that the mouse model employs systemic infec-
tion, so is different from naturally occurring 
infections in humans and may be more similar 
to CMV in terms of dissemination and latency 
reservoirs. 

 The reason that CMV apparently  preferentially 
induces TCE is not entirely understood. One key 
feature of CMV is that, although infections with 
the three herpes viruses studied in detail (CMV, 
EBV, and HSV) are all persistent, the site of 
latency establishment differs. CMV establishes a 
latent infection in myeloid progenitor cells and 
monocytes that can serve as antigen- presenting 
cells and, in addition, there is a low-level chronic 
infection in epithelial cells of the salivary gland 
of the liver that may serve to continually present 
antigen and drive CD8 +  T cells. In contrast, HSV 
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resides in neurons, hidden from the immune 
 system, reappearing only occasionally during 
reactivation events. Another possibility is that 
CMV has higher rates of reactivation, but this is 
diffi cult to assess since reactivation is asymptom-
atic (Derhovanessian et al.  2011 ). Yet another 
explanation may be that there is a greater degree 
of cross-reactivity in CMV compared to EBV-
specifi c cells. Finally, it may be due to the nature 
of the primary infection, which has been under-
studied due to its asymptomatic nature.   

9.3     Impact of Age-Associated 
Changes in T Cell Repertoire 
on Immunity 

 The T cell repertoire changes discussed above 
constitute a key contributing factor to age- 
associated immune dysfunction. Constriction of 
the naïve T cell repertoire results in impaired 
immunity to new infections in the elderly. In 
addition, perturbation over time in the memory T 
cell repertoire can impact protective immunity 
and the ability to generate recall responses to pre-
viously encountered infections. 

9.3.1     Impact of Reduced Naïve 
Repertoire Diversity on 
Immunity to New Infections 

 As discussed, there is a reduced naïve repertoire 
with age. Several studies have defi ned an approx-
imate 10-fold decline in precursor frequency of 
epitope-specifi c T cells in aged compared with 
young mice (Rudd et al.  2011b ; Smithey et al. 
 2012 ). Constriction in the naïve repertoire with 
age is due to diminished thymic function and the 
generation of fewer naïve T cells, coupled with 
increasing antigenic experience, and/or the 
development of TCE resulting in a shift in the 
ratio of naïve to memory T cells in the periphery. 
Reduction in diversity of the naïve T cell reper-
toire profoundly impairs the ability of aged indi-
viduals to respond to new infections. This has 
been extensively documented in both mouse and 
human. In some, but not all, cases, the immune 

dysfunction has been directly linked to the 
 development of TCEs, which can dilute out 
the diversity of the naïve repertoire. Below we 
will discuss the impact of reduced naïve reper-
toire diversity, with or without a direct link to 
TCEs, on immunity to new infections. 

 Examination of the age-associated constric-
tion of the naïve CD8 +  T cell repertoire in the 
absence of large TCEs and the impact on immune 
function to a new virus infection was carried out 
in the mouse infl uenza virus model. Although 
comparable numbers of CD8 +  T cells were elic-
ited in the lung airways following primary infl u-
enza virus infection in young and aged mice, 
most, but not all of the aged mice showed pertur-
bations in the repertoire of responding cells 
(Yager et al.  2008 ). There was a preferential 
decline in the response to the immunodominant 
epitope from the infl uenza virus nucleoprotein 
(NP), which varied in individual mice. In some 
cases there was a failure to respond to the NP epi-
tope, with a shift to other epitopes, indicating a 
“hole” in the repertoire. In addition, in aged mice 
that retained the ability to respond to NP, the pro-
totypical T cell receptor Vβ usage was perturbed. 
Development of the repertoire perturbations were 
accelerated in thymectomized mice, consistent 
with a decline in naïve T cell repertoire diversity 
with aging. Importantly, the decline in response 
to NP correlated with impaired protective immu-
nity to challenge with heterosubtypic infl uenza 
virus that bypasses humoral immunity and is 
dependent on CD8 +  T cell protection. In this 
study, efforts were made to eliminate mice that 
exhibited large TCE from the study. 

 It has also been shown that CMV-infected 
individuals have impaired immunity to other 
infections. For example, CMV infection impairs 
immunity to a coresident EBV infection in old 
age (Khan et al.  2004 ,  2002 ). Although CMV is 
associated with the development of TCEs, the 
immune dysfunction has not always been directly 
correlated with the presence of TCEs. Because 
of diffi culties studying the impact of a chronic 
infection longitudinally in humans, many experi-
ments have been carried out with the mouse 
virus, murine CMV (MCMV). The MCMV 
virus is well characterized and is considered an 
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 appropriate model for human CMV infection 
(Cicin- Sain et al.  2012 ). MCMV-infected mice 
showed infl ation of CMV-specifi c memory cells, 
reduced numbers of naïve CD8 +  T cells in the 
periphery and a perturbed repertoire assessed by 
T cell receptor Vβ analysis. Importantly, there 
was also impaired immunity to new infections 
with infl uenza virus, HSV-1, and West Nile virus 
in the CMV-infected, aged animals. This effect 
was specifi c for CMV, as it was not seen in aged 
mice chronically infected with HSV-1. Further 
experiments with mutant CMV viruses that 
lacked key immune evasion genes still caused the 
impairment in immune function. This impaired 
immunity to new infections corresponded to an 
observed reduction in diversity of the naïve rep-
ertoire (Smithey et al.  2012 ). In a related study, 
Mekker et al. showed that challenge infection 
with LCMV was more profoundly impaired 
in MCMV- infected mice compared with aged 
or thymectomized mice (Mekker et al.  2012 ). 
However, in contrast to the Smithey study men-
tioned above, this did not correlate with reduced 
numbers of naïve T cells specifi c for CMV 
(although the authors did not specifi cally exam-
ine the repertoire of naïve T cells), as there were 
similar naïve T cell numbers in MCMV-infected 
and noninfected mice (Mekker et al.  2012 ). In the 
Mekker study, the authors concluded that rather 
than reduction in the naïve repertoire, MCMV 
infection impairs immunity due to the increased 
competition between MCMV-specifi c memory 
and a “de novo” immune response in aged indi-
viduals (Mekker et al.  2012 ). 

 In other studies, the presence of TCE has been 
directly correlated with declining immunity to 
new infections. They have been shown to dilute 
out the repertoire diversity of naïve and other 
memory T cells, which results in impaired 
immune function. In addition, TCE may be dys-
functional and have a direct effect on immune 
responses. Early correlative data in humans 
showed that individuals with TCE have an 
impaired ability to respond to infl uenza vaccina-
tion, in terms of both humoral immunity and cel-
lular immunity (Saurwein-Teissl et al.  2002 ; 
Trzonkowski et al.  2003 ; Goronzy et al.  2001 ; 
Xie and McElhaney  2007 ). Also, the presence of 

TCE predicted poor control of HIV, resulting in 
increased progression to AIDS (Sinicco et al. 
 1997 ). 

 In mice, it was directly demonstrated that TCE 
impair the ability to respond to a new pathogen 
(Messaoudi et al.  2004 ). Specifi cally, the response 
to HSV is known to be focused exclusively on a 
single epitope and dominated by T cells bearing 
Vβ8 or Vβ10. The study showed that a TCE in 
either of those two Vβ families corresponded with 
a poor response to HSV infection (Messaoudi et al. 
 2004 ). Development of immunity to Listeria mono-
cytogenes in young and old mice was comparable 
in terms of numbers, but yet aged mice were infe-
rior in terms of protection (Smithey et al.  2011 ). 

 Similar results have been observed in old rhe-
sus monkeys. Old primates have been shown to 
develop TCEs with corresponding reductions in 
naïve T cells (Jankovic et al.  2003 ; Pitcher et al. 
 2002 ; Cicin-Sain et al.  2007 ). It was shown that 
aged monkeys with reduced proportions of naïve 
T cells (assessed by phenotyping) and expressing 
TCEs (determined by spectratyping), responded 
poorly to vaccination with the modifi ed vaccinia 
strain Ankara (Cicin-Sain et al.  2010 ). Thus, the 
correlation between age-associated reduction in 
naïve repertoire diversity and poor immunity to 
new infections observed in mouse studies was 
confi rmed in primate studies. These data in 
experimental models support the correlation 
between reduced repertoire diversity and 
impaired response to new infections and vaccina-
tion observed in elderly humans.  

9.3.2     Impact of Reduced Memory 
Repertoire Diversity 
on Memory Maintenance 
and Recall Responses 

 Perturbation of the memory repertoire with age can 
also have profound effects on protective immunity 
generated to previous infections. The repertoire of 
memory cells is reduced during aging due to the 
focusing of certain clones and presumable loss of 
others and/or the development of TCE. In addition, 
memory cells may become dysfunctional over 
time, resulting in impaired recall function. 
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 Previous studies in the mouse have shown that 
memory generated in young mice retains func-
tion, whereas memory generated in aged mice is 
poor, for both CD8 +  and CD4 +  T cell memory 
(Kapasi et al.  2002 ; Haynes et al.  2003 ). These 
data suggest that function depends more on the 
age of the naïve cell when it fi rst encounters anti-
gen than on the age of the memory cell when it is 
restimulated by antigen. This observation poten-
tially explains one of the diffi culties associated 
with successful vaccination of the elderly against 
new pathogens. Additional studies examined the 
functional capacity of memory cells generated in 
young mice with time into old age and showed 
that memory generated when young actually 
improved with age, whereas memory generated 
in aged mice was poorly functional. The data 
showed a progressive increase in the recall 
response to secondary pathogen challenge over 
time that was especially apparent in the central 
memory population (Roberts et al.  2005 ). 

 Recently, it has been shown that memory in 
aged mice was generated at a comparable mag-
nitude to memory in young mice, although the 
memory in the aged mice was biased toward an 
effector memory/senescent phenotype, and pro-
tective immunity against viral challenge was 
impaired (Decman et al.  2010 ). The aged mice 
experienced morbidity and mortality after the 
same challenge dose from which the young 
mice were protected. This feature of the mem-
ory cells was “cell intrinsic,” because the same 
defects were observed after transfer of memory 
cells into naïve congenic recipients and chal-
lenged. Several possible explanations for the 
impaired memory discussed by the authors 
include extended exposure to antigen during the 
development of memory because of delayed 
clearance of the initial infection, differences in 
the infl ammatory environment during memory 
T cell development, and/or differences in the 
repertoire of T cells that develop into memory in 
the aged versus young mice. 

 Despite these data, it has been shown in both 
mice and humans that previously established 
memory can deteriorate with age, as a result of 
clonal expansions and reduced diversity as a 
 consequence of “focusing” of the repertoire. In 

the mouse, it has been shown that TCE can 
develop from the memory population. As previ-
ously discussed, in addition to TCE arising as a 
result of chronic infections, it has been shown 
that TCE can arise from memory cells estab-
lished to acute (nonpersistent) viral infections 
(Ely et al.  2007b ; Kohlmeier et al.  2010 ). Sendai 
virus- or infl uenza virus-infected mice developed 
clonal expansions in their memory pool. The 
cells retained function as assessed by cytokine 
secretion, maintained proliferative capacity, and 
proliferated in vitro in the absence of antigen. In 
addition, TCE transferred into naïve recipients 
were maintained for several weeks and had high 
rates of homeostatic proliferation. Further func-
tional analysis, however, showed that the TCEs 
varied in their ability to mediate a recall response 
to antigen challenge, three out of the four TCE 
examined were functionally impaired compared 
with their non- expanded counterparts in respond-
ing to secondary viral challenge (Kohlmeier et al. 
 2010 ). The TCE appeared progressively with 
time, between 320 and 700 days postinfection. 
More recently it was shown using a more sensi-
tive detection assay that the memory repertoire 
perturbations fi rst started to develop within 
months of infection and increased over time into 
large TCE (Connor et al.  2012 ). These data sug-
gest that the development of TCEs is a natural 
outcome of long-term maintenance of memory 
and is independent of the aging process. 

 Also, in the mouse LCMV model, it has been 
shown that the memory T cell response to LCMV 
is diverse and maintained for long periods of 
time. However, analysis over time showed that 
although the magnitude of the virus-specifi c 
CD8 +  T cells was maintained, the distribution of 
clones within the population changed dramati-
cally. In one of two mice examined, the percent-
age of a single clone reached 100 %! This 
supports the contention that TCE can arise from 
memory cells (Bunztman et al.  2012 ), as dis-
cussed above (Ely et al.  2007a ; Kohlmeier et al. 
 2010 ; Connor et al.  2012 ). 

 A similar focusing of the infl uenza-specifi c 
memory CD8 +  repertoire was shown in healthy 
elderly people (Lee et al.  2011 ). Using a sensi-
tive assay to expand the population of memory 
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T cells, it was possible to assess responses to 
both dominant epitopes and subdominant infl u-
enza virus epitopes. The data showed that 
young individuals had a response to dominant 
epitopes as well as a strong response to sub-
dominant epitopes, which was statistically sig-
nifi cantly reduced in healthy elderly individuals, 
resulting in greatly diminished diversity in the 
infl uenza- specifi c recall response. It was specu-
lated that perturbation of the memory repertoire 
in T cells specifi c for a virus that is not a persis-
tent virus could be driven by multiple expo-
sures to infl uenza virus.   

9.4     Therapeutic Approaches 

 As the human population ages and anticipates an 
extended lifespan, there has been much emphasis 
on how to overcome or reverse the impact of 
aging on immune function. Some strategies are 
discussed below. 

9.4.1     Vaccination Strategies 

 Aging is correlated with poor vaccination effi -
cacy. Consequently, a major emphasis has been 
placed on developing better adjuvants or vaccine 
delivery systems for the elderly (Haynes and 
Swain  2006 ; Maue et al.  2009 ; Coler et al.  2010 ; 
Zhu et al.  2010 ). In addition, it has been shown 
that vaccination early in life when immune cells 
are functional and there is a highly diverse rep-
ertoire of T cells elicits strong immunity that 
can last into old age. Thus, early priming leads 
to long-term maintenance of memory T cells 
and preserves optimal responses in old age 
(Valkenburg et al.  2012 ). For example, in studies 
where mice were vaccinated at 6 weeks and then 
challenged at 22 months strong functional T cell 
responses developed that expressed the repertoire 
characteristic of a young mouse, whereas vacci-
nation at 22 months had responses of the same 
magnitude as young mice but with reduced recep-
tor diversity. Also, infection of aged mice with 
LCMV or infl uenza resulted in poor protective 
immunity, whereas if memory was established 

when young, protective memory cells persisted 
(Kapasi et al.  2002 ), and memory generated in 
young mice against respiratory viruses actually 
improved with age (Roberts et al.  2005 ). These 
data have supported the idea of increased vacci-
nations in middle age to establish memory before 
immune dysfunction limits the ability to respond 
to new infections. However, there were concerns 
that there were limitations of “space” for memory 
T cells, and that previously established memory 
would be replaced with new memory cells upon 
new infection. These concerns were somewhat 
allayed by the report suggested that there is no 
limit to the size of the memory compartment 
(Vezys et al.  2008 ). However, it was later reported 
that although the memory compartment can grow 
in size, function can be lost (Huster et al.  2009 ), 
so limitations to memory “storage space” remain 
a concern.  

9.4.2     Thymic Rejuvenation 

 The fundamental importance of the loss of new 
naïve T cells as a consequence of thymic invo-
lution to impaired immunity in the elderly has 
prompted attempts to rejuvenate the thymus. 
Several treatments have been tried with vary-
ing degrees of success, including modulation 
with sex hormones, administration of growth 
hormone, anti-transforming growth factor beta 
(TGF-β), IL-7, Flt3L, or keratinocyte growth 
factor (KGF) (Holland and van den Brink  2009 ; 
Lynch et al.  2009 ; Aspinall and Mitchell  2008 ; 
Heng et al.  2010 ). Recently it has been shown that 
IL-22 promotes thymic regeneration in mice after 
stress, infection, or immunodepletion (Dudakov 
et al.  2012 ). Maintenance of the naïve T cell pool 
in mice was shown to be almost exclusively due 
to thymic output, whereas homeostatic peripheral 
T cell proliferation was shown to play a key role 
in maintenance of the naïve human pool (den 
Braber et al.  2012 ), suggesting that thymecto-
mized mice may serve as a better experimental 
model for humans than aged mice (Mackall and 
Gress  1997 ). The report showed that peripheral 
T cell division was responsible for maintaining 
numbers of peripheral naïve cells, even in young 
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children with a healthy thymus. However, it was 
pointed that maintenance of the peripheral rep-
ertoire by homeostatic proliferation does not 
introduce T cells of new specifi city, but merely 
amplifi es preexisting specifi cities. However, with 
age, the loss of repertoire diversity suggests that 
homeostatic proliferation is unable to maintain 
adequate numbers of naïve T cells. Therefore, 
the thymus may still make an important contribu-
tion to maintaining a diverse peripheral repertoire 
in humans, consistent with the loss of repertoire 
diversity with age. It has also been shown that 
thymocyte development relies on a source of 
progenitors from the bone marrow, which also 
have been shown to exhibit age-related defects 
(Waterstrat and Van Zant  2009 ). New approaches, 
exploiting new tissue engineering and stem cell 
technologies and still under development in the 
mouse and dependent on recently-discovered 
thymic epithelial progenitor cells, include de 
novo thymus generation (Heng et al.  2010 ).  

9.4.3     Rejuvenation of Peripheral 
T Cells 

 With increasing age, the periphery fi lls up with 
exhausted CD28 −  CD8 +  T cells. It has been sug-
gested that a possible approach to enhancing 
immune function in the elderly would be to 
deplete CD28 −  CD8 +  T cells from the periphery 
to create space for new naïve T cells and func-
tional memory cells. This approach has been suc-
cessful with systemic lupus erythematosus (SLE) 
patients (Alexander et al.  2009 ; Brunner et al. 
 2010 ). In the mouse it has been shown that dele-
tion of aged CD4 +  T cells allowed the repopula-
tion with cells that were functional, even in the 
aged host (Haynes  2005 ). These strategies depend 
on residual thymus function in the elderly.  

9.4.4     Calorie Restriction 

 Studies in rhesus monkey studies showed that 
calorie restriction (CR) in CMV +  animals 
enhanced maintenance of naïve T cells, which 
were proliferatively “younger” (excision 

 circles), had lower levels of proinfl ammatory 
cytokines IFN-γ and TNF-β, and had fewer 
effector memory cells (Messaoudi et al.  2006a ). 
Although previous studies in mice and mon-
keys correlated CR with longer life, a recent 
25-year study in rhesus monkeys fed 30 % less 
than control animals, failed to show a simple 
correlation, and instead suggested that genetics 
and composition of the diet predict longevity 
rather than simply numbers of calories 
(Mattison et al.  2012 ).  

9.4.5     Targeting CMV 

 CMV infection strongly impacts human immu-
nosenescence, and is a key characteristic defi n-
ing the “immune risk phenotype,” which 
describes progressive changes in the immune 
system associated with predicted mortality in 
the elderly. The immune risk phenotype 
includes, in addition to CMV seropositivity, an 
inverted CD4 + /CD8 +  ratio and a preponderance 
of CD28 −  CD8 +  T cells (Wikby et al.  1998 , 
 2002 ; Hadrup et al.  2006 ). Senescent CD28 −  
CD8 +  T cells are found almost exclusively in 
CMV seropositive individuals, and 80–90 % of 
the elderly population are CMV seropositive, 
making it diffi cult to separate CMV as the cul-
prit or “an innocent bystander” (Tatum and Hill 
 2010 ). Also, elderly individuals with very high 
levels of CMV-specifi c serum immunoglobulin 
had the highest risk of mortality (Roberts et al. 
 2010 ). A study of individuals who attained 100 
years of age showed that they did not have the 
hallmarks of the immune risk phenotype, in that 
they maintained a high CD4 +  to CD8 +  ratio and 
had low numbers of CD28 −  CD8 +  T cells. 
However, most of them were positive for CMV, 
raising the question of what factors infl uence 
the response of individuals to CMV. Is it due to 
the duration of infection, the frequency of reac-
tivation events, the genetics of the individual, 
or variation in the proinfl ammatory profi le 
(Finch and Crimmins  2004 )? It is important to 
note that the immune risk profi le predicts mor-
tality independently of health status (Strindhall 
et al.  2007 ).  
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9.4.6     Vaccination Against CMV 

 The strong association between CMV infection, 
impaired immunity, and the immune risk pheno-
type has raised the suggestion that approaches to 
prevent CMV infection or to control reactivation 
would improve the life expectancy of the elderly. 
One approach would be to develop a vaccine to 
prevent infection. There are two diffi culties with 
this approach. First, it would be diffi cult to 
develop a sterilizing vaccine to prevent infection, 
as these viruses are masters of immune evasion. 
A more feasible approach would be a therapeutic 
vaccine that would prevent reactivation events 
that may be responsible for driving the develop-
ment of TCEs and immunosenescence, but such a 
vaccine is currently not on the horizon. Second, it 
has been suggested that chronic herpes virus 
infections are benefi cial (Barton et al.  2007 ), and 
it would be detrimental to vaccinate against them. 
Taking this possibility into account, it might be 
better to focus on therapeutic vaccines to be 
administered in healthy adults to allow the puta-
tive benefi cial effects of CMV infection early in 
life, yet prevent the onset of dysfunction associ-
ated with CMV infection in the elderly.  

9.4.7     Antiviral Therapy 

 It was previously shown that latent infection and 
viral reactivation are necessary for memory infl a-
tion (Lang et al.  2009 ), suggesting that antiviral 
therapy may be effective in controlling the devel-
opment of CMV-driven immunosenescence. A 
recent study showed that extended antiviral ther-
apy (for as long as 12 months) can reverse the 
development of CMV-associated immunosenes-
cence in aged mice (Beswick et al.  2013 ). These 
studies supported the possibility that antiviral 
therapy to suppress CMV reactivation events can 
prevent/reverse the infl ation of CMV infection. 
Not only was the magnitude of the CMV-specifi c 
CD8 +  T cells reduced, but the remaining virus- 
specifi c T cells displayed a less-differentiated 
phenotype. In addition, drug-treated aged mice 
showed improvement in their response to infl u-
enza virus infection. It had previously been 

shown that transferred infl ated memory cells had 
a short lifespan (Klenerman and Dunbar  2008 ) 
and that memory infl ation was maintained by 
continuous stimulation of naïve T cells (Snyder 
et al.  2008 ), which probably explains the recov-
ery. Regarding the possibility that CMV has 
advantages against other acute infections men-
tioned above (Barton et al.  2007 ), the authors 
noted both clinical and immunological differ-
ences between the drug-treated aged animals and 
uninfected animals. This raises the possibility 
that the drug treatment “may have unmasked a 
potential benefi t of underlying MCMV infection 
that is otherwise lost in elderly animals due to 
uncontrolled memory infl ation.” These studies 
suggest that memory infl ation is reversible.  

9.4.8     T Cell Therapy 

 As it is thought that periodic viral reactivation 
events may be driving CMV-mediated memory 
infl ation, a possible therapy might be adoptive T 
cell therapy, the transfer of CMV-specifi c T cell 
clones (Schmitt et al.  2011 ; Feuchtinger et al. 
 2010 ) or ex vivo-generated CMV-specifi c CD8 +  
T cells, to control reactivation events, similar to 
the approaches that have been successful in con-
trolling EBV in bone marrow transplant recipi-
ents (Pawelec  2005 ).   

    Conclusion 

 People are living longer, and the proportion of 
the population considered elderly is increas-
ing. The experimental mouse model, despite 
its limitations, has allowed great advances in 
our understanding of the impact of aging on 
immune function. The mouse allows longitu-
dinal studies and in vivo functional studies not 
possible in human. Therapeutic strategies to 
prevent or reverse immune dysfunction asso-
ciated with aging can be tested in the mouse 
model, and the fundamental principals learned 
then translated to primate and human studies. 
Although diffi cult, more longitudinal studies 
of humans are needed and CMV-negative pop-
ulations need to be studied alongside the 
majority of the CMV-positive elderly.     
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10.1            Introduction 

 Advances in medicine and technologies and 
socioeconomic development have all contributed 
to the well-being of mankind and an unprece-
dented increasing in longevity (Lang and Aspinall 
 2012 ). Consecutively, in addition to declining 
 fertility this has also led to a continuous rise in the 
number and proportion of older persons world-
wide (Lutz et al.  1997 ; Oeppen and Vaupel  2002 ). 
Presently 673 million inhabitants in the world are 
aged ≥60 years, among them 88 million are 
≥80 years old. According to the United Nations 
Prospects (United Nations  2008 ), the expected 
numbers for 2050 are of 2 billion (60 and over) 
and 400 million (80 and over), which means a 
multiplication by 3 and 4.5, respectively. Today, 
21 % of the European population and 17 % of the 
Northern American population are aged 60 and 
above. Those fi gures will increase to 35 and 27 %, 
respectively, by 2050. Five years from now, for 
the fi rst time in the human being history, the num-
ber of people aged 65 years or older will outnum-
ber children younger than 5 years (Shetty  2012 ). 
Moreover, one of the challenges in industrialized 
societies is that aging will progressively impact 

on every country in the world. Indeed, whether 
today, 50 % of the population aged ≥80 years 
lives in the most developed countries (29 % of 
them in Europe and 13 % in Northern America); 
tomorrow, less-developed countries will also 
observe this demographic transition. By 2050, 
62 % of the aged ≥60 years population will live in 
Asia (United Nations  2008 ). 

 Although the aging of the general population 
is one of humanity’s greatest triumphs (Lloyd- 
Sherlock et al.  2012 ), it also confronts our soci-
eties to enormous medical challenges (Oeppen 
and Vaupel  2002 ). If aging should be considered 
as being a positive experience (World Health 
Organization  2002 ), lengthening lifetime is not 
necessarily synonymous of extending life expec-
tancy in good health; studies demonstrated that 
chronic and degenerative disorders become more 
and more prevalent with advancing age and mul-
timorbidity is increasing (Thorpe and Howard 
 2006 ). Thus, the optimism created by the ever- 
increasing life expectancy, and the expectation 
of many individuals that they will live longer and 
healthier, must be balanced by the increased num-
ber of older individuals (Lang and Aspinall  2012 ). 
Thus, one of the challenges of a “long-life society” 
is to ensure that the years gained with a higher life 
expectancy are not only healthy and disability-free 
years but are years offering a good quality of life. In 
this perspective, recent research has concentrated 
on identifying the factors contributing rather than 
hindering the healthy aging process, and among 
them, the age-related changes of the immune sys-
tem, commonly termed immunosenescence, have 
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been particularly investigated (Weiskopf et al. 
 2009 ; Ongrádi and Kövesdi  2010 ). 

 As depicted in the Fig.  10.1 , immunosenes-
cence has been implicated in the increasing 
state of susceptibility to pathogens previously 
encountered and the decline in the body’s abil-
ity to mount adequate immune responses to new 
antigens. It also acts as a contributing factor to 
the increased susceptibility of older adults to 
develop not only infectious diseases but can-
cer, Alzheimer’s diseases, osteoporosis, insulin 
resistance, diabetes, atherosclerosis and autoim-
munity, and other main aged-related diseases 
(Lang et al.  2010c ; Fulop et al.  2011 ; Giunta 
et al.  2008 ; Ginaldi et al.  2005 ). Although indi-
viduals’ age seems to be a major contributor of 
this state of vulnerability, there is no single cause 
of immunosenescence, which is the consequence 
of a compilation of events (Govind et al.  2012 ; 
Lang et al.  2013a ), including thymic involution 
(Aspinall et al.  2010 ), the continuous reshaping 
of the immune repertoire by persistent antigenic 
challenges (Virgin et al.  2009 ), the dysregulation 

of Toll-like receptor (TLR) functions (Shaw 
et al.  2011 ), the reduced production of naïve B 
cells and the intrinsic defects arising in resident 
B cells (Frasca et al.  2011 ), and the impact of 
nutritional status and dysregulation of hormonal 
pathways (Lang et al.  2012a ; Kelley et al.  2007 ). 
Moreover, human aging is, by itself, also inex-
tricably linked with an ever-increasing incidence 
of chronic-comorbid conditions which contrib-
ute to increase the age-related chronic low-grade 
infl ammation (i.e., infl ammaging) that further 
impinge the immune system (Fulop et al.  2010 ). 
Effects of immunosenescence are now evident in 
both arms of the immune system: the innate and 
adaptive immune system (Lang et al.  2010b ). 
With respect to its central role in orchestrating 
the immune response, this chapter will focus 
on the main features of T cell-mediated immu-
nity senescence and the underlying mechanisms 
contributing to the age-related state of increased 
vulnerability. Furthermore, it will explore the 
means by which T cell functions could be identi-
fi ed and predicted by using biomarkers.
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  Fig. 10.1    The immunosenescence process with advanc-
ing age. This fi gure depicts the concept of accumulation of 
defi cits applied to immunosenescence. Thus, an accumula-
tion of immune defi cits could be used to predict immune 
status of a given individual. In complex systems such as 
the immune system, reliability of functions being under-
taken is dependent in part of the quality of the component 

and also on any functional overlap. Thus, reliability in the 
face of possible component failure can be achieved by hav-
ing multiple components capable of fulfi lling the same 
task ensuring that while some components fail the system 
as a whole remains functional.  CMV  cytomegalovirus,  IL  
interleukin,  TNF  tumor necrosis factor, and  TREC  T cell 
receptor excision circles       
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10.2        What Are the Main Features 
of the Senescence of T Cell 
Immunity? 

 Quantifi cation of T cell numbers throughout the 
life-span shows that they are maintained in humans 
(Aspinall et al.  2010 ) even in their tenth decades at 
levels which are comparable to those found in 
younger individuals (Mitchell et al.  2010 ). This 
would imply that there is no decline in the homeo-
static mechanisms which preserve the size of the 
peripheral T cell pool within defi ned boundaries. 
As shown in Fig.  10.1 , the age-related changes in 
cell-mediated immunity are characterized by two 
major patterns: the reduction in thymic output 
(i.e., decrease in naïve T cells) and the increase in 
the number of antigen- experienced memory and in 
particular effector cells (i.e., increase in senescent 
cells) (Weiskopf et al.  2009 ). In addition, but not 
further detailed thereafter, thymic involution also 
leads to a decreased output of T regulatory cells 
(Treg) which have been reported to decline after 
the age of 50 and could contribute to age-related 
phenomena such as autoimmunity and increased 
infl ammation as well (Tsaknaridis et al.  2003 ; 
Weiskopf et al.  2009 ). 

10.2.1     Decreased Number 
of Naïve T Cells 

 Production and maintenance of the peripheral 
naïve T cell repertoire are critical to the normal 
function of the adaptive immune system as a 
whole (Ongrádi and Kövesdi  2010 ; Weiskopf 
et al.  2009 ). As a result of thymic involution, the 
output of peripheral naïve T cells is dramatically 
reduced with advancing age. Indeed, at birth the 
thymus is fully developed, its involution and the 
replacement of the active areas of thymopoiesis 
related to fat accumulation start soon after birth 
and continue throughout life, and it is almost 
complete at the age of 50 years (Aspinall et al. 
 2010 ). This leads to a reduced ability of the aged 
host to respond adequately to new antigens 
(Naylor et al.  2005 ), including not only pathogen 
but also vaccine antigens (Lang et al.  2010a ). 
Low naïve T cell numbers have been described in 

the periphery as well as lymphoid tissues 
(Aspinall et al.  2010 ). The thymic involution 
appears to be one of the major features of human 
immunosenescence (Ostan et al.  2008 ; Aspinall 
et al.  2010 ) because this is the single preceding 
event in all cases. 

 In the older adults, both the diversity and 
functional integrity of the naïve CD4 +  and CD8 +  
T cells subsets are decreased, but in slightly dif-
ferent ways (Naylor et al.  2005 ; Aspinall and 
Andrew  2000 ; Weinberger et al.  2007 ; Effros 
et al.  2003 ; Pfi ster et al.  2006 ; Lang et al.  2013a ). 
Although the diversity and number of naïve 
CD4 +  T cell compartment are maintained stable 
for a long time, a dramatic and sudden collapse of 
diversity occurs after the age of 70 years, consid-
erably shrinking the repertoire. Similar changes 
occur, but earlier and more gradually when aged, 
in the naïve CD8 +  T cells subset (Arnold et al. 
 2011 ). In contrast with CD4 + , naïve CD8 +  T cells 
are more susceptible to apoptosis in aged indi-
viduals (Gupta and Gollapudi  2008 ).    The reduced 
thymic output of newly generated naïve T cells 
seems to be compensated by different mecha-
nisms, and among them homeostatic prolifera-
tion has been identifi ed as playing a key role for 
the maintenance and restoration of the size of the 
naïve T cell pool (Hazenberg et al.  2003 ). Indeed, 
naive T cells are also readily detectable in elderly 
people (Douek et al.  1998 ; Chen et al.  2010 ), and 
adult thymectomy does not lead to a rapid decline 
in naïve T cell number. Similar data have been 
reported for juvenile rhesus macaques, where 
thymectomy did not accelerate age-related naïve 
T cell decline (Hazenberg et al.  2003 ). Thus, T 
cell can be produced at extra-thymic sites, such 
as peripheral lymph nodes and the gut. 

 Thymic atrophy and decreased thymopoiesis 
are active processes mediated by the upregulation 
of cytokines, i.e., interleukin (IL)-6, leukemia 
inhibitory factor (LIF), and oncostatin M (OSM), 
in aged human being and mice thymus tissue 
(Ongrádi and Kövesdi  2010 ; Sempowski et al. 
 2000 ), while IL-7 production by stromal cell is 
signifi cantly decreased (Ortman et al.  2002 ; 
Andrew and Aspinall  2002 ). IL-7 is necessary for 
thymopoiesis (Surh and Sprent  2002 ), promoting 
cell survival by maintaining the antiapoptotic 
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 protein B cell lymphoma 2 (Bcl-2) and inducing 
VDJ recombination (Fig.  10.2 ) (Kim et al. 
 1998 ; Jiang et al.  2005 ; Aspinall and Andrew 
 2000 ). The above changes result in decreased 
thymic output, in diminished number of circu-
lating naïve T cells (i.e., CD45RA + CD28 +  and 
CD45RA + CD28 + CD26L) in the blood stream 
and lymph nodes (Aspinall et al.  2010 ; Ongrádi 
and Kövesdi  2010 ). Naïve T cells from aged indi-
viduals exhibit numerous functional defects 
which are accelerated according to the increasing 
homeostatic proliferation (Arnold et al.  2011 ). 
Indeed, if the naïve T cell count drops below 4 % 
of total T cells, homeostatic proliferation increases 
exponentially. This leads, for example, to accel-
erated telomere shortening and may lead to a 
memory-like phenotype (Kilpatrick et al.  2008 ; 
Cicin-Sain et al.  2007 ).

   Restricted T cell receptor (TCR) repertoire, 
reduced cytokine production, and impaired expan-
sion and differentiation into effector cells following 
antigen stimulation are also described (Weiskopf 
et al.  2009 ; Ferrando-Martinez et al.  2011 ). Thus, 
CD45RA + CD28 + CD8 +  in aged individuals produce 
larger amounts of proinfl ammatory cytokines such 
as interferon gamma (IFN-γ) and IL-2 and have a 

highly restricted TCR repertoire compared to 
younger adults (Aspinall et al.  2010 ; Pfi ster and 
Savino  2008 ). It has been also demonstrated that 
the CD4 +  subtype does not form immunologic syn-
apses upon stimulation with peptide antigen and 
antigen presenting cell and this partly through age-
associated defects in TCR signaling (Arnold et al. 
 2011 ). In addition, naïve T cells from aged indi-
viduals exhibit numerous functional defects in their 
activation, expansion, and differentiation that may 
also considerably affect their cognate helper func-
tion to B cells hence leading to reduced antibody-
mediated immunity following antigen stimulation 
(Weiskopf et al.  2009 ; Ferrando-Martinez et al. 
 2011 ; Haynes  2005 ).  

10.2.2     The Expansion 
of Dysfunctional Terminally 
Differentiated T Cells 

 Consequently to decreasing thymopoiesis, a shift 
in the ratio of naïve to memory T cells with an 
increasing number of the memory compartment 
in order to maintain peripheral T cell homeosta-
sis is observed with advancing age. In contrast to 
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  Fig. 10.2    Schematic representation of the somatic rear-
rangement process undergoing in every immature T cell 
TCR loci during the development from hematopoietic 
stem cell to mature naïve T cells. During the rearrangement 

process, the intervening DNA sequences, both for α- and 
β-chain, are deleted and circularized into episomal DNA 
molecules, called TCR excision circles (TRECs) (Adapted 
from Lang et al. ( 2013a ))       
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naïve T cells, memory cells rely on IL-7 in con-
cert with IL-15, cycle and self-renew in vivo 
three- to fourfold faster than naïve cells, and 
thereby are capable of vigorous proliferation 
(Arnold et al.  2011 ; Surh and Sprent  2002 ). 
Homeostatic turnover of naïve CD8 +  T cells that 
induces a memory-like phenotype further con-
tributes in a dramatically reduced diversity of the 
memory T cell pool in the elderly individuals 
(Weinberger et al.  2007 ; Naylor et al.  2005 ). 

 Repeated antigenic stimulation by certain 
pathogens shapes the T cell pool and directly 
contributes to immunosenescence (Virgin et al. 
 2009 ; Ongrádi and Kövesdi  2010 ) by accumulat-
ing clones of certain specifi cities (Karrer et al. 
 2003 ; Virgin et al.  2009 ). Scientifi c evidence has 
indeed accumulated that persistent viral infec-
tions play a major role in driving clonal expan-
sion, contraction, and homeostasis of the T cell 
compartment leading to the age-dependent accu-
mulation of dysfunctional terminally differenti-
ated T cells (CD8 + CD28 − ) commonly named 
senescent cells (Brunner et al.  2011 ; Virgin et al. 
 2009 ). While some reports suggest that localized, 
niche limited, latent herpes virus including 
Epstein-Barr virus (EBV), varicella-zoster virus 
(VZV), herpes simplex viruses (HVS) 1, and 
HVS2 may not have any impact, persistent viral 
infection with HCV (Gruener et al.  2001 ), HIV 
(Pantaleo et al.  1997 ; Sewell et al.  2000 ; Shankar 
et al.  2000 ), and CMV (Pawelec et al.  2009 ) has 
been shown to cause chronic infl ammation of 
exhausted T cells, even already early in life. 
Indeed, T cells are thus repeatedly stimulated by 
viral antigens thereby contributing to the massive 
accumulation of virus-specifi c CD4 +  and CD8 +  T 
cell clone. This has been observed in both mice 
and humans (Arnold et al.  2011 ). Particularly in 
the elderly individuals, the lifelong exposure to 
CMV severely impairs the T cell-mediated 
immune system by increasing the number of 
highly differentiated, exhausted CMV-specifi c 
CD4 +  and CD8 +  T cells (Pawelec et al.  2009 ). 

 One of the most robust markers in describing 
these exhausted T cell is the loss of the costimu-
latory molecule CD28 which has been further-
more reported as key predictor of immune 
incompetence in older individuals (Vallejo  2005 ; 

Frasca et al.  2011 ). CD28 marker is expressed 
constitutively on >99 % of human T cells at birth. 
With advancing age a progressive increase in the 
proportion of CD28 −  T cells is observed and par-
ticularly within the CD8 +  T cell subset (Lang 
et al.  2010a ). CD28-mediated costimulation is 
needed for effective primary T cell expansion 
and for the generation and activation of Treg cells 
(Hünig et al.  2010 ). CD28 signal transduction 
results in IL-2 gene transcription, expression of 
IL-2 receptor, and the stabilization of a variety of 
cytokine messenger RNAs. Consequently, mem-
ory CD8 + CD28 −  T cells generated from aged 
naïve T cells, compared to memory cells pro-
duced from young naïve cells, produced much 
less cytokine (IL-2 from T helper (Th) 1 and IL-4 
and IL-5 from Th2) (Ongrádi and Kövesdi  2010 ). 
Aged CD4 + CD28 −  produced from aged naïve 
cells also expressed decreased CD40-ligand 
(CD40L or CD154) marker. The CD154 ligand 
has been shown to induce cytokine production 
and costimulate proliferation of activated T cells, 
and this is accompanied by production of IFN-γ, 
tumor necrosis factor alpha (TNF-α), and IL-2. 
Hence, the capacity of these cells to help in B cell 
proliferation and antibody production is consid-
erably reduced contributing to the impairment of 
humoral response in the aged (Haynes  2005 ; 
Frasca et al.  2011 ). 

 Globally, the proliferative capacity of CD28 −  
T cells is also limited; these cells have short-
ened telomeres and show increased resistance 
to apoptosis and restricted T cell diversity and 
are named senescent cells (Vallejo  2005 ). These 
cells are also able to secrete proinfl ammatory 
cytokines such as TNF-α and INF-γ through a 
switch from Th1- to Th2-like cytokine response 
that contributes to the ongoing age-related pro-
infl ammatory background observed in elderly 
persons (i.e., infl ammaging) (Franceschi et al. 
 2007 ). Senescent cells also exert regulatory roles 
in vivo that further impinge the immune system 
capacities such as poorer immune responses 
to infl uenza vaccination (Goronzy et al.  2001 ; 
Saurwein-Teissl et al.  2002 ) and higher autoreac-
tive immunologic memory (Weiskopf et al.  2009 ). 
Recently, it has been demonstrated that senescent 
CD8 +  T cells are specially enriched in niches such 
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as the bone marrow, where they resided in a state 
of pre-activation and can produce cytokine upon 
stimulation (Herndler- Brandstetter et al.  2011 ). 
In general, the CD8 +  subset is more affected by 
the accumulation of terminally differentiated T 
cell than the CD4 +  compartments with advancing 
age (Arnold et al.  2011 ).  

10.2.3     The Decreased Output 
of Regulatory T Cells 

 Treg, formerly known as suppressor T cells, are a 
special subset of T lymphocytes of which the phe-
notype is CD4 + CD25 + FOXP3 + . They are gener-
ated from the thymus or from anergized peripheral 
CD4 +  T cells under particular conditions of subop-
timal antigen exposure and/or costimulation. 
Natural Treg cells are positively selected in the 
cortex through their TCR interactions with self-
peptides presented by thymic stromal cells. It is 
likely that this high-affi nity recognition results in 
signals rendering them anergic and able to produce 
antiapoptotic molecules which protect them from 
negative selection and results in an endogenous 
long-lived population of self-antigen- specifi c T 
cells in the periphery (Maggi et al.  2005 ). 

 These cells have demonstrated to mediate 
self-tolerance, modulate the immune response, 
and abrogate autoimmune disease (Korn et al. 
 2007 ).They represent the link between the two 
arms of the adaptive immune system by regulat-
ing the switch between Th1-like cytokine 
responses (IL-2, INF-γ, and TNF-α) and Th2-like 
cytokine responses (IL-3, IL-4, IL-5, and IL-10) 
that, respectively, support T and B cell-mediated 
immunity (CMI) (i.e., pro- and anti- infl ammatory 
responses). Moreover, these cells seem to also 
play a crucial role in defense against certain 
pathogens including  C .  albicans ,  C .  neoformans , 
 H .  pylori ,  K .  pneumoniae ,  M .  tuberculosis , and 
 Staphylococcus  (Peck and Mellins  2010 ; Lages 
et al.  2008 ). Whether Treg cell number or func-
tions are altered with age is still controversial 
(Fulop et al.  2010 ). Some reports highlighted 
however that their proportion and activity were 
increased with advancing age, also contributing 
to the reduced proliferative capacity of T cells 

from older adults (Tsaknaridis et al.  2003 ; 
Weiskopf et al.  2009 ). As this is an important 
issue with still rather few data available, Treg 
cells activity and effects on other T cell subsets 
activities in the elderly would be worth address-
ing (Fulop et al.  2010 ).   

10.3     Progress in Understanding 
Underlying Mechanisms 

10.3.1     Defects in Some Signaling 
Pathways in CD4 +  T Cells 

 The decrease ability of aged individuals to mount 
adequate specifi c antibody response to infl uenza 
vaccination (i.e., anti-hemagglutination activity 
inhibition or HAI) partly results from decrease in 
naïve T cells (Lang et al.  2010a ,  b ). Concomitant 
increase in memory/effector T cells (CD8 + ) 
(Effros  2007 ; Herndler-Brandstetter et al.  2011 ) 
and loss in CD28 expression (Vallejo  2005 ; 
Effros  2007 ), cytokine production, and T cell 
proliferation seem also to be affected by signal 
transduction defects (Sadighi Akha and Miller 
 2005 ) particularly in CD4 +  (Yu et al.  2012 ). 
Recently, Yu et al. have observed that CD4 +  
memory cells from individuals ≥65 years dis-
played signifi cant increased and sustained tran-
scription of the dual-specifi c phosphatase 4 
(DUSP4) that shortened expression of CD40L 
(Yu et al.  2012 ). The CD40L has been shown to 
induce cytokine production and costimulate pro-
liferation of activated T cells, and this is accom-
panied by production of IFN-γ, TNF-α, and IL-2 
(Lang et al.  2010a ). The capacity of CD4 + CD40L −  
to help B cell proliferation and anti-HA produc-
tion is reduced (Haynes  2005 ). Moreover, 
sustained transcription of DUSP4 also shortened 
inducible T cell costimulator (ICOS) and 
decreased production of IL-4, IL-17A, and IL-2 
after in vitro activation (Yu et al.  2012 ). In vivo 
after infl uenza vaccination, activated CD4 +  T 
cells from older adults had increased DUSP4 
transcription, which inversely correlated with the 
expression of CD40L, ICOS, and IL-4 (Yu et al. 
 2012 ). These fi ndings therefore suggest that 
increased DUSP4 expression in activated T cells 
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in part accounts for defective adaptive immune 
responses to infl uenza vaccination in the elderly. 
Furthermore, silencing of DUPS4 expression in 
elderly CD4 +  T cells restores their ability to pro-
vide helper activity for B cell differentiation and 
antibody production (Yu et al.  2012 ).  

10.3.2     The Role of the Aged Bone 
Marrow in Regulating 
Memory T Cell Functions 

 The homeostatic maintenance of memory T cells 
throughout lifetime is tightly regulated and pre-
serves T cell repertoire diversity to combat com-
mon and emerging pathogens as well as recall 
response to booster vaccination (Nikolich-Zugich 
 2008 ). It is only recently that researcher has begun 
to understand how and where memory T cells are 
maintained and sheltered. In this respect, the bone 
marrow (BM) and its mesenchymal stromal cells 
(MSCs) have been paid attention (Herndler-
Brandstetter et al.  2011 ,  2012 ). MSCs express 
proteoglycan ligands to CD44 which is present on 
memory T cells and mediates their local retention. 
They also produce IL-7 and IL-15 for the homeo-
static maintenance of memory T cells (Tokoyoda 
et al.  2010 ). IL-7 has been shown to be important 
for the survival of memory CD4 +  T cells (Guimond 
et al.  2009 ; Kondrack et al.  2003 ), and in the BM, 
memory CD4 +  T cells with a Ly6C hi CD62 ligand –  
phenotype are in close contact with IL-7-
producing VCAM1 +  stromal cells (Tokoyoda 
et al.  2009 ). In contrast, memory CD8 +  T cell sur-
vival is mostly dependent on IL-15-mediated sig-
naling (Zhang et al.  1998 ), and the BM has been 
shown to be a preferred site for IL-15-driven acti-
vation and proliferation of memory CD8 +  T cells 
(Becker et al.  2005 ). In contrast to IL-7, IL-15 is 
presented by IL-15Rα +  BM cell leading to sus-
tained IL-15-mediated signaling (Schluns et al. 
 2004 ). However, lifelong homeostatic turnover of 
memory T cells may lead to the accumulation of 
highly differentiated memory T cells in elderly 
persons (Weinberger et al.  2007 ; Nikolich-Zugich 
 2008 ). In vitro studies indicate that common 
γ-chain signaling in CD8 + CD28 +  T cells, in par-
ticular, mediated by IL-15, downregulates the 

expression of the important costimulatory mole-
cule CD28, thereby facilitating the accumulation 
of CD8 + CD28 −  senescent T cells (Borthwick et al. 
 2000 ; Chiu et al.  2006 ). Thus, it has been pro-
posed that memory T cell, when in contact with 
MSCs, is suppressed and displays reduced allo-
genic and mitogenic proliferation, a state of T cell 
anergy and reduced apoptosis as well as modu-
lated cytokine production (Tokoyoda et al.  2010 ; 
Herndler- Brandstetter et al.  2011 ). Little is how-
ever known about the aged BM and its role in 
regulating the survival and function of memory T 
cells (Arnold et al.  2011 ). 

 In a recent report, Herndler-Brandstetter et al. 
have observed that the number of CD4 +  and CD8 +  T 
cells was maintained during aging into the BM 
(Herndler-Brandstetter et al.  2011 ). Similarly to 
what happens into the blood stream, the composi-
tion of this pool is altered with a decline of naïve 
and an increase in memory T cells. However, in 
contrast to the peripheral blood, a highly activated 
CD8 + CD28 − T cell population, which lacks the late 
differentiation marker CD57, accumulates in the 
BM of elderly persons. IL-6 and IL-15, which are 
both increased in the aged BM, effi ciently induce 
the activation, proliferation, and differentiation of 
CD8 +  T cells in vitro, highlighting a role of these 
cytokines in the age- dependent accumulation of 
highly activated CD8 + CD28 −  T cells in the BM 
(Herndler- Brandstetter et al.  2012 ). However, these 
age- related changes do not impair nevertheless the 
maintenance of a high number of polyfunctional 
memory CD4 +  and CD8 + T cells. Effector CD8 +  T 
cells that reside in the BM are in a state of pre- 
activation and can rapidly express cytokines and 
CD40L upon stimulations and effi ciently induce the 
production of high-affi nity antibodies by B cells 
(Tokoyoda et al.  2009 ; Na et al.  2009 ). Taken 
together these fi ndings demonstrate that with 
advancing age a highly activated CD8 + CD28 −  T cell 
population accumulates in the BM, which is driven 
by the age-related increase of IL-6 and IL-15. 
Terminally differentiated effector CD8 +  T cells may 
therefore represent an interesting and important line 
of defense to pathogens in aging and old adult popu-
lation and can still fulfi l important functions and 
compensate for the loss of regenerative capacity 
(Herndler-Brandstetter et al.  2012 ).  
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10.3.3     Decreasing of Memory 
T Cells Reactogenicity 

 Some interesting information about the reactoge-
nicity of memory T cells in the aged individuals 
can be learnt from the experience of the herpes 
zoster (HZ) vaccine. Indeed, the specifi c VZV 
CMI is naturally amounted following the primary 
contact with the virus responsible for chicken-
pox. While VZV becomes permanently latent in 
the dorsal-root sensory nerves, the specifi c CMI 
contributes to prevent VZV reactivating and acute 
HZ occurrence (Lang and Michel  2011 ). It was, 
however, observed that the age-related reduc-
tion in CMI to VZV was the main cause of VZV 
reactivation in older individuals and in individu-
als who are immunocompromised as a result of 
diseases or its treatments (Weinberg et al.  2009 ; 
Kimberlin and Whitley  2007 ). CMI is, however, 
expected to be restored across the life- span either 
by subclinical VZV infections occurring periodi-
cally and a similar boost in immunocompromised 
hosts who experience asymptomatic VZV vire-
mia (Lang and Michel  2011 ) or vaccinating indi-
viduals with the licensed HZ vaccine (Levin and 
Hayward  1996 ). 

 Although Oxman et al. in a large random-
ized controlled trial has demonstrated that the 
HZ vaccine markedly reduced morbidity from 
HZ among older adults (Oxman et al.  2005 ), 
subsequent analyses have demonstrated that 
the vaccine- induced boost in CMI was also a 
function of the age of the vaccine (Weinberg 
et al.  2009 ). Furthermore, a loss of CD4 +  and 
CD8 +  early effectors and CD4 +  effector memory 
cells was particularly observed among poorer 
responders (Weinberg et al.  2012 ). This demon-
strates that the vaccine cannot reactivate VZV 
CMI effi ciently enough in older adults. This is 
moreover reinforced by the recent demonstration 
that risk of HZ recurrences after a fi rst episode 
that was initially considered being negligible 
appears as frequent as rates of the fi rst occur-
rence in immunocompetent individuals after the 
age of 50 years (Yawn et al.  2011 ). Thus, also 
the natural infection cannot properly reactivate 
CMI to elicit durable protection in older adult 
population either.   

10.4     Is the Senescence of T Cell- 
Mediated Immunity a 
Quantifi able Disorder? 

 Predicting individual immune responsiveness 
using biological markers that easily distinguish 
between healthy and immunosenescent states is a 
great but desirable challenge. Since the single pre-
ceding event in all cases of immunosenescence is 
thymic involution (Aspinall et al.  2010 ), the ques-
tion is: can we identify specifi c T cell immunity 
makers linked to a state of immunosenescence? 
The pioneering OCTO and NONA studies have 
resulted in the emerging concept of an Immune 
Risk Profi le (IRP) (Strindhall et al.  2007 ; Wikby 
et al.  2005 ,  2008 ). This immune condition con-
sists of (1) a depleted number of naïve T cells, (2) 
a high CD8 +  and low CD4 +  numbers characterized 
by an inverted CD4 + :CD8 +  ratio, (3) a poor mito-
gen response to concanavalin (ConA) stimulation, 
and (4) the expansion of dysfunctional terminally 
differentiated CD8 + CD28 −  T cells (i.e., senescent 
cells) (Brunner et al.  2011 ; Pawelec et al.  2009 ). 
This IRP was identifi ed from healthy octogenari-
ans and nonagenarians and 2-, 4-, and 6-year 
 mortality predicted. Hirokawa et al. have thus 
proposed a T cell immune score expressing the 
immune status as a simple score combining fi ve T 
cell-related parameters (Hirokawa et al.  2009 ): 
total number of T cells, CD4 + :CD8 +  ratio, number 
of naïve T cells (CD4 + CD45RA + ), ratio of naïve 
to memory (CD4 + CDRO + ) T cells, and T cell pro-
liferative index (TCPI). In patients with colorectal 
cancer compared to healthy age- matched con-
trols, this T cell immune score of patients in stages 
I–IV was signifi cantly decreased. Furthermore, 
the complex remodeling of immune system 
observed during aging also includes profound 
modifi cations within the cytokine network (Larbi 
et al.  2011 ). The typical feature of this phenome-
non is a general increase in plasma cytokine levels 
and cell capability to produce proinfl ammatory 
cytokines, including a chronic, low-grade, proin-
fl ammatory condition usually termed infl amm-
aging (Franceschi et al.  2007 ; Franceschi  2007 ; 
Macaulay et al.  2012 ). This results from a shift 
from a CD4 +  Th cells, Th1-like cytokine response 
to a Th2-like response, and, furthermore, an 
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increase in levels of proinfl ammatory cytokines 
(i.e., IL-6, TNF-α, as well as IL-1β, IL-18, and 
IL-12). While a wide range of factors have been 
claimed to contribute to this state (i.e., increased 
amount of adiposity, decreased production of sex 
steroid, and chronic health comorbid disorders) 
(Ostan et al.  2008 ; Fulop et al.  2010 ), this altered 
infl ammatory response has also been attributed to 
the continuous exposure to CMV antigen stimula-
tion and/or reactive oxygen species (ROS) 
(Pawelec et al.  2009 ; Larbi et al.  2011 ; Brunner 
et al.  2011 ). However, whether these parameters 
could provide a robust set of criteria for the deter-
mination of an individual’s immunological status 
in the older old adults, further studies are still 
required in order to identify biomarkers that are 
identifi able earlier in life so that intervention strat-
egies can be administered sooner rather than later 
(Govind et al.  2012 ). 

 With this aim, genomic not only may help to 
identify factors usable as a measure of biological 
aging but that may also be useful as a tool for pre-
dicting immune capabilities within the population 
(Ostan et al.  2008 ). Studies that tracked the 
changes in thymic output have attempted to estab-
lish the number of naïve cells and thereby provide 
an assessment of immune status by using an exci-
sional by-product of TCR genes rearrangement 
(Govind et al.  2012 ; Douek et al.  1998 ,  2000 ; 
Mitchell et al.  2010 ; Hazenberg et al.  2002 ,  2003 ). 
These products are termed TCR- rearrangement 
excision circles (TRECs) (Kong et al.  1998 ; Livak 
and Schatz  1996 ; Takeshita et al.  1989 ).  

10.5     Could sj-TREC Be Considered 
as a Biomarker of Effective 
Aging? 

10.5.1     sj-TREC: Episomal DNA 
Sequences Generated During 
the TCR Gene Rearrangement 

 The ability of T lymphocytes to recognize a spe-
cifi c region of a particular antigen is driven by the 
presence of antigen receptors on the surface of 
each cell. The TCR is a heterodimer that consists 
in 95 % of T cells of an alpha (α) and beta (β) 

chain, whereas in 5 % of T cells this consists of 
gamma and delta (γ/δ) chains. In order to create a 
border repertoire of TCR, an intricate process of 
cutting and splicing undergoes during the com-
plex transition from hematopoietic stem cell to 
mature naïve T lymphocyte that leads to random 
joining of DNA segments from the TRC locus 
(Chain et al.  2005 ). In T cells expressing TCR-αβ, 
rearrangements of both TCR-α and TCR-β genes 
produce TRECs, as depicted in Fig.  10.2 , by VJ 
gene recombination and by V(D)J gene recombi-
nation, respectively (Bogue and Roth  1996 ). Both 
involve a somewhat random joining of gene seg-
ments to generate the complete TCR chain, and 
the two rearrangement events that occur during 
this process are identical in 70 % of αβ T cells 
(Verschuren et al.  1997 ). The α-chain rearrange-
ment produces a signal- joint TREC (sj-TREC) 
and the β-chain a coding- joint TREC (Douek 
et al.  1998 ). Thus, the TRECs generated are com-
mon to most αβ T lymphocytes and are detectable 
exclusively in phenotypically naïve T cells (i.e., 
undetectable in memory/effector T cells, B cells, 
and other peripheral mononuclear cells) (Aspinall 
and Andrew  2000 ; Kohler et al.  2005 ; Hazenberg 
et al.  2003 ). Because of the enormous diversity of 
TCR-α VJ and TCR-β VDJ recombination events 
(Siu et al.  1984 ; Arden et al.  1985 ) and thus the 
number of TRECs produced, no single TREC can 
be used as a marker to assess the overall thymic 
function (Douek et al.  1998 ; Hazenberg et al. 
 2003 ). While α- and β-TRECs possess an identi-
cal DNA sequences, respectively, and are both 
stable (Livak and Schatz  1996 ), not duplicated 
during subsequent mitosis (Takeshita et al.  1989 ), 
TRECs generated during α-chain rearrangement 
are generally preferred (Aspinall et al.  2000 ). 
Indeed they are generated after β-TRECs and are 
therefore less diluted out with each subsequent 
cellular division. Moreover, a common require-
ment for productive rearrangement of the TCR-α 
locus is the deletion of the TCR-δ locus (Fig.  10.2 ). 
Sj-TREC generated during the α-chain rearrange-
ment can be easily quantifi ed in clinical samples 
(Douek et al.  2000 ; Hazenberg et al.  2000 ,  2002 , 
 2003 ; Lang et al  2011 ; Zubakov et al.  2010 ; Patel 
et al.  2000 ; Aspinall et al.  2000 ; Murray et al. 
 2003 ; Kohler et al.  2005 ).  
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10.5.2     sj-TREC: A Marker of the 
Resting Naïve T Cell Pool 

 Phenotypic analyses have confi rmed that the 
exhaustion of thymic output with advancing age 
was at the basis of the defi cient replacing of naïve 
T cells lost in the periphery (i.e., by death or con-
version to memory/effector cells) (Weiskopf 
et al.  2009 ; Haines et al.  2009 ; Ostan et al.  2008 ; 
Kohler et al.  2005 ). Whether this contributes to 
the inability of maintaining the T cell repertoire 
breadth in older adults, TREC values could not 
be immediately interpreted to refl ect continuous 
thymic output of naïve T cells (Hazenberg et al. 
 2003 ). While, as showed in Fig.  10.3 , some 
reports have shown age-associated decline in the 
sj-TREC values (Mitchell et al.  2010 ; Zubakov 
et al.  2010 ), Chen et al. have demonstrated that 
TRECs were still readily detectable in healthy 
nonagenarians (Chen et al.  2010 ). This suggests, 
as demonstrated by Hazenberg, that TREC T 
cells content should be fi nally more considered 
as a biomarker of the resting naïve T cell pools 
rather than a record of thymic output (Hazenberg 
et al.  2003 ). This is well illustrated by fi ndings 
from studies performed in individuals suffering 
from different health conditions (Douek et al. 
 1998 ,  2000 ; Markert et al.  1999 ; Patel et al. 
 2000 ). Two major biological parameters that 
complicate the interpretation of TREC data 
explain this assertion: longevity of naïve T cells 
and TREC dilution within the two daughter cells 

after each round of cell division (Hazenberg et al. 
 2003 ). Indeed, estimating that healthy adult has a 
steady state of 10 11  naïve T cells and a thymic 
output of 10 7 –10 8  naïve cells per day, it was esti-
mated that naïve T cells have a life-span of 
1,000–10,000 days (Sprent and Tough  1994 ). 
Consistently, thymectomy should not lead to 
rapid decline in naïve T cell numbers, and in a 
group of adults thymectomized three to 39 years 
prior to analysis, TRECs were still clearly pres-
ent (Douek et al.  1998 ). It was thus assumed that 
naïve T cell division would be too low to signifi -
cantly affect the TREC content (Douek et al. 
 1998 ). Whether that is true in healthy adults, it is 
not the case in human immunodefi ciency virus 
(HIV)-infected individuals or in lymphopenic 
cancer adults (Hazenberg et al.  2000 ,  2002 ). In 
these two populations TREC values are signifi -
cantly lower compared to healthy age-matched 
control, but TREC increased rapidly with highly 
active antiretroviral therapy (HAART) and dur-
ing T cell reconstitution with stem cell transplan-
tation, respectively, and even TREC values 
reached supranormal levels (Hazenberg et al. 
 2000 ,  2002 ). In individuals with severe combined 
immunodefi ciency (SCID) or in congenitally 
athymic patients (i.e., Di George syndrome), 
TRECs became detectable after either haemato-
poietic stem cell transplantation or transplanta-
tion of cultured postnatal thymic tissue (Markert 
et al.  1999 ; Patel et al.  2000 ). Finally, in any case, 
in clinical conditions involving or infl uencing the 
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cell-mediated immune system or with advancing 
age, the number of TREC and the T cell TREC 
content are not only determined by thymic output 
but also by peripheral events such as homeostatic 
proliferation of existing naïve T cells which 
replace those cells lost by death or conversion to 
memory/effector cells (Hazenberg et al.  2003 ). 
Thus, analyzing TREC numbers in healthy indi-
viduals, Murray et al. found a marked change in 
the source of naive T cells before and after 
20 years of age (Murray et al.  2003 ). The bulk of 
the naive T cell pool was sustained primarily 
from thymic output for individuals younger than 
20 years of age, whereas proliferation within the 
naïve phenotype was dominant for older individ-
uals. Over 90 % of phenotypically naïve T cells 
in middle age were not of direct thymic origin.

10.6         Could We Identify Different 
Trends of Aging When 
Analyzing sj-TREC Values? 

 A possibly clearer picture the TREC decline in 
the oldest old was recently shown in a study ana-
lyzing blood samples from 215 healthy individuals 

ranging in age from 60 to 104 years (Mitchell 
et al.  2010 ). The number of donors aged 
≥70 years were 66 %, and ≥80 years were 27 %. 
Changes in thymic output were quantifi ed using 
TREC: 10 5  T cells ratio. TREC measurements 
were obtained by quantitative polymerase chain 
reaction (QPCR), and the number of T cells was 
determined using fl uorescence-activated cell 
sorter (FACS) analysis. Thus, while the absolute 
number of leukocytes and T lymphocytes did not 
change signifi cantly across the age range studied, 
the authors demonstrated a slowly accelerated 
curvilinear decline of the TREC ratio between 
sixth and nineth decade of life. As shown with 
Fig.  10.4 , the most pronounced decline was seen 
in those individuals more than 90 years of age. 
Moreover, samples from earlier decades showed 
a wide range of TREC values with a convergence 
of the sample heterogeneity observed in the 
TREC levels with increasing age (Fig.  10.4  –
Panel a). These fi ndings contribute to speculate 
for a number of interesting hypotheses presented 
in Fig.  10.4  –Panel b. First, are low TREC mea-
surements refl ective of an individual’s immu-
nosenescence status? If so, are the individuals in 
the lower left (LL) quadrant (low TREC level at 
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younger age) at a more advanced stage of immu-
nosenescence? The converse argument could also 
be inferred for individuals with the highest TREC 
levels (upper left (UL) quadrant). These individu-
als may therefore be more likely to progress to 
become the long-lived healthy individuals 
observed in the lower right (LR) quadrant. This 
concept lends itself to the argument that immu-
nosenescence is not merely a measurement of 
chronological age but points towards immune 
exhaustion arising at different ages (i.e., physio-
logical age) (Mitchell et al.  2010 ; Lang et al. 
 2010c ). The downward trajectory of an individu-
al’s thymic output profi le over time has been 
demonstrated previously by Kilpatrick et al. 
(Kilpatrick et al.  2008 ) and could be considered 
as part of longitudinal studies similar to the 
OCTA and NONA studies to investigate further 
the potential role of sj-TREC as predictive marker 
of aging (Strindhall et al.  2007 ; Wikby et al. 
 2005 ,  2008 ). Interestingly, in one study carried 
out in old female rhesus macaques, which were 
vaccinated with inactivated infl uenza vaccine 
(strain A/PR/8/34), animals with the higher HAI 
and best specifi c T cell proliferation titres against 
infl uenza antigen were among those with the 
highest TREC ratio levels (Aspinall et al.  2007 ).

   Thus, whether predicting human phenotypes 
from genotypes is relevant both for personal-
ized medicine and applying preventive strategies 
(Janssens and van Duijn  2008 ), additional clini-
cal and translational studies at population, clini-
cal, cellular, and molecular levels are still needed 
in order to elucidate the exact implications of the 
TREC values on the age-related senescence of 
the cell-mediated immune response (Lang et al. 
 2011 ). With these perspectives, we have recently 
developed and optimized a quantitative real-time 
polymerase chain reaction (qPCR) mono-assay 
measuring the TREC ratio in dried blood spot 
(DBS) samples (Lang et al.  2011 ,  2012b ,  2013b ). 
This technology (Fig.  10.5 ) will be applied on 
the DBS collected during the 2002–2011 World 
Health Organization’s (WHO)  S tudy on global 
 AG ing and adult health ( SAGE ) project (World 
Health Organization  2011 ). The SAGE project 
is a longitudinal study conducted in six countries 
(China, Ghana, India, Mexico, Russia Federation, 
and South Africa) with a total sample size of 

nearly 50,000 respondents aged 18 years or over 
with an special emphasis on the population aged 
≥50 years. The objective of the study is to obtain 
reliable, valid, and comparable health-related and 
well-being data over a range of key domains for 
younger and older adult populations in nationally 
representative samples. The collected data exam-
ines health, health-related outcomes and well- 
being, and their determinants over time. With a 
fi rst whole data collection completed, a follow up 
will be conducted every 2 years. SAGE intends to 
generate large cohorts of older adult populations to 
be compared with cohorts of younger populations 
to follow up intermediate outcomes, monitoring 
trends, examining transitions and life events, and 
addressing relationships between determinants and 
health, well-being, and health- related outcomes 
   (http://www.who.int/healthinfo/systems/sage/en/    )    .

       Conclusion 

 This chapter clearly has presented the main 
features of T cell-mediated immunity both 
related to intrinsic defects and its reduced 
capacity to help B cells proliferation, matura-
tion, and specifi c antibody production. It has 
also explored some new insights in the under-
standing of the mechanisms underlying immu-
nosenescence. Ongoing research in this fi eld is 
very active (Govind et al.  2012 ), and this is not 
only in exploring the process itself but also 
more and more growing regarding how best to 
rejuvenate T cell-mediated immunity (Lang 
et al.  2013a ). Nevertheless some robust mark-
ers for identifying and grading immunosenes-
cent states and fi nally distinguishing between 
healthy and immunosenescent individuals are 
still and profoundly lacking. Furthermore, 
although age clearly imposes drastic changes 
in the immune physiology and contributes to 
render individuals more prone to develop main 
age- related diseases and being vulnerable fac-
ing of many pathogens, older adults also dem-
onstrate a broad heterogeneity in their health 
and/or immune phenotypes (Yao et al.  2011 ; 
Mitchell et al.  2010 ) (Fig.  10.1 ). This fi nally 
poses new challenges to scientists. Research 
on the immunology of aging has to go beyond 
the simple identifi cation of age-associated 
immune features.     
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11.1            Introduction 

 The immune system exhibits age-related changes, 
collectively termed immunosenescence. The most 
visible of these changes is the decline in pro-
tective immunity resulting in complex immune 
defects and compensatory immune homeostatic 
mechanisms. The sum of these changes is a 
dysregulation of many processes that normally 
ensure optimal immune function. There are some 
evidences showing an increased susceptibility to 
infections in elderly individuals. Morbidity and 
mortality from numerous viral and bacterial dis-
eases are increased in elderly humans and old 
animals. 

 Although it is likely that functional and struc-
tural alterations in both the entry sites and the 
target organs used by pathogens facilitate age- 
related susceptibility to some infections (e.g., 
impaired barrier function) (Minematsu et al. 
 2011 ), there is no doubt that the dysregulation of 
immunity also plays a central and critically 
important role in this process. 

 The deleterious effects of aging on the T cell 
compartment are well studied as they lead to 
increased susceptibility to infection, impaired 
immunosurveillance of malignant cells, leading 
to increased risk of cancer and autoimmunity in 
elders. Accordingly, responsiveness to vaccina-
tion in the elderly is also substantially diminished, 
and vaccine-induced protection is suboptimal 
(Weinberger and Grubeck- Loebenstein  2012 ). 
Aging reduces the number and T cell potential 
of hematopoietic precursors, and involution of 
the thymus renders it less capable of support-
ing de novo T cell development. Consequently, 
aging compromises the functional capacity 
of lymphocytes, resulting in a T cell pool with 
restricted receptor specifi city and fewer naïve T 
cells (Henson and Akbar  2010 ). Age-related T 
cell compartment defects, as well as strategies 
to boost T cell function in aging individuals, are 
reviewed in this chapter.  

11.2     T Cell Defects in Senescence 

 Aging-associated alterations in immunity occur 
in every component of the immune system. 
Alterations in T cell immunity occur with aging, 
affecting the function and proportions of T cell 
subsets, while changes in naive and memory 
CD4 +  and CD8 +  T cells percentages seem to be 
the most important alterations of T cell immunity 
during immunosenescence. In fact, the frequency 
of naive CD4 +  and CD8 +  T cells decreases with 
aging, whereas the frequency of memory CD4 +  
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and CD8 +  T cells increases. Also, changes in T 
cell proliferation, cytokine production, memory 
response, and cytotoxicity as well as in T regula-
tory (Treg) cell number and function have been 
reported with aging. 

 The age-related shortage in circulating naïve 
T cells is due to different changes in the immune 
organs. One major change during aging is a pro-
cess termed “thymic involution.” The thymus 
naturally atrophies as one of the important fea-
ture of aging. The volume of thymic tissue in a 
60-year-old adult is less that 5 % that of a new-
born (High et al.  2012 ). It seems that there is pro-
gressive decay of the thymus over the time which 
leads to a decrease in number and type of pro-
duced T cells. Thymic involution appears to asso-
ciate with the production of sex hormones and 
reinforced by decreases in growth hormones 
(Chidgey and Boyd  2006 ; Goldberg et al.  2007 ). 
Importantly, this decline in new T cell production 
does not result in a proportional loss of naïve T 
cells which decline more slowly (Sempowski 
et al.  2002 ; Linton and Dorshkind  2004 ; 
Kilpatrick et al.  2008 ). This homeostasis is likely 
achieved by a set of feedback mechanisms that 
senses naïve CD4 +  T cell number and acts to pre-
serve it. Hence, naïve CD4 +  T cells develop 
intrinsic changes by aging that includes a longer 
cellular lifespan. 

 In aged individuals, T cells shift from naïve to 
memory phenotypes (decreased numbers of naive 
T cells) (Kapasi et al.  2002 ; Hobbs et al.  1991 ). 
Nevertheless, numerous studies have demon-
strated a defi ciency in the ability of aged naïve and 
memory T cells to respond to antigens in respect to 
cell proliferation, cytokine productions, and the 
generation of cytotoxic CD8 +  T cells (McLeod 
 2000 ; Engwerda et al.  1996 ). In newborns, the 
ratio of naive to memory T cells is quite high; in 
adults the ratio is reversed because most of the 
naive T cells have been exposed to antigen and 
hence converted to memory cells. Consequently, 
the reserves of naive T cells become depleted, and 
the aged immune system cannot respond as well as 
a young person to new antigens. 

 Naïve CD4 +  cells also develop intrinsic age- 
associated defects. Most studies of the defects in 
primary naïve CD4 +  T cells have been carried out 

in mice. Some of the most defi nitive studies have 
used naïve CD4 +  T cells rigorously purifi ed from 
T cell receptor (TCR) transgenic mice which 
were then studied in vitro or transferred to young 
hosts so that intrinsic defects in the aged naïve 
cells could be studied (Haynes and Swain  2006 ). 
Remarkable defects in CD4 +  T cell function are 
found when aged naïve CD4 +  T cells that differ-
entiated to memory cells reencounter antigen. 
These memory cells generated from aged naïve 
CD4 +  T cells secrete a restricted pattern of cyto-
kines and expand little after restimulation. In the 
mouse, in vitro studies showed that these mem-
ory cells make little interleukin (IL)-2, very low 
levels of T helper (Th)2 cytokines (IL-4, IL-5, 
and IL-13) but normal levels of interferon gamma 
(IFN-γ), and tumor necrosis factor alpha (TNF- 
α) (Haynes et al.  2003 ; Eaton et al.  2008 ). 

 The analysis of antigen-specifi c memory pop-
ulations, differentiated from naïve T cells, also 
revealed that the helper response of memory cells 
generated from aged naïve cells is dramatically 
reduced even when the primary effector popu-
lations generated from young and aged naïve 
CD4 +  T cells are equivalent due to the addition 
of exogenous cytokines. For instance, the expan-
sion of antigen-specifi c B cells, as well as the 
titers of immunoglobulin (Ig)G, was signifi cantly 
lower when memory cells generated from aged 
naïve CD4 +  T cells provided help compared to 
memory cells generated from young naïve CD4 +  
T cells (Haynes et al.  2003 ; Eaton et al.  2008 ). 
Interestingly, memory cells generated from 
young naïve CD4 +  T cells had a quite satisfac-
tory function for at least 1 year following primary 
stimulation (Eaton et al.  2008 ), suggesting that 
the age of the cell at initial priming determines 
the quality of the resulting memory cells. This 
poor memory response, especially the loss of 
cognate helper function among CD4 +  T cells, 
is likely a major cause of the poor effi cacy of 
vaccines that are given to the elderly. In human 
studies, following vaccination, both CD4 +  and 
CD8 +  memory T cells, in the elderly were less 
responsive than those from the young (Zhou and 
McElhaney  2011 ). 

 In addition, defect of T cell activation happens 
in the elderly at different levels. For instance, 
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important changes occur at the cell surface of 
 different subsets of T cells. Aged T cells do not 
display the CD28 antigen, a molecule critical for 
signal transduction and T cell activation, on the 
cell surface (Chou and Effros  2013 ). Without this 
protein, T cells remain quiescent and do not 
respond properly to foreign pathogens. Many 
molecules are involved in signal transduction. It 
seems that the presence of CD69 antigen on the 
cell surface is decreased during aging (Noble 
et al.  1999 ). T cells are induced to display CD69 
antigen only after antigen binds to the T cell 
receptor. If the signal is not transmitted to the T 
cell, CD69 will not appear on the cell surface, 
and therefore less signal transduction is expected 
in elderly individuals. 

 Another defect of T cell activation among the 
elderly is characterized by a decrease in calcium 
(Lustyik and O’Leary  1989 ). Calcium is a vital 
element that is absolutely crucial for many bio-
chemical reactions, including signal transduc-
tion. Decrease in calcium levels in T cells 
effectively halts signal transduction by failing to 
stimulate enzymes, including protein kinases, 
such as protein kinase C (PKC) and mitogen- 
activated protein kinases (MAPK), that require 
calcium for proper function (Douziech et al. 
 2002 ; Tamura et al.  2000 ). 

 One of the main defects of aged CD4 +  T cells 
is that they produce signifi cantly less IL-2 upon 
TCR stimulation when compared to young cells. 
This results in the aged cells undergoing fewer 
rounds of cell division, exhibiting less clonal 
expansion and expressing a less differentiated 
phenotype (Haynes et al.  1999 ). 

 One cytokine that has been widely studied in 
aged T cells is IL-2, a cytokine produced and 
secreted by T cells that induces cell proliferation 
and supports long-term growth of T cells. As T cells 
age, they lose their capacity to produce and respond 
to IL-2. The aged CD4 +  effectors also have defects 
in cytokine production after restimulation, with a 
signifi cantly reduced production of IL-2 compared 
with young cells (Haynes et al.  1999 ). 

 When exposed to antigen, memory T cells 
will rapidly divide and proliferate to make more 
T cell clones to fi ght the antigen, but only pro-
liferate upon stimulation with IL-2. If enough 

IL-2 is not produced, or if the T cells cannot 
respond  effectively to IL-2, T cell function is 
greatly impaired. Changes in other cytokines 
such as IL-4, TNF-α, and IFN-γ have also been 
recorded, but it is not yet known to what extent 
these changes infl uence the aging immune sys-
tem (Lee et al.  2012 ). 

 Importantly, this age-related defect in the aged 
naïve T cells can be reversed by the addition of 
exogenous IL-2 (Haynes et al.  1999 ). This leads 
to proliferation of aged cells much like the young 
cells and subsequently exhibiting enhanced IL-2 
production. In addition, aged T cells, stimulated 
in the presence of exogenous IL-2 also exhibit a 
more activated cell surface phenotype, including 
enhanced expression of CD25 and down regula-
tion of CD62L when compared to aged cells 
stimulated without exogenous IL-2. 

 Aging is also reported to be associated with 
decline in oral and intestinal mucosal tolerance 
induction, which might be in part due to reduc-
tion of regulatory-type cytokines production by 
T cells in mucosa (Santiago et al.  2011 ). These 
results demonstrated that one functionally sig-
nifi cant defect of aged naïve CD4 +  T cells was 
dysregulated production of cytokines in aging. 

 Some of the age-related defects in T cells 
appear to be due to genetic alterations occur-
ring within T cells. In vitro studies of human T 
cells cultured for long periods have shown that 
the cell cycle slows and eventually stops, even 
when the cells are grown in the presence of IL-2; 
this results in defects in T cell proliferation; 
so T cells become too old to function properly 
(Effros  2003 ). Several problems with the genetic 
machinery of T cells may account for this grad-
ual failure of the cell cycle. Following repeated 
stimulation with antigens, T cells eventually 
reach an irreversible state of cell cycle arrest; at 
that time, they show loss of gene expression of 
a key T cell- specifi c signaling molecule required 
for proliferation such as transcription factors 
like NFκB and the activator protein 1 (AP-1) 
(Ponnappan  2002 ; Kwon et al.  1996 ). Thus, it 
appears that aging contributes to the decline in 
T cell responsiveness by failing to activate the 
genes necessary for T cell stimulation in both 
human and murine systems. 
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 Aged T cells also are more susceptible to 
apoptosis, partly due to the gradual loss of telo-
meres.    Telomeres are protein-DNA complexes, 
which cap the ends of the chromosomes to pre-
vent DNA degradation. Their length shortens 
with each cell division and correlates inversely 
with age (Kaszubowska  2008 ). It can be modi-
fi ed by genetic and epigenetic factors, sex hor-
mones, reactive oxygen species (ROS), and 
infl ammatory reactions (Kaszubowska  2008 ). 
Thus, it seems that age-related reduction in T 
cells lifespan is genetically programmed. 

 The reduced functions and lifespan of T 
cells in the elderly also affect B cell functions 
because T cells act in concert with B cells to 
regulate the production of antibodies. Aged 
helper T cells cannot interact effectively with B 
cells, and so in the elderly, the potential anti-
body repertoire is more limited than the anti-
body repertoire of younger people. The 
production of IgM, one of fi ve classes of anti-
bodies, is specially affected. During infection, 
IgM is the fi rst class of antibodies to respond. 
In the elderly, the inability to defense against 
infections could be linked to this diminishing 
IgM response (Strasser et al.  1997 ). The rate of 
B cell maturation also decreases with age. 
Although B cells are produced in the bone mar-
row throughout life, the number of B cells gen-
erated declines with age (Klinman and Kline 
 1997 ). Having fewer mature B cells contributes 
to the observed decrease in the amount of anti-
body produced in response to infection. 

 Autoantibodies are usually hallmarks of auto-
immune diseases. However, the presence of auto-
antibodies is often correlated with age. Although 
the reasons behind this phenomenon are not com-
pletely understood, autoantibody production in 
the elderly may be linked to the functional 
changes in T cells described earlier. The age- 
related mutations in T cell genes could lead to a 
group of T cells that recognize host self-antigen. 
Normally, such T cells would be eliminated in the 
thymus before they fully matured, but thymic 
involution allows this destructive population of T 
cells to persist. This theory seems to be supported 
by a study performed in mice demonstrating that 
transplantation of a fetal thymus into an aged 

recipient with an autoimmune disease can restore 
immune function and thus treat autoimmunity 
(Hosaka et al.  1996 ).  

11.3     Clinical Strategies to 
Enhance T Cell Responses 
in the Elderly 

 The loss of T cell immunity signifi cantly 
increases the risk of infections and cancer, 
because of a restricted capacity for immunosur-
veillance. Therefore, employing the strategies to 
enhance T cell immunity in the elderly would be 
benefi cial to overcome these conditions. 

 Recent clinical studies have defi ned strategies 
that could enhance T cell immunity in aging indi-
viduals. These approaches enhance the number 
of T cell precursors and their functionality or pro-
mote thymopoiesis. 

 Thymic rejuvenation, although not yet used in 
clinical trials, is very promising strategy but, 
even if it could be achieved, probably is accom-
panied by signifi cant risks. The principle would 
be that depletion of a substantial fraction of the 
peripheral naïve CD4 +  population, along with 
rebalancing of sex and growth hormones, can 
consequently facilitate the generation of newly 
naïve CD4 +  T cells. Aging humans have lower 
serum levels of growth hormones. A number of 
investigators have studied the possible effects of 
growth hormones that stimulate thymopoiesis 
(Chen et al.  2003 ,  2010 ; Holland and van den 
Brink  2009 ) that might enhance the generation of 
new naïve T cells. The Insulin Growth Factor-1 
(IGF-1) receptor is expressed on thymocytes and 
T cells and may act directly on these cells to stim-
ulate lymphopoiesis (Welniak et al.  2002 ), which 
could further contribute to the improved T cell 
reconstitution. 

 Contrarily sex steroids are known to nega-
tively regulate development of immune cells and 
a number of studies addressed the possible effect 
of sex hormone ablation in boosting immune sys-
tem in the elderly (Goldberg et al.  2005 ,  2007 ; 
Heng et al.  2010 ). 

 One of the main defects of aged T cells is 
that they produce signifi cantly less IL-2 upon 
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 stimulation when compared to young cells. This 
results in the aged cells exhibiting less clonal 
expansion. Signaling induced by cytokines with 
common γ chain receptor (IL-2, IL-7, IL-15) sup-
ports thymocyte development and peripheral T 
cell survival and proliferation (von Freeden-Jeffry 
et al.  1997 ). For instance, addition of exogenous 
IL-2 to aged naïve T cells can reversed this defect 
in aged mice. Moreover, aged T cells stimulated 
in the presence of exogenous IL-2 also exhibit a 
more activated cell surface phenotype (Haynes 
et al.  1999 ). However, once these aged effec-
tors generated in the presence of exogenous IL-2 
returned to a resting state, they re-exhibited age- 
related defects such as reduced clonal expansion 
and cytokine production, indicating that the IL-2 
enhancement effects were only transient (Haynes 
et al.  2003 ). Proinfl ammatory cytokines can also 
provide a third signal that enhances the costimu-
lation of naïve CD4 +  T cells (Curtsinger et al. 
 1999 ). Therefore, employing these cytokines can 
boost the aged CD4 +  T cells responses and clonal 
expansion via a mechanism that involves NFκB 
activation (Haynes et al.  2004 ). Furthermore, Toll-
like receptor (TLR) agonists, used as an adjuvant 
in vaccination, can also boost the in vivo cognate 
helper function of aged CD4 +  T cells, leading to 
enhanced humoral responses (Maue et al.  2009 ). 
A recent study has shown that a TLR4 agonist 
adjuvant can also boost the T cell responses to 
infl uenza vaccination in older adults (Behzad et al. 
 2012 ). These fi ndings are encouraging and have 
the potential to greatly improve vaccine-mediated 
protection against infections in the elderly. 

 In addition, nutrition plays a prominent role in 
regulation of the immune system, and reduced 
caloric intake is known to slow the aging process 
and help maintain higher numbers of naive T 
cells and levels of IL-2 (Alam et al.  2012 ). 
Vitamin E and zinc in particular are important 
nutrients for the proper functioning of the 
immune system (Pae et al.  2012 ). Long-term zinc 
defi ciency in the elderly causes a decrease in 
cytokine production and impaired regulation of 
helper T cell activity. Vitamin E has been shown 
as a possible treatment for Alzheimer’s disease, 
and it seems that vitamin E supplements may also 
boost the immune system (Pae et al.  2012 ). 

Vitamin E is also an antioxidant that can protect 
lymphocytes, the brain, and other tissues from 
destructive free radicals (Alvarado et al.  2006 ). 

 Additionally there are some studies on 
aged mice stem cell transplantation which 
demonstrated improving T cell development. 
   Hematopoietic stem cell transplantation (HSCT) 
can help in the reconstitution of damaged 
immune system in the elderly, and studies in 
experimental mouse models of HSCT have iden-
tifi ed agents that are relevant for boosting T cell 
reconstitution not only after transplant but also 
potentially in aging recipients (Holland and van 
den Brink  2009 ).     
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12.1            Importance of T Cells 
in Immunity 

 The immune system is a crucial key for survival. 
It has evolved from a very basic mechanism in 
sponges, one type of cell releasing toxins and 
phagocyting (Hirsch  1959 ), to a complex meta- 
system in superior animals, including human, 
with a complex network of signalization and 
communication between numerous types of cells. 
In this present chapter, we will focus on human 
immunology and more particularly on adaptive 
immunology with T cells. 

 Our immune system is divided in two subsys-
tems called innate and adaptive immunity 
(Dempsey et al.  2003 ). Innate immunity is our fi rst 
line of defense against pathogens such as parasite, 
fungi, bacteria, or yeast. It reacts very fast but 
doesn’t keep record of the pathogens it met and is 
composed of various cell types. Although there are 
some higher affi nities for certain foreign antigens, 
the innate immune system as a whole is consid-
ered nonspecifi c. It can be suffi cient by itself to 
eliminate threats but may require further activation 
by adaptive immune system. 

 The adaptive immunity is probably the latest 
evolution of the immune system (Laird et al.  2000 ). 

It is mainly composed of highly  specialized cells, 
the lymphocytes. Contrarily to the innate immu-
nity, adaptive responses require a longer time to be 
fully effi cient. This longer incubation time enable 
cooperation between the two types of lymphocytes, 
the B and the T lymphocytes that induce the 
humoral and the cellular responses, respectively. 
The B cells express the B cell receptor (BCR), 
CD19, and human leukocyte antigen (HLA)-DR, 
and their main function is the production of anti-
bodies upon recognition of the antigen. Antibodies, 
or immunoglobulins, are Y-shaped proteins that 
bind specifi cally to their antigen, located on a 
pathogen, to neutralize it, by binding a viral protein 
involved in virus internalization, for example, or to 
make it accessible to the immune system, process 
called opsonization. Finally, B cells are also able to 
secrete various cytokines to strengthen or inhibit 
immune response. 

 The T cells are the others effectors of the 
adaptive immune system (Santana and Esquivel- 
Guadarrama  2006 ) and the central topic of this 
present chapter. These cells are produced in bone 
marrow from hematopoietic stem cells and then 
migrate to the thymus to mature and become 
naïve T cells ready to meet their antigen. They 
are segregated in two main populations, helpers 
and cytotoxic, who are also subdivided in various 
subsets that will be described deeper in the next 
part of this chapter. Their main role is to kill 
virus-infected and tumor cells recognized by 
their main feature, the T cell receptor (TCR). As 
B cells, they are able to memorize all the antigens 
they meet during each immune response; a few 
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activated T (or B) cells will remain alive to mount 
a much more rapid response if they meet their 
antigen a second time, a property that is used for 
vaccination. 

 T cells have a crucial and central role in adap-
tive immunity as they are the main effectors of 
cytotoxicity (Barry and Bleackley  2002 ). In dis-
eases where this response is impaired, such as 
acquired immunodefi ciency syndrome (AIDS), 
reactivation of various viruses, such as herpes 
viruses, is often observed and clearly suggested 
that de novo infection or reactivation of previ-
ously encountered antigen is a daily challenge.  

12.2     T Cell Homeostasis 
and Subsets 

12.2.1     T Cell Maturation 

 Like every hematopoietic cell, T cells originate 
from pluripotent stem cells located in bone mar-
row (BM) called hemocytoblast or hematopoietic 
stem cells (HSCs) (Schwarz and Bhandoola 
 2006 ). These cells can differentiate into two dif-
ferent types of cell: the common myeloid pro-
genitor (CMP) that will produce granulocytes, 
monocytes, and dendritic cells or a common lym-
phoid progenitor (CLP) that will produce B and T 
cells. HSCs are self-renewing as during division, 
at least one of the daughter cell will remain HSC, 
while the others will become either CLP or CMP. 

 Concerning the T cells lineage (Koch and 
Radtke  2011 ; Adkins et al.  1987 ; Bird  2009 ), the 
CLP will be infl uenced by several cytokines and 
growth factors like interleukin (IL)-2, IL-7, IL-12, 
stromal cell-derived factor 1 (SDF-1), FMS-like 
tyrosine kinase 3 ligand (FLT3-L), transform-
ing growth factor beta (TGF-β), or tumor necro-
sis factor alpha (TNF-α) to differentiate into a 
lymphoblast then into a prolymphocyte that will 
leave the bone marrow to migrate into the thy-
mus. This thymocyte will undergo lymphopoiesis 
in the thymic cortex. The less differentiated cell 
entering the thymus is called early thymocyte 
progenitors (ETP) and still possesses myeloid 
and lymphoid potential. This stage is very short 
as cell rapidly engages toward natural killer 

(NK) or lymphocyte lineage. The second major 
step is the expansion and the differentiation of T 
cells. They undergo different steps leading them 
to their fi nal differentiation. Initially, cells lack 
CD4 and CD8 expression; these steps are called 
double negative 1-2-3 (DN1-2-3) where cells 
start to rearrange the α and β chains of their TCR 
and are locked into T cell lineage. Cells that were 
not able to rearrange properly their TCR will be 
eliminated, a step called positive selection. Then, 
differentiation continues and cells will migrate 
into the thymus medulla and become CD4 + CD8 +  
double positive (DP). There, they undergo the 
negative selection, based on elimination of cells 
able to recognize self-antigens, and become sim-
ple positive (SP) CD4 +  or CD8 +  depending on 
which major histocompatibility complex (MHC) 
type their TCR recognize during the selection 
step. If they recognize a class I MHC, they will 
express only CD8 and become cytotoxic T cells, 
and if it is a class II MHC, they will differentiate 
into CD4 +  helper T cells. Cells mature for sev-
eral days in an antigen- free environment where 
more than 95 % of T cells will die due to thymic 
selection. At this point, T cells are naïve and able 
to recognize foreign antigens. Thymopoiesis is 
then a tightly regulated and resources consuming 
process. Cells are then released into the blood as 
CD3 + CD28 + CD27 + CD45RA + CD45RO −  T cells. 
In the circulation, the pool of naïve cells will 
ensure immunosurveillance for un-encountered 
antigens. They are retained for a signifi cant 
period of time and may undergo homeostatic 
proliferation.  

12.2.2     T Cell Activation 

 The population of helper T cells is heteroge-
neous. After meeting their antigen, CD4 +  cells 
can engage different pathways depending on the 
cocktail of cytokines they were stimulated with 
by antigen presenting cells (APC). They will dif-
ferentiate into T helper 0 (Th0) cells after being 
activated and then secrete IL-2, IL-4, and inter-
feron (IFN). Interleukin-2 will be responsible for 
the induction of their proliferation. In the context 
of a viral infection, Th0 cells will be driven into 
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the Th1 profi le that allow them to release IFN-γ 
and TGF-β that will maximize the killing ability 
of cytotoxic T cells and macrophages to elimi-
nate infected cells. IFN-γ will also increase the 
production of IL-12 by dendritic cells and mac-
rophages which will increase the production of 
IFN-γ in Th1 cells to maximize the antiviral 
response. If the pathogens are parasites, fungi, or 
bacteria, Th cells will undergo Th2 differentiation 
where the main molecular effectors are IL-4 and 
IL-6. Th2 cells are meant to support the humoral 
response by supporting antibody production by 
B cells. It is important to note that Th1 cells will 
secrete cytokines such as IFN-γ that inhibit Th2 
differentiation and Th2 will do the same on Th1 
by secreting IL-10. Thus, the type of the response 
is not only decided by the early events but by the 
cells part of the response. 

 More recently, two others Th differentiation 
profi le have been discovered, the Th3 (Sakaguchi 
et al.  2006 ) and Th17 (Harrington et al.  2005 ) 
profi les. The Th3 profi le is a very special type 
of CD4 +  T cells, the T regulatory cells (Tregs). 
These highly immunosuppressive cells express 
CD4 as well as CD25 and FoxP3 and produce 
large amounts of IL-10 and TGF-β that inhibits 
both Th1 and Th2 responses. It is believed that 
their role is to contain the duration and intensity 
of the immune response to avoid internal dam-
ages. Regarding Th17 cells, their origin is still 
not well known. TGF-β, IL-6, IL-21, and IL-23 
have been shown to be implicated into their 
differentiation from Th0 (Dong  2008 ; Manel 
et al.  2008 ). As their name suggests, Th17 cells 
secrete large amounts of IL-17. These cytokine 
is induced by IL-23 and acts as a potent media-
tor in delayed-type reactions by increasing che-
mokine production in various tissues to recruit 
monocytes and neutrophils to the site of infl am-
mation, similarly to IFN-γ. Although Th17 cells 
may have a role in autoimmune diseases, it is 
believed that their main role is to disrupt the 
pathogen’s cellular matrix. 

 The other family of lymphocytes, the cyto-
toxic T cells, expresses CD8. These are special-
ized in the killing of tumor and virus-infected 
cells. Unlike CD4 +  T cells, their TCR will 
 recognize antigens presented by a class I MHC 

molecule. This fact is very relevant as class I 
molecules are expressed on every nucleated cell, 
whereas class II are restricted to APC, and CD8 
cells must be able to kill any cell becoming 
infected or malignant. Once they were activated 
by an APC and received correct double stimula-
tion signal, through TCR and CD28, they will 
proliferate and migrate to the site of infection. 
Once they recognize their target using TCR, 
cytotoxic cells will be able to kill by releasing 
perforin that disintegrates the target membrane, 
granzyme, and granulysin that will induce apop-
tosis by cleaving subtracts inside the target. Once 
activated, CD8 +  T cells also express Fas ligand at 
their surface. This molecule will bind to Fas on 
the target membrane and induce the caspase path-
way leading to apoptosis. 

 Another way to classify T cells is not based on 
their functionality during the response but on their 
phenotype. Naïve and memory T cells comprise 
of several subsets. During the clonal expansion of 
CD4 +  and CD8 +  T cells following their activation, 
a majority will differentiate into effector cells but 
others, around 5 %, will become memory cells. 
These cells have a much longer lifespan compared 
to naïve T cells or other immune cells, resist to 
apoptosis under IL-7 stimulation (Bradley et al. 
 2005 ), and renew themselves, thanks to IL-15 
(Malamut et al.  2010 ). They also express a range 
of molecules typical of activated T cells (adhe-
sion molecules, growth factors/chemokine/cyto-
kines receptors) and retain strong proliferation 
ability. As they differentiate and proliferate much 
faster, they accelerate greatly the response fol-
lowing second encounter with an antigen (called 
secondary immune response). They are also able 
to express two or three effector functions simul-
taneously and thus may be equivalent to two or 
three naïve cells. The polyfunctionality of these 
cells renders them essential for fi ghting against 
pathogens, controlling of persistent infections, and 
providing immune protection. Two distinct sub-
sets of memory T cells have been well described 
(Sallusto et al.  2000 ): fi rst, the central memory T 
cells or Tcm, found in lymph nodes which express 
L-selectin and chemokine receptor 7 (CCR7) and 
secrete IL-2, and the effector memory T cells, or 
Tem, that locates into peripheral tissues, more in 
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those that were previously infected, and secrete 
IFN-γ and IL-4. In Tem population, a subset called 
Temra has been characterized (Geginat et al.  2003 ). 
These cells are the most differentiated memory 
cells, reexpressing CD45RA; in addition, they are 
very cytotoxic and also very sensitive to apopto-
sis. Tcm dis–play a CCR7 + CD45RA − CD45RO + 
CD28 ++ CD27 ++  phenotype, while Tem display a 
CCR7 − CD45RA − CD45RO + CD28 + CD27 +  pheno-
type and Temra a CCR7 - CD45RA + CD45RO low CD
28 +/− CD27 +/−  phenotype.   

12.3     Signalling Pathways That 
Differ in T Cell Subsets 

 Some of the functions and pathways described 
above are very specifi c to T cell subpopulations. 
The pathway conserved in all T cell subpopula-
tions is the T cell receptor signalling. The TCR is 
composed, in 95 % of T cells, by one α and one β 
chain (or one γ and one δ chain in the other 5 %, 
the  γ/δ T cells). These chains undergo a very 
specifi c process called the V(D)J recombination. 
During the maturation of T cells in the thymus, 
the part of the sequence coding for the area that 
will recognize the antigen is composed of three 
elements called V (for variable), D (for diverse), 
and J (for junction). Each step of the TCR forma-
tion is extremely monitored and any defect will 
lead to the apoptosis of the T cell. The TCR is 
anchored in the membrane but lack of truly effi -
cient internal domain for signalling. This is the 
reason why it is coupled with a CD3 molecule, 
which is a popular maker for T cells. CD3 is a 
complex molecule composed of four types of 
chains: two ε, one δ, two ζ, and one γ. The ε, δ, 
and γ chains are extracellular and contain each 
one immunoreceptor tyrosine-based activation 
motif (ITAM) intracellularly, while the ζ chains 
possess the longest intracellular portion of the 
TCR/CD3 complex and contain three ITAM 
domains, more effi cient for signalling. Following 
TCR ligation ITAMs are phosphorylated a 
kinase, Lck that induce the recruitment of ZAP-
70. This molecule plays a critical role in T cell 
signalling as it will transmit the activation signal 
from TCR/CD3 to the different kinases,  adaptor 

molecules (e.g., LAT) that will engage either 
the  mitogen- activated protein kinases (MAPK), 
c-Jun N-terminal kinase (JNK), or nuclear fac-
tor kappa-light-chain-enhancer of activated B 
cells (NFκB) signalling. All these events are 
initially tightly regulated by CD45, a phospha-
tize of which isoforms (CD45RA, CD45RB, and 
CD45RO) are also used to differentiate naïve 
from memory and Temra cells. Whether the 
expression of different isoforms directly impacts 
on the early events leading to T cell activation 
has been overlooked. The fact memory cells 
gain functionality with differentiation but loose 
proliferative capacity at the Temra stage (when 
CD45RA is reexpressed) suggests that the com-
bination of signalling events (signalling cross 
talk) may differ with CD45 isoform expression. 

 TCR signalling will not lead to the same result 
in a Th cell compared to a Tc cell. In a Th cell, 
once the TCR/antigen and CD4/class II MHC 
molecule recognition is made, and depending on 
the cytokine environment, the cell will switch into 
Th1/2/3/17 response and secrete a wide variety of 
cytokines. To reach a full state of activation, all T 
cells need additional signals, and this is partly ful-
fi lled by the interaction of CD28 (on T cells) and 
CD80 (on APC). In Th1 cells, it will leads to the 
secretion of antiviral molecules such as IL-12 or 
IL-18 that will induce and dramatically boost the 
IFN-γ secretion. In Th2 cells, it will induce the 
secretion of IL-4 which is a major mediator of 
humoral response. It is of note that not all T cell 
retain CD28 expression. The more the cell prolif-
erates and differentiates the more CD28 expres-
sion is reduced, concomitantly to telomere length. 
This is true for CD4 +  and CD8 +  T cells. This sug-
gests that other molecules may be used to keep a 
certain level of functionality. It is well known that 
differentiation of T cells also leads to loss of 
CD27 but is associated with expression of CD57, 
programmed cell death protein 1 (PD-1), killer 
cell lectin-like receptor subfamily G member 1 
(KLRG-1), cytotoxic T lymphocyte antigen 4 
(CTLA-4), and other receptors that possess 
immunoreceptor tyrosine- based inhibitory motifs 
(ITIMs) instead of ITAMs and have all been 
shown to have  inhibitory effects on T cell prolif-
eration. This highlights that TCR signalling may 
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be modulated by signalling cross talk emerging 
from inhibitory receptors and that the steady state 
signalling status (phosphorylation) could be a 
major player determining T cell activation. 

 Concerning cytotoxic T cells, the TCR/CD28 
activation will unlock the killing function only 
when the lymphocyte meets an APC, contrarily to 
a natural killer cell that needs no priming. The cells 
will then release several cytotoxic molecules using 
different means to kill its target. The protein, coded 
by the PRF1 (Fink et al.  1992 ), gene is located in 
cytotoxic cells’ granules and have a structure quite 
similar to the C9 protein of the complement. Once 
secreted it will insert into the membrane and create 
pores that allow introduction of molecules and lysis 
of the cell by osmotic shock (Tschopp et al.  1986 ). 
The other mechanism used to lyse cell is the use of 
granzymes (Bots and Medema  2006 ). Granzymes 
are serine protein coded by several genes (GZMA/
B/H/K/M), also located in granules, that will be co- 
secreted with perforin. They will penetrate the 
target and cleave their target, inducing apoptosis. It 
is believed that perforin creates pores to let gran-
zymes penetrate the cells, but some researchers 
showed that a complex of granzyme B/perforin/
granulysin can enter the targeted cell by using the 
mannose-6-phosphate receptor. T cells also use 
granulysin, a protein coded by the GNLY gene that 
induces apoptosis in target using mitochondrial cell 
death (cytochrome C and caspase pathways) 
(Stenger et al.  1998 ). Finally, the last molecule 
used by T cells can be assimilated with a kiss of 
death, the Fas/Fas ligand pathway (Andersen et al. 
 2006 ). It can induce the apoptosis of the target but 
also of activated T cells to prevent a too long 
infl ammation.  

12.4     T Cell Metabolism 

12.4.1     General Concept in Steady 
State Versus During Activation 

 The role of T cells is to respond to a danger signal 
in a very specifi c manner and ideally in a short 
time with a controlled infl ammatory process. To 
achieve this goal T cell undergoes an intense 
 proliferation phase, the clonal expansion. This 

step requires an incredible amount of resources 
and forces T cells to alter dramatically their metab-
olism to fuel all the synthesis occurring during the 
replication process. Resting T cells, just after their 
release from thymus, consume low amount of 
nutriments to perform basic housekeeping pro-
gram (Buttgereit et al.  2000 ). Among these nutri-
ments, glucose is used by various metabolic 
processes. First, it is required for oligosaccharide 
synthesis for the various glycosylation reactions 
occurring in these cells. Then, glucose is manda-
tory for the lactate production during which it is 
broken by glycolysis and oxidized into pyruvate. 
Finally, after glycolysis, pyruvate is also used to 
fuel the Krebs cycle to produce acetyl coenzyme A 
(CoA) and CO 2  and the pentose phosphate path-
way. To perform all of these very basal metabolic 
reactions, T cells must receive external survival 
stimuli such as cytokines or light stimulation 
through TCR. Without these, T cells lose their 
ability to import glucose and lose their homeosta-
sis. As reported (Frauwirth and Thompson  2004 ), 
the resting T cells metabolism is limited not by 
nutriments but by external survival signal. It is not 
clear yet whether homeostatic proliferation and 
proliferation following activation by antigen rec-
ognition involve the same change in metabolic 
rate. As the signalling events are different, we can 
speculate that this is different. 

 Activated T cells have a very different 
 metabolism (Hume et al.  1978 ). First, glucose 
uptake is dramatically increased shortly after 
stimulation, as well as, to a lower extent, oxygen 
consumption. During this metabolic event, the 
rate of glycolysis is much higher than oxygen 
consumption. This leads to an increase in lactate 
production and thus, energy. These processes have 
been named aerobic glycolysis, or Warburg effect, 
as oxygen supply increases, contrarily to anaero-
bic glycolysis occurring in muscle, where oxygen 
level decreases. This particular metabolism is also 
found in tumor cells, where it was fi rst character-
ized by Otto Warburg, and may be a result of the 
multiple mutations leading to cancer (Warburg 
 1956 ). This is a very interesting fi nding because 
like activated lymphocytes, cancer cells must 
maintain an energy-demanding proliferation state, 
and to achieve this goal, T cells and tumor cells 
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evolve through the same pathway. It also highlights 
the fact that if inhibitors of tumor cell metabolism 
were very effi cient, they would also alter T cells.  

12.4.2     The CD28/PI3K/Akt/mTOR 
Pathway 

 Glycolysis is not the only mechanism to be boosted 
following activation. Its alternative, the pentose 
phosphate pathway (PPP), that can replenish nico-
tinamide adenine dinucleotide phosphate-oxidase 
(NADPH) and pentoses cell stocks, is also increased 
with a peak of activity 48 h after stimulation, when 
protein and RNA synthesis is maximal (Sagone 
et al.  1974 ). The regulation of glucose uptake in 
activated T cells is very close to the one controlled 
by insulin. In many cell types, the binding of insulin 
on its receptor is followed by the activation of phos-
phorus triiodide (PI3)-kinase that will generate 
phosphatidylinositol 3,4,5-trisphosphate (PIP3). It 
will then recruit Akt (protein kinase B (PKB)) 
which will be activated by phosphoinositide- 
dependent kinase-1 (PDK1) leading to the expres-
sion of multiple genes involved in glucose uptake 
and metabolism like glucose transporter type 4 
(Glut4) (Cong et al.  1997 ). Concerning T cells, the 
only change is that insulin and its receptor are sub-
stituted by TCR and CD28 (Parry et al.  1997 ). 
CD28 is an essential pathway leading to Akt phos-
phorylation and subsequent pathway activation. 
Antigen recognition as well as costimulatory sig-
nals is required to induce the metabolic switch from 
a “resting” to a “proliferation-fi tted” metabolism. It 
is also  interesting to know that CTLA4, a receptor 
that downregulates activation of immune cells, dis-
rupts the CD28 signal on glycolysis and glucose 
uptake (Frauwirth et al.  2002 ). This clearly suggests 
that naïve and memory T cells, expressing different 
levels of CD28 and CTLA-4 may display different 
capacity to switch on the metabolic changes neces-
sary for the corresponding function.  

12.4.3     Lipid Metabolism in T Cells 

 Glucose metabolism is not the only one affected 
by immune activation. Lipid metabolism is crucial 
for T cell immunity as all the costimulatory 

 molecules must be localized in the membrane 
together around the TCR to form the immune syn-
apse and ensure a proper stimulation. To achieve 
this, lipid rafts organization and production is very 
important (Janes et al.  1999 ,  2000 ). In T cells, as in 
any other cells, lipid rafts are membrane microdo-
mains that contain various specifi c lipids and 
receptors, and their composition is different from 
the rest of the bilayer membrane. They are com-
posed of glycosphingolipids, such as sphingosine 
or sphingomyelin, and cholesterol in higher con-
centration than the surrounding membrane (Jin 
et al.  2008 ). This rigid structure, where certain 
receptors will be preferentially localized, “fl oats” 
freely into the membrane and can be recruited to 
the immunological synapse. Sphingolipids and 
cholesterol metabolisms are very complex and 
tightly  regulated. Shortly, sphingolipids are syn-
thesized by serine palmytolyl- transferase from 
serine and palmitolyl- CoA. It forms a ceramide 
that will be converted in sphingosine by a cerami-
dase or a sphingomyelin by the addition of a phos-
phorylcholine residue by a sphingomyelin 
synthase. Concerning cholesterol, the whole pro-
cess contains 37 different steps. It is produced 
mainly in the liver but also in many others places 
like the intestine, adrenal glands, or reproductive 
organs. It begins with acetyl CoA and acetoacetyl 
CoA that will be reduced in 3-hydroxy-3- 
methylglutaryl CoA (HMG-CoA). Then, HMG- 
CoA reductase will transform it in mevalonate. 
This last step is the target of anticholesterol drugs 
like statins, which compete with the substrate. 
Then a cascade of several steps will occur to form 
lanosterol in the endoplasmic reticulum, and 19 
other steps will convert it in cholesterol. The pro-
duction of lipids is very demanding energetically.  

12.4.4     Common Pathways Leading 
to the Nutrients/Growth 
Factor Hypothesis 

 A common pathway regulating cholesterol,  glucose, 
and also fatty acid homeostasis is the nuclear recep-
tors pathway, involving the liver X receptor (LXR) 
and peroxisome proliferator- activated receptor 
gamma (PPAR-γ). These transcription factors of the 
nuclear receptor family regulate sterol metabolism 
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during T cell activation (Pearce  2010 ). PPAR-γ was 
shown to inhibit Th17 differentiation (Klotz et al. 
 2009 ). Another study showed the regulation of the 
fatty acid oxidation is linked to memory in CD8 +  T 
cells suggesting that availability/limitation in growth 
factors during the primary response may necessitate 
a metabolic switch (Pearce et al.  2009 ). Dendritic 
cells have a role to play in this phenomenon as amino 
acids and indoleamine 2,3-dioxygenase (IDO) levels 
are regulated by these cells in parallel to antigen pre-
sentation (Mellor and Munn  2004 ). The type and 
level of nutrient available for T cells will determine 
the differentiation and activation (Fig.  12.1 ). Studies 
showed that blocking the mammalian target of 
rapamycin (mTOR) pathway which modulates 
nutrient uptake and glucose metabolism is inhibiting 
proliferation (Delgoffe et al.  2009 ). Proteins are 
recycled in amino acids by catabolism driven by the 
endo- and exo-proteases and then used to fuel the 
Krebs cycle by amino acid catabolism or directly by 
tRNA to form new proteins. In activated T cells, 
another mechanism occurs, the macroautophagy 
(Hubbard et al.  2010 ). This mechanism is a form of 

autophagy that degrades cytosolic proteins and 
whole organelles to furnish materials to lysosomes. 
It helps to maintain cellular homeostasis and ensure 
a suffi cient energy production during the intense 
proliferation steps. Basically, cells would sacrifi ce a 
function to maintain others. The availability of 
growth factors was shown to infl uence autophagy 
(Lum et al.  2005 ). Basically, during resources short-
age cells will eliminate unnecessary cellular compo-
nent. This links extracellular nutriment- dependent 
metabolism, autophagy, and T cell activation (Pua 
et al.  2009 ). As a whole, the metabolic activation 
should been seen as the most important parameter 
indicating functionality of the cell rather than indi-
viduals functions.

12.4.5        Metabolism in T Cell Subsets 

    Because the metabolic pathways seem to be 
dependent on signalling pathways that are differ-
ently regulated in T cell subsets, it is very likely 
that during T cell differentiation steps, the cell 
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  Fig. 12.1    The metabolic life of T cells. After release from 
the bone marrow, T cell will undergo selection/maturation 
in the thymus ( 1 ). There, a series of metabolic events will 
drive T cells toward the helper (CD4), cytotoxic (CD8), or 
Treg lineage. Once released in the circulation, T cells 
(CD3) display different metabolic rates due to differential 
metabolic pathways used (glycolysis or lipid oxidation). 
During the immune response APC will activate T cells by 

direct contact (including the CD28-B7 and CD27-CD70 
axes) as well as with cytokines and provision of nutrient 
necessary to activate/regulate T cell metabolism 
( 2 ). Depending on their profi le (expression of coreceptors, 
Th/Tc lineage), T cells will utilize different metabolic 
pathways leading to their activation ( 3 ). The type, inten-
sity, and duration of activation are dependent and regulated 
by these metabolic pathways and dictate the fate of T cells       
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adapts its metabolic rate (Gerriets and Rathmell 
 2012 ). While naïve and anergic cells utilize poorly 
glucose, the effector and autoreactive cells con-
sume large amount of glucose for their functions. 

 After activation, T cells differentiate into Th1, 
Th2, Treg, and effector T cells and will die by 
apoptosis or remain as memory T cells (Fig.  12.1 ). 
Although the duration, intensity, and type of 
 activation the cells will undergo are highly infl u-
enced by the receptors expressed by T cells, by the 
availability of nutrients, and by a variety of cyto-
kines present in the milieu, the metabolic path-
ways involved in the numerous T cell subsets can 
be categorize in two. Cells needing a slow metabo-
lism such as Tregs and memory CD8 +  cells will 
utilize lipid oxidation, while cells with higher 
metabolic such as memory CD4 +  T cells rate will 
utilize the glycolytic pathway. T cells that fail to 
upregulate glycolysis following activation may 
tend to differentiate into Treg based on mTOR −/−  
knockout mice which effector cells differentiation 
was aborted toward a Treg profi le (Delgoffe et al. 
 2009 ). The difference in CD4 +  and CD8 +  memory 
T cell metabolism is striking and may be linked to 
differential coreceptor or cytokine expression. We 
hypothesize that the fact CD8 +  T cells lose CD28 
expression while CD4 +  T cells lose CD27 expres-
sion following repeated proliferation stages may 
account for the metabolic difference.   

12.5     Immunosenescence 

 Aging is a process that alters most functions, organs, 
and tissues of a human body. It is often considered, 
wrongly, as a disease because of the large number 
of diseases/conditions associated with aging. The 
human body can adapt itself to some features of 
aging, for example, by adjusting respiratory func-
tions with heart capacities, but the muscle fi bers and 
bone density loss, thymic involution, the blood ves-
sels rigidity, the thickness of skin, and other phe-
nomena cannot be reversed/adjusted and may con-
tribute to morbidity and mortality. At the cellular 
level, there are also changes that may lead to dys-
functions. When this erosion concerns T cells, it is 
termed immunosenescence. The causes for immu-
nosenescence are not yet well understood but 

 several theories rose and may be all partially true. 
The fi rst one is the telomere shortening (Hayfl ick 
and Moorhead  1961 ). Telomeres are long sequences 
of noncoding DNA protecting genome during divi-
sion. After each cycle, they are shorter until they 
reach a critical length where cell stop to divide and 
enter the senescence state. The decreased activity of 
telomerase is responsible for non-replacement of 
telomeres, and models have shown that modifying 
its activity can extend lifespan. Another theory 
claims the accumulation throughout life of muta-
tions that modify or alter cellular functions or even 
induce the DNA repair system that can stop cell 
cycle (Edney and Gill  1968 ). Two other hypothesis 
can be reunifi ed, the low calorie diet (caloric restric-
tion or CR) and the free radicals theory (Schulz 
et al.  2007 ). Researcher noticed that CR could sig-
nifi cantly extend animal models’ lifespan and could 
also explain the prevalence of very elderly people in 
region of the world like Japan and Crete. The other 
is the free radicals theory (Harman  1981 ). With age, 
the damages induced by free radicals can lead to an 
arrest in cell cycle to repair damaged DNA and thus 
induce senescence. These two hypotheses are linked 
as metabolism is the main producer of free radicals 
and this metabolic rate is higher in people having a 
very rich diet. While free radicals are necessary, the 
excess may prove diffi cult to be well controlled and 
may lead to adverse effects. 

 As any other physiological process, the immune 
system also undergoes a so-called immunosenes-
cence and that can be the cause of several dysfunc-
tions with aging (Miller  1996 ). With aging/time, 
each immune cell subset undergoes changes, at the 
phenotypical and functional levels. The persistent 
stimulation of the T cells may lead to their exhaus-
tion or their senescence. It is of note that senescent 
cells are considered senescent because of loss of 
proliferative capacities but retain the ability to pro-
duce cytokines and their cytotoxic activity. For this 
reasons, the senescent cells are often considered 
as the major source of proinfl ammatory cytokines 
associated with aging. This senescence- associated 
secretory phenotype is however less well under-
stood, but future studies will be of great interest to 
understand to which extent senescence can go (can 
cells lose their polyfunctionality?) and why the 
secretory phenotype is initiated. 
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 The unbalance in anti- vs. proinflammatory mol-
ecules secreted in aging will slowly provoke a loss of 
control on inflammation leading to inflamm-aging, 
which is a subclinical condition, and to proinflam-
matory conditions such as autoimmune diseases 
(e.g., rheumatoid arthritis or RA), liver/kidney/
thyroid failure, and diabetes, and make the immune 
system less efficient against pathogens. This gener-
alized inflammation may also be one of the causes 
for conditions affecting the autonomy of elderly 
individuals such as dementia and frailty. Frailty con-
sists in a general and massive loss of function such 
as mobility, muscle strength (or sarcopenia), joint 
flexibility, and a fast unintentional weight loss. One 
component of this syndrome could be autoimmune 
disease, targeting, for example, muscle/bone stem 
cells, induced by the deregulation of the immune 
system. Moreover, in the bone marrow, HSCs show 
a decreased self-renewal ability that impair the gen-
eration of new immune cells and increase the ratio 
of memory cells (with higher cytotoxic/inflamma-
tory capacities which participate to increased dam-
ages). As memory cells are in majority specific of 
persistent viruses like herpesviruses, it decreases 
the ability to respond against new pathogens or 
tumor cells.    Other cells such as macrophage (ability 
to phagocyte bacteria), NK cells (impaired cytotox-
icity) and B cells (reduced production and affinity 
of antibodies) loose functionality, suggesting that 
immunosenescence is not restricted to T cells. The 
following section will focus on the fate of T cells 
and how aging influences their metabolism and, 
thus, the immune response.  

12.6     Evolution of Metabolic 
Pathway Linked to T Cell 
Functions 

12.6.1     Metabol-aging: A Complex 
Phenomenon 

    During a normal healthy aging, the immune system 
undergo various changes that will alter its function-
alities, and T cells are not an exception. As said 
before, HSCs number decrease in the bone marrow, 
leading to a diminished production of T cells precur-
sors and thus, less naïve cells will be generated 

(Chambers et al.  2007 ). Moreover, the thymic 
 involution is also linked to this T cells production 
defect (Aspinall and Andrew  2000 ). After puberty, 
due to the lack of sex hormones, the mean weight of 
a human thymus is 35 g and reaches 5 g at the age of 
70. As it shrinks, the educational role of the thymus 
can become quite impaired in advanced age, induc-
ing troubles in T cells selection that could give rise to 
autoreactive/impaired lymphocytes. To date, the 
orphan nuclear receptor estrogen-related (ERR)-α is 
a promising target to modulate T cell functions as it 
was shown to highly infl uence the capacity of T cells 
to proliferate, induce cytokines, and differentiate 
(Michalek et al.  2011 ). Following activation, T cells 
upregulate ERR-α, and this impacts on the expres-
sion of genes related to glycolysis (Glut1) and 
metabolism in general but not linked to lipid path-
ways (Fig.  12.1 ). Even if it is not happening to T 
cells, the changes in dendritic cells modify the adap-
tive response. Early studies showed that the number 
of dendritic cells (DC) was decreased in tissues like 
corneal epithelium and skin and this suggests that 
the metabolic activation of T cells will be altered due 
to the control of nutrient availability by dendritic 
cells (Gilchrest et al.  1982 ; Thiers et al.  1984 ). 
Chakravarti et al. showed that IL-2 production was 
altered in elderly DC (Chakravarti and Abraham 
 1999 ), and Uyemura et al. showed that induction of 
Th1 cytokines was impaired, while induction of Th2 
was increased, particularly IL-6 and IL-10 (Castle 
et al.  1997 ). These changes can drastically modify 
the immune response against a pathogen by induc-
ing an inadequate cytokine production. This also 
suggests that the intrinsic metabolic regulatory role 
of dendritic cells may be impaired in aging. The 
metabolic dysregulation of T cells may readily start 
via APC. This highlights the complexity of studying 
metabolism with aging and especially in a complex 
system such as immunity.  

12.6.2     Surface Receptors 

 Costimulatory molecule expression is impaired 
during aging especially those of CD28, the ligand 
for CD80 on APC. One study on centenarians 
showed that the decline occurs more  markedly in 
CD8 subset and accounts largely for the decline of 
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T cells induction by mitogens and may be an 
 adaptation to face the chronic stimulation and 
infl ammation occurring in elderly (Boucher et al. 
 1998 ). Another study showed that upon activation, 
CD25 (IL-2Ra), CD95 (Fas), and CD28 increased, 
and then CD25 and CD28 start to decrease rapidly 
as division occurred in aged cultures on CD4 cells, 
whereas CD8 were already low in CD28 but con-
stant. At the metabolic level, the loss of CD28 
expression will reduce the ability to initiate the gly-
colytic pathway. The PI3K/Akt/mTOR activation 
level will be certainly different in the naïve vs. 
memory T cell subsets and this raises the question 
of the role of metabolism in the defi nition of senes-
cence (Fig.  12.1 ). Senescent T cells are defi ned by 
loss of proliferative capacity (replicative senes-
cence) but these cells retain a high level of function-
ality such as cytotoxicity and cytokine production 
and are more polyfunctional than naïve cells in that 
sense. The loss of CD28 induced by several prolif-
erative events and associated loss of telomeres lead-
ing to arrest in proliferative capacity can also be 
considered as a programmed event, and it is tempt-
ing to identify this as a programmed proliferation 
arrest via the regulation of metabolic pathways 
associated with T cell activation. The importance of 
loss of other costimulatory molecules such as CD27 
is not well understood. One study showed that late-
differentiated T cells that lack CD28 but retain 
CD27 expression were still able to upregulate 
Akt ser473  phosphorylation (Plunkett et al.  2007 ). 
Only after the loss of CD27, the T cells were unable 
to upregulate CD27 and this was associated with 
telomerase activity shutdown. All together this sug-
gests that although the Akt pathway has been exclu-
sively associated with CD28, it is very likely that 
alternative mechanisms exist to compensate the loss 
of certain receptor to keep functionality. This may 
also be true for metabolic pathways and for other 
surface receptors including those inducing negative 
signalling such as KLRG-1, PD-1, and CD57.  

12.6.3     Signalling and Membrane 
Components 

 The main T cell-specifi c pathway, the TCR sig-
nalization, is also impaired in the elderly. First, it 
has been demonstrated in mice, rats, and human 

that the IL-2 secretion following TCR ligation is 
decreased (Whisler et al.  1998 ). As it is a crucial 
cytokine for inducing and maintaining adaptive 
immunity, it launches the clonal proliferation 
step and induces the secretion of various cyto-
kines; the immune response is impaired since 
its very beginning. As explained earlier, lipid 
metabolism is very important for TCR signal-
ization, especially for lipid raft organization and 
functioning (Janes et al.  2000 ). During aging, the 
plasma membrane becomes more rigid and thus 
less fl uid, so lipid raft cannot fl oat freely inside 
(Zs-Nagy et al.  1986 ). This could impair the for-
mation of TCR- and immune protein-containing 
lipid rafts and delay or cancel response induc-
tion (Silvius  2003 ). Several proteins known to 
be associated with lipid rafts in the TCR path-
way, like linker for activation of T cells (LAT) or 
protein kinase C (PKC), were poorly recruited 
in the forming immune synapse following TCR 
ligation in cells from aged people (Marmor and 
Julius  2001 ). This can also impact IL-2 secre-
tion. As cholesterol level is often increased in 
elderly, some studies measure the quantity of 
cholesterol in plasma membrane of aged people 
T cells. Not surprisingly, the levels were higher 
than in young people and this could explain the 
rigidity and the resulting diffi culties to form a 
proper immune synapse (Incardona and Eaton 
 2000 ). With all these defects, the second step, 
the phosphorylation of ITAM and recruitment of 
zeta-chain- associated protein kinase 70 (ZAP-
70), should also be impaired, and thus, lipid rafts 
could explain the decreased levels of tyrosine-
phosphorylated proteins observed in elderly peo-
ple (Janes et al.  1999 ; Fulop  1994 ). MAPK, a 
major player in TCR pathway, is also modifi ed in 
aging. Its phosphorylation is one of the IL-2 pro-
duction limiting steps and appears to be reduced 
in 50 % of elderly (Whisler et al.  1996 ). NFκB, 
another major transcription factor in immunity 
and also IL-2 production in T cells, is impaired 
during aging (Pahlavani et al.  1998 ). Usually, 
this factor is sequestrated in the cytoplasm by 
IkB and then released and migrate to the nucleus 
when it receives the adequate signals (free radi-
cals, cytokines). It will then induce numerous 
genes to modulate the immune response. It is 
a very central and crucial  transcription factor. 
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When IkB releases NFκB it will be phosphor-
ylated, ubiquitinated, and then degraded in the 
proteasome, and so NFκB can translocate to the 
nucleus. But, during aging and maybe due to free 
radicals troubles, this degradation is impaired 
and thus NFκB activation decreases. The defects 
in TCR signalling with aging cannot be dissoci-
ated from the metabolic pathways. As described 
previously, cell activation will be different in the 
various subsets of T cells. The TCR signal trans-
duction defects identifi ed in elderly individuals 
have not been really studied in T cell subsets. It 
is becoming evident that dysfunctions observed 
in the total T cell population may actually just 
refl ect the shift in naïve vs. memory ratio or the 
CD4/CD8 ratio. Because memory CD4 +  and 
CD8 +  T cells use different bioenergetic sources, 
as naïve and memory cell do, an unbalance of 
resource bioavailability, metabolic rate, and 
intrinsic (in)capacity of cells to use available 
resources may affect T cell ability to be activated. 
Whether the altered TCR signalling is a cause 
or a consequence of different metabolic rates 
is unknown. Further studies will be required to 
dissect these phenomena. Additionally, the use 
of lipid oxidation or glycolysis following activa-
tion may lead to alteration in lipid metabolism or 
required additional resources to concomitantly 
perform lipid oxidation as energetic resources 
and adjust lipid metabolism to cover the needs 
in terms of lipid production and regulation. As 
the majority of cholesterol resides in the mem-
brane, it is tempting to suggest that T cell lipid 
raft composition and functioning (polarization) 
will be altered following activation due to the 
different metabolic pathways. We have shown 
that membrane rafts in CD8 +  T cells are clearly 
functioning differently from those of CD4 +  T 
cells (Larbi et al.  2006 ). We also have tested 
the possibility that changing the lipid compo-
sition in blood would directly infl uence T cell 
functions. After 2 h of intravenous infusion of 
a polyunsaturated fatty acids (PUFA) emulsion, 
T cell membrane fl uidity was altered; membrane 
rafts were disorganized altogether leading to a 
reduced proliferative capacity and altered capac-
ity for cholesterol exchange with the extracellu-
lar milieu (Larbi et al.  2005 ).  

12.6.4     Infectious Diseases and T Cell 
Metabolism 

 One theory to explain immune defects with aging 
is that persistent infections are inducing exhaustion 
and senescence of T cells. The most studied model 
is cytomegalovirus (CMV). CMV is asymptomatic 
in healthy individuals but the virus is not cleared by 
the immune system and tends to reactive during 
physiological/metabolic weakness episodes. The 
persistent activation of the immune system by the 
virus leads to the expansion of CMV-specifi c T 
cells (CD8 +  but also CD4 + ). We have discussed 
above the difference in resting/activated CD4 +  and 
CD8 +  memory T cell metabolic pathways. Probably 
the most relevant study on this topic has been per-
formed by Wherry et al. and has shown signifi cant 
metabolic differences in response to latent infec-
tion. In senescent T cells, there was a signifi cant 
metabolic defi ciency (Wherry et al.  2007 ). First, 
several ribosome subunits were downregulated in 
exhausted CD8 +  T cells, while this was not the case 
for other memory cells compared to naïve cells. 
A genome-wide analysis identifi ed several meta-
bolic changes during CD8 +  T cell exhaustion. The 
genes related to metabolism identifi ed to be differ-
ent in exhausted cells are downregulated Entpd1, 
Car2, Gpd2, Clic4, Art3, Rrm2, Cpsf2, and Ndufa 
5 or upregulated Acs2l, Impdh2, Adh5, Sdha, 
Atp6v0b, Adcy7, Pdha1, Mat2a, Dntt, Kctd10, 
Kcnn4, Hba-a1, Abce1, Acadm, Hmgcs1, Hexa, 
Hbb-b1, Tmc6, Prps1, and Cmah. This confi rms 
fi ndings from others studies suggesting that the 
senescence process may be programmed and 
driven by a metabolic adaptation. The role of per-
sistent infections or chronic stimulation of the 
immune system should be seriously considered as 
a driving force leading to alterations of metabolic 
pathways in antigen- specifi c T cells and possibly 
as a bystander effect to all T cells.  

12.6.5     Age-Associated Diseases 
Requiring Further Interest 
for Metabolic Changes 

 As showed previously, even healthy aging comes 
with immunological impairments. But the situ-
ation is far worse in people undergoing an 
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“unhealthy” aging, i.e., an aging  coupled with one 
or several age-related diseases like Alzheimer’s 
disease (AD), RA, diabetes, or osteoporosis. 
Autoimmune diseases can be induced by the thy-
mic involution. As presented before, as it shrinks, 
it will lower its capacity to educate naïve T cells. 
So, it may allow autoreactive T cells with high 
affi nity for self to enter the blood circulation by 
lack of control or maybe to compensate the low 
number of normal naïve T cells with medium 
or low affi nity for their foreign antigen. In RA, 
the disease is supposed to be induced by abnor-
mal B-T cells interactions. Autoreactive B cells 
will release autoantibodies targeting joints that 
Fc receptor on T cells will recognize. As the 
HLA-DR4 allele family has been linked to RA, 
the TCR pathway is also involved in the pathol-
ogy (Majithia and Geraci  2007 ). The continuous 
infl ammation will destroy the joints capsule and 
cartilage leading to permanent disability. RA 
does trigger not only joints but also the lungs, 
kidney, heart, blood vessels, and skin. This dis-
ease can be one of the causes of the constant 
“IL-6 infl ammation” observed in elder people. 
The metabolic pathways leading to hyperactiva-
tion can be a source for therapy. However, at fi rst, 
future work is needed to identify the pathways 
involved and putative targets. 

 In osteoporosis, a condition that weakens 
bone structure and causes most of the hip frac-
tures occurring in the elderly, infl ammation may 
also play an important role as T cells are able to 
infl uence osteoclastogenesis by secreting vari-
ous cytokines like IL-1, IL-6, IFN-γ, or IL-4 
(Mirosavljevic et al.  2003 ). TNF-α production 
by T cell in bone marrow has also been shown 
to increase bone loss in “menopaused” mice 
(Cenci et al.  2000 ). Th-17 cells may have an 
important role also as IL-17 was demonstrated 
to be supporting osteoclastogenesis (Sato et al. 
 2006 ). Moreover IL-17 cells express higher 
levels of receptor activator of nuclear factor 
kappa-B ligand (RANKL) than Th1 or Th2. 
RANKL belongs to the TNF family and bind 
to osteoprotegerin, which is a decoy receptor 
sequestrating RANKL, to prevent generation of 
new osteoclasts (Sato et al.  2006 ). IFN-γ and 

IL-4 secreted by Th1 or Th2 cells are also anti-
osteoclastogenesis and promote bone loss. Under 
normal condition, T cells can secrete osteoclas-
togenic cytokines such as TNF-α or RANKL; 
under infl ammatory conditions, they can switch 
to an “anti- osteoclastogenic” state by secreting 
IL-1, IL-6, IL-17, or osteoprotegerin and even 
block the formation of osteoclasts by secreting 
IL-4, IL-10,IL-13, or IFN-γ (Wyzga et al.  2004 ). 
   It is very important in elderly and frail people as 
the mortality rate coming from surgery can reach 
10 % and, after 50, 25 % die in the year following 
the fracture of infections or blood clot conditions 
(e.g., PTE and DVT). A better understanding 
of the regulation of the RANK/RANKL/osteo-
protegerin pathway by cytokines will certainly 
lead to the identifi cation of target to modulate 
infl ammatory- dependent bone degradation. The 
fact Th17 express high levels of RANK-L may 
indicate a metabolic regulation of this pathway. 

 Type 2 diabetes is a pathology occurring usu-
ally late in life, or sooner depending on your 
alimentation, which also has an immunological 
component. It affects more than 350 million 
people worldwide and this number will grow 
exponentially in the next decades. It is due to an 
insuffi cient number and renewal of  β-cells in 
the pancreas and often coupled with insulin 
resistance (especially in muscles, in the liver, 
and in adipose tissue). Infl ammation may have a 
role in the pathogenesis of insulin resistance 
 component, as mice lacking JNK-1 signalling 
never develop it (Belgardt et al.  2010 ). 
Concerning  β-cells, a study on obese mice 
showed that they can develop necrosis and insu-
lin desensitization (Winer et al.  2011 ). Insulin 
results in lipolysis in adipose cells and conse-
quently release of their content in the blood 
stream which may cause an infl ammation medi-
ated by B and T cells. Autoantibodies are then 
produced and  recognized by T cells, and then 
the autoimmune component is set up. The 
infl ammation occurring in adipose tissues, i.e., 
everywhere in an obese body, causes cells to 
become insulin resistant and by an unknown 
mechanism promote  hypertension, hypertriglyc-
eridemia, and atherosclerosis. After administra-
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tion of anti-CD20 antibodies, obese mice didn’t 
develop metabolic syndrome. It seems that it 
infl uences B cells functions and thus prevents 
the onset of infl ammation with its consequences 
on metabolism. The link between  obesity, dia-
betes, and infl ammation may be metabolism and 
explains why it is often associated with meta-
bolic syndrome. The functionality of B cells has 
not been investigated with a metabolic perspec-
tive, although they also undergo intense prolif-
erative sequences upon activation. 

 Finally, another feature of aging is the increase 
of cholesterol levels. As explained before, this 
can alter dramatically the immune response by 
modifying the fl uidness of plasma membrane and 
thus prevent the circulation of immune protein 
carrying lipid rafts. Cholesterol is transported by 
various molecules known as low-/high-density 
lipoproteins (LDL and HDL). These two mol-
ecules have an impact on immunity and infl am-
mation, notably in atherosclerosis. HDL has been 
shown as anti-infl ammatory (Barter et al.  2004 ), 
contrarily to LDL (Sun et al.  2009 ).    Moreover, 
the adiponectin, a very important hormone in 
lipid metabolism, has its level correlated to body 
mass index (BMI) and plays a role in infl amma-
tion (Palmer et al.  2008 ). It is secreted only in 
adipose tissue and plays a role in the suppression 
of metabolic troubles that may result in type 2 
diabetes,,obesity, or atherosclerosis. Adiponectin 
in combination with leptin has been shown to com-
pletely reverse insulin resistance in mice. Levels 
of adiponectin are reduced in diabetics compared 
to nondiabetics, and losing weight reduction 
signifi cantly increases its circulating levels. In 
hepatitis C patients, obese people don’t respond 
to therapy usually and it could be due to the 
decreased levels of adiponectin. A study showed 
that losing weight increased adiponectin that will 
bind to its receptor on T cells and increase hepa-
titis C-specifi c IFN-γ secretion using p38MAK. 
The understanding of the relationship and sepa-
rated mechanisms of metabolic regulations at the 
organism level vs. at the T cell level will enable 
to identify whether specifi c metabolic pathways 
can be used for  immunomodulation. This also 
suggests that it could be useful to lower the level 

of activated T cells specifi c for chronically infect-
ing pathogens and thus the global infl ammation 
in elderly people.   

12.7     Animal Models: What Have 
We Learned from Them? 

 Studying such a complex process like aging 
requires adequate tools. That is why scientist 
developed several animal strains of mice that 
mimic human aging with its associated diseases 
and metabolic dysfunctions. For example, Lang 
et al. developed an aged mouse that is latently 
infected by herpes simplex virus (HSV)-1 (Lang 
and Nikolich-Zugich  2005 ). They inoculated 
viruses to young mice, observed a rapid increase 
of HSV-1 specifi c T cells then a decrease with 
around 2 % of memory T cells. Sixteen months 
later, they remarked an increase in HSV-1- 
specifi c central memory T cells that could be 
even more important than the one appearing 
during acute infection, and this population never 
contracted, even when they injected antiviral 
drug. Their phenotype was close to the one of 
spontaneously appearing T cell clones with high 
levels of IL-17R and IL-15R. The fact that there 
was no sign of acute infection showed that this 
accumulation was not the result of a continuous 
antigens presence but rather a homeostatic issue 
(Lang et al.  2008 ). Woodland et al. found that T 
clones, specifi c from Sendai virus cleared dur-
ing youth, can expand during aging without any 
new contact with the pathogen (Ely et al.  2007 ). 
Based on these results, Lang et al. reproduced 
the same thing in mice with West Nile virus and 
found the same results (Lang et al.  2008 ). Taken 
together, these studies are very important as 
they suggest that all one’s immune history can 
infl uence how healthy one will be later in life. 
Using murine CMV (MCMV), Reddehase et al. 
and Klenerman et al. showed that an expansion 
of MCMV-specifi c memory T cells occurring as 
soon as 3 months after the primo-infection pro-
duced more cells than during the fi rst contact 
with the virus (Holtappels et al.  2000 ; Karrer 
et al.  2003 ). These animal models for infectious 
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diseases are of great relevance to understand the 
impact of persistent vs. acute immune stimula-
tion on the metabolic regulation of the immune 
system. It is also of interest to understand if 
repetitive stimulation with the same antigen 
leads to metabolic senescence. 

 Several mouse models are also used, among 
them, the fi rst mammalian mutant found to have 
an increased average (+50 %) and maximal 
(+40 %) lifespan was the dwarf mouse (Bartke 
and Brown-Borg  2004 ). These mice have a reces-
sive mutation on  Prop1  reducing production of 
thyrotropin, growth hormone (GH), prolactin, and 
gonadotropin and resulting in a pituitary hypo-
plasia presentation.    Ames dwarf mice presenting 
interesting features during aging including defi -
ciency in thyroid-stimulating hormone (TSH), 
insulin-like growth factor 1 (IGF-1), and GH are 
derived from this strain (Bartke and Brown-Borg 
 2004 ). They develop delayed aging- related renal 
pathology, immunosenescence, memory, learn-
ing, and locomotion problems, and also they have 
reduced collagen cross-link and tumor develop-
ment. Snell dwarf mice also present the same phe-
notype, with a  Pit1  mutation resulting in a reduced 
GH and prolactin production (Bartke and Brown-
Borg  2004 ). Their fi broblasts are stress resistant 
(ultraviolet or UV, heat, free radicals, H 2 O 2 , and 
cadmium), and senescence in their immune/joint/
connective tissues is slower. Another model is the 
Laron mouse (Zhou et al.  1997 ). They are defi -
cient in GH receptors, produce few IGF1, have 
low insulin and glucose levels in plasma, and pres-
ent a 37 % increase in mean and a 55 % increase 
in maximal lifespan. Interestingly, these mice are 
also slightly immunodefi cient. The fi rst candidate 
for extending lifespan was telomerase. So mice, 
which carry mutations inhibiting or increasing 
telomerase activity, have been produced. They 
showed that in complex animals, the enzyme 
was not suffi cient to really increase lifespan, but 
when it is absent, aging occurs in very young 
ages and lifespan is very short. Finally, another 
way to study aging in mice (or other model) is to 
change their nutrition intake as it has been shown 
that decreasing caloric intake extend lifespan by 
30 % in some species (Kaeberlein et al.  2005 ). 
Other models such as the senescence- accelerated 

mice (SAM) or the naked mole rats are excep-
tional model to study premature aging or longev-
ity, respectively (Takeda  2009 ; Lewis et al.  2012 ). 
Understanding the genetic compound leading to 
alteration in metabolic changes at the organism 
level is of major interest to link genes, longevity, 
and metabolism. 

 Mice are not the only available models. Yeasts, 
such as  Saccharomyces cerevisiae , are also a valu-
able model due to its short lifespan and the fact 
that it shares common genetic and cellular process 
with human. CR also increases its lifespan so 
genetic studies have been performed. They found 
some yeast genes that delay aging in dividing and 
or resting yeasts, and they were involved in oxida-
tive stress response (Kaeberlein et al.  2007 ). 
 Caenorhabditis elegans  with its 20-day lifespan is 
also a very good model. Lots of studies have been 
performed using this model to make it live longer 
and even immortalized its germ line by stopping 
the aging process (Smelick and Ahmed  2005 ). 
Among the genetic controls studied are a series of 
interacting proteins that act like insulin and con-
trol reproduction and longevity. Investigators 
have also looked at a mechanism controlled by a 
group of genes called clock genes. These regulate 
metabolism in the roundworm and affect lifespan 
(Lakowski and Hekimi  1996 ). The roundworm 
genes seem to confer increased longevity by sup-
porting resistance to external stresses, such as 
bacterial infections, high temperatures, radiation, 
and oxidative damage. Some research in round-
worms has focused on the gene that regulates the 
activity of COQ7, a particular type of protein that 
plays a crucial role in electron transport within 
mitochondria that produce energy (Nakai et al. 
 2004 ). Investigators have discovered that muta-
tions that diminish COQ7 lead to a modest 
increase in lifespan. These mutations have a big-
ger effect when combined with other mutations, 
such as those in the insulin pathway mentioned 
above, and infl uence resistance to oxidative dam-
age. Finally, some researchers rendered the germ 
line of the nematode immortal by reprogramming 
the epigenetic memory. In  Drosophila melano-
gaster , researchers showed that the Methuselah 
protein was able to increase fl ies lifespan by 30 % 
(Lin et al.  1998 ) and that silencing Sun, a factor 
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that binds Methuselah, increased the lifespan by 
50 % (Cvejic et al.  2004 ). Various mutations in a 
gene called Indy (I’m Not Dead Yet) can double 
lifespan without any side effect (Neretti et al. 
 2009 ). These models are useful models to identify 
the role of targeted pathways. However, discrep-
ancies exist in the functionality of immune system 
in these models compared to humans. Thus, the 
data from these models should be taken with care.  

    Conclusions 

 Aging is a very complex phenomenon infl u-
ence by environmental, nutritional, behavior, 
cognitive, genetic, immunological, and meta-
bolic factors. For this reason it may prove dif-
fi cult to fi nd a unique solution to reverse 
aging or to prevent age-associated conditions. 
It has been shown that reversing the aging of 
stem cells was possible (Lapasset et al.  2011 ). 
With an adequate cocktail of gene modifi ca-
tions (OCT4, SOX2, KLF4, c-MYC, 
NANOG, and LIN28), stem cells extracted 
from 90-year-old people rejuvenate and lose 
aging characteristics. It could be a formidable 
breakthrough in the fi ght against time as it 
unlocks the possibility of replacing old organs 
by young ones. Although this seems promis-
ing and validates some theories about life 
extension (de Grey  2003 ), new organs will 
still have to live in an “old” environment. 
Also, how will the body react in presence of 
young organs and cells? Will it cause an 
imbalance between physiological processes? 
This is still unknown. Rather than replacing 
old organs, will it be more valuable to keep 
the environment younger? Adjusting the 
metabolism and infl ammation is feasible and 
may reduce the stress cells have to cope with. 
At the immunological level, with the 
described metabolic difference between 
immune cells, the rejuvenation of the immune 
system using HSC can be envisioned, if these 
metabolic differences are taken into account. 
   The regulation of T cell response during 
stress, acute infection, and persistent infec-
tions and in memory is highly dependent on 
metabolism.     
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13.1            Introduction 

 With recent advances in medical technology and 
better nutrition, the elderly population is increas-
ing at an exceptional rate, especially in developed 
countries. Aging is associated with impairments in 
a variety of biological functions. Gradual deterio-
ration of the immune system by aging, collectively 
termed immunosenescence, is considered a major 
contributory factor to the increased morbidity and 
mortality among the elderly. In humans, as well as 
many other species, it has been recognized that the 
immune system declines with age, which leads to 
higher incidence of infections, neoplasia, and 
autoimmune diseases (Pawelec  1999 ; Pawelec 
et al.  2006 ; Hakim et al.  2004 ). These dysfunc-
tions arise from alterations in almost every compo-
nent of the immune system. Aging affects different 
immune cell types, including hematopoietic stem 
cells (HSCs), lymphoid progenitors in the bone 
marrow and thymus, thymic stromal cells, mature 
lymphocytes in secondary lymphoid organs, and 
also elements of the innate immune system 
(Plackett et al.  2004 ; Ginaldi et al.  2004 ). 
Importantly, signifi cant alterations are seen in the 
T lymphocyte compartment. CD4 +  T cells are key 

elements of the adaptive immune response. Age- 
related alterations are evident in all stages of T cell 
development, making them a signifi cant  element 
in immunosenescence (Linton et al.  2005 ). 

 After birth, the functional and numerical 
decline of different subpopulation of T cell begins 
with the progressive involution of the thymus, 
the organ responsible for T cell differentiation 
and development. This age-associated decrease 
of thymic size results in a reduction/exhaustion 
on the number of thymocytes (i.e., premature T 
cells), thus reducing output of peripheral T cells. 
Once matured and begun to circulate throughout 
the peripheral system, T cells still undergo dele-
terious age-related changes. 

 Recent work has found that T regulatory cells 
(Tregs), a subset of CD4 +  T cells with immuno-
regulatory activities, are also affected by aging 
(Chougnet et al.  2011 ; Chiu et al.  2007 ; Sharma 
et al.  2006 ). Discovered in 1990s (Sakaguchi 
et al.  1995 ), Tregs are a specialized subpopula-
tion of T cells responsible for suppressing activa-
tion of undesirable immune responses and, 
thereby, maintaining immune system homeosta-
sis and peripheral tolerance to self- and non-self- 
antigens (Tang and Bluestone  2008 ). Tregs exert 
their modulatory effects by suppressing the acti-
vation and function of both innate and adaptive 
immune cells, and therefore, the defi ciency of 
Tregs is associated with a large spectrum of auto-
immune and infl ammatory conditions (Sakaguchi 
et al.  2010 ). Although the classifi cation of Treg 
cells into separated lineages remains controver-
sial, based on their developmental and functional 
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differences, Tregs can be categorized into two 
main subpopulations of naturally occurring 
(nTreg) and peripherally induced (iTreg) Tregs, 
generated in the thymus and peripheral lymphoid 
tissues, respectively. Both subpopulations 
express CD4, CD25, and the forkhead box pro-
tein 3 (FoxP3) (a transcription factor that acts as 
a master regulator of Tregs). The fundamental 
property defi ning Tregs is their ability to transfer 
immune unresponsiveness in vivo from one ani-
mal to another syngeneic one or in vitro from one 
culture to another (Vigouroux et al.  2004 ). 

 The age-related alterations of Treg cells were 
described controversially, and whether such 
changes explain immune dysfunction in the 
elderly is still unclear. Recently, it has become 
clear that the number of Tregs signifi cantly 
increases in aged mice and humans. As Treg 
controls the intensity of T cell responses, their 
increase probably contributes to age-related 
immune dysfunction. In addition to their role in 
peripheral tolerance, Tregs play critical roles in 
regulating excessive immune response to acute 
and persistent infections (viral, bacterial, para-
sitic, and fungal) (Vigouroux et al.  2004 ). Thus, 
increased number of Treg may contribute sub-
stantially to ineffi cient T cell responses in aging. 
This chapter focuses on mechanisms underlying 
Treg homeostasis and function in aging.  

13.2     Evidence of Increased 
Frequency of Regulatory 
T Cells in Aged Hosts 

 It has become clear that the number of Tregs 
signifi cantly increases by aging (Rosenkranz 
et al.  2007 ; Lages et al.  2008 ; Chiu et al.  2007 ). 
The age-related increase in the number of these 
cells might increase susceptibility to various 
infectious diseases and cancers in elderly, since 
Tregs control the intensity of immune responses 
(Provinciali and Smorlesi  2005 ; Plackett et al. 
 2004 ). Owing to limited access to human tissues, 
there is not enough data showing Treg numbers 
in various peripheral organs in elderly, though 
some reports supported the age-associated accu-
mulation of Tregs in the skin (Agius et al.  2009 ). 

Recent studies performed in different strains 
of mice showed a spontaneous and age-related 
increase in Treg cells in peripheral blood as well 
as lymphoid organs, but not in the thymus and 
other tissues (Zhao et al.  2007 ; Lages et al.  2008 ; 
Sharma et al.  2006 ). These data emphasize that 
Treg frequency in the blood does not accurately 
represent their accumulation in the tissues. The 
age-related alteration of different subsets of T 
cells, as well as alteration of other cellular and 
molecular factors that impact T cell development, 
might together contribute to the alteration of Treg 
cells. 

13.2.1     The Nature of Regulatory 
T Cells in Aging 

 Given the signifi cant decrease in thymic output of 
T cells in aging, it remains unclear whether the 
increased Tregs in the elderly is due to the expan-
sion of nTregs or because of peripheral induction 
of iTregs or a combination of both. Persistence of 
iTregs in the blood correlated with long-term pro-
tection from autoimmune destruction, as iTregs 
mainly suppress immune responses in an antigen-
specifi c manner, whereas expansion of nTregs 
might be associated to the suppression of immune 
responses in an antigen-independent manner. 

 Recently, it has been demonstrated that the 
majority of Tregs in aged mice express high lev-
els of the transcription factor Helios (a specifi c 
marker of thymic-derived nTreg cells) (Thornton 
et al.  2010 ). Moreover, increased Tregs may be 
the result of nonspecifi c clonal expansion of 
nTreg populations due to chronic infection and 
exposure to superantigens that are more preva-
lent in the elderly due to dysfunction of the 
immune system. NTregs are less fl exible than 
iTreg, ex vivo, and do not tend to lose the expres-
sion of Foxp3 (Hoffmann et al.  2009 ). Aged 
Tregs were shown that are less prone to convert 
to other subsets of T cells upon culturing ex vivo 
(Chougnet et al.  2011 ). Thus, considering these 
data, it is suggestible that aged Treg may be 
derived from nTreg, although further work is 
required to rule out a contribution of increased 
peripheral Treg conversion in aging. 
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 It is postulated that the Treg cells in aging are 
mainly included within the group of traditionally 
regarded effector-memory T cells. Treg cells with 
memory phenotype disproportionately increased 
in peripheral lymphoid tissues in elderly (Chiu 
et al.  2007 ). In aged mice also the increased Tregs 
have been shown to highly express CD44 (a 
marker of effector-memory T cells) (Han et al. 
 2009 ). Thus, the ultimately differentiated popula-
tion of Treg might have a superior functionality 
comparing to the young counterparts. Majority of 
studies on Tregs functional capabilities during 
aging support the notion that Treg cells functions 
remain intact or even associated with intensifi ed 
suppressive capacity during aging (Simone et al. 
 2008 ; Provinciali and Smorlesi  2005 ). The age-
associated enhancement of Tregs functions will 
be discussed in a later section.  

13.2.2     Mechanism Behind Increasing 
of Treg Cells During Aging 

 A series of studies assessed the contributory mech-
anisms to the increased number of Tregs during 
aging. The main mechanism is attributed to the 
increased resistance of these cells to apoptosis. 
Tregs from aged mice exhibit increased expression 
of B-cell lymphoma 2 (Bcl-2) and myeloid leuke-
mia cell differentiation protein-1 (Mcl-1), the two 
proteins associated with decreased cell apoptosis 
and may play a role in the development of cancer 
(Wojciechowski et al.  2007 ). Therefore, Tregs in 
aged mice show better survival comparing to those 
from young mice, while the in vivo proliferation 
rate of Tregs of aged and young mice is the same 
(Wojciechowski et al.  2007 ). Treg derived from 
aged mice also expresses decreased level of Bim 
(an apoptotic activator protein) which is likely 
counter- regulated by Bcl-2 (Kurtulus et al.  2011 ). 
Taken together, the regulation of pro- and anti-
apoptotic molecules within aged Tregs enhances 
their survival rate and promotes their accumula-
tion in various organs. 

 In addition, cytokines or cytokine receptors 
that are involved in the intra and extra-thymic 
Treg development and homeostasis, including 
interleukin (IL)-2 IL-7 IL-15 and their cognate 

receptors, have been reportedly shown to be 
altered in aging, in favor to a better Treg survival 
(Cheng et al.  2012 ; Burchill et al.  2007 ; Bayer 
et al.  2008 ). Aged Treg cells express increased 
levels of IL-7 receptor alpha (IL-7Rα) and 
IL-2Rβ and, therefore, are giving a better prolif-
erative response in the presence of their cognate 
cytokines. Moreover, all of these cytokines trig-
ger a signaling cascade through a common γ 
chain receptor, and aged Tregs exhibit higher 
expression of this receptor comparing to the 
young counterparts. This can lead to the conclu-
sion that the age-related changes in cytokine and 
cytokine receptor profi le might act as a contribut-
ing factor for a better Treg maintenance or prolif-
eration in the elderly. 

 It appears that the mechanisms implicated in 
cell survival are independent among different 
subsets of T cells, e.g., Tregs and T cells during 
aging.    Recent reports showed that despite the 
age-related increase in CD95 expression (Fas 
receptor, a death receptor on the surface of cells 
involved in apoptosis) on effector T cells, Tregs 
show a downregulation of this receptor (Todo- 
Bom et al.  2012 ), thus remaining unsusceptible 
to the cell death induced by Fas-Fas ligand (FasL) 
pathway. The upregulation of CD95 in effector T 
cells also has shown to implicate in T cell senes-
cence and tumor progress in the elderly as well 
(Wang et al.  2010 ).  

13.2.3     Suppressive Capacity 
of Tregs During Aging 

 So far, few studies have investigated the functional-
ity of Tregs in aging. In vitro studies on the capac-
ity of human Tregs purifi ed from blood have 
reported increased or similar suppressive capacity 
of Tregs from aged subjects versus young subjects. 
CD4 +  effector T cell function (IL-2 or interferon 
gamma (IFN-γ) production) was more suppressed 
by Tregs from elderly than young ones, although 
both of them suppress the proliferation of CD4 +  T 
cells at the same degree (Vukmanovic-Stejic et al. 
 2006 ; Hwang et al.  2009 ; Trzonkowski et al.  2006 ). 
The analysis of Treg cells from elderly with 
Alzheimer and Parkinson disease also revealed 
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that, in addition to the increased number of Tregs, 
their suppressive activity was also intensifi ed 
(Rosenkranz et al.  2007 ). 

 Accordingly, purifi ed Tregs from lymph nodes 
of aged mice, but not from blood, suppress the 
proliferation response of stimulated CD4 +  effec-
tor T cells roughly three-fold better than Tregs 
from their young counterparts (Hoffmann et al. 
 2009 ). This suggests that aged Tregs, accumu-
lated in peripheral organs, might behave differ-
ently than the ones in blood circulation. 

 The homing property of Tregs is another factor 
determining the capacity of Treg to be retained 
within sites of infl ammation, and this factor cor-
relates to their effi ciency in the suppression of 
infl ammations. The integrin CD103 may facilitate 
Treg homing to nonlymphoid tissues. Interestingly, 
the percentage of splenic CD103 +  Tregs increases 
with age in mice (Lages et al.  2008 ). Consistently, 
CD103 expression on human Tregs increases by 
aging and disrupts effector T cell-mediated pro-
tection (Agius et al.  2009 ; Macdonald et al.  2011 ).   

13.3     Age-Related Susceptibility 
to Infl ammatory and 
Neoplastic Diseases 
in Correlation with Treg 
Elevation 

 Emerging evidence suggests that there is a rela-
tionship between aging, infl ammation, and 
chronic diseases (Ahmad et al.  2009 ). The inci-
dence of cancers seems to be increased with age. 
However, it is not clear whether aging leads to the 
induction of infl ammatory processes thereby 
resulting in the development and maintenance of 
chronic diseases or whether infl ammation is the 
causative factor for induction of both aging and 
chronic diseases such as cancer. Indeed develop-
ment of cancer could also lead to the induction of 
infl ammatory processes and may cause aging. 

 The protective or infl ammatory roles of Tregs 
in cancer are paradoxical and are the subject of 
controversy. Treg cells seem to have some func-
tions in reducing risk of infl ammation-associated 
cancer. However, Tregs also function to suppress 
 protective anticancer immune responses; therefore, 

the  accumulation of Tregs in the elderly might play 
an important role in tumor immune evasion by sup-
pressing the immune system and enhancing tumor 
survival (Anisimov  2009 ; Franceschi and La 
Vecchia  2001 ). 

 In numerous murine tumor models, increased 
frequencies of CD4 + CD25 high  Treg cells seem to be 
a hallmark of tumor progression and metastasis 
(Tan et al.  2011 ; Kortylewski et al.  2009 ), and more-
over, it has been shown that depletion of Treg cells 
restores antitumor T cell cytotoxic activity in aged 
animals and results in the generation of a protective 
memory response against tumors, thus decreases 
the subsequent infl ammation (Sharma et al.  2006 ). 
In line with that, the aged mice were capable to 
reject tumor when treated with anti-OX40 mono-
clonal antibodies (a T cell costimulatory molecule, 
critically involved in the survival and proliferation 
of activated T cells and has been identifi ed as a key 
negative regulator of Foxp3 + Tregs) (Lustgarten 
et al.  2004 ; Hamilton  1991 ). 

 In addition, increased number and activity of 
Tregs in aged mice has been demonstrated to 
reduce dendritic cell (DCs) capability to prime 
effector T cells via downregulation of expression 
of costimulatory molecules on DCs (Williams- 
Bey et al.  2011 ; Zhao et al.  2007 ; Nishioka et al. 
 2006 ).    Depletion of Tregs in aged mice can 
restore the capability of DCs to the level of young 
mice, thus conferring long-lasting immunity 
against tumors as well as neurodegeneration and 
infections (Chiu et al.  2007 ). 

 Much of what is now known about Tregs has 
been learned from CD4 + Foxp3 +  Tregs, but it is likely 
that the regulatory pathways are mediated by dif-
ferent lineages of Treg cells that might have unique 
mechanisms in regulating certain T cell- driven 
autoimmunity. Despite the widely accepted con-
cept of increased frequency of CD4 + CD25 + Foxp3 +  
Treg cells in the elderly, age- related defi ciencies in 
specifi c subpopulations of Tregs that are respon-
sible to restrain certain subsets of auto-reactive 
T cells during chronic infl ammation have been 
observed. For instance although human Tregs are 
as competent as their young counterparts in regu-
lating T helper (Th)-1- mediated autoimmunity, 
they are defective to restrain Th-17 activation; thus, 
the elderly might be more susceptible to develop 
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Th-17-mediated chronic infl ammation (Sun et al. 
 2012 ). Th-17 cells are mediators of certain autoim-
mune diseases and promote pathologic infl amma-
tion in a number of infl ammatory conditions. In 
line with this, recently, an unconventional subset of 
CD8 + CD45RA + CCR7 + Foxp3 + Treg cells has been 
identifi ed that are defective in elderly with chronic 
infl ammatory conditions (Suzuki et al.  2012 ). 
Hence, characterizing different population of Treg 
cells is essential to enhance our knowledge in 
understanding the alteration of regulating pathways 
throughout different stages of life (Kapp  2008 ). 

 In accordance with this, age-related reduction 
of other mediators involved in the peripheral tol-
erance might explain certain immune dysregula-
tion. A reduction of inhibitory cytokines by aging 
has been reported which might increase the sus-
ceptibility to certain infl ammatory disorders in 
the elderly. Production of transforming growth 
factor beta (TGF-β) and IL-10, two inhibitory 
cytokines implicated in regulatory pathways in 
small intestine, reduces by aging although the 
source of these cytokines remained to be deter-
mined (Santiago et al.  2011 ).  

13.4     Concluding Remarks 

 Aging affects many components of the immune sys-
tem. In particular alteration in regulatory pathways in 
the elderly is becoming a challenge in clinical set-
tings. Therefore, further in-depth research is critical 
for designing effective health care for the elderly. 

 Increased immune-mediated chronic diseases 
and the associated infl ammation during aging, 
appear, at least in part, owing to the alterations in 
immunoregulatory pathways. Increased Treg 
proportion by aging, as the main component of 
the peripheral tolerance, probably contributes to 
age-related immunosuppression, explaining 
 age- associated higher risk to diseases such as 
cancers, infections, and other chronic infl amma-
tory disorders. In this regard, some questions 
remained unanswered: what maintains elevated 
numbers of Treg in aged hosts? Can partial Treg 
depletion be employed in order to enhance vac-
cine or antitumoral responses and/or elimination 
of chronic infections? 

 Moreover our current knowledge in treating 
the immune-mediated diseases of young hosts 
cannot be readily generalized to the elderly, due to 
differences between elders and young immune 
systems. Therefore, improving our understanding 
of the aged immune system is crucial for develop-
ing effective prevention and treatment programs 
which will facilitate healthy aging and improve 
the quality of life of the elderly population.     
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14.1            Introduction 

 A major age-related health problem is the increas-
ing frequency and severity of infectious diseases. 
Aging infl uences the immune system, and as a 
result, elderly individuals are more susceptible 
to infections, which are the fourth most common 
cause of death in the elderly. In addition, immune 
response to vaccines and infectious agents declines 
with age. Global understanding is still incom-
plete but is thought that with aging thymus gland 
shrinks, and this is one of the major factors resulting in 
the impaired immune function (Heron and Smith 
 2007 ; Weinberger et al.  2008 ).  

14.2     Aging and B Cell 
Development and 
Differentiation 

 Now, it is well established that B lymphopoiesis 
and consequently humoral immune response 
decline in elderly individuals. Age-related 
changes in B cell commitment and development 
include a decline in the frequency of precursors. 

Recent studies showed a remarkable decline in 
pre-B cell numbers in aged mice without decrease 
in the number of mature B cells (Linton and 
Dorshkind  2004 ; Johnson et al.  2002 ; Miller and 
Cancro  2007 ). 

 Identifi cation of factors responsible for subop-
timal humoral immune response is a rapidly 
evolving fi eld of research. Because by recogniz-
ing these factors as biological markers, the capabil-
ity of humoral immune response can be assessed 
not only in elderly but also in immunocompro-
mised individuals. 

 It is known that the capability of hematopoietic 
stem cells’ (HSCs) replication decreases with 
increasing age (Geiger and Van  2002 ). Production 
of blood cells is a result of the balance between 
self-renewal HSCs and production of daughter 
cells. Several studies have shown the proliferation 
in lymphoid progeny is impaired in aged mice 
comparing to young mice (Sudo et al.  2000 ). 
Therefore, there is a decrease in the number of 
common lymphoid progenitors (CLPs) which in 
turn infl uence T and B cell immune responses 
(Linton and Dorshkind  2004 ). 

 Miller and Allman study on aged C57BL/6 
mice showed that reduction of B lymphopoiesis 
in these mice is due to a loss of B-lineage precur-
sor pools. Also, their studies revealed that the 
response of all B cell lineage progenitors become 
suboptimal by aging (Miller and Allman  2003 ). 

 A growing body of literature has provided evi-
dence that the number or proliferation of pre-B 
cells in bone marrow decreases with aging. 
However, the number of pro-B cells in old mice is 
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similar to young ones suggesting that probably the 
transition of pro-B cell to pre-B cells in old mice 
bone marrow is impaired (Szabo et al.  2003 ). 

 Based on Szabo et al. studies, it can be pro-
posed that age-associated perturbations exist in 
recombination of V to DJ gene segment in transi-
tion stage of pro-B cell to pre-B cells (Szabo 
et al.  2003 ). These perturbations occur as a result 
of alteration in transcription factors such as E47, 
E2A-encoded E12 (Frasca et al.  2003 ). These 
transcription factors bind to the enhancer region 
in immunoglobulin (Ig) heavy chain gene. It has 
been shown that E2A family members have an 
effect on expression of surrogate light chain. 
Age-associated changes in these factors reduce 
surface expression of V-pre-B and λ5 in old mice 
(Sherwood et al.  2000 ). 

 Despite the reduction in pre-B cell compart-
ment, the number of B cells in bone marrow is 
more than expected which can be justifi ed by 
considering increased life span of immature B 
cell and reduced B cell entrance to circulation 
from bone marrow (Johnson et al.  2002 ). 

 Also, different studies have shown that the 
response of pro-B cell to interleukin (IL)-7, as a 
pre-B cell stimulator in the microenvironment of 
bone marrow, is impaired. It was shown that the 
level of IL-7 receptor α and common γ chains on 
the surface of pro-B cell in old mice is normal 
compared to young mice. Therefore, this impair-
ment in responding to IL-7 is related to IL-7 sig-
naling pathway (Linton and Dorshkind  2004 ). 
Also Tsuboi et al. study revealed that IL-7 mRNA 
expression level decreases with aging (Tsuboi 
et al.  2004 ). 

 Krishnamurthy et al. introduced InK4A/Arf 
expression as a marker of aging. InK4A/Arf locus 
encodes P16  INK4a  and Arf as tumor suppressor 
molecules. Also, they showed that the expression 
of cell cycle inhibitors in all stages of B cells par-
ticularly in pro-B cells and pre-B cells increases 
with aging (Krishnamurthy et al.  2004 ). 

 Shahaf et al. concluded three important phe-
nomena regarding B cell development in old mice 
by mathematical modeling: a decrease in the max-
imum number of cells in pre-B cell compartment, 
an increase in the rate of transition from cycling 
pre-B cells to resting pre-B cells, and an increase 

in the fractions of static cells included in the 
immature B cell subset (Shahaf et al.  2006 ). 

 Linton and Dorshkind showed that aging has 
an effect on impairment of peripheral B cells. For 
instance, the duration of humoral response in old 
individuals is shorter than young individuals, and 
the affi nity and titer of produced antibodies is less 
leading to the poor ability to mount protective 
humoral response (Linton and Dorshkind  2004 ). 

 There is no change in the total number of B 
cells in old mice. However, the number of naïve 
B cells decreases, and on the other hand, the pop-
ulation of antigen-experienced cells increases. 
These changes occur due to increased B cell lon-
gevity and reduction in production of B cells in 
bone marrow. 

 Mehr et al. study, with a focus on modifying 
factors of affi nity maturation in aging, showed 
that selection of Ig genes is variable depending 
on the tissue (Mehr and Melamed  2011 ). Most of 
the B cells in these individuals produce more 
IgM despite isotype switching. It is understood 
that in recombination process, B cells in old indi-
viduals have a different V region genes from 
young individuals. Perhaps, these impairments in 
B cell functions are related to reduction in expres-
sion of costimulatory molecules such as CD86, 
impairment in B cell signaling, age-related 
changes in CD4 +  T cells, or aged microenviron-
ment (Linton and Dorshkind  2004 ). 

 With aging, the quality and quantity of 
humoral immune response along with somatic 
hypermutation (SHM) and class switch recombi-
nation (CSR) decrease. It has been understood 
that the number and the size of germinal center 
(GC) in old mice decrease comparing to young 
mice. In fact, these defects in GC are because of 
defi ciency in T cells and follicular dendritic cells 
(FDCs) and also self-defi ciency in B cells. On the 
other hand, by producing the long-lived plasma 
cells in bone marrow, as a result of defects in GC 
structures, the number of these cells decreases in 
the bone marrow (Frasca and Blomberg  2009 ; 
Linton and Dorshkind  2004 ). 

 Considering this fact that GC is a central place 
for SHM and CSR process, these defects in GCs 
lead to impairment in antibody affi nity maturation 
and decrease in number of plasma cells in the bone 
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marrow. Also it is known that transcription factor 
E47 is important for transcriptional regulation 
AICDA (gene encoding for activation- induced 
cytidine deaminase or AID). AID has a vital role in 
SHM and CSR required for production of Igs from 
different isotypes. Different studies have been 
shown that CSR is impaired in follicular naïve 
splenic B cells. It can be explained by a decrease in 
E47 and consequently AID with aging. 

 The rate of stability of E47 mRNA has an 
inverse relationship with the level of phosphory-
lated tristetraprolin (TTP) which is the product of 
P38 mitogen-activated protein kinase (MAPK) 
signaling pathway. In fact, TTP binding to E47 
mRNA 3′-untranslated region (3′-UTR) leads to 
a decrease in its stability and in the quantity of 
AID. It has been understood that TTP level in old 
mice is higher than young mice (Frasca and 
Blomberg  2009 ). 

 Telomere length also plays an important role in 
B cell senescence. It has been revealed that the 
length of telomere in lymphocytes diminishes with 
aging. The rate of telomere shortening for B cells 
is 15–19 bp/year, but this range is higher in some 
B cell subtypes such as naïve B cells (29 bp/year) 
and memory B cells (40 bp/year) (Weng  2008 ).     
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15.1            Introduction 

 Human aging is a very complex process with pro-
found changes in gene expression and bimolecu-
lar pathway actions (Spazzafumo et al.  2011 ; 
Cevenini et al.  2010 ). Aging is recognized to be 
affected via many environmental factors. Genetic 
factors play important roles in aging process. It is 
found that genetic pathways which determine 
lifespan act in a fashion conserved across species 
from yeast to humans (Friedman and Johnson 
 1988 ). In cell stage, aging affects the organism 
totally. The aged cells accumulate in senescing 

tissues and organs and lead to age-associated dis-
orders (Baker et al.  2011 ). One of the most 
important senescent-induced abnormalities is 
immune system function dysregulation which 
names immunosenescence (Jiang et al.  2012 ; 
Frasca et al.  2008 ). Immunosenescence is charac-
terized by degradation of immune system matu-
ration, function, and responsiveness (Jiang et al. 
 2012 ; Van Duin et al.  2007 ). 

 Recently, it has been recognized that pro-
teins and genes involved in aging process are 
precisely regulated by various MicroRNAs 
(MiRs) (Bhaumik et al.  2009 ). MiRs have been 
 understood as pathway regulator in biologi-
cal processes such as immune system compo-
nent development and activation (O’Neill et al. 
 2011 ). MiRs are small, noncoding RNAs, 19–24 
nucleotides in length, which are known as post 
transcriptional regulator of gene expression, tar-
geting the 3′ untranslated region (3′ UTR) of 
target mRNAs to prevent protein production by 
translation inhibition or inducing degradation of 
mRNA via RNases (Liu  2008 ). MiRs have vital 
regulatory roles in development of hematopoietic 
lineage, maturation and differentiation of B and 
T lymphocytes (Rodriguez et al.  2007 ), prolif-
eration of neutrophils and monocytes (Johnnidis 
et al.  2008 ), secretion of type 1 interferon (IFN) 
and proinfl ammatory cytokines/chemokine (Tili 
et al.  2007 ), and effectiveness of immune system 
response (Bartel  2004 ). These emerging evi-
dences indicate to MiRs importance in immune 
system function controlling and immunosenes-
cence regulation.  
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15.2     MiR-146a Response 
to Lipopolysaccharide 
Stimulation Is Restricted in 
Macrophages of Aged Mice 

    Aging leads to infl ammatory environment 
via persistent upregulation of nuclear factor 
kappa-light- chain-enhancer of activated B cells 
(NFκB) that promoted cytokines such as inter-
leukin (IL)-6, IL-1β, and tumor necrosis factor 
alpha (TNF-α). This situation occurs in response 
to internal environment of aged bodies, with-
out presence of any disease, and is known as 
“infl amm aging” (Franceschi et al.  2000 ). It is 
found that MiR-146a level is highly (sixfold) 
upregulated in macrophages of aged mice com-
paring to young mice in the absence of stimula-
tion. In contrast, MiR-146a expression increases 
signifi cantly to more than 12-fold in macro-
phages of young mice secondary to lipopolysac-
charide (LPS) stimulation, whereas the level of 
MiR-146a remains unchanged in macrophages 
of old mice. The same difference in mature 
MiR-146a expression between young and aged 
subjects was also seen in premature MiR-146a 
expression, indicating that aberrant expression 
of the MiR comes from its impaired regulation 
in transcriptional level (Jiang et al.  2012 ). At 
least two binding sites of NFκB (sites I and II) 
have been found to be necessary for induction 
of MiR-146a by LPS stimulation (Taganov et al. 
 2006 ). Reason of lower response of macro-
phages to LPS stimulation in aged subjects was 
found in lower ability of NFκB binding to MiR-
146a promoter sites, whereas NFκB binding 
to both binding sites of MiR-146a promoter in 
young mouse signifi cantly increases in response 
to LPS.    Although MiR-146a expression changes 
not signifi cantly in response to LSP in macro-
phages of aged subjects (Jiang et al.  2012 ), MiR-
146a of macrophages of aged mice negatively 
regulates proinfl ammatory cytokine (including 
IL-6 and IL-1β) secretion by targeting the inter-
leukin-1 receptor- associated kinase 1 (IRAK1) 
level (Ceppi et al.  2009 ), in non-stimulated con-
ditions in the same manner of macrophages of 
young mice (Jiang et al.  2012 ). IRAK1 and TNF 
receptor-associated factor 6 (TRAF-6) are 
important downstream components of Toll-like 
receptors (TLRs) and IL-1 signaling pathways. 

The presence of IRAK1 and TRAF6 activity is 
required for proinfl ammatory marker production 
(Akira and Takeda  2004 ).    However, in contrast 
to MiR-146a function in macrophages of young 
subjects, MiR-146a is less responsive to pro-
infl ammatory cytokines in aged macrophages 
and    cannot extent its negative controlling roles 
in response to high level of infl ammatory cyto-
kines or LPS stimulation (Jiang et al.  2012 ).  

15.3     DNA Methylation and 
Histone Acetylation Alter 
NFκB Binding Activity 
and, Consequently, 
MiR-146a Expression 

 Recently, it has been discovered that administra-
tion of DNA methyltransferase (DNMT) inhibi-
tor 5-aza-2-deoxycytidine (5-Aza-CdR) and 
histone deacetylase (HDAC) inhibitor tricho-
statin A (TSA) might be effective strategies to 
manipulate expression of MiR-146a in macro-
phages of aged mice. It is suggested that hyper-
methylation of some genes in NFκB signaling in 
macrophages of aged subject is responsible for 
the reduction of NFκB activity and, consequently, 
decreased level of MiR-146a expression. 5-Aza- 
CdR is found to increase MiR-146a expression 
by unmethylation of the mentioned genes. Also, 
histone deacetylation is another way to inhibit 
NFκB subunits translocation to the MiR-146a 
promoter sites in macrophages of both young and 
aged mice; however, this effect is stronger among 
aged mice versus young. Thus, TSA can increase 
MiR-146a expression via augmentation of NFκB 
binding ability to the MiR-146a promoter sites in 
unstimulated macrophages (Jiang et al.  2012 ). 

 Almost all 11 members of HDAC have higher 
level of expression in macrophages of aged 
mouse comparing young mice. The reduction of 
these members in aged subjects occurs rapidly, 
but at the lowest point, levels of 4 members of 
HDAC component are still higher than their level 
at the same time in young mice. These facts show 
why reversal effect of TSA on MiR-146a expres-
sion in macrophages of aged subjects is stronger 
than that in young mice after LPS stimulation 
(Jiang et al.  2012 ). It seems that lower level of 
histone acetylation at the promoter site leads to 
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drastic suppression of MiR-146a transcription, 
and consequently, impairment of MiR-146a 
upregulation and negative controlling of the LPS 
induced infl ammation (Saccani et al.  2002 ).  

15.4     MiR-146a Expression Varies 
Signifi cantly Between 
Human Umbilical Vein 
Endothelial Cells of Aged 
and Young Individuals 

 MiR-146a is upregulated during the fi rst 3 weeks 
of life in neonatal. MiR-146a is signifi cantly 
more expressed in stimulated monocytes from 
cord blood comparing those isolated from adults 
(Chassin et al.  2010 ). MiR-146a is known as 
marker of senescence-associated proinfl ammatory 
condition in cells participated in vascular remodel-
ing. Cytokine and oxidative stress marker release is 
signifi cantly higher in aged individuals comparing 
younger human umbilical vein endothelial cells 
(HUVECs). MiR-146a is the most upregulated 
MiR in senescent HUVECs. Inversely, IRAK-1 
is drastically inhibited in senescent versus young 
HUVECs; whereas, TRAF6 level, IL-6 release, 
and senescence- associated β-galactosidase (SA-β-
gal) are not affected through MiR-146a modula-
tion in HUVECs (Olivieri et al.  2012a ).  

15.5     IL-6 Is Stronger Promoter 
of MiR-146a/b Expression 
in Aged Fibroblasts 

 MiR-146a/b expression increases in response to 
aging in fi broblasts. It is reported that senescence 
can occur mainly by DNA damage (Bhaumik et al. 
 2009 ). Senescence-associated secretory pheno-
type (SASP) is known as senescent cell reaction to 
DNA damage through  production of cytokines 
such as IL-6 and IL-8 which induce microenviron-
mental changes in aged cells (Rodier et al.  2009 ). 
MiR-146a/b level remains almost undetectable 
during the interval of DNA damage and SASP 
(Bhaumik et al.  2009 ), indicating that proinfl am-
matory cytokines are stimulators of MiR-146a/b 
upregulation. IL-1 receptor signaling pathway has 
been considered as essential promoter of IL-6, 
IL-8, and MiR-146a/b. IL-1 contains two ligands 

including IL-1α and IL-1β (Coppe et al.  2008 ). 
High level of membrane- bound IL-1α has been 
detected in aged cells.    Proinfl ammatory cytokine 
secretion is suppressed upon administration of 
neutralizing antibodies against IL-1α, but not 
IL-1β. Thus, IL-1α level in senescent cells is a 
determinant factor in production of drastic levels 
of IL-1R signaling system. It seems that IL-6 is 
more important than IL-8 for MiR-146a/b promo-
tion because MiR-146a/b level is undetectable in 
cells with slight increase in IL-6 level but high 
expression of IL-8. Initially, it was thought that 
MiR- 146a/b downregulates IL-6 and IL-8 secre-
tion by targeting the IRAK1 and TRAF6 which 
are important members of IL-1 and TLRs signal-
ing pathways; however, it is recognized that 
expression of MiR-146a/b in senescent fi broblasts 
leads to targeting of IRAK1, whereas TRAF6 
level remains unchanged (Bhaumik et al.  2009 ).  

15.6     MiRs Regulate Neutrophil 
Senesce by Targeting Genes 
Involved in Neutrophil 
Apoptosis 

 Neutrophils are one of the polymorphonuclear 
(PMN) cells that contains majority of white blood 
cells. The cells are crucial member of human 
defense against bacterial and fungal infections. 
Neutrophils rush to the injured tissues and try to 
destroy the invasion by phagocytosis (Haslett 
 1999 ), secretion of proinfl ammatory cytokines 
such as IL-8, interferon gamma-induced protein 
10 (IP-10) (Scapini et al.  2000 ), and leukotriene 
B4 (Lysgaard et al.  2012 ). Also, neutrophils attract 
other infl ammation-associated cells to increase 
infl ammatory response (Ford- Hutchinson et al. 
 1980 ). On the other hand, neutrophils cannot 
always act in this manner because their functions 
are limited by senescence process (Ward et al. 
 2011 ). Senescence occurs concomitantly with 
upregulation of chemokine (C-X-C motif) recep-
tor 4 (CXCR4) in neutrophil surface (Martin et al. 
 2003 ), promoting neutrophil apoptosis in bone mar-
row. Also, neutrophils undergo apoptosis spontane-
ously (Lum et al.  2005 ). In addition, macrophages 
and other phagocytic cells remove senescent neu-
trophils to avoid undesirable infl ammation and 
tissue or organ hurt (Kennedy and DeLeo  2009 ). 
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TNF-α and granulocyte- macrophage colony-stim-
ulating factor (GM-CSF) are two infl ammatory 
cytokines which increase neutrophils half-life, pre-
venting their senescence by delaying in apoptosis 
process (Colotta et al.  1992 ). Apoptosis has been 
considered as a main marker of neutrophil senes-
cence (Ward et al.  2011 ). It is found that translation 
of new proteins is necessary for neutrophil func-
tion and viability. Blocking in each step of protein 
production may contribute in neutrophil apoptosis. 
Protein expressions in cells are precisely regulated 
by various types of MiRs (Whyte et al.  1997 ). 

 Most of the neutrophils express 146 MiRs out of 
the 851, and MiR-223 is the most abundant one. 
Also, it is known that neutrophils express 44 % 
(11/25) MiRs clusters in human. The presented 
clusters regulate neutrophil function and apoptosis. 
Six MiRs (including MiR-491-3p, MiR-34b, MiR-
595, MiR-328, MiR-1281, and MiR-483-3p) sig-
nifi cantly but slowly upregulate in response to 
GM-CSF treatment. It is suggestible that MiRs 
upregulation secondary to GM-CSF stimulation 
may promote neutrophil apoptosis and prevent 
other infl ammatory cell reaction. These MiRs are 
located in regions with specifi c sensitivity to regu-
lation via DNA methylation. From 602 downregu-
lated genes, 176 genes had predicted binding site 
for at least one of the 6 MiRs above, and 83 genes 
had 2 binding sites for them. Thus, neutrophil 
MiRs target genes involved in proinfl ammatory 
functions such as infl ammation mediated by che-
mokine and cytokine signaling pathways, Ras pro-
tein, and actin cytoskeleton. Further, upregulated 
MiRs may target pathways involving in neutrophil 
apoptosis. BCL2L11 (BIM), BCLAF, and PAK2 
are known as genes which regulate neutrophil lifes-
pan and contain binding sites for MiRs (Ward et al. 
 2011 ). Some clusters/MiRs (such as MiR-27a, 
 let-7) have antiapoptotic roles by suppression of 
caspase-3 function (Tsang and Kwok  2008 ). On the 
other hand, MiR-29 family members target Mcl-1 
(Mott et al.  2007 ). However, most of the MiRs 
expressing in neutrophils have regulatory effects on 
cell cycle (Ward et al.  2011 ). Collectively, balance 
among expressing MiRs seems to be determinant 
factor in neutrophil function and senescence. 

    Although MiRs effects on neutrophil functions 
and senescence are stated, more investigations are 
required to fi nd exact targets of MiRs, to fi nd ways for 

manipulation of neutrophils MiRs, hoping to open 
new avenue in treatment of infl ammatory diseases.  

15.7     Downregulated Level of 
MiR-92a Leads to Reduction 
of CD8 +  T Lymphocytes 
in Aged Subjects 

 The MiR-17-92 family is known as regulator of 
immune system (Xiao et al.  2008 ), especially 
development of lymphoid cells by inhibition of 
BIM function (Ventura et al.  2008 ). Suppression 
of MiR-92a expression leads to impairment of 
naïve T cells, consequently to immunological 
changes. It is reported that MiR-92a expression 
signifi cantly decreases in CD8 +  T and non- 
signifi cantly in CD4 +  cells by aging. Also, older 
subjects have signifi cantly lower levels of CD8 +  
family members comparing young people 
(Ohyashiki et al.  2011 ). It is found that most of the 
MiR-92a in CD8 +  is originated from cytotoxic T 
cells (Salaun et al.  2011 ). Downregulation of MiR-
17-92 expression and reduction of naïve cytotoxic 
T cells fraction are the reasons for suppressed level 
of MiR-92a derived from naïve cytotoxic T cells. 
Thus, this reduction in MiRs expression is associ-
ated with decreased number of naïve CD8 +  T lym-
phocytes among healthy subjects. In addition, it is 
speculated that degradation of MiR-92a level pro-
motes naïve T cells apoptosis and, then, attrite 
naïve CD8 +  T cells. It is also hypothesized that 
downregulated level of MiR-92a leads to severe 
reduction of naïve T cells receptor (TCR) expres-
sion and, consequently, lack of naïve CD8 +  cell 
function (Ohyashiki et al.  2011 ). However, these 
results indicate the importance of MiRs effects on 
T cell function and senescence.  

15.8     MiRs Expression by Aging 
Inhibits Triple Negative 1 
Cell Transition to More 
Differentiated T Cells 

 Entering the T cell progenitors from the bone 
marrow to thymus occurs when none of mature T 
cell markers such as CD3, CD4, and CD8 exist. 
On the other word, the cells are triple negative 
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(TN). The TN cells should pass from TN1 
(CD44 + CD25 − ), TN2 (CD44 + CD25 + ), TN3 
(CD44 - CD25 + ), and TN4 (CD44 − CD25 − ) steps to 
produce one of CD4 or CD8 single positive cells 
(Godfrey and Zlotnik  1993 ). Thymus structure 
and function change with age and age-associated 
check points suppress thymopoiesis, leading to 
signifi cant reduction in thymus-dependent T cells 
lymphopoiesis (Li et al.  2003 ). A number of TN1 
cells increase drastically in aged thymus, showing 
inhibitory effects of age-associated check points 
(Virts and Thoman  2010 ). It is clearly understood 
that MiRs expression infl uences aging process by 
regulating various mRNAs translation or stability 
(Bartel  2009 ). MiRs expression varies in different 
steps of T cell development in TN subsets. 
Expression level of majority of the MiRs increases 
in TN1 cells by aging. In contrast, only 0.8 % of 
MiRs downregulate in aged cells of this group. 
This signifi cant upregulation of most of the MiRs 
in aged TN1 cells leads to striking changes in 
gene expression and protein production. The 
changes in MiRs and protein expression in aged 
TN1 cells result to age- associated block of thy-
mopoiesis. Further, very fewer changes in MiRs 
expression have been detected among TN2-TN4 
cells in aged individuals. Moreover, MiRs profi le 
in fi nal stage of T cell development (TN4) in aged 
population is a little different with young individ-
uals’ profi le. According to the results above, it can 
be suggested that age-related upregulation of 
MiRs occurs in less differentiated cells to the 
mature T cells, leading to blockage of TN1 cell 
transit to the TN2/TN3 population (Virts and 
Thoman  2010 ).  

15.9     MiRs Regulatory Pathway 
Prevents Premature 
Involution of Thymic 

    MiRs are involved in thymus involution. The 
absence of MiRs controlling signaling pathway 
or MiR-29a cluster in thymic epithelial cells 
(TECs) leads to upregulation of IFN-α receptor 
(INFAR) and, then, higher level of INF-α produc-
tion. These changes increase TECs sensitivity to 
stimulations and also premature and chronic 
involution of thymus    (Olivieri et al.  2012b ).  

15.10     B-Lymphocyte Maturation 
Is Infl uenced by Age-Induced 
MiRs Expression 

 Another feature of immunosenescence is impair-
ment of lymphopoiesis and maturation of B lym-
phocytes. It has been found that MiR-181 
promotes lymphopoiesis, whereas high levels of 
MiR-34a expression inhibit this process. Aging 
leads to augmentation of MiR-34a and, inversely, 
downregulation of MiR-181 expression level, 
suppressing lymphopoiesis and B-lymphocytes 
maturation. These changes dysregulate immune 
system function, promoting immunosenescence 
(Seeger et al.  2013 ). 

 MiRs effects on age-associated failure of 
immune system are emerging. Although it is 
accepted that MiRs have crucial roles in regulation 
of immunosenescence, exploring involved MiRs 
characteristics in detail, effects of each MiRs, and 
their precise targets in immunosenescence process 
is not clearly stated. Also, most of the reported 
studies concluded from animal or laboratory 
works indicate the necessity of more investiga-
tions in human. Further researches on approaches 
to control MiRs expression during immunosenes-
cence might bring new era in prevention and treat-
ment of age-related immunological diseases.     
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16.1            Introduction 

 Old age survival has been improved substantially 
since 1950 in developing countries. As a result, 
the number of octogenarians has increased to 
4-fold, the number of nonagenarians to 8-fold, 
and the number of centenarians has increased to 
20-fold (Vaupel et al.  1998 ). Therefore, the study 
on human aging and longevity has become a very 
popular topic in the last decades because of the 
change in demography, which led to the remark-
able increase in the number of people over the 
age of 80 years living in countries such as China, 
India, and Western countries (Franceschi et al. 
 2008 ).  

16.2     Genetics and Longevity 

 The literature on gene and longevity during 
the last 20 years arisen from different experi-
mental animal and human populations suggests 
that the pictures of the aging phenotype are con-
troversial which could be due to several reasons: 
(1) few studies evaluate many parameters at 
the same time in the same individual, and (2) 

another factor contributing to the complexity of 
the problem is human aging and longevity which 
are  complex and multifactorial events that result 
from a combination of environmental, genetic, 
epigenetic, and stochastic factors, which all are 
important in aging and longevity (Salvioli et al. 
 2006 ; De Benedictis and Franceschi  2006 ; 
Fraga et al.  2005 ; Capri et al.  2006 ). 

 It is hypothesized that the importance of each 
component of the environment, genetics (and 
epigenetics), and stochasticity changes with the 
passing of time. According to this hypothesis, 
genetics is less important in the early adult phase 
of life and becomes more important in old age. 
Moreover, these different components interact 
with each other, specially genetics and environ-
ment (Cevenini et al.  2010 ). 

 Studies comparing life expectancy in twins 
and other family members have found that up to 
25 % of the variation in human lifespan is heri-
table; the remaining 75 % is due to environmen-
tal exposures, accidents and injuries, and chance. 
Very long life, to beyond ages 90 or 100 years, 
appears to have an even stronger genetic basis. 
Conversely, several clinical syndromes of “accel-
erated aging” and death at an early age (the 
progeroid syndromes) have a known genetic 
basis. Elderly children of centenarians have 
much less diabetes and ischemic heart disease, 
and better self-rated health, than do age-matched 
controls. This suggests that they have inherited a 
longevity gene (or more likely a set of gene) 
from their long-lived parent that protects against 
these infi rmities. Previous studies have reported 

        A.  A.   Amirzargar ,  PhD     
  Molecular Immunology Research Center 
and Departement of Immunology, 
Tehran University of Medical Sciences ,   Tehran ,  Iran   
 e-mail: amirzara@tums.ac.ir  

  16      Immunogenetics of Aging 

           Ali     Akbar     Amirzargar     



220

that centenarian offspring (CO), like their 
 centenarian parents, has genetic and immune 
system advantages, which refl ect a minor risk to 
develop major age-related diseases, such as car-
diovascular diseases, hypertension, or diabetes 
mellitus as well as cancer. The lower cardiovas-
cular disease risk in CO suggests the probability 
that CO has some protective factors against ath-
erosclerosis, such as a good lipid profi le. Male 
COs have higher plasma high-density lipopro-
tein (HDL)-C levels and lower plasma low- 
density lipoprotein (LDL)-C levels. Since lipid 
profi le is directly correlated to atherosclerotic 
cardiovascular diseases, this metabolic feature 
could preserve CO both to develop these dis-
eases and, as consequence, to reach a healthy 
aging and longer survival (Terry et al.  2004 ).  

16.3     Immunogenetics and Aging 

 It is well documented that the quality and the size 
of the humoral immune response decline with 
age. This change is characterized by lower anti-
body responses and decreased production of high-
affi nity antibodies. Although, a decreased B cell 
count was observed in CO and their age- matched 
controls, it has been demonstrated that naïve B 
cells (IgD + CD27 − ) were more abundant and (DN) 
B cells (IgD − CD27 − ) were signifi cantly decreased, 
as looked similarly in young people. The evalua-
tion of immunoglobulin (Ig) M secreted in CO 
serum shows that the values are within the range 
of the levels observed in young subjects (Bulati 
et al.  2011 ). 

 Therefore, individuals genetically enriched 
for longevity possess immune different signa-
tures respect to those of the general popula-
tion. In this regard, naïve T cells (CD3 + CD8 + 
CD45RA + CCR7 + CD27 + CD28 + ) and naïve B 
cells (IgD + CD27 − ) increase, while late-differ-
entiated effector memory T cells (CD3 + CD8 + C
D45RA − CCR7 − CD27 − CD28 − ) TEMRA (CD3 + 
CD8 + CD45RA + CCR7 − CD27 − CD28 − ) decrease 
in longevity. This suggests the idea of the 
“familiar youth” of the immune system 
(Colonna-Romano et al.  2010 ; Derhovanessian 
et al.  2010 ).  

16.4     Gender and Longevity 

 In the more developed regions, the life  expectancy 
at birth in 2000–2005 was 71.9 years for men and 
79.3 years for women. The highest values are in 
Japan, which were 79.3 and 86.3 years for men 
and women, respectively. Females also live lon-
ger than males in many other species; for instance, 
in the laboratory, female Wistar rats live on aver-
age 14 % longer than males. 

 In fact, the difference in mortality between 
men and women is not only a question of bio-
logic sex, but it is also a question of “socially 
constructed sex,” a question of gender. Behavioral 
and environmental factors clearly play a role in 
determining excess male mortality. Beyond a 
slight biologic advantage for females, excess 
male mortality results from the emergency of 
typically male “man-made diseases.” Work- 
related risks in industrial activity, alcoholism, 
smoking, and car accidents are the main factors 
contributing to excess male mortality. An aspect 
to be highlighted is that the attitude women gen-
erally have concerning their body, their health, 
and their lifestyle is very different from that of 
men (Abbott  2004 ; Franceschi et al.  2000 ). 

 The fact that this phenomenon also occurs in 
animals other than humans indicates that it can-
not be only attributed to sociological factors but 
might refl ect specifi c biological characteristics 
of both genders. A role for the sex hormones, 
testosterone in males and estrogen in females, in 
the gender differences in lifespan seen in mam-
mals is widely claimed (Vina et al.  2005 ). The 
role of testosterone in decreasing males’ lifes-
pan has also been attributed to the link between 
this hormone and the male characteristics of 
aggression and competitiveness, as well as 
libido. Estrogens, on the other hand, have bene-
fi cial effects on the cardiovascular system, 
because they reduce LDL cholesterol and 
increase concentrations of HDL cholesterol, 
whereas testosterone also increases blood con-
centrations of LDL and decreases concentra-
tions of HDL cholesterol, so that men are more 
prone than women to cardiovascular diseases 
and stroke (Mendelsohn and Karas  1999 ; 
Weidemann and Hanke  2002 ). 
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 Estrogens also exhibit antioxidant properties 
in vivo by upregulating the expression of the 
genes encoding antioxidant enzymes. In experi-
mental animals, estrogens are responsible for the 
lower mitochondrial free-radical production 
observed in females as compared with males. 
Estrogens should elicit this effect by upregulat-
ing expression of the genes encoding mitochon-
drial antioxidant enzymes. Besides, there is 
known sexual dimorphism in the immune 
response. There are some evidences showing that 
sex-associated hormones can modulate immune 
responses and therefore infl uence the outcome of 
infection, which consequently affect survival and 
longevity (Klein  2000 ; Roberts et al.  2001 ). 

 From a genetic prospective, human leukocyte 
antigen (HLA)-F has been studied in Sicilian 
population and supports a female-specifi c gene- 
longevity association. HFE gene, the most 
 telomeric HLA class Ib gene, coding class I α 
chain, the human hemochromatosis (HFE) pro-
tein, which seemingly no longer participates in 
immunity. It has lost its ability to bind peptides 
due to a defi nitive closure of the antigen-bind-
ing cleft that prevents peptide binding and pre-
sentation. The HFE protein, expressed on crypt 
enterocytes of the duodenum, regulates the iron 
uptake by intestinal cells. It has the ability to 
form complex with the receptor for iron-binding 
transferrin. Mutations in HFE gene are associ-
ated with hereditary hemochromatosis, a disorder 
caused by excessive iron uptake. Three com-
mon mutations, C282Y, H63D, and S65C, have 
been identifi ed in HFE gene. In particular, the 
C282Y mutation (a cysteine-to-tyrosine mutation 
at amino acid 282) destroys its ability to make 
up a heterodimer with β2-microglobulin. The 
defective HFE protein fails to associate to the 
transferring receptor, and the complex cannot be 
transported to the surface of the duodenal crypt 
cells. As a consequence, in homozygous people, 
two to three times the normal amount of iron is 
absorbed from food by the intestine, resulting in 
end-organ damage and reducing lifespan. Two 
other mutations, H63D (a histidine to aspartate at 
amino acid 63) and S65C (a serine to cysteine at 
amino acid 65), are associated with milder forms 
of this disease (Beutler  2007 ; Pietrangelo  2010 ). 

 An association between C282Y mutation and 
longevity in the Sicilian population has been 
studied. In particular, women carriers of C282Y 
mutation had a higher frequency among the 
 oldest elderly compared to control women. Thus, 
the C282Y mutation may confer a selective 
advantage in terms of longevity in Sicilian 
women (Lio et al.  2002a ). 

 Balistreri et al. showed the relevance of 
C282Y for women’s survival to late age, adding 
another piece of evidence to the complex puzzle 
of genetic and environmental factors involved in 
control of lifespan in humans. The interaction 
between environmental and genetic factors dif-
ferently characterizes different populations 
worldwide, which plays an important role in 
determining the gender-specifi c probability of 
attaining longevity. 

 Studies on cytokine gene single-nucleotide 
polymorphisms (SNPs) showed that a positive 
signifi cant association between −1082 IL-10 
polymorphism and longevity was observed in 
centenarian men but not in women; in accordance 
with previous observations on polymorphisms in 
tyrosine hydroxylase gene and mtDNA hap-
logroups (De Benedictis et al.  1999 ), interferon 
gamma (IFN-γ) gene polymorphisms have been 
shown to be associated with longevity in women, 
but not in men (Lio et al.  2002c ). 

 Altogether, these fi ndings point out that gen-
der is a major variable in the genetics of longev-
ity and suggest that men and women follow 
different strategies to reach longevity.  

16.5     Role of HLA in Longevity 

 The HLA are membrane-bound glycoproteins 
express on the surface of nearly all nucleated 
cells and occupy 4 Mb of DNA on the chromo-
some band 6p21.3 and are extensively polymor-
phic with more than 7,000 alleles. 

 The MHC is divided into the class I, class II, 
and class III regions. Most HLA genes involved 
in the immune response fall into classes I and II, 
which encode highly polymorphic heterodimeric 
glycoproteins involved in antigen presentation 
to T cells. However, many genes of the class 

16 Immunogenetics of Aging



222

III region are also involved in the immune and 
infl ammatory responses. Genetic association 
of HLA-class I and II with immunodefi ciency 
(Amanzadeh et al.  2012 ; Movahedi et al.  2008 ; 
Mohammadi et al.  2008 ), autoimmune (Mortazavi 
et al.  2013 ; Rabbani et al.  2012 ; Shams et al.  2009 ; 
Amirzargar et al.  2005a ,  b ,  1998 ), infectious dis-
eases (Amirzargar et al.  2004 ,  2008 ; Nicknam 
et al.  2008 ), and cancers (Mahmoodi et al.  2012 ; 
Hojjat-Farsangi et al.  2008 ; Amirzargar et al. 
 2007 ; Khosravi et al.  2007 ; Sarafnejad et al. 
 2006 ; Dehaghani et al.  2002 ; Ghaderi et al.  2001 ; 
Moazzeni et al.  1999 ) has been studied by sev-
eral groups. Classes I and II molecules take up 
antigenic peptides intracellularly and express on 
the cell surface, where they present processed 
antigenic peptide to the T-lymphocyte receptor 
and induce T cell responses against specifi c anti-
gen. These are the bases for the antigen-specifi c 
 control of the immune response. The diversity 
of the immune response depends on the ability 
of HLA molecules to bind some peptides and 
presenting to T cells and induces and immune 
response, while some peptides cannot bind and 
elicit an immune response. 

 Thus, survival and longevity might be asso-
ciated with a positive or negative selection of 
alleles that respectively confers resistance or sus-
ceptibility to infectious disease, autoimmunity, 
and cancer. An intriguing feature of the major 
histocompatibility complex (MHC) is the occur-
rence of particular combinations of alleles, more 
frequently than would be expected based on the 
frequencies of individual alleles. This nonran-
dom association of alleles gives rise to highly 
conserved haplotypes that appear to be derived 
from a common remote ancestor, so-called 
ancestral haplotypes (AHs). This term underlines 
the fact that conserved, population-specifi c hap-
lotypes are continuous sequences derived with 
little change from an ancestor of all those now 
carrying all or part of the haplotype. 

 Studying the association between longevity 
and HLA is generally diffi cult to interpret partly 
due to the major methodological problems and 
the homogeneity of the population in terms of 
geographical origin. However, as reported by 
Caruso et al., some of these kinds of studies, well 

designed and performed, suggest an HLA effect 
on longevity (Caruso et al.  2000 ,  2001 ). 

 In studies performed in Caucasians, an 
increase in HLA-DRB1:11 in Dutch women over 
85 years were observed. The same laboratory 
performed a further study, and by using a 
“birthplace- restricted comparison,” in which the 
origin of all the subjects was ascertained, the 
authors were able to confi rm that aging in women 
was positively associated with HLA- DRB1: 11 
(Lagaay et al.  1991 ; Izaks et al.  2000 ). 

 In two French studies, the relevance of HLA- 
DRB1:11 to longevity in aged populations were 
also confi rmed. This increase in allele frequency 
in aging is consistent with the protective effects 
of this allele in viral diseases. HLA-DRB1:11 
frequencies have been shown to be decreased in 
some viral diseases (Ivanova et al.  1998 ; Henon 
et al.  1999 ). 

 HLA-DRB1 frequencies in Sardinian (an 
ancient genetic isolate) centenarians and con-
trols have been evaluated and showed that 
HLA- DRB1*15 was increased in centenarians, 
although no more signifi cant after Bonferroni’s 
correction and the HLA-DQA1*01, -DQB1*05 
and HLA-DQA1*01, -DQB1*06 haplotypes 
were also increased in Sardinian centenarians, 
although it was not statistically signifi cant (Lio 
et al.  2003a ,  b ; Letizia et al.  2008 ). 

 Finally, an association between longevity and 
the AH 8.1 (or part of this haplotype, i.e., HLA- 
B8, -DR3) has been shown. The 8.1 AH is a com-
mon Caucasoid haplotype, unique in its 
association with a wide range of immunopatho-
logical diseases and in healthy subjects with a 
large array of immune dysfunctions (Candore 
et al.  2002 ,  2003 ). An increased frequency of AH 
in oldest-old men has been reported in French 
and in Northern Irish populations. This associa-
tion appears to be gender-specifi c as this haplo-
type is more frequent in male old age. In a Greek 
study it has been shown that there was a signifi -
cant decrease of 8.1 AH in aged women (Proust 
et al.  1982 ; Papasteriades et al.  1997 ). 

 So, the immune changes typical of the AH 
8.1 should contribute to early morbidity and 
mortality in elderly women, who are more sus-
ceptible to autoimmune diseases than men, and 
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to  longevity in elderly men. Thus, these studies 
seem to suggest that HLA-DR11 in women and 
HLA-B8, -DR3 in men may be considered mark-
ers of successful aging (Rea et al. et al.  1994 ; 
Candore et al.  2003 ). However, in a longitudinal 
community-based study, in which a total of 919 
subjects from the Netherlands, aged 85 years and 
older, were HLA-typed and followed up for at 
least 5 years, age- and sex- adjusted mortality rate 
ratios (MRR) were estimated for 79 antigens by 
the subject-years method. No HLA-association 
with mortality was found (Izaks et al.  1997 ). 

 HLA-DR typing in 120 centenarians (79 
women and 41 men) and 86 controls (53 women 
and 33 men) from Sardinia (very homogeneous 
population) was performed to evaluate the asso-
ciations between HLA alleles or haplotypes and 
longevity which were previously observed in 
other Caucasoid populations. No signifi cant 
 differences was obtained by analyzing the differ-
ences between Centenarians and controls except 
for HLA-DRB1*15 that was increased in cente-
narians. However, the signifi cance was not main-
tained by multiplying  p  values for the number of 
alleles under study. Thus, in Sardinian centenari-
ans, fi ndings observed in the well-planned and 
well-designed studies performed in other 
Caucasoid populations were not confi rmed (Lio 
et al.  2003a ; Scola et al.  2008 ). 

 Moreover, a study set out to specifi cally con-
fi rm the previously reported increase in the fre-
quency of the 8.1 AH in aged men of the Northern 
Irish population did not reveal any statistically 
signifi cant haplotype frequency differences 
between the aged cohorts of individuals in com-
parison to the younger controls. However, a strik-
ing decrease was observed when the aged women 
(13.1 %) were compared to the control women 
(17.8 %) (Ross et al.  2003 ). 

 The Okinawan Japanese, a well-known pop-
ulation for their longevity, study showed that 
Okinawan centenarians HLADRB1*1401, 
HLA- DQB1*0503, HLADQA1*0101,*0104, 
and HLA-DQA1*05 haplotypes were signifi -
cantly increased and placed them at lower risk 
for infl ammatory and autoimmune diseases. It 
actually does not mean that Okinawan longev-
ity is all genetic, but a result of complex 

 interaction between genetic, lifestyle, and 
 environmental factors. The Okinawans have 
both genetic and non-genetic longevity advan-
tages, the best combination. Okinawan tradi-
tional way of life, the dietary habits, the 
physical activity, the psychological and social 
aspects, all play an important role in Okinawan 
longevity (Takata et al.  1987 ). 

 However, also taking into account well- 
planned and well-designed studies, discordant 
results have been obtained. The discordant results 
obtained in MHC/aging association studies might 
be due to distinct linkage in different cohorts or 
to other interacting genetic or environmental fac-
tors or to the heterogeneity of aging population 
and methodological aspects. Nevertheless, bear-
ing all the reported studies in mind, there is no 
convincing evidence of a strong, direct associa-
tion between longevity and any MHC alleles.  

16.6     Cytokine Genes 
and Longevity 

 Cytokines are generally small molecules secreted 
by one cell to alter the behavior of itself or 
another cell, generally within the hematopoietic 
system. Production of numerous cytokines by the 
cells of the immune system, in response to both 
antigen-specifi c and nonspecifi c stimuli, plays a 
critical role in the generation of both pro- and 
anti-infl ammatory immune responses. 

 However, cytokine functions are not limited to 
induce response after an immune insult; they can 
modulate the nature of response (cytotoxic, 
humoral, cell mediated, infl ammatory, or aller-
gic) or, in contrast, they may cause non- 
responsiveness and suppress immune response. 

 Cytokine genes and their polymorphisms 
located within promoter regions, mostly SNP, or 
microsatellites, have been described to affect gene 
transcription, causing interindividual variations 
in cytokine production. These polymorphisms 
might confer fl exibility in the immune response 
by allowing differential production of cytokines. 
Cytokine gene polymorphisms have been shown 
to be involved in the susceptibility, severity, and 
clinical outcome of several diseases, including 
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cancer (Amirzargar et al.  2005a ),  autoimmunity 
(Behniafard et al.  2012 ; Mahmoudi et al.  2011 ; 
Shahram et al.  2011 ; Khalilzadeh et al.  2010 ; 
Anvari et al.  2010 ; Barkhordari et al.  2010 ; 
Amirzargar et al.  2009 ; Shokrgozar et al.  2009 ; 
Rezaei et al.  2009 ; Mirahmadian et al.  2008 ); 
(Amirzargar et al.  2005b ) and infections (Davoudi 
et al.  2006 ; Amirzargar et al.  2006 ). 

 A highly regulated immune function charac-
terizing the successful aging has been found in 
centenarians. Different data suggest that cen-
tenarians seem to have gene polymorphisms 
to overcome the major age-related diseases. 
Polymorphisms in immune system genes have 
been found to be associated with longevity. 
Particularly, associations between both increased 
anti-infl ammatory cytokine genotypes and lon-
gevity, differential gender longevity in males 
and females, and reciprocally age-related dis-
eases have been demonstrated in different studies 
(Ostan et al.  2008 ; Sanjabi et al.  2009 ; Iannitti 
and Palmieri  2011 ; Ferrucci et al.  1999 ). 

 Genetic regulation of infl ammatory processes 
might explain the reason why some people are 
more susceptible to age-related diseases and why 
some develop a greater infl ammatory response 
than others. 

 Strong infl ammatory response may benefi t the 
young but may become detrimental at an older 
age, and longevity in individuals who achieve 
advanced age might be associated with anti- 
infl ammatory cytokine gene profi les. 

 Chronic “proinfl ammatory” state promotes or 
exacerbates age-related pathological conditions, 
such as cardiovascular diseases, atherosclerosis, 
Alzheimer’s disease, osteoarthritis, arthritis, sar-
copenia, and type 2 diabetes. 

 Large studies have demonstrated that high 
plasma levels of interleukin (IL)-6 are correlated 
with greater disability, morbidity, and mortality 
in the elderly (Cesari et al.  2004 ). Moreover, 
high levels of IL-6, IL-1β, and C-reactive pro-
tein (CRP) are signifi cantly associated with poor 
physical performance and muscle strength in 
older persons (Bruunsgaard et al.  2003a ). 
Serum levels of tumor necrosis factor alpha 
(TNF-α) are considered a strong predictor of 
mortality in both 80-year-old people and 

 centenarians (Bruunsgaard et al.  2003b ). Thus, 
if a strong infl ammatory response means higher 
risk of life-threatening diseases, longevity 
should be correlated with the capability to main-
tain an infl ammatory response of low intensity. 
This has been partially confi rmed by fi ndings in 
centenarians, who are considered the best exam-
ple of longevity. Study on the polymorphism for 
a C to G transition at nucleotide −174 of the IL-6 
gene promoter (−174 C/G locus) showed 
that IL-6 production was increased in G homo-
zygotes (GG genotype), but not in C +  (CC and 
CG genotypes) old subjects, and this phenome-
non was signifi cantly present only in males 
(Olivieri et al.  2002 ; Vasto  2006 ). 

 IL-10 is produced by macrophages, T and B 
cells, and is one of the major immunoregulatory 
cytokines, usually considered to mediate potent 
downregulation of infl ammatory responses. 
Multiple SNPs have been identifi ed in human 
IL-10, 5′ fl anking region and some of these (i.e., 
−592, −819, −1082) combine with microsatellite 
alleles to form haplotype associated with differ-
ential IL-10 production. These three SNPs in the 
IL-10 proximal gene region (considered potential 
targets for transcription regulating factors) might 
be involved in genetic control of IL-10 produc-
tion. In particular, the homozygous −1082 GG 
genotype seems to be associated with higher 
IL-10 production in respect to G/A heterozygous 
and AA homozygous genotypes. It has been dem-
onstrated that −1082A carriers (low producers) 
seem likely develop a major number of chronic 
infl ammatory diseases (Lio et al.  2004 ). 

 Data on Italian elderly population demon-
strated an increase of subjects carrying the 
−1082G IL-10 allele in centenarian men. This 
allele is signifi cantly associated with increased 
IL-10 production. Conversely, the frequency of 
−1082A allele, associated to low IL-10 produc-
tion, was signifi cantly higher in patients with 
myocardial infarction (MI), it is suggested that 
high IL-10 production seems to be protective 
against MI and a possible biomarker for longev-
ity. In older ages, increased IL-10 levels might 
better control infl ammatory responses induced by 
chronic vessel damage and reduce the risk for 
atherogenetic complications (Lio et al.  2003b ). 
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 IL-10 polymorphisms, related to high produc-
tion of the cytokine, also appear to be involved in 
longevity in long-living subjects from Japan 
(Okayama et al.  2005 ). 

 The IL-10 haplotype (−1082G, −819C, and 
−592C) associated with high-level cytokine gene 
expression was signifi cantly more prevalent 
among both the Bulgarian and the Turkish popu-
lations healthy elderly to young controls. 
Additionally, in Bulgarians the IL-10 haplotype 
(−1082A, −819T, and −592A), possibly related 
to a lower level of gene expression, was found 
with slightly lower frequency in the elderly. In 
the Turkish population, a decreased frequency of 
another low-level IL-10 haplotype (−1082A, 
−819C, and −592C) was observed in the elderly 
(Naumova et al.  2011 ). 

 These fi ndings allow hypothesizing that dif-
ferent alleles at different cytokine gene coding 
for pro- (IL-6) or anti-infl ammatory (IL-10) cyto-
kines may affect the individual lifespan expec-
tancy by infl uencing the type and intensity of the 
immune-infl ammatory responses against envi-
ronmental stressors. 

 Analysis of genotypes of anti-infl ammatory 
transforming growth factor (TGF)-β1 also 
showed possible association with aging. The gen-
otype TGF-β1 (codon 10) T/T; (codon 25) G/G, 
related to high levels of gene expression, was 
increased in elderly compared to young controls 
( p < 0 . 05). In contrast, there was a trend to a 
lower frequency of the genotype TGF-β1 (codon 
10) C/C; (codon 25) G/G, associated with low 
protein level in elderly. Analysis of extended 
TGF-β1 genotypes in Bulgarians showed that 
genotype TGF-β1 (codon 10) C/C; (codon 25) 
G/G; (−988) C/C; (−800) G/G was decreased, 
while the genotype TGF- β1 (codon 10) T/C; 
(codon 25) G/G; (−988) C/C; (−800) G/A was 
increased in elderly compared with the controls. 
Based on codon 10 and 25, these genotypes are 
associated with low- and high-level gene expres-
sion, respectively. As the positions −988 and 
−800 are located in the promoter region of the 
gene, they could also modulate the expression of 
TGF- β1 (Naumova et al.  2011 ). 

 Active TGF-β1 plasma levels were signifi -
cantly higher in elderly subjects when compared 

with younger controls. Although no relationship 
with TGF-β1 levels was observed, the C allele 
and GC genotype at the TGF-1 +915 polymor-
phism were signifi cantly less common in Italian 
centenarians than in younger controls, suggesting 
that variability in the TGF-β1 gene also infl u-
ences longevity (Carrieri et al.  2004 ). 

 Female Sicilian centenarians are character-
ized by an overexpression of +874 INF-γ allele. 
The INF-γ production is also infl uenced by hor-
monal control fundamentally mediated by 17β 
estradiol. Hormonal regulation of this cytokine 
has been suggested to modulate, in part, the 
ability of estrogens to potentiate many types of 
immune responses and to infl uence the dispro-
portionate susceptibility of women for immune- 
infl ammatory diseases. Thus, gene variants 
representing genetic advantage for one gender 
might not be reciprocally relevant for the other 
gender in terms of successful or unsuccessful 
aging (Lio et al.  2002b ). 

 The TNF gene cluster located in the HLA 
region on chromosome 6, SNP at the –308G/A in 
TNF-α gene affect cytokine production, being 
A+ carriers high producers. 

 Analysis of the extended TNF-α genotypes 
showed signifi cant differences between 60 
elderly individuals and 100 young controls. GG 
genotype, possibly related to low-level expres-
sion, was more frequent among healthy elderly 
Bulgarians compared with young controls 
(Naumova et al.  2011 ). 

 Inconclusive results have been obtained on the 
role of this SNP in age-related diseases and lon-
gevity in Sicilian populations (Candore et al. 
 2006 ). However, by the innovative approach to 
study potential susceptibility genes for cardiovas-
cular diseases, to use of centenarians as healthy 
controls, it has been demonstrated that A+ geno-
type is signifi cantly overrepresented in cardiovas-
cular disease patients and underrepresented in 
centenarians. So, these results suggest a negative 
effect of the A+ carrier status in longevity. 

 In any case, genetic variation in the −308 SNP 
seems to affect the clinical outcome of some 
infectious and autoimmune diseases (Mahmoudi 
et al.  2011 ; Barkhordari et al.  2010 ; Davoudi 
et al.  2006 ; Amirzargar et al.  2006 ). 
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 Therefore, the –308A polymorphism at the 
locus of TNF-α may be one of the susceptibility 
factors for infectious and autoimmune diseases in 
old persons, particularly considering its associa-
tion with the increased release of pro- 
infl ammatory cytokines (Sonya et al.  2006 ). 

 Data presented by Franceschi et al. suggest the 
network between proinfl ammatory cytokines and 
oxidative stress, such as the superoxide dismutase 
(SOD1 and SOD2) and paraxonase (PON1), is 
responsible for “directive” interconnections inside 
the immune system and is important “candidate” 
genes for longevity and aging “remodeling.” It has 
been observed that a typical feature of the aging 
process is a general increase in plasma levels of pro-
infl ammatory cytokines. This can lead to a chronic 
“proinfl ammatory” state, which promotes or exac-
erbates age-related pathological conditions (cardio-
vascular diseases, atherosclerosis, Alzheimer’s 
disease, arthrosis and arthritis, sarcopenia, and type 
2 diabetes, among others) (Miriam et al.  2006 ). 

 These results, which should be extended and 
replicated in different populations and cohorts, all 
support the concept that aging is associated with 
adaptation and remodeling of the immune system, 
but successful aging and longevity require a bal-
ance between pro- and anti- infl ammatory activity. 

 The studies on human aging and longevity are 
further complicated by the fact that human popula-
tions are heterogeneous from the point of view of 
genetic pool, lifestyle, cultural habits, education, 
economic status, and social network. All these 
components are different from population to popu-
lation, and each population is characterized by a 
unique combination of them. This fact renders the 
studies diffi cult to compare and the results very 
often discordant. Finally, all these considerations 
also apply to gender difference, since gender 
appears to be a crucial player in the cross-talk 
between genes, environment, and health.     
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17.1            Immunosenescence 
and Susceptibility 
to Infections 

 Immunosenescence is defi ned as an age-related 
malfunction of the immune system usually 
accompanied by the increase of susceptibility to 
many bacterial, viral, and parasitic infections; it 
is evident that administration of many vaccines 
such as infl uenza virus vaccine (IFV) in elderly is 
not so effi cient as in the young individuals. Aged 
individuals traveling to tropical countries are 
quite prone to be infected by opportunistic and 
endemic viral/bacterial agents. Failure of T cell 
responses during aging may also lead to reactiva-
tion of tuberculosis (TB). 

 Although many hypotheses proposed for the 
increased susceptibility to infections, it is almost 
acceptable that there is no defect in the immune 
cell number, and there are little data to indicate 
that aging is associated with increased suscepti-
bility to all infections, and it is controversial that 
whether aging alone or aging-related diseases 
are responsible for vulnerability to infections, 
and to elucidate the cause and effect relationship 

between aging and infections depends on indi-
vidual cases and is varied in different infections.  

17.2     Aging Infections: 
Epidemiologic Perspective 

 Generally many infections occur more commonly 
in older individuals and infections with higher 
morbidity and mortality may appear during old 
ages. Bacterial pneumonia and other lower respi-
ratory tract infections (LRTI), urethrocystitis, 
skin infections, sepsis with complicated unknown 
origin, infectious endocarditic, cholecystitis, and 
other intra-abdominal infection are among the 
most prevalent infections. Tuberculosis, varicella 
zoster infection, and skin and soft tissue infec-
tion with special etiologic agents are considered 
prevalent in elderly depending on specifi c epide-
miologic condition. Majority of these infections 
affected old people with higher clinical com-
plication and higher death rate compared with 
younger adults; for example, urinary tract infec-
tions (UTI) are 20-fold more prevalent in aged 
individuals; in addition, the elderly are mostly 
encountered with pyrogenic bacteria opposite 
young individuals who are encountered with 
 low-virulence agents such as enteric bacteria. 

 The frequency of infections is high in hospi-
talized elderly and also elderly institutionalized 
in nursing houses, which is due to higher use of 
urethral catheters and other prosthetic devices in 
geriatrics. One of the most life-threatening 
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 infections is pneumococcal pneumonia or menin-
gitis,  Escherichia coli  and  Pseudomonas aerugi-
nosa  are the most common isolated in old patients 
after catheterization, and staphylococcal species 
especially  Staphylococcus aureus  were the most 
common isolate associated with intravenous 
catheters in postsurgical wound infection. 

 Although viral infection is not so common, 
infl uenza and reactivated varicella zoster virus 
(VZV) frequently occurred; therefore, vacci-
nation for infl uenza is highly recommended in 
elderly especially in those individuals who suffer 
from a chronic disease such as diabetes or cancer.  

17.3     Clinical Consequences 
of Infection in Elderly 

 During senescence, changes in physiological 
condition result in a change in causative agents, 
and comorbidies of infection are more common 
than those occurred in younger adults. 

 Infections in younger adults present with sev-
eral symptoms but in the elderly the same infec-
tions tend to have fewer symptoms. Atypical 
signs and symptoms contribute to the higher 
morbidity and mortality, though late diagnosis 
and poor response to antimicrobial therapy might 
also contribute.  

17.4     Immune System and Aging 

 Increased risks of infections with severe clinical 
outcome occurred partly due to impairment of 
immune defenses that might be aggravated by 
chronic infections, malnutrition, and prolonged 
medication received during aging. 

 Immune decrement might involve all the 
functional categories of immune system includ-
ing both innate and adaptive immunity. 

17.4.1     Innate Immune Defect 

 There is no signifi cant quantitative change in the 
component of innate immunity such as neutro-
phils, macrophage, natural killer (NK) cells, and 

complement activity, but it seems that response to 
cytokine and their signals and cytokine produc-
tion may be altered. Under normal conditions, 
many proinfl ammatory cytokines such as inter-
leukin (IL)-10, tumor necrosis factor alpha (TNF-
α), IL-1, and their receptors function as a body 
regulatory mediator, and imbalance and overpro-
duction of cytokines can cause tissue destruction, 
microvascular damage, and impaired tissue oxy-
genation leading to organ dysfunction. The minor 
defect of phagocyte in sepsis detected by using 
sophisticated technique seems to have no signifi -
cant impact on age-related severity of disease. It 
is experimentally proved that in vitro activation of 
leukocytes by lipopolysaccharide (LPS) in elderly 
causes the release of higher amount of IL-1, IL-6, 
IL-8, and TNF-α, but severity of disease is not 
proportionally related to cytokine concentration. 

 A prospective study of the effect of age on the 
circulating adhesion molecules in critically ill 
patients showed higher level of these molecules 
in the elderly but there was no clear explana-
tion for these fi ndings. However, it could be 
concluded that higher frequency of sepsis dur-
ing aging might be mostly attributed to the age- 
related anatomic and physiological changes in the 
neurologic, cardiovascular, pulmonary, and renal 
system. The change in the cellular components 
of innate immunity is summarized in Table  17.1 .

   Although during aging, number and phago-
cytic capacity of neutrophils are preserved, 
other functional capabilities might be altered. 
Generally, toll-like receptor (TLR) ligation 
enhances phagocytosis, chemotaxis, and recruit-
ment of other immune cells in the site of infec-
tion. During aging, receptor-related functions, 
leukocyte activation, and superoxide production 
are impaired. It has been showed that alteration 
in the neutrophil membrane lipid rafts is involved 
in aging, and this might be related to the TLR and 
granulocyte/macrophage colony-stimulating fac-
tor (GM-CSF) receptor signaling. Although their 
expression might not change in young individu-
als, LPS stimulation induces TLR4 reorientation 
in the immunological synapse. In contrast, in the 
elderly LPS stimulation induces changes in the 
TLR4 reorientation. In young people, binding of 
GM-CSF to its receptor induces displacement of 
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Src family tyrosine phosphatase-1 (SHP-1) from 
lipid raft, while there is no delayed regulation of 
phosphatases in the elderly. SHP-1 functions as 
dephosphorylating protein involved in activation 
pathway; therefore, their presence in the lipid raft 
would block cell activation. 

 Phagocyte dysfunctions were studied in sev-
eral experimental studies during aging (Gomez 
et al.  2008 ). Defects in cell surface expression 
of molecules such as major histocompatibility 
complex (MHC) II, CD4, and TLRs, which are 
downregulated, show defect in cell signaling 
pathways.    Ca-dependent cellular signal trans-
duction and actin polymerization are defected 
in chemokine- stimulated neutrophils and intra-
cellular signal transducers, and activators of 
 transcription 1 (STAT-1), phospholipase C (PLC) 

 phosphorylation, and nuclear factor kappa- 
light-chain- enhancer of activated B cell (NFκB) 
 production are also reduced in phagocytes. 

 Aging is generally accompanied by chronic 
diseases such as cardiovascular disease, osteo-
porosis, arthritis,    type 2 diabetes (T2DM), 
Alzheimer’s disease, and neurodegenerative 
diseases, and in these conditions, the onset and 
outcome of disease are infl uenced by the level 
of proinfl ammatory cytokines. Diseases such 
as arthritis, periodontal diseases, and chronic 
obstructive pulmonary disease (COPD) are asso-
ciated with abnormal exaggerated infl ammatory 
responses that affect multiple organ system. 
However, many chronic infl ammatory diseases 
in the elderly such as T2DM and atherosclerosis 
occurred without a specifi c organ involvement 
and not clearly caused by infectious agents, while 
sustained infl ammation and prolonged macro-
phage activation is a major pathogenic event. 
Recruited macrophages are the major source of 
proinfl ammatory cytokines which are implicated 
in various disease conditions during aging. 

 One of the ways of improving the immune 
potency in aged individual is innate immune 
potentiation as an alternative strategy to defend 
against infections provided that excessive infl am-
matory condition is avoided.  

17.4.2     Defects of Adaptive Immunity 

 Marked changes observed with aging in both cel-
lular and humoral components of immunity are 
summarized in Table  17.2 . Most T cells both in 
peripheral blood and secondary lymphoid organ 
present with a memory phenotype and their pro-
liferation and IL-2 production are reduced. T 
cells in the elderly show low proliferation index 
to mitogen and specifi c antigens not explained 
by IL-2 production alone.    Although these are 
 individual variation due to differences in state 
of health and nutritional condition and probable 
accompanied chronic diseases. Among T cell 
subsets, CD4 +  naïve T cells are less infl uenced by 
aging than CD8 +  T cells. Functional impairment 
of CD4 +  T cells is demonstrated both in animal 
model and human. An age-related increase in 

   Table 17.1    Innate immunity and changing with age   

 Components of 
innate immunity  Changes during aging 

 PMN cells  Decreased chemotaxis (impaired 
tissue penetration), ROS production, 
signal transduction, TLR4 
recruitment to lipid raft, action 
polymerization, phagocytosis 
function 
 Impaired cAMP pathway 
 Defective bactericidal function 
 Delay in apoptosis during 
infl ammation 

 Macrophage  Decreased chemotaxis, Apoptosis, 
superoxide production, 
phagocytosis, killing (impaired 
tumor lysis related to impaired 
response to IFN-γ or LPS), signal 
transduction, wound healing, MHC 
class II expression, surface 
expression of CD14, TLR pathway 
components, STAT-1, NF-κB 
 Defective bactericidal function 
 Increased production of 
infl ammatory cytokine 

 NK cells  Decreased response to stimulatory 
cytokines (IL-2, IL-12, IFN-α, 
IFN-β, and IFN-γ), cytokine 
production, cytolytic potential, 
signal transduction 

 Dendritic cell  Decreased number of Langerhans 
cells, antigen uptake 
 Impaired homing to secondary 
lymph node 
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memory T cells is confi rmed in several European 
populations (Choi  2001 ).

   Many investigators show that aging process is 
associated with impairment of effector response 
to newly acquired antigen by both T cell and B 
cells possibly refl ecting the phenomenon that 
naïve CD4 +  T cells shifted to a memory pheno-
type (CD44 high  CD45 RO ) and reduction of CD44 low  
CD45 RA  and showing depletion of naïve CD4 +  T 
cells, and it is generally proposed that response 
to newly acquired antigen in aged individuals is 
mediated mostly by cross-reactive memory T cells. 

 The effects of aging on MHCII and MHCII pro-
cessing pathway are not clearly defi ned, though 
diminished cytokine production may result in 
diminished antigen processing and presentation. 

 Finally B cell production of specifi c high- 
affi nity antibody by cells reduced with age. This 
is proved by both in vitro and in vivo since rela-
tively healthy elderly people do not respond to 
T-dependent antigens such as infl uenza virus 
envelope protein (Table  17.2 ).  

17.4.3     Mucosal Immunity 

    Mucosal epithelial cells are more than a mechan-
ical barrier and they function as a major source 
of antibacterial agents. The skin is shown to be 

a tight mechanical barrier as well as to have 
antibacterial properties due to low PH and glan-
dular secretion by sebaceous glands. Aged skin 
signifi cantly changes in both dermal thick-
ness and subcutaneous glandular secretions; 
therefore, dry thin skin is very prone to break 
and cannot withstand shearing forces. During 
aging, the skin becomes avascular and suscep-
tible to break, making it more prone to injury. 
Vascular disease and other coexisting illnesses 
may cause worse prognosis and facilitate bacte-
rial colonization and tissue microbial invasion. 
There is also loss of Langerhans cells and lower 
cytokine production both of which affect anti-
gen-processing pathway and decreasing specifi c 
immune response. 

 Mucus secretion and ciliary motion of the 
mucosal epithelial cells can remove the invad-
ing bacteria and prevent their invasion into 
deeper tissues. During aging, both secretion 
and ciliary action are reduced; however, it is not 
clear whether or not aging reduces the ability of 
mucosa to perform a host defense. Nevertheless, 
certain gastrointestinal diseases such as diver-
ticulitis and ischemic bowel disease are more 
commonly observed in geriatric patients. 
Although mucosal immunoglobulin (Ig) A does 
not appear to be reduced with age, aged subjects 
are generally more susceptible to infections of 
the external mucosal surface. Few studies dem-
onstrated elevated polyclonal serum IgA but the 
same increase was not reported in the intestine 
(Ogra  2010 ). 

    Animal studies suggested no impairment of 
mucosal immune functions although the num-
ber of Peyer’s patch regress with age. In spite 
of change of T and B cells in the lymphoid 
organs, intestinal T and B cells seem to retain 
normal function and phenotypes. In an experi-
mental study, infusion of cholera toxin develops 
impaired specifi c B cell response at mucosal sur-
faces (Ogra  2010 ). This might be due to reduc-
tion of homing cells from inductive sites to 
effector sites by antigen-specifi c B cells. Other 
animal studies showed qualitative and quanti-
tative change in gut-associated lymphoid tis-
sue (GALT)-associated T and B cells and their 
subpopulations. Other investigators suggest 
probable defect in direct cell-to-cell interaction 

    Table 17.2    Summary of aging changes in acquired 
immunity   

 Components of 
adaptive 
immunity  Changes during aging 

 T cells  Decrease in thymocytes, reduced 
number of naïve CD4 +  T cells 
(number of effector and memory 
CD4 +  T cells, PGE2 and IL-10) 
 Decreased IL-2 and IL-2R, 
costimulatory molecule expression 
(CD28), CD8+ T cell expansion and 
proliferation 

 B cells  Increased plasma cells in marrow, 
memory B cell, autoantibodies, 
low-affi nity antibodies 
 Decreased naïve B cell, response to 
IL-7 stimulation, repertoire diversity, 
costimulatory molecules including 
MHC II, CD40, booster effect, 
effi cacy of antibody in preventing 
infection 
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and changes in pattern of cytokine production 
which may cause cellular and antibody immune 
 abnormalities in GALT. On  subcellular lines, 
aged T and B cells exhibit impaired transmem-
branous signal transduction. 

 Currently, information regarding innate muco-
sal mechanism is limited but decrease in lyso-
zyme raised the possibility of decline of innate 
immunity in conjunctiva and upper airways. 

 The most dramatic change in the intestinal 
microbiota occurred in the compositions of the 
fl ora. During adulthood, under a normal food 
intake, usually intestinal microbial species and 
their quantity are almost stable unless in the use 
of antibiotics. During aging, this stability impairs 
and it is reported that bifi dobacteria declined, 
while Lactobacilli, coliforms, and enterococci 
increased (Tiihonen et al.  2010 ). It is generally 
concluded that since immune function impairs 
in aging, it is expected that immune tolerance 
toward intestinal fl ora is disrupted leading to 
change in the composition of individual fl ora. 

 In spite of the many evidences reported above, 
mucosal immune function maintained relatively 
normal in aging subjects.   

17.5     Common Infections During 
Elderly 

17.5.1     Bacterial Meningitis 

 Atypical bacterial meningitis presents in older 
individuals with higher morbidity and mortal-
ity; therefore, its early diagnosis is more dif-
fi cult. The most prevalent etiologic agents are 
 Streptococcus pneumoniae, Listeria monocyto-
genes, Streptococcus agalactiae, Escherichia 
coli, Klebsiella pneumoniae, Proteus sp, 
Enterobacter sp,  and  Pseudomonas aeruginosa . 
Viral meningitis is not prevalent during aging. 
Concomitant treatment with corticosteroid and 
chemotherapeutic agents for chronic disease 
in aging such as T2DM, asthma, osteoporosis, 
or cancer may alter the clinical picture of men-
ingitis, for example, fever and stiffness are not 
observed clinically. The underlying cause of bac-
terial meningitis during aging is often related to 
both cellular and humeral immunity.  

17.5.2     Respiratory Infections 

    Chronic obstructive pulmonary disease 
(COPD), lung neoplasms, and pneumonia 
are relatively common in aged individuals, 
among them particularly pneumonia present 
with high mortality. Age- associated conditions 
that affect lung function, including defect in 
airway ciliary motion and airway hyper reac-
tivity, may diminish pulmonary respiratory 
capacity and increase the impact of respiratory 
pathogens. Malnutrition, chronic cardiovas-
cular disease, prolonged immunosuppressive 
therapy, and hospitalization or institutionalism 
enhance the clinical severity. Viral infections 
may also have important role for predisposing 
secondary bacterial infections as observed for 
influenza A and B and respiratory syncytial 
virus infections. In addition to viral infections, 
tuberculosis especially infection with myco-
bacterium avium- intracellulare seems to be 
increasingly prevalent which will be described 
later (Meyer  2001 ).  

17.5.3     Tuberculosis 

 Chronic tuberculosis is especially of clinical 
signifi cance in elderly. In developing countries 
and in endemic areas, most aged individuals are 
the largest reservoir for  Mycobacterium tuber-
culosis  (MTB). As previously described the 
principal route of infection of MTB is upper and 
lower airways, and primary infection occurred 
in lower middle lobes of the lungs. Alveolar 
macrophages as the main antigen-presenting 
cells (APCs) take up the inhaled pathogen and 
migrate to regional lymphatic organ specifi cally 
mediastinal lymph nodes. Infected macrophages 
are activated and process and present mycobac-
terial antigen to naïve CD4 +  T cells and produce 
chemokines that result in the recruitment of 
additional mononuclear cells which in turn pro-
duce signifi cant proteolytic enzymes generating 
an exudative lesion fi nally converting to granu-
loma. The whole process occurs approximately 
after 3–4 weeks which are associated with posi-
tive skin reactivity to tuberculin skin test (TST) 
by standard PPD injection. 
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 The characteristic tubercle granuloma ulti-
mately produced and surrounded by organized 
epithelioid cells, CD4 +  T cells and γδ T cells 
restraining the tubercle bacilli. Reactivation 
occurred due to uncontrolled activation of cyto-
lytic T cells.    NK cells and activated macrophages 
exposing to huge amount of cytokine especially 
interferon gamma (IFN-γ). 

 Besides the other underlying causes, aging is 
also a major predisposing factor for secondary 
TB infections. The increased susceptibility for 
TB infection in elderly might be due to impair-
ment of cell-mediated immunity. Approximately 
90 % of TB infection in the elderly are due to 
reactivation of primary infection while without 
underlying causes may occur in 30–40 % of indi-
viduals (Yoshikawa and Norman  2009 ). It is very 
rare that infected elderly individuals eventually 
clear the infection and convert to a skin seronega-
tive patient; thus, it is partly concluded that aged 
individuals with TB are not considered as newly 
infected patients, and in these cases, latent and 
subclinical primary infections are reactivated.  

17.5.4     Fungal Infections 

 Taking medications and comorbidities with 
autoimmune diseases, asthma, and cancers in 
old patients make them susceptible for oppor-
tunistic fungal infections with poorer outcome 
than those infections in young adults. The actual 
prevalence of mycosis in old ages depends on 
the geographical areas, outdoor activities, and 
life habits. Renal failure, use of parenteral infu-
sion, and long-term antibiotic therapy contribute 
to higher risk of infection with Candida species. 
Cryptococcosis is a common secondary infec-
tion in acquired immunodefi ciency syndrome 
(AIDS) patients; it is reported that 25 % of AIDS 
patients with cryptococcal meningitis are older 
than 60 years, which present with poorer progno-
sis and higher mortality. Although less common 
than Candidiasis, aspergillus infection is life- 
threatening in old hospitalized patients. Chronic 
necrotizing pulmonary infection and sinusoidal 
infection are the most common aspergillus infec-
tion in elderly (Table  17.3 ).

17.5.5        Viral Infections 

 Aging impairs adaptive T cell response to infl u-
enza, Epstein–Barr virus (EBV), cytomegalovi-
rus (CMV), and VZV infections. Many researches 
show that CD8 +  T cell specifi c response, IFN-γ 
release, and cytolytic activity decrease with aging 
leading to impaired CD8 +  T cell proliferation 
clonal expansion. This is partly related to lower 
effi ciency of infl uenza vaccination in aging. 

 EBV infections are not very common, but in 
those cases that occurred in elderly individuals 
by the absence of EBV antibodies and present not 
prominent signs such as classical mononucleosis 
that are observed during adolescence. 

 Apart from other persistent herpesvirus infec-
tions such as EBV, herpes simplex virus (HSV), 
and VZV, CMV infections are unique since it 
is proposed that early infection with CMV is 
advantageous probably because of enhanced 
proinfl ammatory status in infected individuals 
which might have a protective effect on other 
pathogens. This would be yet another example 
of antagonistic pleiotropy which seems to be 
a contribution to immunosenescence (Caruso 
et al.  2009 ). 

 A longitudinal study performed in Swedish 
population and later confi rmed in Finnish people 
established alteration in the elderly immune sys-
tem described as immune risk phenotypes (IRP) 
as predication of decrease in 2-year survival 
rates (Buchholz et al.  2011 ).    In those studies 
CMV seropositivity is highlighted and the phe-
nomenon that CMV infection leads to increased 

   Table 17.3    Risk factor of systemic opportunistic fungal 
infections in older adults   

 Fungal infections  Risk factors 

 Candidiasis  Neutropenia, hematologic 
malignancy, corticosteroids, 
transplant, ICU, antibiotics, IV 
catheters, GI surgical procedure 

 Cryptococcosis  Lymphoma, transplant, cirrhosis, 
corticosteroids 

 Aspergillosis  Neutropenia, hematologic 
malignancy, transplant, 
corticosteroids 

 Mucormycosis  Hematologic malignancy, 
diabetes mellitus, neutropenia 
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rate of mortality is excluded. However, it is 
speculated that CD8 +  T cell population against 
CMV and expansion of CMV-specifi c clones 
have adverse effect on maintenance of T cell 
repertoire and make an immunocompromised 
condition in elderly. 

 VZV infection is a common illness during 
elderly and reactivation of dormant viruses and 
involvement of skin peripheral nerves are mark-
edly seen with old ages.    There does not seem to 
be any decline in specifi c antibody but VZV- 
specifi c cell-mediated immunity (CMI) is critical 
to prevent the viral reactivation and spread of the 
viruses residing in the nerve ganglia.   

17.6     Autoimmunity 

 There are evidences in mice that the percentage of 
autoimmune CD8 +  T cell increased with reduced 
apoptosis; therefore, it is concluded that aging is 
associated with immune dysregulation which can 
lead in increased production of  self- reactivating 
autoantibodies predisposing the people to develop 
autoimmune diseases. Most autoantibodies pro-
duced with aging are organ nonspecifi c including 
autoantibodies against DNA and membrane phos-
pholipids such as antiphospholipid antibodies, 
antinuclear antibody, and rheumatoid factor. The 
increase in autoantibody production is not directly 
related to T cell proliferation since in vitro T cell 
proliferation to mitogens impaired in aging. The 
production of autoantibodies and polyclonal B cell 
activation might be caused by many latent infec-
tions which are common in aged individuals.  

17.7     Vaccinations 

    During aging vaccine effi cacy is reduced tremen-
dously and most viral and bacterial vaccines 
 administered in individuals greater than 65 years of 
age show diminished response and produced low 
protective antibodies. Old recipients of infl uenza, 
hepatitis B virus (HBV), and pneumococci vaccines 
develop less than half protective antibodies. Besides 
that the produced antibodies    are of less functional 
activities, for example, lower capability to act as 
opsonins or lower ability to fi x complement.    For 
these reasons it is recommended that people older 
than 65 years should be vaccinated every year for 
pneumococci (Avelino- Silva et al.  2011 ). 

 Except for vaccines that have to be adminis-
tered in special situations such as in those where 
old individuals are traveling to highly endemic 
areas or are exposed to fungal bacterial agents 
outdoors during vacation, routinely aged people 
are vaccinated against tetanus-diphtheria toxoids, 
infl uenza, and pneumococci. Recommended 
immunizing schedule for old ages is shown in 
Table  17.4  (Yoshikawa and Norman  2009 ).

      The laboratory evaluation of vaccine effi cacy 
is mandatory since in general in old age the 
response is more variable than responses by 
younger and in those individuals with clinical 
evidences of low response suggest approaches 
for enhancing vaccination strategies. 

    Of the recommended vaccines, many 
older people show antibody level blow the 
 optimum against tetanus-diphtheria-acellular 
 pertussis (Tdap) recommended to administer 
every 10 years although the risk for pertussis 

   Table 17.4    Recommended immunizing    agents for persons aged ≥65 years   

 Vaccine type  Usual schedule  Indications 

 Tetanus-diphtheria, pertussis 
(TD/Tdap) 

 One dose if contact with <12-month-old 
child booster every 10 years 

 All elderly persons; tetanus 
prophylaxis in wound management 

 Infl uenza vaccine  One dose annually Administered IM 
optimal time during autumn, winter 

 Persons at high-risk infl uenza, 
immunosuppressed persons; all 
healthy elderly persons 

 Pneumococcal polysaccharide 
vaccine 

 One dose  Persons at high-risk pneumococcal 
disease, immunosuppressed 
persons; all healthy elderly persons 

 Zoster  One dose  Person who lacks documentation 
of vaccination or has no evidence 
of previous infection 
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 during old age is not defi ned but it is recom-
mended to administer Tdap every decade. 

 Although infl uenza and pneumococcal vac-
cine are administered routinely in old ages, it 
does not seem to prevent infection in general 
population but may attenuate the course of dis-
eases preventing prolonged hospitalization and 
presenting the spread of infection among insti-
tutionalized elderly people.    Besides the sched-
uled vaccine program given, recently these are 
great concern on other pathogens which are of 
major risk in aging, for example, varicella zos-
ter vaccine (VZV) which reactivates as painful 
skin lesions in old age when the cell-mediated 
immune function is impaired. It has been shown 
that vaccination with live attenuated form of 
VZV elicits prominent IFN-γ release and had 
protectivity in post-herpetic neuralgia. Together 
with infl uenza, respiratory syncytial virus (RSV) 
accounts for a substantial majority of pediatric 
and young adult respiratory infection.    In aging 
people, the T cell response and in vitro IFN-γ 
production are reduced; on the other hand, stable 
attenuation of RSV has been diffi cult to achieve 
and vaccine safety concern result is their cautious 
in advancement of clinical evaluation. However, 
the immune correlates of protection against RSV 
are not clearly defi ned. 

 CMV is also becoming increasingly impor-
tant as a vaccine in elderly.    Many studies have 
identifi ed latent CMV infection as a major con-
tributing factor for the previously described phe-
nomenon so-called immune risk phenotype for 

early  mortality and immunologically marked as 
high CD8 +  T cells, many of them are specifi c for 
CMV. Therefore, maintenance of latency and 
prevention of fatal reactivation over time require 
active immunization. For this reason, it is pro-
posed that childhood vaccination against CMV 
might be practically effective for preventing 
senescent CMV-specifi c CD8 +  cells in old age 
(Effros  2007 ).     
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18.1            Introduction 

 Infl uenza, a febrile respiratory illness, causes more 
than 200,000 hospitalizations and 36,000 deaths in 
the United States (US) every year and is the seventh 
leading cause of death in the country (Thompson 
et al.  2003 ,  2004 ). Most infl uenza infections are 
associated with a mild acute self- limited illness. 
However, certain risk factors are associated with 
severity of the disease and the occurrence of infl u-
enza-related complications. Age is considered 
among the most important factors associated with 
the severity of disease. While patients at the 
extremes of age (less than 6 months or more than 
65 years) are at the highest risk for developing com-
plications, up to 90 % of infl uenza- related deaths 

occur in persons aged 65 years or older (Thompson 
et al.  2003 ). Therefore, understanding the signifi -
cance of infl uenza infection in this population group 
as well as designing strategies to decrease the mor-
bidity and mortality of elderly patients affected by 
infl uenza is of utmost importance.  

18.2     Impact of Infl uenza 
in Older Adults 

 Aging is associated with a general increase in the 
susceptibility to infectious diseases. However, 
infl uenza infection has shown to be foremost 
among all infectious diseases in its association 
with an age-related increase in the incidence of 
serious complications. 

18.2.1     Clinical Presentations 

 In comparison to the younger population (chil-
dren and young adults), the clinical course of 
infl uenza infection shows dramatic differences 
among the elderly. Fever, which is considered to 
be among the most classical presentations in 
young adults, is less commonly seen in the 
elderly (Drinka et al.  2003 ; Loeb  2003 ). In more 
than 80 % of cases, cough is the most common 
presenting feature in the older population. Also, 
other lower respiratory tract symptoms including 
wheeze and chest pain are more often observed in 
these patients. The incidence of secondary bacte-
rial pneumonia is also higher in this age group. 
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Finally, gastrointestinal symptoms are more fre-
quently seen in the elderly than in younger adults 
(McElhaney  2005 ).  

18.2.2     Morbidity and Mortality 

 In the older population, infl uenza has been associ-
ated with a substantial increase in the rate of hospi-
talization, contributing to approximately 180,000 
hospitalizations each year in the US (Thompson 
et al.  2003 ,  2004 ). In a study done in the United 
Kingdom (UK), the combined average hospital stay 
for infl uenza and pneumonia was 11.5 days in which 
71 % of patients were in the age group of more than 
60 years. Also, around 5 % of these patients remained 
in the hospital for as long as 28 days (Turner et al. 
 2006 ). Moreover, for patients between 65 and 
74 years of age with a preexisting medical condition, 
the risk increases sharply (around seven times), in 
comparison to those who do not have a medical con-
dition (Whitley and Monto  2006 ). 

 Disability, defi ned as a loss of three or more 
basic activities of daily living in older adults, has 
been recognized as a major complication of infl u-
enza and infl uenza-related hospitalizations (Barker 
et al.  1998 ; Falsey et al.  2005 ). An acute infl uenza 
infection could be a trigger for catastrophic dis-
ability. Nearly one-third of older adults in the US, 
who have been hospitalized, are discharged with a 
higher level of disability compared to before they 
became ill, and one-half of these individuals never 
recover to their previous baseline (Covinsky et al. 
 2003 ). Older patients may lose up to 5 % of mus-
cle power (Aspinall et al.  2004 ) and 1 % of aerobic 
capacity per day of bed rest (Lalvani et al.  1997 ). 
Therefore, patients hospitalized with infl uenza ill-
ness may lose up to 50 % of lower limb muscle 
strength; their reduced functional capacity may 
result in a signifi cant and permanent disability fol-
lowing an acute infl uenza illness. 

 Exacerbations of underlying medical condi-
tions are also an important cause of morbidity and 
mortality in infl uenza-affected patients (Blasco 
et al.  1995 ). Infl uenza is often considered the 
underlying cause of acute coronary syndromes, 
strokes, and exacerbations of congestive heart 
failure in the older population. 

 Regarding mortality, infl uenza is associated 
with nearly 90 % of the 31,000–51,000 excess 
deaths from all causes in older adults (Thompson 
et al.  2003 ). Patients with underlying chronic dis-
ease are further susceptible to higher death rates. 
Infl uenza has been specifi cally associated with 
increased mortality from ischemic heart disease, 
cerebrovascular disease, and diabetes (Reichert 
et al.  2004 ). Infl uenza has been identifi ed as the 
probable cause of most of the excess deaths due to 
these complications in the population age 70 years 
and older during the winter months (Reichert 
et al.  2004 ; Govaert et al.  1994 ). Finally, mortality 
rates due to infl uenza have raised and almost dou-
bled in the period 1990–1999, compared to the 
period 1976–1990 (Thompson et al.  2004 ). 

 In addition to the signifi cant medical burden of 
disease, infl uenza poses a considerable economic 
burden, mainly due to high hospitalization rates as 
well as lost lives. Older adults have been respon-
sible for over 60 % of the total economic burden 
of infl uenza, which averages $10.4 billion per 
year in direct medical costs in the US (Molinari 
et al.  2007 ). However, it should be noted that the 
estimated burden of disease has not considered 
the fi nancial burden of disability associated with 
infl uenza infection in this population, which fur-
ther increases the societal cost of infl uenza.   

18.3     The Aging Respiratory 
and the Immune Systems 

18.3.1     Respiratory System 

 Aging results in a progressive decline in lung per-
formance (Janssens and Krause  2004 ). First of all, 
functional residual capacity of the lungs is 
increased as a result of a decrease in the elastic 
recoil of the lung and also a decrease in the com-
pliance of the chest wall. Therefore, in order to 
maintain adequate respiratory volumes, older 
adults have to breathe at higher lung volumes 
which increases the workload imposed on respira-
tory muscles (Janssens and Krause  2004 ). 
However, aging also negatively affects the respi-
ratory muscle performance. Stiffening of the chest 
wall as a result of rib cage calcifi cation, fl attening 
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of the diaphragm as a consequence of dorsal 
kyphosis, and increased anteroposterior diameter 
of the thorax all result in the diminished force-
generating capabilities of the respiratory muscles. 
Moreover, underlying medical conditions, such as 
chronic heart failure and cerebral vascular disease 
(which are frequently observed in the older popu-
lation), further decrease the respiratory muscle 
strength (Evans et al.  1995 ; Brown  1994 ). Finally, 
nutritional defi ciencies which are common in the 
older population directly decrease the muscle 
strength (Tolep and Kelsen  1993 ). Therefore, in 
the setting of clinical conditions such as infl uenza 
and associated pneumonias, the additional load 
placed on the respiratory muscles may compro-
mise lung function and lead to hypoventilation 
and the development of respiratory failure. 

 The intrinsic respiratory defense mechanisms 
also show decreased responsiveness to foreign 
agents such as infections with advanced age. The 
forced expiratory volumes and peak expiratory 
fl ow are signifi cantly reduced in the elderly due to 
structural changes and chronic low-grade infl am-
mation in peripheral airways (Meyer et al.  1996 ). 
The decreased expiratory force therefore dimin-
ishes the capability of pulmonary system to clear 
airway secretions by coughing. Therefore, the 
increased incidence of coughing in the elderly fol-
lowing infl uenza infection may be due to less 
effective clearance mechanisms of the lung paren-
chyma which necessitates more frequent cough-
ing refl exes in order to clear the secretions. 

 Finally, in older patients, the respiratory centers 
are less sensitive to hypoxia. This age-related dys-
function leads to delays in important clinical 
symptoms and signs such as dyspnea and tachy-
pnea, which are among the most important diag-
nostic clues to infl uenza-related infections and 
appreciation of the severity of the associated respi-
ratory impairment (Kronenberg and Drage  1973 ).  

18.3.2     The Immune System 

 A decrease in immune function is a hallmark of 
aging that imposes negative effects in its ability 
to resist infl uenza virus infection and its response 
to vaccination. It has been recognized that the 

aging process affects both branches of the 
immune system, namely, the innate and adaptive 
immune systems. While most detrimental age- 
dependent changes have been attributed to 
observed defects in the adaptive immune system 
(Franceschi et al.  2000 ), defects in various com-
ponents of the innate immune system further 
compromise defense mechanisms that are impor-
tant for suppression of viral replication, thus 
increasing the susceptibility to severe infl uenza 
disease in older people. 

18.3.2.1     Innate Immune System 
 The innate immune responses constitute the fi rst 
line of host defense to pathogens, are less specifi c, 
and lack immunologic memory. The immune 
response is activated within a few hours of infec-
tion and lasts for 1–2 days before the transition to 
the adaptive immune response. The immunity pro-
vided by this system is mediated by a variety of 
cells including neutrophils, monocytes/macro-
phages, dendritic cells, natural killer (NK) cells, 
eosinophils, and basophils and by the secretion of 
various cytokines and interferons (IFNs) which 
provide the basis for an adequate response to 
pathogens. With the progressive age- related 
decline in lung function, pathogens more easily 
invade mucosal tissues challenging the aged innate 
immune system to eradicate pathogens from the 
body (Gomez et al.  2005 ; Nomellini et al.  2008 ). 

   Neutrophils 
 Neutrophils are short-lived cells that play an 
important role in host defense during acute 
infl ammation. Studies have not shown any sig-
nifi cant changes in the number of neutrophils in 
the blood and their precursors in the bone mar-
row in elderly patients (Chatta et al.  1993 ). 
Moreover, neutrophil’s ability to be recruited 
from the periphery along a gradient of chemotac-
tic factors produced at the site of infection 
through processes of adhesion to vascular endo-
thelial cells and migration into the affected tissue 
has been shown not to be altered with advanced 
age (Butcher et al.  2000 ). 

 The most important decline in neutrophil 
function in aged individuals has been attributed 
to its decreased ability to phagocytize opsonized 
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bacteria, including  Escherichia coli  and 
 Staphylococcus aureus  (Wenisch et al.  2000 ). In 
addition, Fc receptor-mediated superoxide pro-
duction is signifi cantly reduced in elderly per-
sons (Fulop et al.  1985 ). This reduced response 
of neutrophils could be particularly important in 
the increased propensity of older patients to 
acquire secondary bacterial pneumonia follow-
ing an infl uenza infection and their reduced abil-
ity to eradicate the pathogens.  

   Macrophages 
 Macrophages have important roles in numer-
ous mechanisms of innate immunity as well as 
their regulatory effects on the adaptive immune 
response. They can act directly to destroy invad-
ing pathogens or indirectly by initiating infl am-
matory responses and releasing mediators such 
as interleukin (IL)-1 and tumor necrosis factor 
alpha (TNFα) which can activate other infl am-
matory cells. Additionally, macrophages have 
an important role in processing antigens and pre-
senting them to T cells. 

 A number of macrophage functions have been 
shown to be affected during the aging process. 
The levels of major histocompatibility complex 
(MHC) class II molecules in human and rodent 
macrophages appear to be reduced with aging 
(Plowden et al.  2004 ). This, in turn, may contrib-
ute to poor CD4 +  T cell responses. Also, the respi-
ratory burst induced by IFN-γ has shown to be 
decreased from aged animals (Plackett et al. 
 2004 ). Therefore, impaired respiratory burst in 
elderly results in diminished intercellular killing 
ability of bacteria which may elongate the dura-
tion of infection (Plackett et al.  2004 ). Finally, the 
phagocytic ability of macrophages to ingest bac-
teria declines with age. These age-related changes 
in the function of macrophages may thus have an 
impact on innate as well as adaptive immunity.  

   Dendritic Cells 
 Dendritic cells are the most potent of antigen- 
presenting cells and play an important role in 
bridging innate immunity with the adaptive 
immunity (Banchereau and Steinman  1998 ). 
These cells have intricate innate properties that 
account for their roles in the immune system. 

First of all, they possess special mechanisms for 
antigen capture and processing. Also, their 
unique capacity to migrate to T cell areas and 
their rapid differentiation or maturation in 
response to a variety of stimuli render dendritic 
cells crucial in the defense against pathogens. 
Finally, they are capable of secreting a variety of 
cytokines which dictates the nature of T helper 
responses (Granucci et al.  2003 ). For instance, 
while secretion of IL-12 from dendritic cells 
induces T cells to secrete IFN-γ, the production 
of IL-10 by dendritic cells induces either a T 
helper 2 (Th2) or a T regulatory type of response 
(Dumont et al.  1998 ). 

 Advancing age has been associated with a 
reduced capacity of dendritic cells to take up, pro-
cess, and present antigens to generate effective T 
cell responses. Also, dendritic cells isolated from 
older adults show decreased phagocytic capacity 
of apoptotic cells compared to that of younger 
adults (Agrawal et al.  2007 ). Since phagocytosis 
of apoptotic cells is considered an important 
mechanism to prevent infl ammation, the decreased 
phagocytic ability of these cells may be responsi-
ble for the observed pro- infl ammatory background 
observed in older individuals (Fadok et al.  1998 ). 
Finally, aging is associated with a diminished traf-
fi cking capability of dendritic cells to draining 
lymph nodes, as a result of impaired expression of 
the lymph node homing markers (Grolleau-Julius 
et al.  2008 ). Thus, the age-related impairments in 
antigen presentation, phagocytosis, and migration 
of dendritic cells contribute to impairments in 
immunity in old age.  

   Natural Killer Cells 
 NK cells are large granular lymphocytes that play 
a major role in the MHC unrestricted recognition 
of virally infected cells. Following infl uenza 
infection of the epithelial cells in the lower respi-
ratory system, viral peptides become presented 
on MHCI. NK cells are then able to detect these 
cells and become activated through binding to 
the MHC I-viral peptide complex. This leads to 
the activation of NK cells, which are then able 
to directly kill infected cells by releasing perforin 
and granzymes. These enzymes activate caspases 
and induce apoptosis of the target cell. A direct 
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association has been recognized between low NK 
cytotoxicity and increased morbidity and mortal-
ity as a result of infl uenza infection, as well as 
poor response to infl uenza vaccination (Solana 
and Mariani  2000 ; Molling et al.  2005 ). 

 The number and functional capacities of NK 
cells change through aging. Unlike other lympho-
cytes, the absolute number of NK cells is increased 
in aged individuals (Miyaji et al.  2000 ; Borrego 
et al.  1999 ). Regarding functional parameters, 
cytotoxicity and production of IFN-γ are decreased 
in old age (Borrego et al.  1999 ). Also the prolifera-
tion rate, levels of CD69 (a stimulatory receptor on 
NK cell surface), and cytotoxic properties of NK 
cells in response to IL-2 are also decreased in 
aging (Solana et al.  1999 ). However, it should be 
noted that none of these age-related functional 
changes have been associated with the impact of 
infl uenza, and, for the most part, functional capac-
ity of NK cells appears to be maintained in older 
adults (McElhaney  2005 ). This could be attributed 
in part to the compensatory increase in the number 
of NK cells in older adults, which could compen-
sate for the diminished activity on a “per cell” 
basis.   

18.3.2.2     The Adaptive Immune System 
   Humoral Immunity 
 Infl uenza infection occurs when there is inade-
quate antibody to neutralize the virus and prevent 
entry into the host cells. Following an infl uenza 
infection, an antibody response in B cells results 
in humoral immunity. Aging has been shown to 
infl uence the humoral immune response both 
quantitatively and qualitatively which in turn 
contributes to the decreased antibody production 
as well as reduced duration of protective immu-
nity following immunization (Steger et al.  1996 ). 
These changes signifi cantly contribute to the 
increased susceptibility of the elderly to infl u-
enza infection and reduce the protective effects 
of vaccination (McElhaney and Effros  2009 ). 

 Regarding quantitative changes in different 
compartments of the humoral immune system, 
there are confl icting reports regarding the abso-
lute numbers of human B cell precursors in the 
bone marrow (McKenna et al.  2001 ) or not. 
However, the numbers of mature human B cells 

signifi cantly decrease with age (Frasca et al. 
 2008 ). Moreover, the total numbers of immuno-
globulin M (IgM)-producing memory B cells are 
reduced in the elderly population which account 
for the reduction in specifi c antibody titers in 
those vaccinated against pneumococcal polysac-
charides or exposed to Streptococcus pneumonia 
infection (Shi et al.  2005 ). Finally, total switched 
memory B cells decrease in both percentage and 
number with age. 

 The age-related decline in the functional capa-
bilities of B cells is considered more signifi cant 
than the quantitative abnormalities related to 
humoral immunity. Following infl uenza infection, 
stimulated B cells are induced to differentiate and 
produce antibodies that are specifi c for the infect-
ing virus or vaccine strains (Virelizier et al.  1974 ). 
These specifi c antibodies bind to the surface gly-
coproteins, hemagglutinin (HA), and neuramini-
dase (NA) to neutralize the viral particle. While 
serum immunoglobulin levels are shown to be 
stable during aging, the antibodies generated in 
old age are of lower affi nity. Moreover, the speci-
fi city and class of antibody produced are changed; 
both extrinsic and intrinsic defects account for the 
diminished humoral response in the elderly. 

 Interactions with other immune cells are essen-
tial for B cell activation and antibody production 
(extrinsic pathways). Aging has been associated 
with dysregulated interactions with other cell 
types of the immune system. First of all, follicu-
lar dendritic cells isolated from older individuals 
have reduced ability to stimulate B cells due to 
decreased expression of co- stimulatory molecules 
on dendritic cells (Aydar et al.  2002 ; Colonna-
Romano et al.  2003 ). Also the production of IL-2 
and expression of CD40L by CD4 +  T cells decline 
with aging. This dysregulated interaction between 
B and T cells leads to a reduced B cell expansion 
and differentiation in response to antigens as well 
as to decreased antibody production and germinal 
center formation (Lazuardi et al.  2005 ; Miller and 
Kelsoe  1995 ). 

 Intrinsic changes in B cells also occur in aging 
and have a signifi cant impact on antibody produc-
tion. During an immune response, B cells switch 
the expression of surface immunoglobulins from 
IgM to IgG, IgE, or IgA. This class switch recom-
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bination (CSR) is crucial for an effective humoral 
immune response because it generates antibodies 
of the same specifi city but with different effector 
functions. One of the recognized defects in B cells 
from older individuals is their impaired ability to 
produce secondary isotypes through CSR. This 
defect accounts for the decreased IgG response to 
infl uenza vaccination in adults over age 65 years 
old. Other intrinsic defects associated with aging 
include decreases in the E2A-encoded transcrip-
tion factor E47 and activation-induced cytidine 
deaminase (AID) (Frasca et al.  2011 ). Recently, 
AID has been proposed as an effective tool to 
assess B cell function and infl uenza vaccine 
responses. Measuring AID in stimulated B cells 
has been shown to predict the ability to generate 
an optimal infl uenza vaccine response (Frasca 
et al.  2011 ). 

 The hemagglutination inhibition assay has 
been considered as the gold standard for deter-
mining the protective effi cacy of infl uenza vac-
cination among the normal population. However, 
studies of the vaccinated older population have 
revealed the inaccuracy of this assay in distin-
guishing between those who subsequently 
develop infl uenza illness from those who do not 
(McElhaney et al.  2006 ). As a consequence of 
impaired B cell functions, adequate antibody 
titers may not be suffi cient indicators of steriliz-
ing immunity in this population (McElhaney 
et al.  2006 ). Moreover, increased antibody titers 
in response to infl uenza vaccination, which cor-
relates with protection in younger adults, may not 
translate to clinically important improvements in 
outcomes in older adults (Gorse et al.  2004 ). 
Therefore, antibody titers should not be consid-
ered as a sole measure of infl uenza vaccine effi -
cacy in this population (Rock and Shen  2005 ; 
Demotz et al.  1990 ; Shahid et al.  2010 ).  

   Cell-Mediated Immunity 
 Infl uenza virus stimulates an antiviral response 
to T cells resulting in cell-mediated immunity. 
T cells are activated after the antigen-presenting 
cells (APC) take up and process the virus and 
present the resulting peptides on MHC. The 
resulting immune response then plays a key role in 
both humoral and cytotoxic T lymphocyte (CTL) 

responses to infl uenza infection (McElhaney and 
Dutz  2008 ). Studies have shown that this branch 
of the immune system is mostly affected by age 
and plays the most important role in the increased 
susceptibility of older patients to infl uenza and its 
complications. 

 One of the most striking changes following 
aging is the involution of the thymus, where the 
maturation of T cells takes place. With aging, a 
decline in thymic output and a reduction in the 
naïve T cell pool (McElhaney and Effros  2009 ) 
occur. The remaining naïve T cells exhibit 
numerous functional defects, such as shorter 
telomeres, a restricted T cell receptor repertoire, 
reduced IL-2 production, and impaired expan-
sion and differentiation into effector cells (Kohler 
et al.  2005 ). These changes reduce the ability to 
respond to new infections and create memory T 
cells to combat subsequent infections. Since the 
size of the T cell pool is preserved with aging, 
the constituent cells proliferate to maintain the T 
cell pool and result in a relative increase in the 
proportion of memory T cells. However, aging is 
also accompanied with a delayed and diminished 
response of memory T cells to infl uenza infec-
tion, which in turn increases the risk for compli-
cated infl uenza illness (Wagar et al.  2011 ; Zhou 
and McElhaney  2011 ).  

   T Helper Cells 
 Th cell compartment maintains its diversity for 
decades in spite of thymic involution; however, 
in individuals older than 70 years, a dramatic 
decline of diversity occurs, leading to a severely 
contracted repertoire (Goronzy and Weyand 
 2005 ). A balance between Th type 1 (Th1) and 
type 2 (Th2) cytokines appears to be important 
for viral clearance and recovery from infl uenza 
illness (van der Sluijs et al.  2004 ; Doherty et al. 
 1997 ). Th1 cells are mostly involved in stimulat-
ing antibody responses, IFN-γ production, and 
CTL memory, whereas Th2 cells stimulate anti-
body responses. IL-10 is produced by T cells 
including regulatory T cells (Treg) and sup-
presses the Th1 response. Aging results in a 
reduced ratio of IFN-γ:IL-10 due to a decline in 
IFN-γ relative to IL-10 production in response to 
infl uenza challenge (Skowronski  2011 ). This 
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transition from Th1 to Th2 cytokines has been 
correlated with an increased risk for infl uenza ill-
ness (McElhaney et al.  2006 ), a decline in CTL 
activity and an increased risk of pneumococcal 
pneumonia (van der Sluijs et al.  2004 ) in older 
adults. Other functional impairments associated 
with aging in Th cells are reduced production of 
IL-2, poor proliferative and differentiation capac-
ity following antigen stimulation, reduced CD40 
ligand expression, shortened telomeres, and 
increased resistance to programmed cell death 
(Vallejo  2005 ; Spaulding et al.  1999 ).  

   Cytotoxic T Lymphocytes 
 The CTL response to infl uenza infection is crucial 
for its recovery even in the absence of adequate 
antibody response to the infecting virus strain 
(McMichael et al.  1983 ). Production of IFN-γ 
through a Th1 response recruits CTLs to infl u-
enza-infected lungs. CTLs recognize the MHC 
I-viral peptide complex expressed on the surface 
of infected cells and destroy the host cells that 
have become the factories for viral replication. 
Aging results in diminished CTL responses to 
infl uenza challenge, delays in peak CTL activity, 
and a loss of cross-reactive responses that delay 
recovery from illness (Bender and Small  1993 ). 
Also, the expression of CD28, a co- stimulatory 
molecule on CTLs, is permanently suppressed 
with aging which correlates with poor antibody 
responses to infl uenza vaccination (Goronzy et al. 
 2001 ; Saurwein-Teissl et al.  2002 ). 

 Virus-infected cells are killed by CTLs 
largely through perforin-/granule-mediated killing 
(Pasternack and Eisen  1985 ; Bleackley et al.  1988 ; 
Jenne and Tschopp  1988 ); although fas- mediated 
killing may be an alternate mechanism (Ito et al. 
 1991 ; Rouvier et al.  1993 ), the granule- mediated 
mechanism seems to be more crucial for the control 
of respiratory viral infections. Following binding of 
CTL to the viral peptide- MHC I complex, granules 
containing granzymes and perforin migrate to the 
“immune synapse” between the activated CTL and 
the virus-infected target cell and are released into 
the cytoplasm of the target cell. The cytolytic medi-
ator, granzyme B (GrzB), initiates an enzymatic 
cascade, which eventually leads to the induction of 
apoptosis of the virus-infected cell. A progressive 

decline in the levels of GrzB is seen from younger 
to older adults. Moreover, low levels of GrzB are 
associated with increased risk of infl uenza illness 
(McElhaney  2005 ). This has led to the introduc-
tion of the GrzB assay as a laboratory method for 
challenging human peripheral blood mononuclear 
cells with live virus, a “test tube” method for deter-
mining a critical component of antiviral immunity 
(McElhaney et al.  2001 ,  2009 ; Ewen et al.  2003 ). 

 In addition to diminished cytotoxic activity, 
CTLs of older individuals produce high levels of 
certain pro-infl ammatory cytokines, such as 
TNFα and IL-6 (Effros et al.  2005 ), which directly 
causes dysregulation of the cell- mediated immune 
response (Vescovini et al.  2007 ). Paradoxically, 
adjuvants, when combined with infl uenza vaccine 
to stimulate dendritic cells to produce high levels 
of these infl ammatory cytokines, have been shown 
to improve the CTL response to infl uenza virus 
challenge (McElhaney  2011 ).     

18.4     Vaccination 

 Vaccination against infl uenza virus remains the 
most effective method of preventing infl uenza 
infection (Fiore et al.  2009 ). Current vaccination 
programs have been able to prevent infl uenza 
complications such as pneumonia, heart attacks, 
strokes, and exacerbations of congestive heart 
failure in this population. Current infl uenza vac-
cination programs have shown a 30–40 % reduc-
tion in infl uenza-related hospitalization rates and 
have been demonstrated to be cost-effective due 
to a reduction in medical care costs of managing 
infl uenza and pneumonia (Mullooly et al.  1994 ; 
Nichol et al.  1994 ). Also, when considering the 
reduction in hospitalizations with exacerbations of 
other chronic cardiac and pulmonary conditions, 
infl uenza vaccination is associated with signifi cant 
cost savings in the older population (Mullooly 
et al.  1994 ; Deans et al.  2010 ). Despite the impor-
tance of vaccination in the elderly population, the 
effectiveness of current infl uenza vaccines is only 
30–40 % in preventing laboratory- confi rmed infl u-
enza illness among healthy adults aged 60 years 
or older (McElhaney and Dutz  2008 ). Thus, there 
is a considerable margin for improvement in this 
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high-risk population (McElhaney  2008 ; Sambhara 
and McElhaney  2009 ). The reduced vaccine 
response has been attributed mostly to the waning 
immune system with aging as well antigenic mis-
match between the vaccine strains and the circulat-
ing strains in this population.  

18.5     Role of Immunosenescence 

 The well-known defects in both branches of the 
immune system, namely, innate and adaptive 
immune systems, as discussed previously are 
major contributors to the poor vaccine effi cacy in 
the older population. The challenge to increase 
vaccine effi ciency and develop new strategies for 
older adults is to stimulate the senescent immune 
response (Monto et al.  2009 ; McElhaney  2009 ). 

 Measuring antibody titers against infl uenza has 
been the mainstay of predicting infl uenza vaccine 
effi cacy. In the only published randomized, pla-
cebo-controlled trial of infl uenza vaccine in older 
adults, antibody responses to infl uenza vaccine 
failed to correlate with protection against labora-
tory-confi rmed infl uenza illness (Govaert et al. 
 1994 ). Other observational studies have shown sim-
ilar antibody titers following vaccination in younger 
and older adults, suggesting comparable antibody-
mediated protection. However, these results are in 
sharp  contrast to the observed clinical outcomes in 
older adults emphasizing the importance of T cell 
immunity in infl uenza and highlighting the impor-
tance of including cellular immune measures in 
studying the impact of immune senescence on vac-
cine responsiveness (Effros  2007 ; McElhaney et al. 
 2006 ). This may be due to the different roles of pro-
tective humoral and cell- mediated immune 
responses to infl uenza infections. While antibody 
responses are mostly important in preventing infec-
tion and providing sterilizing immunity, T cell-
mediated responses are responsible for clearance of 
the virus once infection occurs and providing clini-
cal protection against disease. 

 Following infl uenza vaccine administration, 
the infl ammatory response to the vaccine recruits 
APCs to the site of infl ammation. The viral pep-
tides are then presented on MHC I and II of APCs, 
which stimulate Th cells and CTLs in order to 

produce antibody and CTL responses, respec-
tively. Current infl uenza vaccines contain split 
virus particles, which mostly stimulate Th cells 
but only weakly infl uence CTLs. The net effect is 
the production of vaccine strain-specifi c antibod-
ies. Therefore, while antibodies are considered an 
important defense mechanism against infl uenza, 
the current infl uenza vaccines are inadequate in 
enhancing the CTL activity against infl uenza 
infection (Rimmelzwaan and McElhaney  2008 ).  

18.6     Role of Antigenic Mismatch 

 Antigenic mismatch between the vaccine virus 
strains and the circulating virus strains is another 
contributing factor that can negatively impact vac-
cine effectiveness (Carrat and Flahault  2007 ). 
Antigenic mismatch is caused by antigenic drift 
between the composition of the administered vac-
cine and subsequent exposure to the circulating 
strain. Following B cell stimulation, the specifi c 
antibodies produced against the vaccine strain 
bind to the surface glycoproteins HA and NA to 
neutralize the viral particle. Antigenic drift occurs 
as a result of selective pressure by the immune 
system against the native virus, which constantly 
changes the peptide sequences at the antibody-
binding site on the outer surfaces of HA and NA. 
In the older population, antigenic mismatch has 
been associated with a 30 % reduction in vaccine 
effectiveness during seasons when a drifted infl u-
enza strain circulates (Nordin et al.  2001 ). 

 While the antibody responses of B cells to 
infl uenza vaccines are strain specifi c, the antigenic 
determinants of Th cells and CTLs are more con-
served across different strains of infl uenza, and 
their immunologic response does not degrade with 
antigenic drift (Effros et al.  1977 ; Marcelin et al. 
 2012 ). This effect is due to conserved internal pep-
tide sequences of HA and NA within subtypes of 
infl uenza, which stimulate Th cells, and the inter-
nal proteins including matrix and nucleoproteins, 
which stimulate a cross- reactive CTL responses 
across all infl uenza A strains. Thus, increasing 
CTL responses could potentially overcome the 
issue with antigenic mismatch and  provide protec-
tive responses in the elderly population.  
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18.7     Future Prospective 

 Vaccination provides the most effective means 
of protection against infl uenza and its various 
complications although there is clearly a mar-
gin for improvement. New vaccine formulations 
are required to stimulate the senescent immune 
response of the older person and to reverse age- 
related changes at multiple levels of the cellular 
immune response that are critical to protect against 
infl uenza (McElhaney et al.  2012 ). New infl uenza 
vaccines are currently in various stages of develop-
ment in order to address the unmet need of improved 
vaccines in older adults (Behzad et al.  2012 ).     
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19.1            The Aging of the Human 
Population 

 Life expectancy has impressively increased dur-
ing the last century worldwide. This increase is 
linear (except for drops due to the World Wars 
and to the Spanish fl u pandemics in 1918–1919) 
and is evident in all countries in the world, 
including developing countries where the rate of 
increase is slower, possibly due to the effects of 
acquired immunodefi ciency syndrome (AIDS) 
(The World Bank  2004 ). The United Nations 
expects that about 25 % of the world population 
will be >65 years of age (a goal already reached 
in Europe and Japan) by 2050 and that 75 % of 
this elderly population will be living in develop-
ing countries (United Nations  2002 ). 

 Better nutrition, health care, and preventive 
measures have contributed to reducing mortality 
at birth and early childhood and to prolonging 
life expectancy. A very interesting hypothesis is 
that life expectancy is affected by the signifi cant 
decrease in infectious disease burden at young 
age resulting in reduced infl ammation, increased 
body growth, and eventually longer life span 
(Crimmins and Finch  2006 ). The  introduction of 

mass vaccination has undoubtedly contributed to 
the decrease of the infectious disease burden in 
children and even to eradicate the  disease, as in 
the case of smallpox (eradicated), poliomyelitis, 
and measles (expected in the near future).  

19.2     The Aging of the Immune 
Responsiveness 

 The elderly population is more susceptible to 
infectious diseases, with a slower and less effi -
cient recovery (Gavazzi and Krause  2002 ), and to 
chronic diseases as compared to young and adults 
(Wagner and Groves  2002 ). This is mostly due to 
a decline in immunological functions known as 
immunosenescence, responsible not only of ham-
pered response to infectious and pathological 
challenges but also of the inadequate protective 
response upon vaccination. 

 Innate and infl ammatory responses are anoma-
lous in the elderly in large part due to the changing 
microenvironment and only in part to intrinsic 
senescence of response (Shaw et al.  2010 ). The 
changes occurring in the aging body (increased cel-
lular death, increased oxidative events, etc.), often in 
parallel with concurring infections or  diseases, con-
tribute to creating a constitutively infl amed microen-
vironment (infl ammaging) that maintains the basal 
innate/infl ammatory response of immune cells, in 
particular monocytes and macrophages, to a level of 
permanent activation (Franceschi  2007 ). This situa-
tion may cause excessive infl ammation and tissue 
damage upon infectious challenges. 
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 The functions of dendritic cells (the cells 
that present antigen thereby bridging innate 
and adaptive immunity) also appear to be 
 constitutively activated in people >65 years of 
age but, at variance with young cells, are less 
 reactive to Toll- like receptor (TLR) stimuli 
(Panda et al.  2010 ). 

 The function of T cells is also impaired 
in elderly people, with an overall inability of 
renewal of the naïve T cell compartment. In fact, 
the ability of naïve T cells to respond to stimuli 
and the overall balance of the different T cell sub-
sets appears altered (Nikolich-Zugich and Rudd 
 2010 ), with a preponderance of memory T cells 
as opposed to naïve T cells. Regarding CD4 +  T 
cells, T cell receptor (TCR) signalling (but not 
TCR expression) is reduced in old cells, in part as 
consequence of the higher activity of the inhibi-
tory phosphatases dual specifi city phosphatase 
4 (DUSP4) and DUSP6, which impair T helper 
(Th) polarization (Li et al.  2012 ; Yu et al.  2012 ). 
The CD8 +  T cell compartment in the elderly is 
strongly unbalanced towards effector memory 
cells as opposed to naïve cells. This may be due 
both to age-long stimulation with viruses and 
also as a compensatory mechanism to balance 
the decreased proliferative capacity of naïve cells 
(Herndler-Brandstetter et al.  2012 ). The direct 
consequence of all these alterations is a reduced 
ability of old T cells to mount primary responses 
to newly introduced antigens, such as novel 
vaccines. Memory and effector T cells in aged 
individuals do not express the co-stimulatory 
molecules CD28 (Goronzy et al  2012 ) and CD40 
ligand (CD40L)/CD154 (Yu et al.  2012 ), result-
ing in a reduced capacity to provide help for B 
cell proliferation and differentiation for antibody 
production. 

 Similar anomalies have been observed for B 
lymphocytes, with a signifi cant reduction of 
naïve B cells and a parallel increase of memory B 
cells (Johnson and Cambier  2004 ), which how-
ever show a limited repertoire diversity (Gibson 
et al.  2009 ). In this context, the antibody response 
in elderly individuals to new antigens is quantita-
tively reduced, short-lived, and with poor isotype 
switching, resulting in antibodies with lower 
avidity and effi cacy (Weinberger et al.  2008 ).  

19.3     Increased Susceptibility 
to Infections in the Elderly 

 The increased susceptibility of the elderly to viral 
and bacterial infections is due to a concurrence of 
conditions that include, besides intrinsic immu-
nosenescence, the anatomical modifi cations in 
organs (e.g., genitourinary and gastrointestinal 
tract, lung), chronic diseases (e.g., diabetes, car-
diovascular diseases), and malnutrition (Flicker 
et al.  2010 ). 

 In the United States (US), over 86 % of the 
15,573 deaths associated to seasonal infl uenza 
occurred in people of ≥65 years of age in the 
infl uenza season 2006–2007 (Centers for Disease 
Control  2010 ). Elderly individuals living in com-
munities, in particular those with chronic dis-
eases, are prone to pneumonia caused by 
respiratory syncytial virus (RSV) with excessive 
mortality as compared to adults (Falsey  2007 ). 
Herpes zoster is also a major problem in the 
elderly, who are particularly susceptible to reacti-
vation of latent infection with varicella zoster 
virus (VSV). Reactivation is due to the age-
related waning of cell-mediated immunity to the 
virus, both in CD4 +  and CD8 +  effector and mem-
ory cells, and can result in severe and disabilitat-
ing neuralgia. The estimate is that around 50 % of 
herpes zoster cases occur in people aged 
>85 years (Schmader  2001 ). The elderly popula-
tion is also signifi cantly more susceptible to 
many bacterial infections, such as those by 
 Streptococcus pneumonia  (causing pneumonia, 
bacteremia, and meningitis) and by invasive 
group B  streptococci  (GBS), primarily affecting 
the aged population (40 %) with a death rate of 
>50 % (Edwards and Baker  2005 ).  

19.4     Reduced Response to 
Infl uenza Vaccination in the 
Elderly: How to Improve It? 

 To ensure healthy aging, a global strategy is 
required to prevent or delay immune senes-
cence, including physical and mental exercise, 
adequate and balanced nutrition, and living in 
a healthy environment. As this is unfeasible 
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in many  circumstances, health protection in the 
elderly relies mostly on vaccination against the 
most frequent infections. Several vaccines are 
available that are recommended for the elderly, to 
counteract their increased susceptibility to infec-
tions and ensure a healthier aging. However, the 
current vaccines have been developed for prevent-
ing infections mainly in childhood and in immu-
nologically mature individuals, and therefore, 
they may not be optimally effective in the elderly 
who are immunologically inadequate. Therefore, 
the need for specifi cally designed vaccines is 
becoming urgent for facing the unprecedented 
health protection challenges posed by our fast-
aging society (Rappuoli et al.  2011 ). To under-
stand the features of vaccine effi cacy in the elderly 
as opposed to healthy adults, the huge amount of 
information accumulated with the vaccine against 
infl uenza offers an excellent paradigm. 

 Infl uenza is still a major cause of hospitaliza-
tion and mortality in the elderly also in developed 
countries, despite vaccination is strongly recom-
mended and largely implemented. This can be 
attributed both to a suboptimal coverage (Blank 
et al.  2008 ) and to a reduced effi cacy of the exist-
ing vaccines in the elderly population, despite 
the generally recognized decrease of morbid-
ity and mortality following vaccination. During 
the infl uenza season 1991–1992, a randomized 
placebo- controlled effi cacy study was carried out 
in an aged cohort and resulted in 50 % effi cacy, 
with better protection evident in people that had 
been already vaccinated in the past (Govaert et al. 
 1994 ). Later studies have shown a signifi cant 
vaccine-dependent reduction of hospitalization 
(48 %) and death (27 %) in community-dwelling 
aged people (Nichol et al.  2007 ). 

 However, the observed benefi ts are limited, 
and the current infl uenza vaccines do not confer 
full protection to the aging population. In a longi-
tudinal study, it has been shown that the effi cacy 
of infl uenza vaccination against three different 
fl u viruses (H1N1, H3N2, and B) goes down 
from 55, 58, and 41 % (for the three viruses) in 
subjects aged 65–74 years to 32, 46, and 29 % in 
individuals above 75 years of age, with over 30 % 
of older subjects not reaching the protective anti-
body titer (Goodwin et al.  2006 ). 

 Therefore, it is obvious that new vaccines are 
needed, specifi cally designed for conferring opti-
mal protective immunity in the elderly. This is 
important for some vaccines that should be 
administered yearly, such as the seasonal infl u-
enza vaccine, for restimulation of memory to 
increase their effi cacy (generated by both previ-
ous vaccination and previous natural exposure). 
However, it is even more important for vaccines 
given for the fi rst time for infections to which the 
subject has never been previously exposed (as 
often is the case for yellow fever, tick-borne 
encephalitis, pandemic fl u, etc.), because the 
decreased number of naïve T and B cells and 
their limited repertoire imply the inability of 
mounting an effective protective response, unless 
the vaccine is specifi cally designed for overcom-
ing the immunological inadequacy of the host. 

 The strategies for designing vaccines for the 
elderly is reviewed below, again by taking sea-
sonal infl uenza as an example, given the wealth 
of data available. In addition, the threat posed by 
the infl uenza pandemics has boosted research in 
the fi eld, and many lessons were learnt in those 
occasions that are being applied to improving 
seasonal infl uenza vaccines. 

 Since the understanding of the mechanistic 
basis of immune senescence is still partial, no 
current vaccination strategy is based on such 
knowledge and the approaches have been exclu-
sively empirical. Those that have better devel-
oped include the use of higher and repeated doses 
of infl uenza antigens, the choice of different 
administration routes, and the use of adjuvants. 

19.4.1     Increasing the Vaccine 
Antigen Dosages 

 The most reliable and widely accepted corre-
late of protection in infl uenza vaccination is the 
titer of anti-hemagglutinin antibodies, which is 
measured with a classical assay of inhibition 
of hemagglutination (HI) (Potter and Oxford 
 1979 ). The threshold for protection has been set 
at a titer of 1:40 (if serum diluted 1:40 or more, 
still inhibits hemagglutination and there is pro-
tection; however, if at the same titer, inhibition 
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is lost, there is no protection), because higher 
HI titers correlate with increased protection. It 
has been long known that by increasing the dose 
of antigen in the vaccine inoculums, the HI titer 
increases. In an old study, a split monovalent 
H1N1 vaccine was administered at increasing 
dosages to healthy adults and yielded a dose-
dependent increase in the HI titer both in sub-
jects with low  pre- vaccination titers (16–35×) 
and in those with high pre-vaccination titers 
(3–7×) (Keitel et al.  1994 ). The same monova-
lent H1N1 split vaccine was later administered 
to healthy subjects aged ≥65 years. Also in this 
case, higher dosages could induce a signifi cant 
increase in the HI titers (2–3× HI increase by 
increasing the antigen dose up to 9×) (Keitel 
et al.  1996 ). However, if this increase is of 
clinical signifi cance is doubtful. The recent 
experience obtained with the pandemic H5N1 
vaccine (avian fl u) has shown that two inocula 
of antigen (amounting to a 6× increase  vs . nor-
mal vaccine dosage) yielded neutralizing and 
protective HI antibody titers in 53–57 % of the 
vaccines, which were healthy adults (Treanor 
et al.  2006 ), thus implying an even less satis-
factory protection in immunologically frail 
elderly, in particular when considering that 
they are most probably never been exposed pre-
viously to the avian fl u virus. Therefore, it is 
concluded that increasing the antigen dosage is 
not the optimal strategy for improving vaccine 
effi cacy in the elderly (without considering the 
increased costs).  

19.4.2     Alternative Routes 
of Administration 

 The possibility that vaccine administration by 
routes other than the classical intramuscular route 
could improve immunogenicity and protection 
has been empirically investigated, focussing in 
particular on the intradermal route. 

 The intradermal delivery of antigens should 
favor the local uptake by Langerhans cells (LC) 
and dendritic cells (DC), which then migrate 
to the tissue-draining lymph nodes where they 

mature and present the antigen to T cells thereby 
initiating the adaptive immune response. The 
highly effi cient immunization pathway that can 
be obtained by intradermal antigen delivery 
should also, in theory, allow for a reduction of the 
antigen dose required to obtain optimal protective 
response. By delivering the antigen at an anatom-
ical site, rich in professional antigen- presenting 
cells, the intradermal vaccination has also the 
theoretical potential of allowing to reducing the 
amount of vaccine antigen to achieve protection. 
However, the effi cacy of intradermal vaccina-
tion in the elderly may be infl uenced by the age-
related changes in skin integrity and physiology, 
including the decreased number of LC and DC 
(Panda et al.  2009 ). 

 Intradermal vaccination has been routinely 
used for several vaccines, including those for 
smallpox and rabies. In the case of rabies, the 
intradermal antigen dose yielding protection is 
fi vefold lower than by intramuscular administra-
tion, so the World Health Organization (WHO) 
has approved this dosage/route approach with the 
current cell culture-based rabies vaccines (World 
Health Organization  2005 ). 

 The intradermal route has been considered 
for the infl uenza vaccination since the 1940s 
(Halperin et al.  1979 ), but it has received par-
ticular attention during the 1976 pandemics of 
swine infl uenza virus A/New Jersey/76 H1N1. 
The use of a 5× lower dose intradermally (com-
pared to intramuscularly) would allow a sub-
stantial dose sparing that is of key importance 
in the case of pandemics, where global vaccine 
shortage may become an issue of public health 
protection. Several studies showed that intrader-
mal vaccination with lower doses of infl uenza 
vaccines induced antibody titers comparable to 
those induced by the full-dose intramuscular 
vaccine (Brown et al.  1977 ; Herbert et al.  1979 ). 
The effect however was not as evident in aged 
people >50 years, suggesting that senescence of 
skin immunity may hamper intradermal vaccine 
effi cacy (Belshe et al.  2004 ). Thus, more recent 
studies have compared the response to intra-
dermal infl uenza vaccines throughout all ages. 
The results showed that a decrease of 2.5-fold 
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in antigen dose (as compared to the full-dose 
vaccines) is possible in the elderly to achieve 
good response by the intradermal route, while 
in adults the dose could be further decreased 
to one fi fth of the full dose (Belshe et al.  2004 ; 
Kenney et al.  2004 ). The intramuscular route of 
administration appeared to achieve better results 
in aged people >60 years, further underlining the 
issue of senescence of skin immunity (Belshe 
et al.  2004 ). However, in these studies, direct 
comparison of the same vaccine dosages by the 
two delivery routes was missing, which made 
interpretation of the results doubtful. Indeed, a 
subsequent study with the direct comparison of 
different vaccine doses by the two delivery routes 
showed that all doses (from the full 15 mg dose 
down to the 3 mg dose) could induce optimal 
response by both routes in healthy adults (Belshe 
et al.  2007b ). Another study has reevaluated the 
effi cacy of intradermal infl uenza vaccination 
in 1,107 elderly subjects (>60 years) of age 
(Holland et al.  2008 ). Antigen dose was either 
full (15 mg) or higher (21 mg). The response to 
intradermal vaccination (at both dosages) was 
found to be superior to that of old subjects vac-
cinated by the intramuscular route without adju-
vant. In the case of seasonal fl u vaccine, there are 
claims that the intradermal route could achieve 
better response as compared to the adjuvanted 
intramuscular vaccine, although results are 
inconsistent (Van Damme et al.  2010 ). However, 
vaccine reactogenicity is consistently higher by 
the intradermal route. 

 The conclusion from years of intradermal vac-
cination is that the intradermal route is a good 
one, but it is not superior to the intramuscular 
vaccination in adults. Also for the elderly, there is 
no evidence that the intradermal route may offer 
advantages in terms of dose sparing or overcom-
ing immune senescence as opposed to the intra-
muscular delivery. It is evident that a deeper 
knowledge of the mechanisms of immunity and 
immune senescence in the skin is required, with 
particular attention to the function of profes-
sional antigen-presenting cells like DC, in order 
to design effective intradermal vaccines for the 
elderly.  

19.4.3     Amplifi cation of the Immune 
Response: Adjuvants and 
Immunostimulation 
Strategies 

 The principle of adjuvanticity implies the ampli-
fi cation of the specifi c, antigen-induced immune 
response by different immunostimulation strate-
gies. Among the most effi cient approaches for 
enhancing immunity, we will consider the use 
of cytokines, the use of live microorganisms, 
and the use of agents able to trigger innate 
immunity. 

19.4.3.1     Cytokines 
 Cytokines can be used to enhance immune 
responses at different levels, and their use in 
vaccination for the elderly may improve their 
hampered immune responses. Cytokines like 
interleukin (IL)-7 are involved in survival of T 
cells and may be useful in maintaining a pool 
of naïve T cells in the elderly, thereby allow-
ing a more effi cient response to new vaccines. 
Experiments in old macaques have yielded prom-
ising results, with 50 % of animals showing an 
increased thymic output and a restored response 
to infl uenza vaccination (Aspinall et al.  2007 ). 
However, no attempt has been done in humans 
to use IL-7 to amplify the response to vaccines. 

 IL-2 can induce an increase of peripheral 
T cells and their responsiveness to antigen. In 
healthy young adults, administration of liposome- 
formulated infl uenza vaccine and IL-2 induced 
higher HI antibody titers against the vaccine 
antigens and higher seroconversion rates as 
 compared to unadjuvanted vaccine (Ben-Yehuda 
et al.  2003b ). The same vaccine was administered 
to elderly people in nursing homes and it could 
induce higher seroconversion and seroprotec-
tion rates against the virus antigens signifi cantly 
as compared to aged subjects receiving the non- 
adjuvanted vaccine (Ben-Yehuda et al.  2003a ). 
Whether the good results observed were due to the 
presence of IL-2 or to the liposome formulation 
of the vaccine (known to have an adjuvant effect 
because of their particulate nature), it is not known 
and would require a thorough investigation. 

19 Optimizing Response to Vaccination in the Elderly



256

 In another study, the antiviral and immuno-
modulatory cytokine interferon alpha (IFN-α) 
has been used as adjuvant (by sublingual admin-
istration) immediately before intramuscular 
infl uenza vaccination in institutionalized old sub-
jects. The treatment resulted to be actually detri-
mental, with a signifi cant decrease in the HI 
antibody response to the vaccine antigen and 
overall of the circulating and salivary antibody 
levels (Launay et al.  2008 ). 

 These results should recommend extreme cau-
tion in the use of cytokines, which are immune- 
signalling proteins with huge specifi c activity, as 
if they were drugs. The delicate balance of the 
cytokine networks needs fi rst to be known in 
detail before attempting to exploit these mole-
cules for restoring/rebalancing the altered 
immune reactivity of aged people.  

19.4.3.2     Live Attenuated Infl uenza 
Vaccines 

 The use of live attenuated infl uenza vaccines 
(LAIV) instead of inactivated or subunit vac-
cines is an interesting approach to improving 
vaccine immunogenicity in the elderly. No 
data are available in this age group, and in fact 
LAIV are not currently licensed in the US for 
older people. In young children, an immuno-
logically immature population, it appears that 
LAIV are more effi cacious than inactivated 
vaccines (Belshe et al.  2007a ), but this is not 
the case in immunologically competent adults 
(Ohmit et al.  2006 ). An improved response 
could be obtained, both in adults and in the 
elderly, by combining intranasal LAIV admin-
istration with intramuscular inactivated vacci-
nation (Betts and Treanor  2000 ; Treanor et al. 
 1992 ). However, in an effi cacy trial carried 
out in South Africa in more than 3,200 elderly 
subjects (>60 years), the effi cacy of the vac-
cine against matched viruses strains was only 
42.3 % (De Villiers et al.  2009 ). 

 The poor outcome of LAIV in the elderly may 
be linked to the intranasal route of administra-
tion, since the homeostasis and immunological 
function of the mucosal surfaces in the elderly 
are impaired (Fujihashi and Kiyono  2009 ). 
Again, only the deeper basic knowledge of the 

age-related functional changes would allow the 
rational design and implementation of effective 
vaccination strategies of this age group.  

19.4.3.3     Adjuvants to Enhance 
Immunogenicity and Effi cacy 
of Vaccines in the Elderly 

 The use of adjuvants is by far the best known way 
to enhance the immune response to vaccines. 
Adjuvants are molecules that stimulate the innate 
immune response, which is the required starting 
point for obtaining an adequate specifi c immune 
response to the vaccine antigens. The majority of 
vaccines currently on the market contain adju-
vants. The most used adjuvant, and the only one 
licensed for human use for many years, is based 
on aluminum salts (aluminum hydroxide or alu-
minum phosphate). Vaccine antigens are adsorbed 
on the aluminum particles, and their immunoge-
nicity is increased both by the slower release/
higher persistence of the antigens and by the 
innate immunity enhancement provoked by the 
particulate matter. 

 The influenza vaccine is an exception, as 
the presence of aluminum salt adjuvants does 
not improve the response to the vaccine. The 
reason probably lies in the fact that most indi-
viduals already have memory cells for the 
influenza virus (due to previous vaccinations 
and to previous exposure), so the vaccine is 
sufficient for the efficient expansion of the 
memory cell pool without the need of adju-
vants. However, the use of non- metabolizable 
mineral oil adjuvants appeared to have an 
enhancing effect, by allowing significant dose 
sparing and persistent antibody response and, 
despite immediate reactogenicity, no long- 
term pathological sequel (Beebe et al.  1972 ). 

 The high frequency of local side effects pre-
vented for many years the development of oil 
emulsion-based adjuvants, until the development 
of the fi rst oil-in-water adjuvant, MF59. The new 
oil-in-water adjuvant included a lower amount of 
oil (4–5 %  vs . the 50 % of the old mineral oil 
emulsions) and replaced the mineral oil with the 
fully metabolizable and physiological squalene 
(a precursor of cholesterol, steroid hormones, 
and vitamin D) (Podda et al.  2005 ). 
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 After very encouraging data in small and large 
animals with a series of different vaccines and an 
extensive clinical development phase (including 
>20,000 elderly subjects), MF59 was licensed 
in Italy in 1997, and later in more than 20 coun-
tries worldwide, in association with the seasonal 
inactivated subunit infl uenza virus vaccine for 
individuals >65 years of age. The use of MF59 
yielded a very good safety profi le (Pellegrini 
et al.  2009 ) and a signifi cant enhancement of 
vaccine immunogenicity in terms of extension 
and persistence of the specifi c antibody response, 
with the MF59-adjuvanted vaccine resulting 
effective also in the subpopulation with chronic 
diseases and signifi cantly reducing hospitaliza-
tion for infl uenza, pneumonia, and cardiovascu-
lar and cerebrovascular emergency events in the 
elderly (Puig-Barberà et al.  2007 ). 

 The protective effi cacy of infl uenza vaccines 
is strongly affected by the rate of antigenic mis-
match between the vaccine strain (as recom-
mended by WHO) and the circulating viruses 
to which people get exposed. Indeed, a study 
over the period 1995–2005 showed that the vac-
cine effectiveness in elderly people (>65 years) 
can drop from >80 % against the original virus 
strain to values <30 % against the antigeni-
cally drifted circulating strains (Legrand et al. 
 2006 ). In this context, a particularly important 
observation is that immunization with MF59-
adjuvanted fl u vaccine can induce a powerful 
antibody response not only against the immu-
nizing virus but also to variant strains, which 
implies the capacity to overcome the problem 
of decreased protection against antigenically 
drifted virus in the elderly (Del Giudice et al. 
 2006 ; Ansaldi et al.  2008 ,  2010 ; Camilloni et al. 
 2009 ). More recently, MF59-adjuvanted vaccines 
have been also used for the H5N1 avian infl u-
enza virus and for the H1N1 pandemic fl u virus 
in all age groups, including people >65 years. 
Again, the key fi nding is that the adjuvant could 
induce cross- reactivity to other antigenically 
drifted infl uenza viruses. Also, boosting with 
H5N1 clade 1 virus 6–8 years after priming with 
MF59-adjuvanted H5N3 (a very different virus) 
could rapidly induce high neutralizing antibody 
titers against all drifted clade 1 variants and all 

clade 2  subclades, besides the boosting strain 
(Stephenson et al.  2008 ; Galli et al.  2009 ). Based 
on the success of MF59, other oil-in-water adju-
vants based on squalene have been developed 
more recently (Vogel et al.  2009 ). 

 The mechanism at the basis of the adjuvant 
activity of MF59 is only partially understood. 
Studies in mice and in vitro with human cells 
have shown that MF59 induces monocyte 
recruitment and macrophage traffi cking, pro-
motes monocyte differentiation to DC, and 
enhances antigen uptake by macrophages and 
DC (Dupuis et al.  1998 ,  2001 ; Seubert et al. 
 2008 ; Mosca et al.  2008 ). Notably, in a genome-
wide microarray analysis in the mouse, MF59 
was shown to upregulate a wide variety of genes 
involved in the initiation of the innate/infl amma-
tory reaction, as compared to GpG or aluminum 
salts (Mosca et al.  2008 ). Among the genes that 
are upregulated by MF59 but also by the other 
adjuvants, there is  Il1b , the gene coding for the 
infl ammatory cytokine IL-1β that is a key player 
in the induction of the innate immune amplifi ca-
tion necessary for adjuvanticity. It is noteworthy 
that, at variance with the other adjuvants, MF59 
can also induce in parallel the expression of 
genes encoding a series of other IL-1-related 
regulators of infl ammation, such as the pro-
infl ammatory IL-1 receptor type I (IL1R1), 
IL-18Rβ, and IL-36γ and the anti-infl ammatory 
IL-1 receptor antagonist (IL-1Ra), IL-1RII, 
interleukin-18- binding protein (IL18BP), and 
ST2 (Mosca et al.  2008 ). This enhancement of 
innate/infl ammatory activities together with the 
concomitant expression of regulatory factors 
leads to the hypothesis that MF59, better than 
other adjuvants, can induce a potent innate/
infl ammatory reaction (which is fundamental for 
the adjuvant effect) but that it can effi ciently 
control its development and termination, thereby 
avoiding immunosuppressive persistence of 
infl ammation and achieving optimal effi cacy. 
MF59 does not activate the Nlrp3  infl ammasome, 
nor does it bind/activate TLR receptors, and its 
activity is independent of the IL-1β-maturing 
enzyme caspase-1, but its activity depends on 
ASC (a component of the infl ammasome) and 
MyD88 (a signalling intermediate of TLR), 
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 suggesting the use of novel pathways of innate 
enhancement (Seubert et al.  2011 ; Ellebedy 
et al.  2011 ). 

 The general approach to adjuvanticity is that 
of increasing immune stimulation by using par-
ticulate antigens, which achieve optimal stimula-
tion of innate immunity. This is true for aluminum 
salts and for the oil-in-water emulsions. In this 
kind of approach, we can include the use of live 
attenuated viruses (LAIV, see above) and the use 
of virosomes, viral envelope particles that main-
tain the morphology and entry mechanism of the 
entire virus (Huckriede et al.  2005 ). Virosome- 
based infl uenza vaccines have shown a better 
performance in the elderly as compared to the 
non-adjuvanted vaccine (de Bruijn et al.  2005 ), 
while its outcome in comparison to MF59- 
adjuvanted vaccination is unclear (de Bruijn 
et al.  2006 ; Baldo et al.  2010 ).    

    Conclusions 

 The impressive success of vaccination in pre-
venting the spread of many infectious diseases 
has contributed to the global improvement of 
the health conditions of the human population 
and, consequently, to its fast-increasing life 
expectancy. The world population is rapidly 
aging, thereby posing a totally different future 
scenario in public health. Preventive strategies 
will need to target not only newborn children 
and adults but most signifi cantly the elderly 
population, intrinsically more susceptible to 
infections due to their immunological senes-
cence. Delaying or slowing down immune 
senescence is one of the strategies to be 
adopted and includes a series of nonmedical 
actions (physical exercise, balanced nutrition, 
intellectual challenges) that not always are 
feasible. In many territories where infrastruc-
tures, living conditions, and lifestyle are not 
optimal (both in developing and in developed 
world), vaccination offers an affordable 
alternative. 

 However, developing vaccines that are effec-
tive and can protect the elderly is a totally new 
challenge for vaccinologists. Immune senes-
cence is a complex scenario, which remains 
largely unknown to immunologists because 

of the wealth of variables affecting immune 
responses in aged people, starting from their 
individual past history of exposure and immu-
nity. In general, aged people are more suscep-
tible to common infectious diseases ( e.g.,  lung 
infections), due to both  inadequate immune 
reactivity and acquired immunosuppression 
(other diseases, malnutrition). Likewise, their 
response to vaccination is suboptimal, thereby 
annihilating large part of the current preventive 
vaccination strategies. The best way of design-
ing new vaccines specifi cally tailored for the 
aged population is gaining basic knowledge on 
the mechanisms of protective immunity against 
the different pathogens and, particularly, iden-
tifying the features of the age- related anoma-
lies in mounting protective immune responses 
both in healthy and in diseased conditions in 
the elderly. However, currently, our knowledge 
gaps are very wide, and the current approaches 
are still very empirical. As summarized above, 
the most promising approaches imply “forc-
ing” the immune response by the use of immu-
nostimulants (adjuvants), which trigger the 
innate/infl ammatory mechanism of immune 
amplifi cation. These triggering agents should 
be particularly potent, to overcome the higher 
activation threshold generally present in older 
people, due to adaptation to their increasingly 
infl amed body’s “normal” microenvironment 
(infl ammaging). The possible drawback of 
potent adjuvant strategies may be increased 
reactogenicity, but inducing infl ammation 
is key to the effi cacy of adjuvants and to the 
overall vaccine effi cacy and therefore cannot, 
should not, be avoided. However, the line dis-
criminating between a transient infl ammatory 
event (as it should take place locally at the vac-
cine inoculation site) and a more widespread 
and more persistent infl ammatory reaction is 
becoming increasingly clear to immunolo-
gists, who can now provide us with “maps” of 
normal  vs . pathological infl ammation, which 
will help vaccinologists in selecting the most 
effective and safer adjuvant strategy for vac-
cinating the elderly. 

 Using alternative administration routes 
for delivering antigens and adjuvants is an 
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interesting approach, as currently known the 
regulation of local tissue immunity follows 
rules that are very different from those of sys-
temic immunity. Again, however, the basic 
knowledge is largely missing and therefore 
the possibility of exploiting the peculiarities 
of local immunity for increasing vaccine effi -
cacy in the elderly is far from being at hand. 
An additional drawback is that until few years 
ago most of the studies on the regulation of 
immune responses were performed in animal 
models, mostly in mice, and it is now clear that 
in too many cases, the results obtained cannot 
be generalized to the human population. 

 Most of our experience in strategies for 
vaccination in the elderly originates from the 
work carried out in the fi eld of infl uenza. It is 
of utmost importance that the progress made 
with the infl uenza vaccines be applied to other 
vaccines. New vaccines against infectious dis-
eases are being designed to target the elderly 
population ( e.g. , to TBE, HBV, RSV, pneumo-
cocci). However, other noninfectious chronic 
and degenerative diseases, such as Alzheimer’s 
disease, diabetes, and rheumatoid arthritis, 
should likewise be targeted by preventive 
strategies preferably directed to the molecules 
causing the disease (when known) (Wisniewski 
and Konietzko  2008 ) or to associated risk fac-
tors (smoke, high blood pressure, alcohol 
abuse, etc.) (Bachmann and Jennings  2011 ). 
The fi rst studies in this direction suggest that 
this can become a reality.     
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20.1            Nutrition and 
Immunosenescence 

 Immunosenescence or age-related changes of the 
immune system are a complex process leading to 
dysregulation in the function of the immune sys-
tem (Weksler  1995 ). This dysregulation is 
responsible for poor responses to immunization, 
increased rates of infections, prolonged recovery 
from infections, autoimmunity, and cancer in the 
elderly (Castle  2000 ; Lesourd  2006 ; Pae et al. 
 2012 ; Roberts-Thomson et al.  1974 ). The extent 
of immunosenescence varies among individuals 

depending on several factors including genetics, 
environment, lifestyle, and nutrition (BM  2001    ; 
Chandra  2002 ; Pae et al.  2012 ). 

 Throughout the history, food resources have 
always been a determining factor for victory in 
wars. Similarly, body reserves and nutritional 
intake have a central role in host defense in the 
battlefi eld against infectious agents and malig-
nant cells (Field et al.  2002 ). The immune system 
is a large organ consisting of millions of cells 
with high cellular turnover. So, appropriate nutri-
tion by providing adequate energy and nutrition 
for this high rate of cell renewal has a central role 
in improving effi ciency of the immune system 
(Marcos et al.  2003 ; Lesourd  2004 ; Pae et al. 
 2012 ). 

 In the last four decades, the concept of nutri-
tion as a modifi able factor with widespread 
infl uence on the immune system established the 
foundation of the immunonutrition (Rymkiewicz 
et al.  2012 ; Pae et al.  2012 ; Grimm and Calder 
 2002 ). Nutritional defi ciencies particularly 
micronutrient defi cits are prevalent among the 
elderly not only in developing world but also 
in developed countries (Grimm and Calder 
 2002 ; Lesourd  2006 ). In England, 16 % of the 
elderly over 65 years old had nutrition defi ciency 
(Ahmed and Haboubi  2010 ; Offi ce of National 
Statistics  2011 ). The presence of undernutri-
tion in the elderly staying in hospitals or nurs-
ing homes reaches to 30–65 % (Volkert  2002 ). 
Undernutrition results in impaired immune sys-
tem and impaired host resistance to infectious 
agents. Infections lead to further consumption 
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of body reserve which in turn results in further 
compromised immune function thus setting up 
a vicious cycle (Fig.  20.1 ) (Grimm and Calder 
 2002 ; Marcos et al.  2003 ). The immune system in 
the elderly is more sensitive to nutrition defi cits 
(Meydani  2001 ).

   Today, there is no debate on the vital role of 
nutritional status on the phenomena of immunose-
nescence. Indeed, several previously described 
characteristics of immunosenescence like impair-
ment of cellular arm of the immune system, 
diminished delayed hypersensitivity, impaired 
neutrophil function, and decreased interleukin-2 
production are similar to the changes occurring 
during PEM and may be related to secondary 
immunodefi ciency due to undiagnosed nutri-
tional defi ciencies (Lesourd and Mazari  1999 ; 
Bogden and Louria  1999 ). Having this concept 
in mind, immunosenescence can be classifi ed 
into 3 categories in regard to nutritional status 
(Lesourd and Mazari  1999 ; Bogden and Louria 
 1999 ; Lesourd  2006 ):
    1.    Primary immunosenescence or successful 

immunosenescence which can be observed in 
very healthy elderly with no nutritional defi cit.   

   2.    Secondary immunosenescence occurring 
in apparently healthy elderly with subopti-

mal nutritional statue, i.e., defi ciencies in 
one or more micronutrient or subclinical 
 macronutrient defi ciency. This type of immu-
nosenescence is termed as common immu-
nosenescence, since this nutritional statue is 
very common among the elderly.   

   3.    Tertiary immunosenescence or pathological 
immunosenescence can be seen in diseased 
elderly individuals suffering from major 
undernutrition such as protein–energy malnu-
trition (PEM).    

20.1.1      Primary Immunosenescence 

 Primary immunosenescence or successful 
 immunosenescence was defi ned as age-related 
natural changes in the immune system observed 
in individuals with no macronutrient or micro-
nutrient defi ciencies and optimal reserves of 
nutrients in the body (Lesourd and Mazari  1999 ; 
Bogden and Louria  1999 ; Lesourd  2006 ). During 
the last decades, several strict inclusion criteria 
have been developed for studies on the phenom-
ena of primary immunosenescence. The aim of 
these criteria was exclusion of any subclinical 
ongoing disease or nutritional defi ciency which 
can lead to deviation of the natural process of 
immunosenescence. The fi rst criteria were pro-
posed by European Community’s Concerted 
Action Program on Aging (EURAGE) in 1984 
which named SENIEUR protocol (Ligthart et al. 
 1984 ). Three factors of living    conditions, labo-
ratory values, and drug intake were considered 
in this protocol. In 1988, inclusion criterion of 
serum albumin value of more than 35 g/l was 
added to SENIEUR criteria in order to exclude 
presence of PEM (Reibnegger et al.  1988 ). 
Finally, in 1999, Lesourd and Mazari added sev-
eral inclusion conditions to the previous criteria 
which signifi cantly decreased the presence of 
confounding biases in studies on primary immu-
nosenescence (Lesourd et al.  1998 ). The new cri-
teria were as follows (Lesourd  2006 ):
    1.    Good health with no ongoing, developing, or 

degenerative diseases   
   2.    Normal adult values for laboratory variables   
   3.    No drugs acting on the immune system   

Infection Undernutrition

Compromised
immunity

  Fig. 20.1    The vicious cycle of undernutrition, immuno-
defi ciency, and infectious diseases       
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   4.    No disease in the past 5 years   
   5.    No motor skill diffi culties   
   6.    Normal physical activity (defi ned as more 

than 4 km walk per day)   
   7.    No drug treatment for cardiac, neurologi-

cal, or psychotropical diseases (including 
depression)   

   8.    Normal mental status (defi ned as mini- 
mental status of Folstein of 28/30)   

   9.    Serum albumin level of more than 39 g/l   
   10.    Normal values for trace elements or 

vitamins   
   11.    No major acute-phase response (defi ned as 

serum C-reactive protein level of less than 
30 mg/l)    

  Studies on the elderly, who fulfi lled these 
inclusion criteria, provided a large body of infor-
mation on the natural changes occurring in the 
immune system by aging. These changes will be 
discussed in other chapters of this book. These 
studies also suggest that primary immunosenes-
cence can be modifi ed by addition of dietary 
lipids such as n-3 polyunsaturated fatty acids 
(PUFA), micronutrients such as vitamin E above 
the recommended dietary intake, and probiotics. 
In addition, total calorie control or caloric restric-
tion (CR) has been shown to have benefi ciary 
effect on primary immunosenescence (Meydani 

 2001 ; Pae et al.  2012 ). Probably, in the future, 
the inclusion criteria for studies on primary 
 immunosenescence will be stricter so that effects 
of these dietary modifi cations are excluded from 
primary immune aging. 

20.1.1.1     Polyunsaturated Fatty Acids 
 N-3 PUFA found mainly in marine fi sh oils 
has been long known for its anti-infl ammatory 
role in the immune system (Wahrburg  2004 ). 
Several mechanisms are responsible for anti- 
infl ammatory effect of n-3 PUFA (Galli and 
Calder  2009 ) (Fig.  20.2 ). Increased intake of n-3 
PUFA results in change in composition of mem-
brane phospholipids fatty acid which in turn can 
interfere with binding of cytokines to their recep-
tor. Different membrane phospholipid profi les 
lead to change in intracellular signal transduc-
tion due to the different second messengers, and 
signaling molecules resulted from the change in 
acylation patterns and fatty acyl chains (Sijben 
and Calder  2007 ). A    high n-3 PUFA in mem-
branes results in production of lipid-derived 
mediators like prostaglandins (PG) and leukot-
rienes (LT) with lower bioactivity. They can 
also directly change the expression of infl am-
matory genes through activating peroxisomal 
proliferator-activated receptors (PPAR) pathway 
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  Fig. 20.2    Mechanisms of action of PUFA on the immune system       
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and inhibiting nuclear factor kappa-light-chain-
enhancer of activated B cells (NFκB) pathway 
(Grimble  2005 ). Last but not least, n-3 PUFA 
are more sensitive to peroxidation resulting in 
more production of toxic lipid peroxides which 
are toxic for the immune cells (Field et al.  2002 ). 
Studies have shown that n-3 PUFA can decrease 
production of PGE2, proinfl ammatory cytokines, 
chemokines, and adhesion molecules and inhibit 
T-cell proliferation and neutrophil respiratory 
burst (Kim et al.  2010 ; Shaikh and Edidin  2006 ). 
These effects are larger in the elderly comparing 
to young adults (Pae et al.  2012 ).

   Overall, these mechanisms lead to decreased 
systemic infl ammatory response and suppression 
of both innate and adaptive immunity especially 
T-cell-mediated immunity. These effects make 
n-3 PUFA a good candidate for alleviation of 
infl ammatory and autoimmune diseases such as 
rheumatoid arthritis, asthma, infl ammatory bowel 
disease, cardiovascular disease, and degenerative 
neurological diseases. But these effects also make 
n-3 PUFA like a double-edged sword as it impairs 
host’s resistance to a number of pathogens (Pae 
et al.  2012 ). However, some studies showed mod-
erate amounts of n-3 PUFA can enhance immune 
functions and even increase protection against 
infection (Pae et al.  2012 ; Field et al.  2002 ).  

20.1.1.2     Probiotics 
 Probiotics are benefi cial microorganisms from 
genera of  Lactobacillus  ( L .),  Bifi dobacterium  ( B .), 
and  Streptococcus  ( S .) which settle in the gastro-
intestinal (GI) tract and modulate both the GI 
immune system, as the largest immune organ, and 
systemic immune system (Guarner and Schaafsma 
 1998 ). Several changes like decrease in benefi cial 
microbes and secretory immunoglobulin (Ig) A 
and reduction of gut-associated lymphoreticular 
tissues (GALT) occurring naturally by aging in 
the GI immune system can be improved by pro-
biotics consumption (de Moreno de LeBlanc et al. 
 2008 ; Pae et al.  2012 ; Delcenserie et al.  2008 ). 
Animal studies have shown increased produc-
tion of interleukin (IL)-2 and interferon gamma 
(IFN-γ), tumor necrosis factors alpha (TNF-α), 
and IL-6 and increased number of T lymphocytes 
specially CD4 +  cells and antibody-secreting cells 

as a result of  probiotics consumption (Baba et al. 
 2009 ; Calder and Kew  2002 ; Pae et al.  2012 ). 
Human studies have shown enhanced phagocy-
tosis and cytotoxicity in monocytes, NK cells, 
and neutrophils with certain strains of probiotics 
(Calder and Kew  2002 ; Bengmark  2006 ). The 
improved humoral response and increased vac-
cine effi cacy were observed only in long period of 
supplementation with probiotics (Pae et al.  2012 ; 
Tsai et al.  2008 ). Different strains of probiotics 
resulted in different profi les of cytokine produc-
tion in humans (Elmadfa et al.  2010 ; Pae et al. 
 2012 ). In addition, probiotics improve nutrient 
absorption and prevent colonization of pathogenic 
bacteria in GI tract by competition for nutrients 
and producing metabolic products like lactic acid 
and bacteriocin, a protein with antibiotic activities 
(Calder and Kew  2002 ).  

20.1.1.3     Calorie Restriction 
and Protein Nutritional Status 

 CR without malnutrition can improve and delay 
the primary immunosenescence. This effect is 
believed to be due to the increased levels of anti-
oxidant enzymes and reduction of oxidative stress, 
but animal studies have shown that other mecha-
nisms like increase in IL-2 production and slow 
down of age-related increasing trend of TNF-α and 
IL-6 production may play a role (Fernandes  2008 ; 
Pae et al.  2012 ; Messaoudi et al.  2006 ; Lane et al. 
 2001 ). These studies provided evidence that CR 
can have effects on cellular immunity by increasing 
T-cell proliferation, proportion of naïve T cells, and 
natural killer (NK) cell activity (Lane et al.  2001 ). 
Although few studies have been done on human 
subjects, they confi rmed that CR can improve 
T-cell- mediated immune response and T-cell prolif-
eration (Ahmed et al.  2009 ). Some studies suggest 
that there might be a time window for CR initiation 
to benefi t from its effect (Messaoudi et al.  2008 ; 
Pae et al.  2012 ; Meydani  2001 ). However, CR can 
be a double-edged sword as lower levels of serum 
albumin, as an indicator of protein intake, even in 
normal range, were associated with lower levels of 
CD3 +  mature T lymphocytes and cytotoxic T lym-
phocytes (CTL), higher levels of immature T lym-
phocytes, decreased  lymphocyte proliferation, and 
IL-2 release (Lesourd and Mazari  1999 ).   
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20.1.2     Secondary 
Immunosenescence 

 In the elderly, defi ciency in vitamins such as vita-
min A, vitamin B12, vitamin B6, vitamin C, vita-
min E, folate, niacin, and ribofl avin or minerals 
such as iron, zinc, and selenium and subclinical 
macronutrient defi ciency are common and may 
interfere with the process of primary immunose-
nescence. Moreover, subclinical defi ciencies of 
macronutrients such as proteins, although may 
not be symptomatic, may accelerate immunose-
nescence (High  2001 ; Shepherd  2009 ; Lesourd 
 2004 ). We refer to these deviations as primary 
immunosenescence, secondary immunosenes-
cence, or common immunosenescence (Lesourd 
 1997 ,  2006 ; Cunningham-Rundles et al.  2005 ). 
The extent of these deviations is determined by 
both host-related factors such as age, gender, and 
presence of infection and factors related to micro-
nutrient like the type of micronutrient, the level 
of defi ciency, and interaction with other micronu-
trients (High  2001 ; Shepherd  2009 ; Lesourd 
 2004 ; Chandra  1997 ). 

20.1.2.1     Minerals 
   Iron 
 Iron, as a critical component of several enzymes 
including peroxide- and nitrous oxide-generat-
ing enzymes, plays a critical role in several 

 metabolic pathways like electron transfer 
 reactions and transport of oxygen radicals. It is 
involved in regulation of cell differentiation, 
cell growth, and cytokine production through 
regulation of different genes or activation of 
intracellular signaling pathway like protein 
kinase C (Weiss  2004 ). Therefore, iron plays a 
major role in regulation of cell-mediated immu-
nity and functions of T lymphocytes (Fig.  20.3 ). 
Iron is involved in respiratory burst in macro-
phages and neutrophils, as a component of 
myeloperoxidase activity (Oppenheimer  2001 ; 
Maggini et al.  2007 ; Weiss  2002 ).

   Iron defi ciency mainly infl uences cell- 
mediated immunity. It results in low produc-
tion of IL-2 and IFN which in turn result in 
impaired NK cell function and depressed delayed 
cutaneous hypersensitivity (Scrimshaw and 
SanGiovanni  1997 ; Cunningham-Rundles et al. 
 2005 ). In iron defi ciency, lymphocytes and mac-
rophages by increasing surface transferrin recep-
tors can meet their needs for iron. Therefore, 
mild or even moderate iron defi ciency has little 
effects on the immune system. But even in a mild 
iron defi ciency state, in the presence of infl am-
mation, macrophages sequestrate iron to limit 
the availability of iron to pathogens which result 
in limited availability of iron to other immune 
cells and therefore impairment of host immunity 
(Field et al.  2002 ).  
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  Fig. 20.3    Effects of iron defi ciency on the immune system       

 

20 Nutrition, Immunity, and Aging



268

   Zinc 
 Zinc defi ciency is extremely frequent in the 
elderly and can mimic the age-related immune 
changes (Lesourd and Mazari  1999 ). Zinc is a 
ubiquitous player in cell division, differentiation, 
apoptosis, and gene transcription with its role as 
a cofactor for activity of more than 100 metal-
loenzymes associated with carbohydrate and 
energy metabolism, protein degradation and syn-
thesis, nucleic acid synthesis, heme biosynthesis, 
and CO2 transport (Scrimshaw and SanGiovanni 
 1997 ; Maggini et al.  2007 ). Zinc has an essen-
tial role in development and maintenance of the 
immune system particularly T cells, but its roles 
are so widespread that can affect both innate and 
adaptive immunity (Ibs and Rink  2003 ). Zinc is 
involved in maintaining of the skin and mucosal 
membrane integrity which is an important com-
ponent of the innate immunity (Maggini et al. 
 2007 ). Zinc like iron is involved in respiratory 
burst, but it is also involved in cytosolic defense 
against oxidative stress by its role as a superox-
ide dismutase (Maggini et al.  2007 ). Zinc is an 
essential cofactor for the activity of thymulin, the 
thymic hormone responsible for thymocyte pro-
liferation and cytokine realize modulation. Zinc, 
as a component of NFkB, is directly involved in 
the expression of different cytokines and adhe-
sion molecules (Rink and Kirchner  2000 ). Zinc 
can prevent apoptosis by several mechanisms like 
interfering with interaction of glucocorticoids 
and its receptor and inhibiting endonuclease 
activity which is responsible for DNA fragmen-
tation (Field et al.  2002 ). 

 Zinc defi ciency through activation of hypo-
thalamic–pituitary–adrenal axis results in excess 

release of glucocorticoids which in turn lead to 
reprogramming of the immune system. Decreased 
T-helper 1 (Th1) cytokines, TNF-α, and thymu-
lin activity; apoptosis of lymphocytes and lym-
phopenia; impairment of T-helper maturation; 
impaired NK cell function; and reduced phago-
cytosis all are results of this reprogramming of 
the immune system which presents with impair-
ment of cell and antibody-mediated responses 
and skin test anergy (Chandra  1997 ; Lesourd 
 1997 ; Calder and Kew  2002 ; Cunningham- 
Rundles et al.  2005 ; Savino et al.  2007 ). Severe 
thymic atrophy is a hallmark of zinc defi ciency; 
however, it is  associated with reduction of the 
number and proportion of lymphoid precursors 
and increase in myeloid precursors in the bone 
marrow (Cunningham-Rundles et al.  2005 ).  

   Selenium 
 Selenium, as an important component of gluta-
thione peroxidase and thioredoxin reductase, is 
involved in regulation of redox state produced 
during infl ammatory reactions and respiratory 
burst in immune cells and therefore plays an 
important role in antioxidant host defense system 
(Burk  2002 ; Arthur et al.  2003 ; Cunningham- 
Rundles et al.  2005 ) (Fig.  20.4 ). The redox regu-
lation function of thioredoxin reductase is 
essential in the function of several key enzymes, 
transcription factors and receptors such as ribo-
nucleotide reductase, glucocorticoid receptors, 
and NFkB pathway (Ryan-Harshman and Aldoori 
 2005 ; Maggini et al.  2007 ).

   Selenium defi ciency can infl uence both 
arms of the immune system. Selenium defi -
ciency results in ineffi cacy of respiratory burst 
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  Fig. 20.4    Effects of selenium defi ciency on the immune system       
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and impairment of macrophage and neutrophil 
cytotoxicity. Moreover, neutrophil adhesion is 
enhanced during selenium defi ciency due to the 
increased expression of E-selectin and intercel-
lular adhesion molecule 1 (ICAM-1) (Field et al. 
 2002 ). Selenium defi ciency leads to changes in 
expression of cytokines and their receptors which 
result in decrease in T-cell proliferation and dif-
ferentiation and NK cell activity.  

   Copper 
 Copper, as a component of superoxide dismutase, 
catalase, and glutathione peroxidase, like sele-
nium and zinc, has an essential role in cytosolic 
antioxidant defense. Copper defi ciency can affect 
several aspects of the immune response specially 
neutrophils, monocytes, and macrophages 
(Bonham et al.  2002 ; Maggini et al.  2007 ).   

20.1.2.2     Vitamins 
   Vitamin A 
 Retinol, retinal, and retinoic acid, as different 
chemical forms of vitamin A, directly or indi-
rectly can infl uence innate, cell-mediated, and 
humoral immunity (Fig.  20.5 ) (Aukrust et al. 
 2000 ). Vitamin A is needed for synthesis of a 
vast majority of glycoproteins such as integrins, 
fi bronectin, and globulins which indirectly can 
infl uence the immune system (Maggini et al. 
 2007 ). Other indirect roles of vitamin A include 
differentiation of epithelial and mucosal barrier 
via regulation of Keratin synthesis and mucus- 
secreting cells (Maggini et al.  2007 ). Vitamin 
A can activate retinoic acid receptors (RAR) 
which result in regulation of cytokine release and 
development and differentiation of T lymphocyte 

specially Th-2 subsets and humoral immunity 
(Halevy et al.  1994 ; Field et al.  2002 ; Maggini 
et al.  2007 ).

   Vitamin A defi ciency results in impairment of 
mucosal barriers due to the impairment of basal 
and mucous cells proliferation, loss of gap junc-
tions, and decrease in the proportions of precili-
ated and ciliated cells (Maggini et al.  2007 ). It 
also affects innate cell immunity by impairment 
of phagocytic and oxidative burst activity of 
 neutrophils and macrophages (Scrimshaw and 
SanGiovanni  1997 ). Vitamin A defi ciency 
impairs both Th1- and Th2-mediated immune 
responses particularly Th2 responses (Cantorna 
et al.  1994 ; Maggini et al.  2007 ).  

   Vitamin B 
 Vitamin B group consists of several vitamins 
with undeniable effects in the metabolism and 
therefore in the immune system. Vitamins B6, 
B9, and B12 constitute a triad involved in sup-
plying one-carbon unit essential for nucleic acid 
and protein synthesis (Maggini et al.  2007 ). 

 Vitamin B6 defi ciency like zinc defi ciency can 
mimic the age-related immune changes (Lesourd 
and Mazari  1999 ). Vitamin B6 defi ciency results 
in diminished cell-mediated immunity and to a 
less extent disturbance of humoral immunity 
(Rall and Meydani  1993 ; Chandra and 
Sudhakaran  1990 ; Scrimshaw and SanGiovanni 
 1997 ). 

 Vitamin B9 and vitamin B12 are both essen-
tial factors in cellular replication, and defi cits in 
these two vitamins are associated with distur-
bances of both cell-mediated immunity and 
humoral immunity. Both of them result in thymic 
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  Fig. 20.5    Direct and indirect effects of vitamin A defi ciency on the immune system       
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atrophy (Scrimshaw and SanGiovanni  1997 ). In 
addition, defi cits of these vitamins result in 
decreased neutrophil function and phagocytosis 
and abnormal serum complement concentrations 
(Dhur et al.  1991 ; Scrimshaw and SanGiovanni 
 1997 ). Vitamin B9 defi ciency is associated with 
reduced proliferation of T lymphocytes 
(Courtemanche et al.  2004 ; Maggini et al.  2007 ). 
Vitamin B12 defi ciency is associated with sup-
pressed NK cell activity, signifi cant changes in 
number of lymphocytes, and T-cell subsets, i.e., 
CD8 +  cells, CD4 +  cells, and CD4 + /CD8 +  ratio 
(Dhur et al.  1991 ; Troen et al.  2006 ; Maggini 
et al.  2007 ; Courtemanche et al.  2004 ; Tamura 
et al.  1999 ).  

   Vitamin C 
 Vitamin C acts as a regulator of redox and scav-
enger of reactive oxygen species produced during 
respiratory burst and therefore has a deniable role 
in cytotoxicity of neutrophils, macrophages, and 
monocytes (Jacob et al.  1991 ; Wintergerst et al. 
 2006 ). It stimulates leukocyte functions such as 
neutrophil and monocyte mobility and can 
enhance inducible nitric oxide synthetase pro-
duction in macrophages and inhibit NFκB path-
way resulting in increase in macrophage function 
(Cunningham-Rundles et al.  2005 ). It enhances 
NK cell activity by activating PKC (Field et al. 
 2002 ). Vitamin C can enhance survival of 
immune cells specially T cells by regulation of 
metabolic checkpoints, cytokine release, and pre-
vention of three T-cell death pathways (Hartel 
et al.  2004 ; Maggini et al.  2007 ). By all these 
effects in mind, it is completely tangible that vita-
min C defi ciency results in anergy in almost all 
components of the immune system.  

   Vitamin D 
 Vitamin D, as a lymphocyte differentiation hor-
mone, plays an important role in modulating the 
immune system (Deluca and Cantorna  2001 ; 
Maggini et al.  2007 ; Scrimshaw and SanGiovanni 
 1997 ). Vitamin D by binding to its receptor, 
which exists on all immune cells except B cells, 
can increase bactericidal activities of neutrophils, 
monocytes, and macrophages by improving 
respiratory burst and enhance NK cell activity by 

inducing the expression of antimicrobial peptides 
(Griffi n et al.  2003 ; Hayes et al.  2003 ; Cantorna 
et al.  2004 ; Deluca and Cantorna  2001 ). It can 
also cause changes in expression of several cyto-
kines (Cantorna et al.  2004 ; Deluca and Cantorna 
 2001 ; Maggini et al.  2007 ).  

   Vitamin E 
 Vitamin E as a potent antioxidant can support 
respiratory burst in neutrophils, monocytes, and 
macrophages (Meydani et al.  2005 ). Vitamin E 
can inhibit production of immunosuppressive 
factors such as PGE2 through inhibition of cyclo-
oxygenase (COX) pathway and can modify the 
immune system by its effect on cytokine release 
(Adolfsson et al.  2001 ; Pae et al.  2012 ; Pallast 
et al.  1999 ; High  2001 ; Wu and Meydani  2008 ). 
Vitamin E enhances the interaction of antigen- 
presenting cells (APC) and immature T cells 
which in turn results in maturation of T cells 
(Pekmezci  2011 ; Field et al.  2002 ). 

 Vitamin E defi ciency results in disturbance of 
humoral immunity and lymphocyte proliferation; 
reduced function of neutrophils, lymphocyte, NK 
cells, and other leukocytes; and impairment of cell-
mediated immunity (Pekmezci  2011 ; Scrimshaw 
and SanGiovanni  1997 ; Field et al.  2002 ).    

20.1.3     Tertiary Immunosenescence 

 Chen et al. defi ned protein–energy undernutrition 
or protein–calorie undernutrition as “progressive 
loss of both lean body mass and adipose tissue 
resulting from insuffi cient consumption of pro-
tein and energy, although one or the other may 
play the dominant role in the elderly” (Chen et al. 
 2001 ). Certain factors such as burns, fractures, 
cancer, sepsis, respiratory illness, cardiovascular 
disease, renal disorders, liver disease, gastroin-
testinal disorders, anorexia, and unrecognized 
dysphasia make the elderly prone to these phe-
nomena (Price  2008 ). Not surprisingly, in the 
presence of PEM, all components of the immune 
system are infl uenced due to the high dependence 
on energy and amino acids for production of 
active protein compounds and cell division (Field 
et al.  2002 ; Scrimshaw and SanGiovanni  1997 ). 
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In addition, PEM is usually accompanied by 
micronutrient defi ciencies which can result in 
further deterioration of the immune system 
(Savino and Dardenne  2010 ; Cunningham- 
Rundles et al.  2005 ). 

20.1.3.1     Innate Immunity 
 PEM can cause a profound innate immunodefi -
ciency both directly and indirectly (Fig.  20.6 )
(Chandra  1983 ). PEM results in impairment of 
mucosal barriers, the fi rst defensive line of the 
immune system, due to decreased lysozyme con-
centrations and mucus production which in turn 
results in increase adherence of bacteria to the epi-
thelial surfaces (Chandra  1983 ,  1997 ; Lesourd 
 1997 ). PEM also leads to impairment of respiratory 
burst and phagocytosis and therefore intracellular 
destruction of pathogens by neutrophils, mono-
cytes, and macrophages (Redmond et al.  1991 ; 

Savino et al.  2007 ; Lipschitz and Udupa  1986 ). 
There is a decrease in both concentrations and 
activity of most complement components particu-
larly in C3, C5, factor B, total hemolytic activity, 
and opsonic activity of plasma (Chandra  1997 ; 
Lesourd  1997 ).

20.1.3.2        Cell-Mediated Immunity 
 PEM, as the main reason for tertiary immu-
nosenescence, causes an obvious decrease in 
cell- mediated immune responses by a decrease 
in both number of T cells and their function 
(Chandra  1997 ; Lesourd  1997 ). PEM causes a 
dramatic lymphoid atrophy consisting of changes 
in peripheral lymphoid organs, the atrophy of 
the thymus, and complete loss of corticome-
dullary differentiation in the thymus through 
several mechanisms (Fig.  20.7 ) (Chandra 
 1997 ; Lesourd  1997 ; Marcos et al.  2003 ). This 
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 lymphoid  atrophy in peripheral lymphoid organs 
like spleen presents with loss of lymphoid cells 
around small blood vessels and in lymph nodes 
presents with lower number of lymphocytes 
in paracortical areas (Chandra  1997 ; Lesourd 
 1997 ). There is a decrease in CD3 + , CD8 + , and 
specially CD4 +  subsets and a simultaneous 
increase in CD2 + CD3 -  subsets, double-negative 
CD2 + CD4 - CD8 -  subset, and CD57 +  NK cells. 
CD4 + /CD8 +  is lower compared to healthy indi-
viduals. All these changes strongly correlate 
with the extent of the albumin decrease and the 
severity of PEM (Iyer et al.  2012 ; Lesourd and 
Mazari  1999 ; Chandra  1997 ; Lesourd  1997 ). For 
example, albumin levels lower than 30 g/l have 
been associated with CD4 +  counts as low as HIV 
patients (<400/mm 3 ) (Lesourd and Mazari  1999 ). 
In the presence of PEM, lymphocyte prolifera-
tion, cytokine release, cytotoxic capacities, and 
as a result delayed cutaneous hypersensitivity are 
decreased probably due to the low serum thymic 
factor activity (Redmond et al.  1995 ; Lotfy et al. 
 1998 ; Taylor et al.  2013 ). In addition to major 
alterations in cytokine network like decreased 
production of IL-1, IL-2, and IFNγ, PEM impairs 
the responsiveness of T lymphocytes to cytokines 
(Lotfy et al.  1998 ; Chandra  1997 ; Lesourd  1997 ). 
The dysregulation in cytokine network results in 
impaired mobilization of the already low nutri-
tional reserves which leads to low nutrition sup-
ply for leukocytes and further deterioration of 
the immune system (Lesourd and Mazari  1999 ; 
Chandra  1997 ; Lesourd  1997 ).

20.1.3.3        Humoral Immunity 
 In the presence of PEM, probably due to inhib-
itory factors in the plasma, there is a decrease 
DNA synthesis and lymphocyte proliferation. 
Decrease in number of antibody-producing 
cells results in low production of Igs (Savino 
et al.  2007 ; Chandra  1997 ; Lesourd  1997 ). 
Ig profiles change in PEM as there are lower 
concentrations of secretory IgA (sIgA) and a 
compensatory increase in IgM in secretions. 
Moreover, antibody affinity is dysregulated 
in these patients resulting in producing dif-
ferent autoantibodies (Chandra  1997 ; Lesourd 
 1997 ). Interestingly, antibody responses to the 

T-cell-independent antigens or antigens with 
adjuvant are generally intact. Therefore, these 
changes in humoral immunity may largely 
be secondary to the decreased function of T 
 helpers (Savino et al.  2007 ; Lesourd  1997 ).    

20.2     Pathological Causes 
of Nutritional Defi ciencies 
in the Elderly 

 Undernutrition in the elderly is a multifactorial 
phenomenon. Three main categories of physical, 
psychological, and social factors besides physio-
logical anorexia of aging are responsible for sus-
ceptibility of the elderly to undernutrition (High 
 2001 ) (Fig.  20.8 ).

20.2.1       Physical Factors 

20.2.1.1     Body Composition 
 Decreased muscle mass or sarcopenia, an inevi-
table process in aging, results from several fac-
tors including decreased motor neuron function, 
low levels of anabolic hormones, sedentary 
life and inadequate dietary protein (Roubenoff 
 2000 ; Chapman et al.  2002 ). These phenom-
ena lead to a lower metabolic rate and energy 
requirement which in turn results in decreased 
dietary intake (Chapman et al.  2002 ; Ahmed 
and Haboubi  2010 ; Brownie  2006 ; Wilson and 
Morley  2003 ). In addition, skeletal muscle cells 
act as a strategic nutrition reserve for gluconeo-
genesis, synthesis of acute-phase proteins, and 
the immune cell proliferation during infl amma-
tory reactions (Roubenoff  2000 ; Brownie  2006 ).  

20.2.1.2     Gastrointestinal System 
 The GI system—from ingestion to defecation—
is the target of changes in aging. Appetite physi-
ologically decreases by aging, but factors like 
diminished taste, olfactory perception, and feel-
ings of hunger which are prevalent in the elderly 
due to disorders, medications, and aging of the 
responsible organs can advance loss of appetite 
(Finkelstein and Schiffman  1999 ; Parker and 
Chapman  2004 ; Elsner  2002 ; Brownie  2006 ). 
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The diminished taste and olfactory perception 
result in impairment of cephalic phase of diges-
tion. Chewing disabilities due to the loss of teeth, 
inappropriate dentures, dry mouth, and gingivitis 
limit nutritional options and make the elderly to 
use pureed foods with poorer nutritional qual-
ity than regular food (Finkelstein and Schiffman 
 1999 ; Elsner  2002 ; Omran and Morley  2000a ; 
Brownie  2006 ). 

 In the elderly, factors such as atrophic gas-
tritis, hypochlorhydria, decreased peristalsis 
and motility, low bioavailability, and impaired 
enzymatic capacity decrease the efficacy of GI 
tract for digestion, absorption, and metabo-
lism of digested nutrients. For example, con-
centration of enzymes in pancreatic juice 
declines by aging, and small intestine loses its 
capacity for absorption due to decline in 
mucosal surface and loss of villi (Parker and 
Chapman  2004 ; Fich et al.  1989 ; Ahmed and 
Haboubi  2010 ; Bitar and Patil  2004 ; Bitar 
et al.  2011 ; Laugier et al.  1991 ). Impaired 
immune surveillance of the GI tract makes the 
elderly susceptible to a range of GI infections 
which may deteriorate the already reduced 
efficacy of the GI tract (Parker and Chapman 
 2004 ; Pae et al.  2012 ; Brownie  2006 ).  

20.2.1.3     Chronic Diseases 
 Chronic diseases of the elderly impair the 
 nutritional status by either the side effects of the 
disease itself or by side effects of treatment and 
medications. 

 Disease, regardless of acute or chronic, leads 
to a stress response and release of proinfl amma-
tory cytokines such as IL-1, TNF, and IL-6. In the 
presence of this stress response, already reduced 
nutritional reserves (due to sarcopenia) are con-
sumed (Shatenstein  2008 ). In the elderly, due to 
decreased anabolic state, body reserves can never 
be fully replaced during recovery. Therefore, dis-
ease can lead to a progressive loss of body reserves 
and worsening nutritional status which in turn 
results in impaired immune system and increased 
susceptibility to diseases and turn on a vicious 
cycle (Lesourd  2006 ). Chronic diseases, besides 
increasing metabolic rate and nutrient consump-
tion, may decrease dietary intake due to anorexia, 
nausea, pain, restricted mobility, and loss of coor-
dination (Clarke et al.  1998 ; Shatenstein  2008 ). 
Some chronic diseases demand long-term care in 
nursing homes in which lack of direct attention of 
staff, poor positioning during meals, and forced or 
rapid feeding may result in undernutrition 
(Shatenstein  2008 ; Price  2008 ). 

Causes of nutritional
deficiencies in elderly

Physical factorsSocial factors

Body composition Gastrointestinal
system

Chronic diseases

Psychological factors

1. Depression
2. Sleep difficulties,

3. Anorexia
4. Anxiety
5. Delirium

6. Late life paranoia
7. Cognitive
impairment
8. Dementia

9. Alzheimer’s
disease

10. Forgetfulness
11. Alcoholism
12. Emotional

1. Retirement
2. Low income

3. Low education
4. Low socioeconomic

status
5. Limited access to

shopping
6. Inability to prepare

food
7. Isolation

8. Windowhood
9. Bereavement
10. No company

during meals

Decrease in dietary intake or
affecting GI system

Stress response

Medications/Change in life
styleAnorexia of aging

Decrease in nutrition
reserves

  Fig. 20.8    Pathological causes of nutritional defi ciencies in elderly       
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 Chronic diseases usually require chronic use 
of different medications which can interfere with 
appetite due to impairment of taste and smell, 
absorption, metabolization, and excretion of the 
nutrients, and some like thyroxin can increase the 
metabolic rate and nutrient consumption 
(Fig.  20.9 ) (Clarke et al.  1998 ; Omran and Morley 
 2000a ; Brownie  2006 ).

20.2.2         Psychological Factors 

 Depression, sleep diffi culties, anorexia, anxiety, 
delirium, and more importantly late life paranoia 
are risk factors for decreased dietary intake 
(Elsner  2002 ; Clarke et al.  1998 ; Brownie  2006 ). 
Depression is the most common cause of weight 
loss in the elderly which is supposed to be due to 
enhanced levels of corticotrophin-releasing hor-
mone, a potent anorectic neurotransmitter. In late 
life paranoia, the elderly decrease their food 
intake due to the fear of being poisoned 
(Cederholm and Morley  2013 ). In addition, cog-
nitive impairment, dementia, Alzheimer’s dis-
ease, and forgetfulness might directly or 
indirectly infl uence the nutrition both in quality 
and quantity. Last but not least, alcoholism which 
is not rare in the elderly can infl uence both dietary 
intake and nutrition absorption and metabolism 
(Elsner  2002 ; Brownie  2006 ). Emotional stresses 
play an important role in impairing the immune 
system due to the increased levels of oxidative 
stress, decreased IFN-γ release, decreased major 
histocompatibility complex (MHC) class II mol-
ecule expression on APCs, and activation of 
hypothalamic–pituitary–adrenal axis and excess 
release of glucocorticoids (Hays and Roberts 
 2006 ; Darnton-Hill  1992 ; Elsner  2002 ; Brownie 
 2006 ; Chapman et al.  2002 ).  

20.2.3     Social Factors 

 Social factors such as retirement, low income, 
low education, low socioeconomic status, limited 
access to shopping, inability to prepare food, iso-
lation, widowhood and bereavement, and no 
company during meals can strongly infl uence 

food options and nutritional status of the elderly 
(Elsner  2002 ; Brownie  2006 ). Human is a social 
creature and is designed to eat in social groups; 
therefore, social isolation and eating alone can 
signifi cantly decrease dietary intake (Elsner 
 2002 ; Brownie  2006 ; Chapman et al.  2002 ; Hays 
and Roberts  2006 ; Parker and Chapman  2004 ; 
Wilson and Morley  2003 ).   

20.3     Nutritional Assessments 

 Undernutrition as a frequent and insidious 
problem in the elderly needs careful evaluation 
in all the elderly (Cederholm and Morley  2013 ; 
Volkert et al.  2010 ). The    aims of nutritional 
assessment include evaluation of the degree of 
immunosenescence and risk of secondary and 
tertiary immunosenescence and choosing the 
best nutrition intervention. There is not a sin-
gle biochemical marker to determine nutri-
tional status as all biochemical markers and 
laboratory evaluations related to nutritional 
status can be biased due to the underlying dis-
eases; therefore, assessment of nutritional sta-
tus like other conditions in medicine begins 
with a thorough medical history and physical 
examination followed by necessary laboratory 
evaluations. The best way to minimize false-
positives and false-negatives in detection of 
undernutrition is to follow a systematic strat-
egy for identifying signs and symptoms of 
undernutrition and integration of fi ndings from 
medical history, physical examination, anthro-
pometrics, and laboratory evaluations (Vellas 
et al.  2001 ; Pepersack  2009 ; Brownie  2006 ). 

20.3.1     Screening Tools 

 Nutritional screening can be the fi rst line of 
evaluating nutritional status in the elderly. 
Up to now, several questionnaires have been 
developed to screen for undernutrition in the 
elderly. Of them, an inexpensive and patient-
friendly screening tool is Mini Nutritional 
Assessment (MNA) which can classify the 
elderly to three categories of well nourished, 
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at risk for  malnutrition, or malnourished with a 
high sensitivity (96 %) and specifi city (98 %). 
It assesses nutritional status using informa-
tion about general health status, dietary intake, 
anthropometric measurements, and subjective 
self-assessment (Omran and Morley  2000a ; 
Vellas et al.  2001 ). Recently, a 2-stage MNA 
has been developed which consists of a screen-
ing stage (MNA-SF) including six items of the 
original MNA and the stage 2 including the 
remaining 12 items (Vellas et al.  2001 ).  

20.3.2     Medical History 

 Obtaining a thorough medical history from an 
elderly is a state of the art. Several reasons make 
this statement true. First, cognitive decline makes 
history taking from the elderly very hard. 
Secondly, fear of losing some privileges includ-
ing driver’s license or even living independently 
makes the elderly conservative in giving informa-
tion. Therefore, presence of a close family mem-
ber be during history taking is recommended 
(Omran and Morley  2000a ). 

20.3.2.1     Present Illness 
 First of all, presentations of undernutrition should 
be asked from the elderly. As a key component of 
medical history, history of weight loss and its 
time period (sudden, gradual), being intentional 
or unintentional, should be noted. Signifi cant 
weight loss is defi ned as loss of more than 4.5 kg 
or 10 % of body weight over a period of 6 months 
or 5 % of the body weight over a period of one 
month or 1–2 % of body weight per week (Martin 

et al.  2007 ). Signifi cant weight losses need 
 careful evaluation as it may be a sign of insidious 
underlying conditions like malignancies. But 
insignifi cant weight losses even on intention, in 
the presence of risk factors of undernutrition, can 
be an alarm sign of undernutrition for a wise phy-
sician and need further assessment for micronu-
trient defi ciencies. Poor wound healing and 
weakness are serious signs of undernutrition. 
Bone and muscle pain should be noted as well 
(Bates et al.  2009    ; Omran and Morley  2000a ; 
High  2001 ; Henry et al.  2011 ; Swartz  2001 ). 

 Secondly, risk factors of malnutrition should 
be noted in history taking. Loss of appetite is an 
alarm sign resulting in undernutrition. Other risk 
factors of undernutrition can be easily remem-
bered by the mnemonic “MEALS ON WHEELS” 
and “DETERMINE” (Fig.  20.10 ) (White  1991 ). 
Dental screening tool can be used for screening 
of dental problems (Martin et al.  2007 ; Thomson 
et al.  1992 ; Bush et al.  1996 ). Recurrent dieting 
behavior can be a sign of anorexia nervosa and 
require further evaluation with EAT-26 question-
naire (Miller et al.  1991 ). Suspicion of depres-
sion or dementia disorders requires further 
assessment by Geriatric Depression Scale (GDS) 
and Folstein Mini-Mental State Examination 
(MMSE), respectively (Folstein et al.  1975 ; 
Omran and Morley  2000a ; Yesavage et al.  1982 ).

20.3.2.2        Past Medical and Surgical 
History 

 Past medical history regarding gastrointestinal, 
cardiovascular, pulmonary, endocrinologic, and 
neuromusculoskeletal disorders and chronic 
infections should be asked. Disorders of GI 

Mechanisms of drug-induced
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  Fig. 20.9    Mechanisms of drug-induced anorexia       
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 system should be evaluated with more contem-
plation to fi nd previous conditions like pancreatic 
insuffi ciency, celiac disease, and Crohn’s disease 
(Bates et al.  2009 ; Omran and Morley  2000a ; 
High  2001 ; Henry et al.  2011 ; Swartz  2001 ). 

 History of past surgical procedures should be 
obtained as they usually have profound effects on 
the body reserves. Surgeries on GI system like 
gastrectomy or surgical resection of small intes-
tines are of special importance. In addition, their 
complications like draining fi stulas, abscess, 
open wounds, and chronic blood losses may 
 contribute to the nutritional defi ciencies (Bates 
et al.  2009 ; Omran and Morley  2000a ; High 
 2001 ; Henry et al.  2011 ; Swartz  2001 ).  

20.3.2.3     Drug History and Allergies 
 A complete drug history including not only pre-
scribed medications but also nonprescription 
medications, mineral, vitamin and protein sup-
plements, and herbal medicines should be taken 
(Omran and Morley  2000a ). Usage of certain 
supplements which patients often may not con-
sider them medications should be specifi cally 
asked during the interview (Bates et al.  2009 ; 
Omran and Morley  2000a ; High  2001 ; Henry 
et al.  2011 ; Swartz  2001 ). 

 Allergies to certain foods like peanuts, tree nuts, 
shellfi sh, fi sh, eggs, soy, wheat, and milk may be 
present in the elderly and contribute to nutrition 
defi ciency (Bates et al.  2009 ; Omran and Morley 
 2000a ; High  2001 ; Henry et al.  2011 ; Swartz  2001 ).  

20.3.2.4    Family History 
 Family history of genetic or metabolic disorder 
like diabetes, hypothyroidism, hyperthyroidism 
and history of alcoholism or psychiatric disorders 

like anorexia nervosa should be directly asked 
(Bates et al.  2009 ; Omran and Morley  2000a ; 
High  2001 ; Henry et al.  2011 ; Swartz  2001 ).  

20.3.2.5    Personal and Social History 
 In the social and personal history, religions and 
beliefs concerning dietary restriction should be 
noted. Presence of certain dietary habits like veg-
etarianism and use of vitamin, mineral, and herbal 
supplements should be determined (Omran and 
Morley  2000a ). Cigarette smoking can decrease 
hedonic qualities of food, and it should be noted in 
history. Late onset of alcoholism which is not rare 
in the elderly should be assessed by CAGE ques-
tionnaire or preferably by Michigan Alcoholism 
Screening Test (MAST) (Ewing  1984 ; Pokorny 
et al.  1972 ). Drug abuse like alcoholism can both 
endanger dietary intake and disturb nutrition 
absorption. Functional status is both an indicator 
and a reason for undernutrition and should be 
noted in personal history (Omran and Morley 
 2000a ). Stress events, physical or mental, should 
be evaluated as they have signifi cant negative 
effects on the immunity. In addition, dependency, 
low income, ability to shop or prepare food, hav-
ing companion during meal times, and number of 
daily meals and snacks delicately can be asked 
(Bates et al.  2009 ; Omran and Morley  2000a ; High 
 2001 ; Henry et al.  2011 ; Swartz  2001 ).   

20.3.3     Physical Examination 

 A thorough physical examination from head 
to toe not only can help to diagnose underly-
ing undernutrition but also can be helpful in 
 determining exact type of micronutrients or 
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 macronutrients defi ciency. In addition, it prevents 
a false diagnosis of undernutrition by detecting 
signs of underlying conditions mimicking under-
nutrition (Fig.  20.11 ) (Bates et al.  2009 ; Omran 
and Morley  2000a ; High  2001 ; Henry et al.  2011 ; 
Swartz  2001 ).

20.3.4        Anthropometric Assessment 

 Measurement of body mass index (BMI) is the 
fi rst simple anthropometric assessment. Although 
there is controversy on the defi nition of normal 
BMI, a satisfactory BMI for the elderly with 
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  Fig. 20.11    Organ-based signs and symptoms of undernutrition       
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more than 65 years of age is accepted as a BMI 
between 24 and 27 kg/m 2 , and a BMI between 19 
and 23 kg/m 2  shows risk of undernutrition, and 
fi nally, based on world health organization 
(WHO) classifi cation, underweight category is 
defi ned by a BMI lower than 18.5 kg/m 2  (38) 
(Omran and Morley  2000a ). Compression of the 
intravertebral disks, osteoporosis, and other 
pathologies result in shortened stature in the 
elderly which in turn results in a pseudo increase 
in BMI in the elderly (Omran and Morley  2000a ). 
So the true height should be calculated by height 
to arm span ratio index (Omran and Morley 
 2000a ). In addition, ascites and edema make BMI 
an unreliable indicative (High  2001 ). 

 Triceps skin fold (TSF) measurement by a 
caliper can estimate fat stores. A TSF below the 
10th percentile is indicator of undernutrition 
(Omran and Morley  2000a ; Ahmed and Haboubi 
 2010 ). Midarm muscle circumference (MAMC) 
or midarm muscle area (MAMA) is an estimation 
of skeletal muscle mass and can be calculated 
using these formulas (Henry et al.  2011 ; Swartz 
 2001 ; Omran and Morley  2000a ):

  MAMC cm MAC cm TSF mm( ) = ( ) − ( )⎡⎣ ⎤⎦π /10    

  MAMA cm MAC TSF 42 2( ) = − ×( )π π/    

  Measuring electrical resistance of the body by 
biometric impedance analysis is a noninvasive 
and inexpensive method to estimate body compo-
sition (Ahmed and Haboubi  2010 ; Omran and 
Morley  2000a ).  

20.3.5     Dietary Intake Assessment 

 To assess dietary intake and estimation of the 
adequacy of the diet, four methods—food dia-
ries, 24-h recall, food frequency questionnaire, 
and diet history—can be used (Table  20.1 ). Of 
these four methods, food diary for a period of 
7 days seems more reasonable and accurate; 
however, recording of dietary intakes may 
result in change of dietary habits during the 
7 days (Omran and Morley  2000a ; Fernandes 
 2008 ; Grimble  2005 ; Henry et al.  2011 ; 
Swartz   2001 ).

20.3.6        Biochemical Markers 

 Biochemical markers of nutritional status should 
be assessed in order to serve several aims 
including:
    1.    Confi rming the fi nding on medical history and 

physical exam regarding the nutritional status   
   2.    Having the baseline nutritional values to eval-

uate effi cacy of nutritional treatment   
   3.    Planning for the essential nutritional 

intervention.     
 The most known and most commonly used 

marker for detection of undernutrition is the level 
of serum albumin. Albumin with a long half-life 
(18 days) can be used to show chronic nutritional 
status (Rothschild et al.  1972a ,  b ). However, in 
addition to nutritional status, factors like hepatic 
synthesis, plasma distribution, and protein loss 
can infl uence albumin; so in settings like hospital 
admission, liver disease and congestive heart 
failure, nephrotic syndrome, and protein-losing 
enteropathies, the albumin levels cannot be relied 
(Courtney et al.  1982 ; Omran and Morley  2000b ; 
Ahmed and Haboubi  2010 ). 

 On the other hand, transthyretin or prealbumin 
with the highest proportion of essential to nones-
sential amino acids and with a short half-life 
(2 days) is an indicator recent nutritional change 
(Nutritional Care Consensus Group  1995 ). End- 
stage liver disease, infl ammation, stress, and iron 
defi ciency can decrease prealbumin level and 
renal insuffi ciency, and steroid use can increase it 
(Goldberg and Brown  1987 ; Delpeuch et al. 
 1980 ; Smith and Goodman  1971 ). Total lympho-
cyte count (TLC) is a more useful indicator, in 
the presence of conditions like liver disease 
(Omran and Morley  2000b ). In case of suspicion 
to micronutrient defi ciencies, measuring levels of 
different micronutrients can be very useful 
(Ahmed and Haboubi  2010 ; Pepersack  2009 ; 
Omran and Morley  2000b ). 

 Laboratory tests should be requested on an 
individual basis and based on physician judg-
ment. However, laboratory tests like measure-
ment of hemoglobin levels, hematocrit, 
transferrin saturation, levels of albumin, choles-
terol, triglycerides, high-density lipoproteins 
(HDL) and low-density lipoproteins (LDL) in the 
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plasma, serum glucose, and serum folate seem 
reasonable tests to fi gure out about general nutri-
tional status (Henry et al.  2011 ; Swartz  2001 ).   

20.4     Nutritional Interventions 
in Immunosenescence 

 Nutritional intervention is one of the cost- 
effective approaches to delay immunosenes-
cence. Nutritional interventions have a spectrum 
from changing a nutrition-related behavior, envi-
ronmental condition, or aspect of health status to 
administration of immunonutrients via the enteral 
or parenteral (intravenous) routes. The latter is 
named immunonutrition, and every nutrient with 
favorable effects on the immune system is called 
immunonutrients (Calder  2007 ; Pae et al.  2012 ; 
Grimm and Calder  2002 ; Satyaraj  2011 ). 
Immunonutrition is becoming a popular approach 

in the management of critically ill patients and 
surgical patients, and it can also be a feasible 
approach to delay immunosenescence (Barbul 
 2000 ; Koretz  2003 ; Calder  2007 ; Marik and 
Zaloga  2008 ). 

 The fi rst line of any nutritional intervention is to 
eliminate any reversible medical, social, and physi-
ological causes of undernutrition. Appropriate food 
choices should be encouraged by educational mate-
rial. Dental problems and oral problems should be 
addressed by providing appropriate dentures, fl avor 
enhancements, and appetite stimulants (Omran and 
Morley  2000a ; Brownie  2006 ). Rehabilitation and 
in some cases percutaneous endoscopic gastros-
tomy (PEG) feeding should begin for patients with 
swallowing problems (Ahmed and Haboubi  2010 ). 
Treatment for chronic disease should be done, and 
proper modifi cations in diet with regard to the 
chronic diseases should be noted. Inappropriate 
 medications with side effects should be changed 

   Table 20.1    Methods of dietary intake assessment   

 Method  Description  Place 

 Suitability for 
individuals or 
groups 

 Time 
consuming 

 Memory 
dependency 

 Avoidance of 
day-to-day 
variations 

 Dependency 
on the 
interviewer 

 Food diary  Information 
regarding the type 
and amount of the 
food and 
beverages is 
recorded by the 
patient 

 In home  Individuals  ×  ×  √  × 

 The 24-h 
recall 

 Information 
regarding the type 
and amount of 
food and 
beverages 
consumed during 
the last 24 h is 
recalled by the 
patient 

 During 
the 
interview 

 Individual  ×  √  ×  √ 

 Food 
frequency 
questionnaire 

 Questions 
regarding the 
customary intake 
of key nutrients 
are answered by 
the patient 

 During 
the 
interview 

 Group  √  √  √  × 

 Diet history  Complete dietary 
history is obtained 
by a professional 
nutritionist by 
open-ended 
questions 

 During 
the 
interview 

 Individual  √  √  √  √ 
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to the ones with fewer. Factors endangering nutri-
tion in the elderly staying at long-term care nursing 
home should be eliminated. Social services assis-
tance or nursing assistance should be provided for 
patients with dementia and Alzheimer’s or patients 
with functional disabilities. Treatment of depres-
sion and mood disorders by referring to a psychia-
trist is recommended (Ahmed and Haboubi  2010 ; 
Pepersack  2009 ). 

 There are two types of immunonutrition in 
immunosenescence: (1) preventive immunonutri-
tion or primary immunonutrition and (2) second-
ary immunonutrition. 

 Primary immunonutrition in immunosenes-
cence aims to prevent secondary or tertiary 
immunosenescence and optimize the immunity 
in the elderly; secondary immunonutrition in 
immunosenescence aims to reverse secondary or 
tertiary immunosenescence 

20.4.1     Primary Immunonutrition 

 Suboptimal status of nutrients predisposes body to 
temporary nutrient defi ciency especially during the 
times of increased body consumption like or 
increased physical activities, exercise, stress, and 
infections. These temporary defi cits may pervert the 
natural process of the immunosenescence in long 
term (Satyaraj  2011 ). Evidence shows that increased 
intake of some nutrients above the recommended 
levels may result in enhancement of immune func-
tion and improving immunosenescence, but 
increased intake of some other may not be benefi -
cial but also have side effects on the immunity. 

 Three factors infl uence the effi cacy of immu-
nonutrition in the elderly (Field et al.  2002 ; Pae 
et al.  2012 ; Calder and Kew  2002 ):
    1.    Interindividual variability regarding baseline 

levels of immune response and genetic 
background   

   2.    Nutrient–nutrient interactions   
   3.    Variability of the different parts of the immune 

system in responding to micronutrients    
  In regard to primary nutrition, we should 

not have the belief that if some is good, more is 
 better, and potential harms of  oversupplementation 
should always be kept in mind (Volkert et al.  2010 ). 

Overall, supplementation of the elderly with a 
modest physiological amount of micronutrients, 
especially antioxidants like vitamin E and C, and 
applying strategies like CR and probiotics con-
sumption will result in improvement of the immune 
system; however, further studies to assess effi cacy 
of the supplementations on resistance to infections, 
morbidity, and mortality are needed (Pae et al. 
 2012 ; Pepersack  2009 ). Future studies also should 
determine optimal intake of each supplement and 
possible side effects in oversupplementation.  

20.4.2     Secondary Immunonutrition 

 Secondary immunonutrition is aimed at the elderly 
with secondary or tertiary immunosenescence due 
to undernutrition. Immunonutrition is a tool to 
improve immunosenescence and to restore 
decreased immune function at least partially in this 
group of the elderly (Lesourd  1997 ). It has been 
shown that cell-mediated immunity including both 
T-cell proliferation and T-cell functions can be 
improved by immunonutrition (Lesourd  1997 ). In 
addition, immunonutrition can enhance antibody 
responses to vaccines and humoral immunity 
(Lesourd  1997 ). Although several studies have 
pointed out that immunonutrition and refeeding 
therapy can reverse the process of secondary and 
tertiary immunosenescence, however, its effi cacy 
in this aim probably depends on several factors like 
duration of undernutrition and presence of acute-
phase responses (Chandra  1997 ). Identifi cation of 
these factors, period of immunonutrition, and the 
essential immunonutrients for immunonutrition in 
secondary or tertiary immunosenescence should be 
determined by further studies.      
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21.1            Immunosenescence 
and Infl ammation 

 The immune system, as well as the whole human 
body, becomes old. This leads to many changes 
that accumulate during the year, causing dam-
ages to the immune system and variation in the 
amount of different cell types. 

 The consequence is a lack of fi delity and effi -
ciency during the years, hence a rise in the suscepti-
bility of infectious, autoimmune, and infl ammatory 
diseases in general and a reduced response to vaccines. 

 Immunosenescence is a cluster of modifi ca-
tions, actually unavoidable, that obviously consti-
tutes a severe damage for human body and a limit 
for a healthy aging and longevity because of asso-
ciated increase in morbidity and mortality. These 
changes have been described in both innate and 
specifi c immunity. A depletion of T and B cell rep-
ertoire weakens the immune system which results 
in an increasing chronic antigenic load that consti-
tutes a driving force of the immunosenescence. 
Moreover, a saturation of immunological space 
with expanded clones of memory and effectors and 
antigen-experienced T cells and a reduction of vir-
gin antigen- nonexperienced T cells occur. The B 
cell compartment is characterized with aging by a 

decreased cell number as well as by improved 
function and quality of humoral response. This 
determines a loss of B clonotypic immune response 
to new extracellular pathogens. A switch from 
naïve B cells CD27 −  to memory B cells CD27 +  
probably occurs as demonstrated by a decrease in 
immunoglobulin (Ig)M and IgD levels. Also a 
reduction in cytotoxic activity of natural killer 
(NK) cells correlates with the increase of infections 
and death in elderly. In addition, functions such as 
chemokine or interferon gamma (IFN-γ) secretion 
in response to interleukin (IL)-2 are compromised. 

 The development of a chronic, low-grade, 
infl ammatory status, known as “infl ammaging,” is 
a typical aspect of immunosenescence mostly 
due to the increased pro-infl ammatory cytokine 
production linked to the chronic antigenic load 
(Franceschi et al.  2000 ,  2007 ; Franceschi  2007 ). 
This is a critical feature in the onset of sarcope-
nia, frailty, and the pathogenesis of age- related 
chronic diseases, such as Alzheimer’s disease 
(AD), atherosclerosis, and type 2 diabetes (Vasto 
et al.  2007 ,  2009 ; De Martinis et al.  2005 ,  2006 ; 
Ginaldi et al.  2005 ). 

 Since these pathologies share this common fea-
ture, it has been thought to include this systemic 
status in the concept of age-related diseasome, 
thus recognizing an important role for genetic and 
epigenetic factors involved in the regulation of 
infl ammatory patterns in human aging. Although 
infl ammation is a physiological event, necessary 
for systemic defense, its persistence over life and 
its possible dysregulation can be an important con-
tributory factor in the pathogenesis of age-related 
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diseases. It has been allowed to focus the scientifi c 
attention on the possibility to prevent or counteract 
these pathologies that represent a very big problem 
for public health (Candore et al.  2006 ).  

21.2     Nutrition and Immune 
System 

21.2.1     Micronutrients 

 Aging is characterized by a global systemic dete-
rioration caused by inability in homeostasis 
maintenance. Changes in physical and cognitive 
functions are evident in elderly people. Teeth 
loss, wrinkles, frailty, chronic infl ammatory load, 
metabolic diseases, and increased morbidity and 
mortality are some of the modifi cations that 
occur during aging. It is well known that life 
expectancy and longevity depend on several mul-
tifactorial events determined by both genetic and 
environmental factors. Nutritional elements 
accordingly by diet have a pivotal role in these 
events. Nutrition can act on aging, immunity, and 
health in general and can also modulate gene 
expression with epigenetic changes. 

 Good and balanced nutrition is dramatically 
important for prevention and management of 
chronic age-related diseases, both directly and 
indirectly, and for the maintenance of healthy 
physical and cognitive functions. Moreover, 
immunomodulatory effects exerted by several 
nutrients such as antioxidant, fatty acid, micronu-
trients, specifi c amino acid, vitamins, and others 
play an important role in health status mainte-
nance. Micronutrients are essential dietary ele-
ments for physiologic processes although in 
small quantities. Vitamins and trace minerals are 
part of micronutrients category. Their role in 
many physiological processes is fundamental, so 
their absence is deleterious for the organism and 
also for the immune defense. 

 Zinc is a trace mineral, usually present in the 
organism in 2.3 g, and basically bound to proteins 
(Vallee and Falchuk  1993 ). It can be disposable, 
thanks to its assumption from the extra cellular 
space, but it is also contained in intracellular 
compartments in which it can be redistributed 

and in storage protein by which it can be released 
(Cousins et al.  2006 ; Rink and Haase  2007 ; 
Truong-Tran et al.  2001 ). Zinc is a component of 
several transcription factors in which it permits 
the formation of zinc fi nger motifs; in addition, 
it is a component of more than 300 enzymes; it 
participates in cell growth and development. It has 
an important role in signal transduction, apopto-
sis, proliferation, and differentiation of immune 
cells (Cousins et al.  2006 ; Rink and Haase  2007 ; 
Truong-Tran et al.  2001 ; Vallee and Falchuk 
 1993 ). Although zinc plays a fundamental role in 
the organism, very little quantities of zinc is stored 
in the body. Thus, reduced intake or problems in 
its storage (uptake, excretion, preservation) cause 
severe damages, especially for the immune sys-
tem. Mitogen- activated protein kinases (MAPK), 
protein kinase C (PKC), and nuclear factor kappa-
light-chain- enhancer of activated B cells (NF-κB) 
are some of the related molecules and signaling 
pathways regulated by zinc levels. The transcrip-
tional factor NF-κB is involved in production 
of proteins, such as tumor necrosis factor alpha 
(TNF-α). The inhibitory effect of zinc on NFκB 
determines a reduction on TNF-a, thus a reduc-
tion of its activity. Members of PKC family are 
crucially involved in both innate and adaptive 
immunity and zinc acts as possible mediator of 
this signal (Isakov and Altman  2002 ; Tan and 
Parker  2003 ). For example, PKC, selectively 
expressed in T lymphocytes, is fundamental for T 
cell receptor (TCR)-triggered activation of mature 
T cells (Csermely and Somogyi  1989 ). PKC can 
bind to plasma membrane and cytoskeleton by its 
N-terminal regulatory domain containing Cys 3 His 
zinc-binding motifs. This pathway also leads to 
the activation of NF-κB and activator protein 1 
(AP-1). Moreover, PKC promotes T cell cycle 
and regulates programmed T cell death (Isakov 
and Altman  2002 ; Haase and Rink  2009 ; Baldwin 
 1996 ). Another member, PKC has a role in T cell 
proliferation and interleukin (IL)-2 production. In 
B cells, PKC isoforms act in pre-B development, 
survival, and tolerance induction against self-
antigen. In innate immunity, it regulates mast cell 
degranulation and macrophage activation (Tan 
and Parker  2003 ). However, zinc effect on B cell 
functions is less strong and sometimes indirect 
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because it also leads to depletion on B cell com-
partment due to an increase in apoptosis for a direct 
regulation of apoptotic enzymes, such as caspases 
(Duke et al.  1983 ; Stennicke and Salvesen  1997 ). 

 To confi rm zinc role in PKC signaling path-
way activation, some studies demonstrate that 
zinc chelators inhibit PKC localization and action 
(Csermely et al.  1988 ; Forbes et al.  1990 ; 
Zalewski et al.  1990 ). 

 These evidences showed that the storage and 
the maintenance of adequate zinc level are vital 
for human organism. In addition to its dietary 
intake, the effi ciency of all systems and processes 
related to zinc availability is essential. In elderly, 
zinc defi ciency is prevalent due to the inadequate 
dietary intake resulting from physiological factors 
like loss of teeth, malabsorption, socioeconomic 
status, diseases, and medications. In fact, as many 
studies demonstrate, old people have less zinc 
intake than young individuals and elderly ill peo-
ple have fewer intakes than healthy. In general, 
less than 50 % of old people have a good zinc 
intake although controversial results exist (Maret 
and Sandstead  2006 ; Briefel et al.  2000 ; Prasad 
et al.  1993 ). It is obvious that a lack of intracellu-
lar zinc ion bioavailability in aging could cause a 
status of chronic infl ammation (Opipari et al. 
 1990 ; Rink and Kirchner  2000 ). Zinc has also a 
quenching activity on reactive oxygen species 
(ROS), so its reduction also results in an increase 
of these harmful molecules and ions (Frederickson 
et al.  2005 ). On the other hand, zinc itself could 
cause the production of ROS from mitochondrion 
and extramitochondrial space, as a source of oxi-
dative stress (Frazzini et al.  2006 ). Moreover, a 
positive response about zinc importance comes 
from zinc supplementation studies. It has been 
shown that zinc supplementation in certain groups 
of old people increases the number of activated T 
helper (Th) cells and cytotoxic T lymphocytes 
(CTL) and percentage of T cells in total circulat-
ing lymphocytes (without a change in number). 
However, also in this case, controversial results 
exist which is probably related to different study 
conditions (Duchateau et al.  1981 ; Fortes et al. 
 1998 ; Bogden et al.  1990 ). Thus zinc supplemen-
tation has to be administrated carefully, taking 
into account the narrow range of concentration 

in which this ion exerts its benefi cial effect in 
infl ammatory/immune response. 

 As highlighted, zinc is one of the main ele-
ments of micronutrient category individually asso-
ciated with immune function in elderly. But, for 
the reasons mentioned before, all micronutrients 
could be insuffi cient in aged individuals and many 
studies report the correlation between micronutri-
ents defi ciency and changes in the immune sys-
tem. Selenium, for example, is indirectly involved 
in cytotoxic precursor cell proliferation and clonal 
expansion because it upregulates IL-2 receptor 
expression on NK cell surface (Kiremidjian-
Schumacher and Roy  1998 ). Vitamin E, a general 
term to call tocopherols and tocotrienols, is com-
parable to zinc in regard to its importance in the 
immune system. Many studies demonstrate the 
consequence of its defi ciency both in humoral and 
cell-mediated immune functions (Gebremichael 
et al.  1984 ; Kowdley et al.  1992 ). Vitamin E is 
contained in immune cells, contrasting oxidative 
stress due to high metabolic activity in these cells. 
Although it is not clear the way, the supplementa-
tion of vitamin E in elderly people can selectively 
enhance the production of IL-2 and the activation-
induced T cell proliferation in naïve but not mem-
ory T cells and can improve the delayed-type 
hypersensitivity reaction (Adolfsson et al.  2001 ; 
Meydani et al.  1986 ,  2005 ).  

21.2.2     Gastrointestinal 
Immunosenescence: 
Cause and Effect 

 Aging is a systemic condition determined by a 
series of interaction resulting in a gradual loss of 
molecular and cellular fi delity. The protagonists 
of this interaction are, doubtlessly, environment, 
genetic background, immune system, and intes-
tinal microbiota. The latter represents a real eco-
system that has to be remained in homeostatic 
equilibrium to guarantee human health. Intestinal 
microbiota are distributed from stomach to colon 
where they reach the peak in terms of quan-
tity. Both Gram-positives and Gram-negatives 
are present. The fi rst category, in particular 
 Lactobacilli and Streptococci,  mainly colonizes 
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the stomach but is also present in the rest of the 
gastrointestinal system. In the distal regions, 
other than  Bifi dobacteria  and  Enterobacteriaceae  
(Gram-negative facultative aerobic), the obliga-
tory anaerobic genera such as  Bacteroides  and 
 Fusobacterium  are present (Holzapfel et al.  1998 ). 
Microbiota are “friendly” component of the gas-
trointestinal tract, but they can become enemies, 
resulting in systemic dysfunctions. They are com-
posed of more than 500 species with a distribu-
tion of 10 10 –10 11  colony-forming unit per gram of 
luminal contents in adult human (Savage  1977 ). 
Some scientists identifi ed this microcosm as a real 
organ called “the microbe organ” with size simi-
lar to the liver and with a weight of about 1.5 kg 
(Bengmark  1998 ). Aging- associated dysfunctions 
in microbiota ecosystem certainly can contribute 
to age-associated pathological conditions such as 
metabolic syndrome, obesity, diabetes, infection, 
cancer infl ammatory gastrointestinal diseases, 
constipation, cardiovascular disease, and autoim-
mune diseases. The main functions of these pro-
karyotes are digestion and nutrient absorption, 
complete hydrolysis of complex polysaccharides 
nondigestible by humans with the production of 
short-chain fatty acids and polyamine, synthesis 
of amino acids and vitamins, maintenance of sys-
temic immune homeostasis, and its stimulation 
especially for the gut-associated lymphoid tissue 
and resistance against colonization of other patho-
genic bacteria (Chung and Kasper  2010 ; Tiihonen 
et al.  2010 ; Turnbaugh et al.  2007 ; Holzapfel et al. 
 1998 ; Noack et al.  1998 ). 

 One of the most common nutritional problems 
among the elderly is an unbalanced diet with an 
insuffi cient intake of micronutrients, as men-
tioned above, such as vitamin D and B12, cal-
cium, proteins, fruit, and vegetables; thus, fi bers 
consequently lead to a decrease in microbial 
activity in the colon. Loss of teeth and reduced 
functionality of senses, especially taste and olfac-
tion, lead to wrong nutritional habit. Moreover, 
intake of antigenic loads, microorganisms, and 
bacterial products, usually introduced with food, 
is potentially more dangerous for fragile individu-
als in unhealthy status. Additionally, the majority 
of elderly has no physical activity and is dramati-
cally sedentary heading for a loss of muscle mass, 

overweight, and impaired digestion (Tiihonen 
et al.  2010 ). The consequence is intestinal putre-
faction and fermentation with an increase expo-
sure to bacterial products, such as endotoxin, 
phenols, indols, and ammonia, usually in contact 
with the intestinal mucosa (Van Deventer et al. 
 1988 ; Cummings and Macfarlane  1997 ). Diet rich 
in protein and sulfate, present in additives, con-
tributes to the production of more toxic products 
(Cummings and Macfarlane  1997 ). Moreover, 
dysbiosis, often present in aged people, causes 
the disruption of microfl ora, raising the amount 
of this toxin and playing a role in many chronic 
and degenerative diseases (Murray and Pizzorno 
 1998 ). The dysbiosis consists in qualitative and 
quantitative changes in the intestinal fl ora, their 
metabolic activity, and local distribution. Reasons 
for this condition are an incorrect diet and life-
style, use of antibiotics and laxative, stress, and 
aging itself. It is important to note that change in 
intestinal microbiota during aging is not the same 
in different parts of the world because all the 
conditions and habits mentioned above are dif-
ferent. Therefore, it is possible to speculate a sort 
of “microbiome regionalism.” For example, some 
studies on Irish elderly people demonstrated an 
increase of  Firmicutes  that remain unchanged in 
Italians (Biagi et al.  2010 ; Claesson et al.  2011 ). 

 All these changes transform the intestine in a 
continuous source of antigenic stimulation and 
new signals. These last interact with molecular 
pathways and determine a condition of chronic 
systemic and local infl ammation that plays an 
important role in immunosenescence and conse-
quently in frailty. Changes in enterocyte turnover 
may contribute into small intestine malabsorption 
of carbohydrate, protein, and fat. Moreover, age-
related neurodegeneration that involves enteric 
nervous system may be a crucial element in the 
alteration of peristalsis (Biagi et al.  2011 ; Chung 
and Kasper  2010 ; Tiihonen et al.  2010 ). 

 Thus, it is possible to speculate that changes 
in gut microbiota have an important role in the 
development and maintenance of infl ammaging. 
It was demonstrated by a study on gut microbi-
ota that three main modifi cations occur in fecal 
microbiota of old frail people: a 26-fold reduction 
in the amount of  Lactobacilli  ( immunostimulants 
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and adsorption promoters), a threefold reduction 
in the number of  Bacteroides  (involved in poly-
saccharides digestion), and a sevenfold increase 
in the number of  Enterobacteriaceae  (potentially 
pathogens). It is important to note that differences 
exist in fecal microbiota between different coun-
tries and ages, not only between young and old, 
but also between aged and long-lived individuals.   

21.3     Prevention: Dietary 
Solutions to Prevent 
Aging Process 

21.3.1     Calorie Restriction 
and Modulation of Immune 
Response 

 Nowadays, the benefi ciary effects of calorie restric-
tion (CR) in extension of healthy life span are well 
known. Many studies exist about the role of nutri-
ent-sensing pathways in worms, yeasts, rodents, 
fl ies, and mammals (Kaeberlein et al.  2005 ; Yuan 
et al.  2012 ; Anderson et al.  2009 ; Fontana et al. 
 2010 ). These pathways are evolutionary con-
served, though with different molecular compo-
nents and systemic complexity, demonstrating 
their importance in many species. The fi rst evi-
dence about benefi cial effect of long- term CR 
in increasing life span was proposed in 1930 by 
McCay and colleagues (McCay et al.  1935 ). CR 
without malnutrition leads to a “standby” mode 
in cells and organisms and reduction in cell divi-
sion and reproduction to save energy, necessary 
for basal metabolism (Fontana et al.  2010 ). The 
extension of life span is guaranteed by these 
pathways due to their capability of preserving a 
variety of body functions from the beginning of 
life. Obviously, studies in human should be the 
most interesting one, but they are not easily feasi-
ble. Nevertheless, in 2009 a study on humans by 
Ahmed et al. in 46 healthy women and men aged 
20–42 years was done. The population was sub-
jected to 10 or 30 % CR for 6 months. The results 
showed an increase of T cell-mediated immune 
response in both groups evidenced by measure-
ment of delayed-type hypersensitivity (DTH) and 
T cell proliferation. Moreover, people subjected 

to 30 % CR showed a decrease in the produc-
tion of lipopolysaccharide (LPS)-stimulated ex 
vivo production of T cell-suppressive eicosanoid 
prostaglandin E2 (PGE 2 ) (Ahmed et al.  2009 ). 
However, the exact mechanisms and pathway for 
these effects remained to be known. 

 Rodent and in particular mice remain the most 
studied model in the fi eld of CR and immune 
response. Many studies have demonstrated posi-
tive roles for CR in reversing all effects of immu-
nosenescence: the reduction in the number of 
naive T cells, the lower activity of NK cells and 
CTL production, the increase in levels of TNF-α 
and IL-6 in serum, the susceptibility to autoim-
mune diseases, the reduction in IL-2 production, 
and the lower response of T cell to antigens (Chen 
et al.  1998 ; Walford et al.  1973 ; Weindruch and 
Walford  1982 ; Weindruch et al.  1982 ,  1983 ; 
Spaulding et al.  1997 ).  

21.3.2     Concluding Remarks: 
Mediterranean Diet 
and Longevity 

 Mediterranean diet (MD) is an eating pattern 
reported to contribute to better health and qual-
ity of life for those adhering to it. Given this, 
within Mediterranean countries, cultural and 
religious differences exist, resulting in a diver-
sity in food patterns. Nowadays, the concept of 
“Mediterranean diets” is more commonly applied 
than that of merely one MD. In 1975 Ancel Keys 
offi cially introduced the MD in global scenery. 
This American physiologist identifi ed saturated 
fat as a major factor responsible for heart diseases 
(Keys et al.  1986 ). With his studies, it was pos-
sible to establish the role of MD as the model of 
healthy diet useful in prevention of age-related 
diseases such as cancer, cardiovascular diseases, 
dementia, type 2 diabetes, metabolic syndrome, 
and infl ammatory age-related diseases in general 
(Tyrovolas and Panagiotakos  2010 ; Sofi  et al. 
 2008 ; Fung et al.  2010 ). Many studies demon-
strated the benefi ciary effects of MD in longevity 
(Berry et al.  2011 ; Vasto et al.  2012 ). The common 
Mediterranean dietary pattern has the following 
characteristics: abundance of plant foods (fruit, 
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vegetables, legumes, breads, other forms of cere-
als, potatoes, beans, nuts, and seeds); fresh fruit as 
the typical daily dessert; olive oil as the principal 
source of fat; dairy products (principally cheese 
and yogurt), fi sh, and poultry consumed in low to 
moderate amounts; zero to four eggs consumed 
weekly; red meat consumed in low amounts; and 
wine consumed in low to moderate amounts, nor-
mally with meals. This diet is low in saturated 
fat, with total fat ranging from 25 to 42 % of 
energy throughout the Mediterranean region. This 
fact has confl icted with nutritional objectives in 
Western countries that limit total fat intake to less 
than 30 % of calories. «Mediterranean pyramid» 
describes a dietary pattern that is attractive for its 
famous palatability, as well as for its health bene-
fi ts (Willett et al.  1995 ; Trichopoulou et al.  2001 ). 
The MD is known specifi cally for its use of olive 
oil, red wine, and vegetables and absence of red 
meat. Olive oil, in particular, plays a pivotal role 
in MD, taking up a central position in the pyra-
mid. Its nutritional properties that reach the peak 
in the extra virgin olive oil make it a strong anti-
oxidant. In fact olive oil contains many bioactive 
compounds with strong antioxidant properties. 
Polyphenols, including fi rstly oleocanthal and 
monounsatered fatty acids (i.e. oleic acids), are 
likely responsible for the inverse association with 
some cancers and the positive effect on the car-
diovascular system (Corona et al.  2009 ; Pelucchi 
et al.  2010 ; Castañer et al.  2011 ). Moreover, olive 
oil should be the main source of dietary lipids. 
Among several kinds of oils, as seed oils, it repre-
sents the best one for cooking, thanks to its high 
smoke point (Casal et al.  2010 ). 

 In addition, a daily glass or two of red wine with 
meals has benefi ts for infl ammation, since it con-
tains vitamins, minerals, and anti- infl ammatory 
agents. Wine is rich in potassium and low in 
sodium. Red wines have more of these elements 
due to the juices longer contact with the grape 
skins and are rich in vitamin B which comes from 
the grape skins as well. Protein sources for this 
diet are primarily fi sh, farm meat, and legumes. 
Fish, as well as nut, has anti- infl ammatory effects, 
whereas legume carbohydrates show a low glyce-
mic index. So, MD contains an important number of 
antioxidants (vitamins E and C, carotenoids, and 

various polyphenol compounds present in veg-
etables, fruits, nuts, whole grains, legumes, vir-
gin olive oil, and wine) that are likely to play an 
important role in the prevention of cardiovascular 
diseases. MD is also rich in micronutrient, thanks 
to the large consumption of fruit, vegetables, and 
legumes. But it is important to note that not only 
the quality is important but also the quantity. In any 
case, the main point has to be the balance between 
all kinds of food. In fact, it was proven that a veg-
etarian diet with an excess of fi tates results in a 
reduction of zinc intake. Fitates are present mostly 
in cereals and legumes. They cause formation 
of insoluble salt, resulting in low absorption of 
some minerals such as calcium, iron, magnesium, 
and zinc. Although MD contains a considerable 
amount of fi tates, it contains the adequate provision 
of zinc, necessary to prevent growth and behavioral 
disorders in adolescent. Obviously additional stud-
ies are necessary to determine the exact amount 
of each food, but as many studies demonstrated, 
MD is the best diet to prevent many diseases and 
to maintain a good status of health. Another inter-
esting study demonstrated the reduction of many 
circulating infl ammatory biomarkers and cardio-
vascular disease risk factor in a study population 
subjected to Mediterranean diet supplemented with 
virgin olive oil (VOO) or mixed nuts. With respect 
to a third population subjected to a low-fat diet, the 
other two showed a decrease in soluble intercellu-
lar adhesion molecule 1 (sICAM-1) and IL-6 and a 
reduced immune cell activation, while C-reactive 
protein (CRP) decreased only in the group with 
VOO supplementation (Mena et al.  2009 ). 

 Finally, thanks to the high fi ber content of the 
MD, positive effects can occur in the composi-
tion of the gut microbiota (Vrieze et al.  2010 ). 

 In literature, it has been suggested that the MD 
comes from regional “poverty” because some 
kind of foods, such as bovine meat and butter, 
were not very abundant due to the country cli-
mate. However, farm animals have been raised 
for centuries in these countries with predilection 
to sheep, goats, and chickens. It so happens that 
most cheeses made from sheep’s milk are lower 
in cholesterol than those made from cow’s milk, 
while olive oil, with its monounsaturated fat, is 
healthier than cholesterol-laden butter. In addi-
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tion, the meat of sheep, goats, and even chickens 
contain some fat, but Mediterranean people usu-
ally eat less meat than their Northern European 
neighbors. Paradoxically, today, it is, instead, 
established that overconsumption of foods that 
are rich in calories, nutritionally poor, highly pro-
cessed, and rapidly assimilated can lead to sys-
temic infl ammation, reduced insulin sensitivity, 
and several metabolic abnormalities, including 
obesity, hypertension, dyslipidemia, and glucose 
intolerance, commonly known as metabolic syn-
drome. These dietary patterns are common in the 
Western part of the world and associated with 
higher level of morbidity and mortality. 

 Dietary habits may signifi cantly improve gen-
eral health status and life quality, and MD accord-
ing to international dietetic organizations might 
promote healthy aging. Furthermore, nutritional 
education from the public health practitioners 
could be an important way to improve health and 
quality of life of middle-aged and older and may 
be considered one of the tools to add healthy years 
to life. Therefore, long-term adherence to the MD 
can serve as an anti-infl ammatory dietary pattern, 
which can prevent or manage diseases that are 
related to chronic, systemic infl ammation, includ-
ing cancer and cardiovascular diseases.      
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22.1            Introduction 

 The elderly above the age of 60–65 years shows 
a higher risk of developing nutritional disor-
ders caused by the aging process itself. Aging is 
accompanied with a series of physiological, bio-
chemical, biological, and psychological changes, 
deteriorating the individual physical activity 
as well as general behavior, dietary habits, and 
social interactions (Meunier et al.  2005 ). Several 
clinical symptoms are linked to this situation, 
including dermatitis, diarrhea, and especially 
alterations in immunocompetence (Hambidge 
 2000 ; Cunningham-Rundles et al.  2005 ). 

 Generally, adequate nutrition plays a pivotal role 
in maintaining healthy status (Hambidge  2010 ) 
and immunocompetence in humans (High  1999 ) 
with possible extension of the life-span (Chernoff 
 2005 ). Among the micronutrients, zinc is essential 
in the elderly in terms of its impact on biologi-
cal, biochemical, and immune functions (Shankar 
and Prasad  1998 ; Mocchegiani et al.  1998 ; Haase 
et al.  2006b ). 

 Zinc defi ciency affects over two billion of aged 
people (Prasad  2008 ). Nutritional zinc defi ciency 
is widespread throughout developing countries. A 
lot of evidences support the belief that the main 

factor associated with zinc  defi ciency seems to 
be an inadequate zinc dietary intake infl uenced in 
turn by other several intrinsic and extrinsic factors 
(Gibson et al.  2008 ). Indeed, zinc is well recog-
nized as an essential trace element for all organisms 
and plays an important role in the development 
and integrity of the immune system affecting both 
innate and adaptive immune responses (Prasad 
 2000 ; Ibs et al.  2003 ; Bogden  2004 ; Haase et al. 
 2006b ; Mocchegiani et al.  2009 ). Zinc is required 
for DNA synthesis, RNA transcription, cell divi-
sion, and activation (Prasad  2007    ) as well as in 
preventing apoptosis (Fraker  2005 ). Zinc has 
also a signifi cant role as “zinc signal” affecting 
the signal transduction for immune cell func-
tions (Haase and Rink  2009a ). All these effects 
have been identifi ed in experimental animals and 
humans where an altered zinc status can affect 
the immunocompetence (Prasad  1998 ; Haase and 
Rink  2009b ; Mocchegiani et al.  2008c ). Zinc defi -
ciency coupled with altered immune response, as 
occurring in aging, leads to an increased suscep-
tibility for some age-related diseases (Vasto et al. 
 2006 ; Prasad  2009 ). As a consequence, several 
studies suggest the usefulness of a zinc supple-
mentation in the prevention and/or treatment of 
diseases associated with zinc defi ciency (Prasad 
 2009 ; Haase and Rink  2009b ; Mocchegiani et al. 
 2008c ). The aim of this chapter is to review some 
possible effects of low zinc dietary intake in aging 
especially at subcellular level and the main effects 
of zinc on immunosenescence. Moreover, we will 
discuss the potential role of the zinc supplemen-
tation in elderly in order to restore the immune 
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response, referring to individual genetic back-
ground that is represented by metallothioneins 
(MT) and interleukin (IL)-6 polymorphisms 
(nutrigenomic approach). Such an assumption 
is based on the fact that the production of MT 
and IL-6 increases in aging leading to chronic 
infl ammation (Mocchegiani et al.  2006 ), named 
“infl ammaging” (Franceschi  2007 ), with sub-
sequent altered intracellular zinc homeostasis 
(Mocchegiani et al.  2006 ).  

22.2     Dietary Zinc Defi ciency 

 Zinc defi ciency is an important factor in the ori-
gin of certain common diseases that affect and 
cause morbidity among the elderly. Zinc is a 
critical trace element in human health for tissue 
growth, taste acuity, connective tissue growth and 
maintenance, immune response, prostaglandin 
production, bone mineralization, proper thyroid 
function, blood clotting, cognitive functions, 
fetal growth, and sperm production (Sandstead 
 1994 ). Zinc is also required for the biological 
activity of enzymes, for cell proliferation, and 
for “zinc fi nger” DNA motifs (Mocchegiani et al. 
 1998 ). Clinical evidences support the pathologi-
cal consequences (cancer, infections, diarrhea, 
hypertension, cardiovascular diseases, macular 
degeneration, diabetes) that can occur during zinc 
defi ciency that is a serious public health problem 
from young up to old age (Haase and Rink  2009b ; 
Mocchegiani et al.  2012b ) (Table  22.1 ). Such a 
defi ciency in aging is typically the result of an 
inadequate zinc dietary intake that may occur 
as a response to reduced energy requirements 
or age-related sensory impairment (Stewart-
Knox et al.  2005 ). It has been reported that mild 
zinc defi ciency is a signifi cant clinical problem 
in free-living elderly people: only 42.9 % have 
a suffi cient intake of zinc (defi ned as >67 % 
of the Recommended Dietary Allowances or 
RDA) (Prasad et al.  1993 ). These data have been 
confi rmed by other studies in different parts 
of the world (Andriollo-Sanchez et al.  2005 ; 
Mocchegiani et al.  2008a )   ; German study in con-
juction with phytates (Schlemmer et al.  2009 ) 
Japan study (Kogirima et al.  2007 ). Moreover, the 

   Table 22.1    Clinical consequences coupled with zinc 
defi ciency from the young up to old age   

 Increased total cholesterol 
 Rheumatoid arthritis 
 Macular degeneration 
 Impairment of the immune response (adaptive and 
natural immunity) 
 Osteoporosis 
  Diarrhea 
 Pneumonia 
 Renal failure 
  Prostatitis 
  Cirrhosis 
 Possible development of malignant cancer (leukemia, 
Hodgkin disease) 
 Possible contributor to loss of appetite 
  Anorexia 
 Hypertension and increased risk factor of 
atherosclerosis 
 Decreased cell proliferation and increased apoptotic 
death (possible accelerated thymic involution) 
 Decreased taste acuity 
 Reduced concentration of transport proteins in the 
blood and loss in urine (albuminuria) 
 High susceptibility to oxidative damage from certain 
tissues (brain) (stroke) 
 Decreased absorption of dietary folate 
 Decreased cardiac antioxidant capacity (heart failure) 
 Hyperhomocysteinemia 
 Schizophrenia and mood disorders 
 Defective connective tissue 
 Reduced sperm production 
  Infertility 
 Sexual impotence in man and fall of libido 
 Irregular menstrual cycle in women 
 Defective sexual maturation of ovaries and testes 
(hypogonadism) 
 Weight loss and fatigue 
 Hair loss and alopecia 
 Mental lethargy 
 Decreased resistance to infection, causing an imbalance 
between Th1/ Th2 paradigm 
 Abnormalities in cytokine secretion and function 
 Neuropsychological impairment 
 Exacerbate hypertension (possible myocardial infarction) 
 Decreased functionality in monocytes, natural killer 
cells, granulocytes, and phagocytosis 
 Risk factor for the development of type 2 diabetes 
 Abnormalities in thyroid, sexual, pineal, pituitary, 
insulin, glucocorticoid hormones production 
 Abnormalities in the hypothalamic hormone releasing 
factors 
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Third National Health and Nutrition Examination 
Survey (NHANES) documented a decrease in 
zinc intake with advancing age, and only 42.5 % 
of old participants (age ≥71 years) showed an 
adequate zinc intake (defi ned as ≥77 % of the 
RDA) (Briefel et al.  2000 ).

   Such a reduced zinc dietary intake in aging 
leads to low intracellular zinc ion availability, 
which has been well documented using specifi c 
fl uorescent zinc probe (Haase et al.  2006a ). The 
low intracellular zinc ion availability occurs 
despite the plasma zinc levels may be in the nor-
mal range, suggesting that the determination of 
plasma zinc can be misleading to detect a real zinc 
defi ciency in elderly (Mocchegiani et al.  2006 ) 
that in turn does not refl ect the reduced dietary 
zinc intake (Zincage project) (Mocchegiani 
et al.  2008a ). Such a reduction may be due to 
many factors related to the aging process. Among 
them, altered intestinal absorption, alteration in 
zinc transporter proteins, inadequate mastica-
tion, psychosocial factors, drug interactions, 
and competition between zinc and other bivalent 
minerals (copper, iron, calcium, selenium) or 
vitamins may be involved. Old subjects display 
also a reduction in zinc cellular uptake in com-
parison to young adults  perhaps due to the cel-
lular senescence, which is less responsive to zinc 
because altered gene expressions of some zinc 
transporters (Zip1, Zip2, Zip3) on cellular mem-
brane occur (Giacconi et al.  2011 ). Alternatively, 
epigenetic mechanisms might occur in the pro-
moter region of the zinc transporters leading to 
an hypermethylation of the gene with subse-
quent decreased zinc absorption in the intestinal 
lumen, as supposed for the zinc  transporter ZnT5 

(Coneyworth et al.  2009 ). Anyway, regardless of 
the  mechanism involved, the zinc dietary intake 
and intestinal zinc absorption are defi cient in 
aging leading to an increased risk for the appear-
ance of degenerative age-related diseases (Haase 
and Rink  2009b ; Mocchegiani et al.  2012b ). 

 Despite the amount of dietary zinc has not 
to exceed 40 mg/day (RDA) because it may be 
toxic for the functionality of various organs and 
systems, including the immune function (Walsh 
et al.  1994 ), the zinc absorption is strictly linked 
to specifi c saturable transport mechanisms that 
balance the eventual high dietary zinc intake 
leading to a correct intracellular zinc distribution 
(Sandström  1992 ; Menard and Cousins  1983 ). 
However, in old humans, zinc absorption, espe-
cially in the small intestine, is lower than young-
adult individuals, but it is independent by zinc 
dietary intake (August et al.  1989 ). Therefore, 
other factors can infl uence zinc absorption. 
Among them, the amount of zinc present in the 
intestinal lumen, the presence of dietary pro-
moters (e.g., human milk, animal proteins), and 
altered physiological states have been reported 
(Lonnerdal  2000 ). Another factor infl uencing 
the zinc absorption is the presence of phytates as 
well as other minerals (iron, calcium) in the diet 
that may act as inhibitors binding zinc or block-
ing its action (Lonnerdal  2000 ; Hambidge  2010 ). 
Studies in old animals have shown that the aging 
process is accompanied by alterations entailing 
some of the following intestinal changes: altera-
tions in villus shape (cilia), increased collagen 
alteration, mitochondrial changes, crypt elonga-
tion, and prolonged replication time of cryptal 
cells (Thomson  2009 ). These changes might at 
least explain the altered zinc absorption in the 
elderly, as suggested by August et al. (August 
et al.  1989 ) and Turnlund et al. (Turnlund et al. 
 1982 ), with a reduction of 30 % in old individuals 
with respect to the young-adult ones. Decreased 
zinc absorption in elderly may also occur in 
large intestine owing to degenerative alterations 
in enterocytes and intestinal microvilli (Elmes 
and Jones  1980 ). The causes of these physio-
pathological alterations in large intestine are still 
unknown. Anyway, regardless of these factors, 
when the capacity of the intestinal absorption 

 Risk factor for the development of obesity 
 Possible development of dental caries and tooth loss 
 Premature aging of the skin 
 Dermatitis, eczema, and acne 
 Crohn disease and celiac disease 
 Slow-healing wounds 
 Common cold 
 Ulcerations 

  See: Evans ( 1986 ), Haase and Rink ( 2009b ), Prasad 
( 2009 ), Mocchegiani et al. ( 2012b )  

Table 22.1 (continued)
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diminishes, the zinc defi ciency develops with 
subsequent loss of appetite and impaired immune 
functions followed by the appearance of many 
clinical evidences, including hair loss, diarrhea, 
impotence, eye and skin lesions, weight loss, 
delayed wound healing, taste abnormalities, and 
mental lethargy (Evans  1986 ). Moreover other 
factors may affect the zinc absorption regard-
less by altered or defi ciencies in the gut. Among 
them, the poor mastication and changes in oral 
structures, psychosocial factors, drug interac-
tions, and the interaction of zinc with other trace 
elements (iron, copper) or vitamins (vit A, D, E) 
(Sandström  2001 ; Basu and Donaldson  2003 ; 
Cousins  2010    ; Marcellini et al.  2006 ). However, 
the more intriguing and novel aspect that can 
affect the zinc absorption by the diet is at sub-
cellular level involving zinc transporters (Zip and 
ZnT families), MT, and the divalent metal trans-
porter 1 (DMT1). Current evidences indicate 
that, within the ZnT family (involved in reduc-
ing cytosolic zinc concentrations), ZnT1, ZnT5, 
and ZnT6 localized to the basolateral membrane 
of the intestinal enterocyte may be of particular 
importance in intestinal zinc transport processes 
(Cragg et al.  2005 ). By contrast, the localiza-
tion and functional and regulatory properties of 
Zip4 and Zip5 in apical enterocytes membrane 
indicate that they play a key role in the absorp-
tion of dietary zinc (Dufner- Beattie et al.  2004    ). 
Mutations in Zip4 are associated with the human 
zinc defi ciency disease, such as acrodermatitis 
enteropathica, which displays a severe reduction 
in zinc uptake (Kury et al.  2002    ). Another zinc 
transporter Zip14, expressed in duodenum and 
jejunum and mediated by IL-6, plays also a rel-
evant role because it is involved in zinc and iron 
uptake with a task in regulating compensatory 
mechanisms in order to avoid iron overload that 
can be toxic in aging (Liuzzi et al.  2006 ). However, 
it is currently unclear how aging affects the func-
tion and the gene expression of zinc transporters 
in enterocytes. It may be supposed that it might 
depend by a less effi cient membrane localization 
of these proteins or related to impaired activity 
of the zinc transporters with advancing aging due 
to the presence of chronic infl ammation. Such 
an assumption may be supported by the fi ndings 

in experimental models of chronic infl ammation 
(airway infl ammation) showing a positive corre-
lation between altered mRNA zinc transporters 
(Zip1, Zip14, Zip4, ZnT4) and high gene expres-
sion of macrophage, monocyte, and eosinophil 
infl ammatory- related proteins (cc16, cc18, cc19, 
cc111) (Lang et al.  2007    ). Alternatively, DNA 
methylation, known as an epigenetic event and 
modifi ed by age, might alter the gene expres-
sions, as supposed for CpG island in the ZnT5 
and ZnT1 gene promoter regions (Coneyworth 
et al.  2009 ; Balesaria and Hogstrand  2006 ). 

 With regard to the role of MT in zinc absorp-
tion regulation, particularly in conjunction with 
ZnT1, MT works in maintaining free zinc con-
centrations within quite narrow ranges regardless 
by ZnT1 (Davis et al.  1998 ). Another transporter 
potentially involved in zinc uptake is DMT1: a 
transmembrane polypeptide found in the duode-
num in the crypts and lower villi (McMahon and 
Cousins  1998 ). As these transport proteins are 
identifi ed and characterized, further investigations 
in the whole animal as well as in humans under 
conditions of a range of dietary intake are how-
ever necessary in order to elucidate the amount 
of absorbed zinc to the amount of excreted zinc 
together with these subcellular processes.  

22.3     Zinc Status of the Elderly 

 Although the upper limit of the dietary zinc 
intake has not to exceed 25–40 mg/day (Food and 
Nutritional Board  2001 ; Scientifi c Committee on 
Food  2002 ), the recommended daily allowance 
(RDA) for zinc in young-adult individuals and 
older is 11 mg/day for men and 8 mg/day for 
women (Maret and Sandstead  2006 ). An uptake 
below the RDA can only be seen as an indicator 
of potential zinc defi ciency, because many other 
factors also play a role in decreased zinc intake. 
Hence, it is necessary to analyze the zinc status 
of each individual. The parameter of choice is 
often serum or plasma zinc. However, this is not 
the ideal parameter to determine the zinc status 
taking into account that many old individuals, 
despite increased proinfl ammatory cytokines 
known as factors for zinc depletion (Shankar and 
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Prasad  1998 ), display circulating plasma zinc 
levels within the normal range (about 85–90 μg/
dl) (Mocchegiani et al.  2003 ). Other parameters 
may be useful to test the zinc status, such as the 
intracellular zinc ion bioavailability with specifi c 
zinc probes (Haase et al.  2006a ) and the testing 
the capacity of zinc release by MT using nitric 
oxide (NO) donors (Mocchegiani et al.  2006 ). 
Recently, the determination of the zinc score 
has been validated in Zincage project (based 
on the determination of the zinc content in the 
foods and the individual quantity of the food 
intake). This score can represent a valid test in 
determining the zinc status being well corre-
lated with the age- dependent plasma zinc levels 
(Kanoni et al.  2010 ). However, a plethora of stud-
ies report that plasma zinc levels decrease with 
advancing age (Haase et al.  2006b ) as well as in 
some cell types, such as erythrocytes and lym-
phocytes (Prasad et al.  1993 ; Andriollo-Sanchez 
et al.  2005 ). Such a decrement may depend on 
dietary habits and life style conditions, and it var-
ies from country to country where zinc defi ciency 
can be more or less severe or marginal, as shown 
in Zincage project (Mocchegiani et al.  2008a ). 
Also in the United States (USA), one study in a 
large number of elderly (age range 60–90 years.) 
showed that the marginal zinc defi ciency 
appeared in more than 90 % of old subjects 
despite the zinc dietary intake is quite similar to 
RDA (11.5 mg/day) both for men and women (Ma 
and Betts  2000 ). Therefore despite of the dose 
recommended by RDA, old people display mar-
ginal zinc defi ciency. Since the “Mediterranean 
diet” is variegated and contains foods (especially 
fi sh) rich of zinc (Sofi  et al.  2010 ) usually con-
sumed in Spain, Italy, and France and some other 
foods rich of zinc (read meat and legumes) are 
consumed in Northern European Countries and 
in the USA might in part justify the quite suffi -
cient zinc dietary intake and the relative marginal 
zinc defi ciency in elderly. But, it does not explain 
the reason of a remarkable subgroup in all coun-
tries of elderly subjects who achieve “successful 
aging” (centenarian subjects) without suffering 
from age-related diseases despite of the pres-
ence low zinc dietary intake and zinc defi ciency 
(Mocchegiani et al.  2003 ). Taking into account 

that severe zinc  defi ciency is strictly related to 
the chronic infl ammation (Mocchegiani et al. 
 2006 ; Prasad  2009 ), the reason may be related 
to a lower infl ammatory state in centenarians 
with subsequent still capacity in zinc release 
by MT,  suggesting that the available quota of 
free zinc ions, despite reduced, is still suffi cient 
in maintaining good immune performances 
(Mocchegiani et al.  2003 ), further confi rming the 
relevance of zinc for immunosenescence and in 
keeping under control the infl ammatory state.  

22.4     Zinc and Immunosenescence 

 Aging is a continuous multidimensional process 
of physical, psychological, and social changes 
that compromises the normal functioning of vari-
ous organs and systems, including several immu-
nological alterations named immunosenescence, 
which is characterized by increased susceptibility 
to infections, autoimmune diseases, and cancer 
(Pawelec et al.  2010 ). The immune effi ciency 
decreases with advancing aging, starting around 
60–65 years. Alterations of the immune system 
during aging and zinc deprivation show many 
similarities, indicating the existence of a strict 
relationship between immunosenescence and 
zinc defi ciency (Mocchegiani et al.  1998 ; Bogden 
 2004 ; Haase and Rink  2009b ). The similarity is 
in adaptive and innate immunity as well as in 
neutrophil functions (chemotaxis, phagocytosis, 
oxidative burst). Although the total number of 
neutrophils is not different between old and 
young-adult subjects, phagocytosis, oxidative 
burst, and intracellular killing are impaired in 
aging, and neutrophils from the elderly show 
reduced chemotaxis and a lower resistance to 
apoptosis, as shown by impaired antiapoptotic 
effects after specifi c stimuli such as lipopolysac-
charide (LPS), granulocyte colony-stimulating 
factor (G-CSF), and granulocyte-macrophage 
colony-stimulating factor (GM-CSF) (Schroder 
and Rink  2003 ). In this context, zinc may play a 
key role because a satisfactory intracellular zinc 
ion bioavailability preserves the oxidative burst 
by neutrophils, via reduction of IL-6 signalling, 
as observed in centenarians, who in turn display 
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satisfactory intracellular zinc content and low 
grade of infl ammation (Moroni et al.  2005 ). 

22.4.1     Adaptive Immunity 

 With regard to adaptive immunity, the plasma 
concentrations of IL-6, IL-8, monocyte chemo-
tactic protein-1 (MCP-1), macrophage infl am-
matory protein-1α (MIP-1α), and tumor necrosis 
factor alpha (TNF-α) were positively correlated 
with age with a progressive elevation in very 
old age (Mariani et al.  2006 ). T helper (Th)1 
(interferon gamma or IFN-γ, IL-2) cytokines 
decrease whereas Th2 (IL-4, IL-10) cytokines 
increase (Cakman et al.  1996 ). The same trend 
was also observed after LPS stimulation (Gabriel 
et al.  2002 ; Cakman et al.  1997 ). These altera-
tions in Thl and Th2 cytokine productions lead to 
an imbalance of Th1/Th2 paradigm with a shift 
towards Th2 production and subsequent chronic 
low grade of infl ammation, named “infl ammag-
ing” (Franceschi  2007 ). Alterations in the balance 
of Th1/Th2 cytokines also occur in zinc defi ciency 
(Uciechowski et al.  2008 ) that is characterized by 
decreased IFN-γ, IL-2, and TNF-α production 
(Th1 cells) and increased IL-6 production by Th2 
cells and macrophages (Mocchegiani et al.  1998 ). 
However, in very old age, the high levels of IL-6 
are not so detrimental because of the low gene 
expression of IL-6 subunit receptor (gp130) that 
allows the presence of an inactive quota of IL-6 
with subsequent reduced infl ammation and good 
intracellular zinc content (Moroni et al.  2005 ).  

22.4.2     T-Cell Functions 

 A similarity between aging and zinc defi ciency 
exists also in T-cell pathway. The more character-
istic T-cell pathway abnormalities in aging are (a) 
reduced T-cell proliferation in response to T-cell 
receptor or CD3 or mitogen stimulations (Pawelec 
et al.  1998 ); (b) altered CD4/CD8 ratio (Pawelec 
et al.  1998 ); (c) higher expression of CD95 (Fas) 
and lower expression of BCL-2 and p53 leading 
to increased apoptosis (McLeod  2000 ); (d) lower 
number of naïve (CD45RA + ) and a higher number 
of activated memory (CD45RO + ) T cells (Gregg 

et al.  2005 ); and (e) thymic involution producing 
reduced number of naïve T cells and also immature 
because of the lack of thymic hormone activity 
required for T-cell maturation and differentiation 
(Arnold et al.  2011 ). The same age-related T-cell 
pathway alterations also occur in zinc defi ciency 
(Mocchegiani et al.  1998 ; Dardenne  2002 ) as 
well as thymic involution, regardless of age, 
due to increased thymocyte apoptosis provoked 
by elevating glucocorticoid production and 
by the negative regulatory function by zinc in 
immune cell apoptosis (Taub and Longo  2005 ). 
Zinc supplementation in old mice increases the 
thickness of the thymic gland (especially corti-
cal part) (Sbarbati et al.  1998 ) and restores the 
number of viable thymocytes and serum thymic 
hormone (thymulin) activity (Dardenne et al. 
 1993 ; Mocchegiani et al.  1995 ). Thus, the zinc 
defi ciency in the elderly may also contribute to 
the thymic involution by augmenting apoptosis 
during T-cell maturation and differentiation, as 
observed in old (Provinciali et al.  1998 ) and in 
young zinc diet-deprived mice (King et al.  2002 ). 
On the other hand, the thymic output (measured 
by T-cell receptor rearrangement excision circles 
(TREC)) is strongly reduced during aging and in 
zinc defi ciency leading to a reduced number of 
naïve mature T cells in the circulation with sub-
sequent inability to substitute activated memory 
T cells, which in turn undergo to apoptosis after 
exposure to “foreign” antigens (Mitchell et al. 
 2006 ). By contrast, in centenarian subjects with a 
satisfactory zinc pool (Mocchegiani et al.  2003 ), 
the thymic output is still suffi ciently maintained 
by IL-7 (Nasi et al.  2006 ), and IL-7 and its recep-
tor act via zinc fi nger protein Miz-1 and SOCS1 
(Saba et al.  2011 ), which the latter is in turn regu-
lated by another zinc fi nger protein TRIM8/GERP 
(Toniato et al.  2002 ). Therefore, zinc is relevant in 
aging for thymic output signalling with possible 
new T-cell maturation and differentiation.  

22.4.3     Innate Immunity 

 Of    particular interest is the involvement of zinc in 
innate immunity, such as NK cells and NKT 
cells, and their cytotoxicity in aging. The total 
number of NK cells and their percentage among 

E. Mocchegiani et al.



301

circulating cells increase in old people, but this 
effect is compensated by a reduced cytotoxic 
activity and reduced proliferation in response to 
IL-2 (Solana and Mariani  2000 ; Mocchegiani 
et al.  2009 ). Because the main functions of NK 
cells are those ones to eliminate cancer or virus- 
infected cells, the higher incidence of viral infec-
tions and cancer in the elderly may well be related 
to impairment of NK cell function. In this con-
text, the role played by zinc may be pivotal. First 
of all, zinc may affect the new production of NK 
cells by stem cells. Zinc in vitro (10 μM) 
improves the development of CD34+ cell pro-
genitors towards mature NK cells both in young 
(expressing CD56+ CD16− phenotype) and old 
age (expressing CD56− CD16+ or CD56+ 
CD16+ phenotypes) via increased expression of 
GATA-3 transcription factor (Muzzioli et al. 
 2009 ). Moreover, several studies in old animals 
and humans describe decreased NK cell cytotox-
icity related to zinc defi ciency (Mocchegiani 
et al.  2009 ) through different mechanisms involv-
ing NF-kB or Ap-1 transcriptional factors or A20 
protein (Prasad  2007 ; Prasad et al.  2011 ; Bao 
et al.  2010 ). In vitro (1 μM) and in vivo zinc treat-
ments (12 mg Zn ++ /day) for a short period 
(1 month) induce complete recovery of natural 
killer (NK) cell cytotoxicity both in old mice and 
humans (Mocchegiani et al.  1995 ; Mariani et al. 
 2008 ). In addition, a physiological zinc treatment 
(15 Zn ++ /day) for 1 month in old infected patients, 
other than an increased NK cell cytotoxicity, 
recovers the IFN-γ production leading to 50 % 
reduction of infection relapses (Mocchegiani 
et al.  2003 ). Findings in centenarians and in very 
old mice confi rm the relevance of zinc in restor-
ing NK cell function in elderly. Indeed, they have 
a well-preserved NK cell cytotoxicity, a good 
intracellular zinc ion bioavailability and satisfac-
tory IFN-γ production (Mocchegiani et al.  2003 ; 
Miyaji et al.  2000 ). A very intriguing aspect is a 
preservation in very old age of the NKT cells 
bearing T-cell receptor (TCR)γδ (Mocchegiani 
et al.  2004 ), which are the fi rst lineage of defense 
of the organism against virus and bacteria from 
early in life. NKT cells produce Th1 (IFN-γ) and 
Th2 (IL-4) cytokines and are functionally linked 
to NK cells, via IFN-γ (Biron and Brossay  2001 ). 
A dysregulation in IL-4 production by NKT cells 

leads to pathology, as it occurs during a chronic 
infl ammation and autoimmune diseases (Araujo 
et al.  2004 ). However, the main task of NKT cells 
is to produce IFN-γ with thus a pivotal role in 
antitumor cytotoxic response (Cui et al.  1997 ). 
NKT cells have been found in the thymus, liver, 
spleen, and bone morrow. Despite the existence 
of a thymus-independent differentiation pathway 
located in the liver for NKT cell lineage (as 
shown in athymic nude mice), the thymus is also 
a site for NKT development and the liver for 
NKT homing (Emoto and Kaufmann  2003 ). 
During aging, the thymus is atrophic. Therefore, 
the liver extrathymic function becomes promi-
nent in order to compensate the thymic failure 
during aging (Abo et al.  2000 ). Therefore, liver 
NKT cell function becomes relevant in aging for 
host defense. Zinc also improves the liver NKT 
cell (mainly bearing TCRγδ) cytotoxicity in old 
and in very old mice, suggesting that good zinc 
ion bioavailability and the function of these types 
of NKT cells are fundamental to achieve success-
ful aging (Mocchegiani et al.  2004 ).  

22.4.4     Humoral Immunity 

 With regard to humoral immunity, changes dur-
ing aging are also found with a reduction in B cell 
number. Such a reduction seems to be not affected 
by zinc defi ciency but by apoptotic mechanisms 
(King et al.  2005 ). However, increased immuno-
globulin productions (IgA and IgG subclasses) 
have been observed (Paganelli et al.  1992 ), and 
the response to vaccination with several anti-
gens is diminished due to impaired interaction 
with T helper cells (Weksler and Szabo  2000 ). 
In this context, zinc might be relevant in affect-
ing humoral immunity through its infl uence in 
cytokine production by T-cell  repertoire,  (IL-6, 
IFN-γ), suppressing the release of IL-6 (von 
Bulow et al.  2005 ) and promoting IFN-γ release 
by peripheral blood mononuclear cells (PBMCs) 
(Driessen et al.  1994 ). Although the role of zinc 
in humoral immunity is still unclear, it does 
not exclude the relevance of zinc for a correct 
infl ammatory/immune response against  external 
noxae. In  particular, the  zinc- gene (IL-6 and 
MT)  interactions are pivotal in keeping under 
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control the infl ammatory/immune response with 
subsequent longevity, indicating these genes as 
“robust” for “healthy aging” (Mocchegiani et al. 
 2006 ).   

22.5     Zinc-MT Gene Interaction 
and Infl ammatory/Immune 
Response 

 MTs are essential to intracellular zinc homeosta-
sis by sequestration and release of the metal at 
the occurrence and thereby controlling available 
free zinc ions (Palmiter  1998 ). The cysteine sul-
fur ligands in the cluster structure of MT can be 
reduced (zinc sequestration) or oxidized (zinc 
release) with thus concomitant changes in the 
relative amount of bound and free zinc (Maret 
et al.  1999 ). MTs are genetically polymorphic 
proteins with various isoforms. Humans possess 
genes for four isoforms located in the chromo-
some 16: the brain specifi c MT-3 isoform, the 
squamous epithelium-specifi c MT-4 isoform, and 
the ubiquitous MT-1 and MT-2 isoforms (West 
et al.  1990 ). 

 One of the fi rst functions of MT-1 and MT-2 
is to regulate intracellular zinc homeostasis 
and to limit oxidative damage within the cells 
(Palmiter  1998 ). Following an injurious stimulus, 
such as a transient infl ammation, the subsequent 
oxidative stress induce the release of zinc from 
MT via NO, in order to promote the activity and 
expression of antioxidant enzymes, including 
MT itself, thus reducing the oxidative damage 
and the  consequences of the injurious stimu-
lus (Spahl et al.  2003 ). However, the increased 
expression of proinfl ammatory cytokines occur-
ring in aging leads to increased expression of 
MT, which in turn sequester considerable amount 
of zinc making it less available for an effi cient 
immune response (Mocchegiani et al.  2000 ). If, 
on one side, the reduced zinc ion availability in 
old age might indicate an excessive sequestration 
of zinc ions by MT, on the other side, consider-
ation of recent fi ndings on oxidative modifi cation 
of MT leading to their loss of function suggests 
also a mechanism whereby these proteins can 
also lose their ability to buffer the intracellular 

free zinc  concentration (Barbato et al.  2007 ). In 
this case, MT would be unable either to bind or to 
consequently release zinc in response to stressors. 
However, it is still unclear if dysfunctional MT 
can be considered a typical alteration associated 
with specifi c disease/disorders or if they are a 
common feature of aging. However, in vitro data 
have shown that MT is involved in cellular senes-
cence (Malavolta et al.  2008 ) with a particular role 
in affecting the mTOR pathway (Mocchegiani 
et al.  2012a ). Anyway, taking into account that 
healthy centenarians display a low MT gene 
expression and satisfactory zinc ion availability 
despite proinfl ammatory cytokines (IL-6, TNF-
α) increases (Mocchegiani et al.  2002 ), it may be 
suggested that this feature refl ects the existence 
of compensatory phenomena able to counteract 
the effects of infl ammation in these exceptional 
individuals. Moreover, these data suggests that a 
preservation of zinc homeostasis is an important 
feature of healthy centenarians. Therefore, the 
role played by the zinc-MT gene interaction is 
pivotal to reach successful aging and, at the same 
time, to escape some age-related diseases. Such 
a relevance of MT-zinc gene interaction fi ts with 
the “Antagonistic Pleiotropy Theory of Aging,” 
in which one gene that is “favorable” in young- 
adult age may be “disadvantageous” in aging 
(Williams  1957 ). The recent discovery of novel 
polymorphisms of MT2A and MT1A supports 
this assumption. Old subjects carrying AA geno-
type for MT2A polymorphism display low zinc 
ion bioavailability, chronic infl ammation by high 
IL-6, and altered lipid assessments, with subse-
quent elevated risk for atherosclerosis and dia-
betes type II (Giacconi et al.  2005 ). By contrast, 
polymorphism corresponding to A/C (aspara-
gine/threonine) transition at +647 nt position in 
the MT1A coding region is the most involved in 
the women longevity (Cipriano et al.  2006 ). 

 Thus, these allelic variants may be very useful 
tools in order to screen old subjects at risk for 
zinc defi ciency on genetic basis, taking into 
account that the actual methodological proce-
dures to test the “zinc status” are often mislead-
ing and that laboratory investigations to assay 
zinc ion bioavailability are scarcely reproducible 
and poorly applicable to clinical practice. In this 
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context, a novel reproducible system in testing 
intracellular zinc ion bioavailability has been 
developed using zinc fl uorescent probe (Zynpir-1) 
associated with MT values, representing both 
tests valid methods to detect the intracellular zinc 
status (Malavolta et al.  2006 ).  

22.6     Zinc-IL-6 Gene Interaction 
and Infl ammatory/Immune 
Response 

 IL-6 –174G/C locus variability has been sug-
gested: (1) to be capable of modulating on 
one hand the individual susceptibility to com-
mon causes of morbidity and mortality among 
elderly and (2) to play a crucial role in lon-
gevity (Franceschi et al.  2005 ). Therefore, the 
genetic variations of this locus of IL-6 gene 
are fundamental in elderly population in order 
to better understand the intrinsic causes of the 
longevity. The association of these genetic 
variations to the possible different immune 
responses is an attractive focus in elucidat-
ing the molecular  mechanisms involved in 
immunosenescence. 

 The genetic variations of the IL-6 –174G/C 
locus have been extensively studied by different 
groups with, however, contradictory data. Bonafè 
et al. studied IL-6 promoter genetic variability at 
the –174C/G locus and its effect on IL-6 levels in 
Italian 700 people aged 60–110 years, including 
n. 323 centenarians. Individuals who are geneti-
cally predisposed to produce high levels of IL-6 
during aging, i.e., C −  men (GG genotype) at IL-6 
–174C/G locus, are disadvantaged for longevity. 
On the other hand, the capability of C +  individu-
als (CC and CG genotypes) to produce low levels 
of IL-6 throughout life-span appears to be benefi -
cial for longevity, at least in men. The women 
have, conversely, high IL-6 serum levels later in 
life with respect to men independently from 
–174C/G locus polymorphism (Bonafè et al. 
 2001 ). The inhibitory tone of estrogens on IL-6 
gene expression could explain the gender differ-
ence (Bruunsgaard et al.  1999 ), assuming that its 
long-term effects last until the extreme limits of 
human life-span. 

 The major production of IL-6 in C −  subjects 
for the whole life, including centenarians, has 
been also confi rmed by other in vivo longitu-
dinal studies (Rea et al.  2003 ). A more recent 
study in old and nonagenarian subjects has con-
fi rmed that IL-6 production is higher in C −  car-
riers, and these subjects are prone to contract 
one of the more usual age-related infl ammatory 
pathologies, such as atherosclerosis (Giacconi 
et al.  2004 ). Interestingly, in this last study 
C −  old and nonagenarian subjects display also 
impaired innate immune response (NK cell cyto-
toxicity), increased MT, zinc defi ciency, and low 
zinc ion availability in comparison to C +  carri-
ers (Giacconi et al.  2004 ). These fi ndings clearly 
suggest that the genetic variations of the IL-6 
–174G/C locus play a key role for the longevity at 
immune functional level. Moreover, they suggest 
that the determination of the genetic variations of 
the IL-6 –174G/C locus associated to a compre-
hensive evaluation of the zinc status are an useful 
strategy to identify old subjects who can benefi t 
of zinc supplementation without health risks.  

22.7     Zinc Supplementation 
in Elderly on the Basis of MT 
and IL-6 Polymorphisms 

 One possible cause of the discrepancy existing 
in literature on the effect of zinc supplemen-
tation upon the immune response (see review 
Mocchegiani et al.  2007 ) in elderly may be the 
choice of old subjects who effectively need zinc 
supplementation in strict relationships with 
dietary habits and infl ammatory status. This fact 
is supported by the discovery that old subjects 
carrying GG genotypes (named C −  carriers) in 
IL-6 –174G/C locus display increased IL-6 pro-
duction, low intracellular zinc ion availability, 
and impaired innate immune response coupled 
with enhanced MT (Mocchegiani et al.  2008b ). 
By contrast, old subjects carrying GC and CC 
genotypes (named C +  carriers) in the same IL-6 
-174 locus display satisfactory intracellular zinc 
as well as innate immune response. But, the 
more intriguing fi nding is that male carriers of 
C +  allele are more prone to reach centenarian age 
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than C- carriers. Therefore, old C- subjects are 
more prone for zinc supplementation than old C +  
carriers. Zinc supplementation in old C- subjects 
restores NK cell cytotoxicity to values present in 
old C +  carriers and considerably improves both 
zinc status, assessed by the percentage increment 
of granulocyte Zn (Mocchegiani et al.  2008b ). 
When the genetic variations for IL-6 polymor-
phism are associated with also the genetic varia-
tions of MT1A in position +647, the plasma 
zinc defi ciency and the altered immune response 
is more evident, in which innate immunity is 
strongly augmented, and the infl ammatory status 
is better keep under control after zinc supplemen-
tation (Table  22.2 ). On the other hand, in vitro 
zinc (50 μM) on PBMCs from old individuals 
strongly reduces the gene expression of IL-1 and 
its receptor is (Mazzatti et al.  2008 ). These rel-
evant fi ndings suggest that the genetic variations 
of IL-6 and MT1A are very useful tools for the 
choice of old people who effectively need zinc 
supplementation. These results open the hypoth-
esis that the daily requirement of zinc might be 
different in elderly harboring a different IL-6 and 
MT polymorphisms and, at the same time, they 
represent a valid nutrigenomic approach for zinc 
supplementation.

22.8        Conclusions 
and Perspectives 

 Zinc defi ciency in elderly, resulting mainly from 
the reduced zinc dietary intake together with 
some age-related factors (especially intestinal 
absorption and subcellular processes), could 
compromise immune functions leading to the 
appearance of some degenerative diseases. Since 
zinc defi ciency is a common event in the elderly, 
several researchers have documented the impact 
of zinc supplementation in old people in order to 
restore the zinc status and, as such, to prevent the 
disability caused by the diseases. Clinical evi-
dences have also suggested that zinc-rich foods, 
as occurring in the Mediterranean diet, may be 
useful in the prevention of zinc defi ciency in old 
people. However, controversial fi ndings exist 
on the “real” necessity of zinc supplementation 

because the major problem for zinc supplementa-
tion in old people is related to the choice of old 
subjects who effectively need zinc supplemen-
tation. The sole determination of plasma zinc 
is not suffi cient because zinc is bound to many 
proteins. The testing of intracellular zinc ion bio-
availability with Zinpyr-1 probe coupled with the 

   Table 22.2    Effect of zinc supplementation on some 
immune parameters in elderly according to MT and IL-6 
polymorphisms   

 Parameter  Effects 

 Thymic output  T-cell receptor excision 
circles (TRECs) 

 ↓↑ 

 Immune cells 
senescence and 
apoptosis 

 Telomere length  −↑ 
 Early spontaneous 
apoptosis 

 ↓ 

 Late Apoptosis  ↓ 
 Oxidative stress-induced 
apoptosis 

 ↓ 

 Mitochondrial 
membrane 
depolarization during 
spontaneous and 
dRib-induced apoptosis 

 ↓ 

 Cell Cycle  – 
 Plasma cytokines 
and chemokines 

 IL-6, IL-8, MIP-1α  −↑ 
 MCP-1, RANTES  – 

 Immune functions  NK lytic activity  ↑↑ 
 Basal IFN-γ, IL-8, IL- 
1ra, and IL-6 production 

 ↓ 

 Basal IL-10 and TNFα 
production 

 ↓ 

 Stimulated IFN-γ, IL-6, 
TNF-α, IL- 1ra, and 
IL-10 production 

 ↑ 

 Jak/Stat signalling 
and 
immunomodulation 

 IL-2 and IL-6 STAT3 
and STAT5 activation 

 – 

 Activation-induced cell 
death (AICD) 

 ↑ 

 Cytokines and 
metabolic gene 
expression response to 
zinc 

 ↑↓ 

 T cells subsets  Activated T cells 
(CD3+CD25+) 

 ↓ 

 CD4:CD8  – 
 Frequencies of 
CMV-specifi c cells 

 – 

  Data obtained by Zincage project: Mocchegiani et al. 
( 2008a ,  b ,  2012b ) 
 Legend: ↑↑ strongly increased, ↑ increased, – not  modifi ed, 
−↑ slightly increased, ↓↑ intervariability, ↓ decreased  
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polymorphisms of IL-6 and MT can be the added 
values to screen effective old subjects for zinc 
supplementation. Such a nutrigenomic approach 
is a valid tool in order to avoid zinc toxic on 
the immune response and, at the same time, in 
restoring the immune effi ciency in elderly by 
preventing the appearance of some degenerative 
age-related diseases, such as cancer and infec-
tion. As a consequence, the healthy aging and 
longevity can be achieved. Because of the low 
cost of zinc supplementation, a higher consider-
ation by the international health organizations is 
therefore required with specifi c zinc fortifi cation 
programs in all countries.     
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23.1            Introduction 

 Reactive oxygen, chlorine, and nitrogen species 
are generated under physiological conditions 
by different cellular organelles and molecular 
pathways. In most cells, reactive species are the 
by- product of oxidative phosphorylation, the 
mitochondrial molecular chain which synthe-
sizes adenosine triphosphate (ATP); as such they 
are readily inactivated in order to prevent cellular 
oxidative damage. Reactive species are also pro-
duced in immune cells by other molecular path-
ways as an important innate immune mechanism 
against invading pathogens. Indeed, “damping” 
phagosome-bound pathogens with reactive spe-
cies is the most effective and successful way to 
readily neutralize the pathogen. In this chapter, 
we will review the different molecular pathways 
involved in the production of reactive species and 
how reactive species play a role in innate and 
adaptive immune responses. Excessive or chronic 
production of reactive species, as observed in 
chronic infl ammatory and degenerative condi-
tions however, has a negative effect on immune 
cell function. Herein, we will also review the 
effects of chronic oxidative stress on dendritic 
cells, macrophages, granulocytes and T cells, 
redox homeostasis, and immune cell function.  

23.2     Mitochondrial Respiratory 
Chain 

 The main function of mitochondria is to convert 
the energy found in nutrient molecules and to 
store it in the form of ATP in a process known as 
oxidative phosphorylation. The energy required 
to phosphorylate ADP into ATP, by the ATP syn-
thase, is provided by the transfer of electrons 
through the mitochondria respiratory chain which 
is coupled with the pumping of protons from the 
matrix to the inner mitochondrial membrane 
(Mitchell  1961 ) (Fig.  23.1 ). Five protein com-
plexes (I–V) form the respiratory chain. However, 
two complexes (complex I and III) constitute the 
site where electron transfer is associated with 
proton translocation across the mitochondrial 
membrane (Chance  1961 ). Complex I (nicotin-
amide adenine dinucleotide (NADH)-ubiquinone 
oxidoreductase) and complex III (ubiquinol-
cytochrome c oxidoreductase) are the ones that 
generate the proton gradient required to produce 
the energy to synthesize ATP (Chance et al. 
 1979 ). As by- products of oxidative phosphoryla-
tion, the process of proton translocation gener-
ates reactive oxygen species (ROS) on both sides 
of the mitochondrial membrane. A minor source 
of ROS is also generated by reactions which are 
part of the Krebs cycle (Starkov et al.  2004 ).

   Under physiological conditions cells are 
equipped with a variety of enzymes to quickly dis-
pose of ROS including superoxide dismutase, glu-
tathione (GSH) peroxidase, and catalase as well as 
some antioxidant molecules like glutathione and 

        A.M.   Urbanska ,  PhD   •     V.   Zolla ,  PhD    
   P.   Verzani   •     L.   Santambrogio ,  MD, PhD    (*) 
   Department of Pathology ,  Albert Einstein College 
of Medicine ,   New York ,  NY   10461 ,  USA   
 e-mail: laura.santambrogio@einstein.yu.edu  

  23      Physiological and Pathological 
Role of Reactive Oxygen Species 
in the Immune Cells 

           Aleksandra M.     Urbanska     ,     Valerio     Zolla     ,     
Paolo     Verzani    , and     Laura     Santambrogio     



310

vitamin E (Bai and Cederbaum  2001 ). However, 
in pathological conditions and in aging, due to an 
increased ROS production or decreased activity/
synthesis of scavenging enzymes, cells are often 
unable to deal with the large amount of ROS pro-
duced. This will generate a biochemical imbal-
ance, often referred to as “oxidative stress” where 
ROS molecules will quickly react with any neigh-
boring biomolecules and oxidize them. 

 Mitochondria are the fi rst target of oxidative 
damage cause by ROS as evidenced by extensive 

lipid peroxidation, protein oxidation, and mito-
chondrial DNA mutations (Anders et al.  2006 ; 
Lenaz  1998 ). Extramitochondrial ROS, on the 
other hand, will oxidize nuclear DNA, as well as 
cytosolic and organelle proteins, lipids, and car-
bohydrates (Turrens  2003 ; Pickrell et al.  2009 ). 
Aging-related oxidative stress and functional 
impairment of mitochondria have been linked to 
several chronic infl ammatory and degenerative 
diseases as well as cancer (Pawelec et al.  2010 ; 
Muster et al.  2010 ).  
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  Fig. 23.1    Mitochondrial production of reactive species. 
The electron transport chain and oxidative phosphoryla-
tion are coupled by a proton gradient across the inner 
mitochondrial membrane. Electrons (e − ) from NADH and 
FADH 2  previously generated by glycolysis and citric acid 
cycle are transported through the fi ve complexes (I–V) of 
the mitochondrial electron transport chain (MITO-ETC) 
to generate electrochemical gradient (proton gradient). 
Q – coenzyme Q (CoQ, Q or ubiquinone); C – cytochrome 
c; complexes I (NADH dehydrogenase), II ( succinate-
CoQ reductase), III (CoQ-cyt c Reductase), IV 
(Cytochrome Oxidase), V (ATP synthase). The oxygen 
from a molecule of water receives the electron forming an 
O 2  –  superoxide anion and an H + , which accumulate in the 
intermembrane space. Translocation of H +  across the 
membrane through the ATP synthase provides the energy 

to convert ADP and a molecule of inorganic phosphate Pi 
into ATP. L-arginine and a molecule of oxygen generates 
nitric oxide radical catalyzed by the enzyme nitric oxide 
synthase NOS. Additionally, peroxynitrite (ONOO − ) for-
mation in mitochondria is due to the constant supply of 
superoxide radical O 2  −•  by the electron transport chain 
plus the facile diffusion of nitric oxide (NO • ) to this organ-
elle. To dispose free radicals a molecule of O 2  −  is con-
verted by the superoxide dismutases (SOD) into oxygen 
and hydrogen peroxide. Catalase catalyzes the decompo-
sition of hydrogen peroxide to water and oxygen. The glu-
tathione peroxidase (GPx) reduces hydrogen peroxide to 
water, where GSH represents reduced monomeric gluta-
thione and GS–SG represents glutathione disulfi de. 
Glutathione reductase (GSR) then reduces the oxidized 
glutathione to complete the cycle       
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23.3     Oxidative Burst 

 The importance of ROS and reactive nitrogen spe-
cies (RNS) in innate immunity was fi rst recognized 
in professional phagocytes undergoing a “respira-
tory burst” upon activation (Rada and Leto  2008 ; 
Netzer et al.  2009 ). This robust ROS and RNS pro-
duction, in particular O 2  •−  and H 2 O 2 , is generated 
by a membrane-bound, superoxide- generating 
enzyme, the phagocytic nicotinamide adenine 
dinucleotide phosphate-oxidase (NADPH). The 

NADPH oxidase enzyme was discovered in 1957 
when it was recognized that patients with chronic 
granulomatous disease (CGD) failed to generate 
products of the respiratory burst (Holmes et al. 
 1967 ). NADPH oxidase contains six cytochrome 
subunit homologs: NOX1, NOX3, NOX4, NOX5, 
DUOX1, and DUOX2 (Guzik and Griendling 
 2009 ; Katsuyama et al.  2012 ) (Fig.  23.2 ). The 
superoxide anions (O 2  – ), formed by NADPH oxi-
dase, are reduced to a more stable molecule of 
hydrogen peroxide (H 2 O 2 ) and unstable radicals 
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  Fig. 23.2    Activation of the NADPH oxidative burst. 
NADPH oxidase generate free radicals (O 2  −• ) by trans-
ferring electrons from NADPH to molecular oxygen. 
This oxidase is controlled by hormones, growth fac-
tors, and other ligands which bind to receptors in the 
plasma membrane. NADPH oxidase consists of fi ve 
subunits: gp91phox (glycoprotein- 91 kDa-phagocytic-
oxidase-NOX1), p22phox, p47phox-NOX4, p67phox, 
and p40phox and the GTPase, fl avocytochrome b588 

(Cyt b558), and Rac. MPO is a peroxidase enzyme 
which produces hypochlorous acid (HOCl) from H 2 O 2 . 
Catalase catalyzes the decomposition of hydrogen per-
oxide to water and oxygen. To dispose free radicals a 
molecule of O 2  −  is converted by the superoxide dis-
mutases (SOD) into oxygen and hydrogen peroxide. 
GSR reduces glutathione disulfi de (GSSG) in presence 
of NADPH and H+ to the sulfhydryl form GSH and 
NADP +        
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of oxygen (O − ) and hydroxyl (OH • ) (Bedard and 
Krause  2007 ). While not a free radical, hydrogen 
peroxide is also an oxidant capable of initiating 
lipid peroxidation chain reaction (Janero et al. 
 1991 ). In the cytosol hydrogen peroxide can be 
reconverted into hydroxyl radical (OH − ), one of 
the most reactive ROS, through the Fenton reac-
tion (Korantzopoulos et al.  2007 ) in the presence 
of a catalyst such as transitional metals (manga-
nese, copper, and iron) (Fisher  2009 ).

   The NADPH oxidase enzyme complex serves 
many cellular functions requiring ROS genera-
tion, including oxygen sensing (Leto et al.  2009 ) 
redox-based cellular signaling (Fisher  2009 ) and 
biosynthetic processes (Hazen et al.  1996 ). 
However, in professional phagocytes the most 
important NADPH-dependent function is gener-
ation of ROS and RNS as a defense mechanism 
towards pathogen invasion (Winterbourn et al. 
 2000 ). ROS and RNS induce oxidative inactiva-
tion of microbial enzymes, constitutive proteins, 
and nucleic acids. In cells of the myelomonocytic 
lineage (including monocytes and polymorpho-
nuclear leukocytes (PMN)), two additional 
enzymes can generate reactive species, namely, 
the myeloperoxidase (MPO) and bromoperoxi-
dase (Bouayed and Bohn  2010 ). H 2 O 2  produced 
by infl ammatory cells oxidizes myeloperoxidase 
to a higher oxidation state with a redox potential 
in excess of 1 V. This higher oxidation state (a 
ferryl-oxo complex) oxidizes Cl –  to HOCl, which 
is capable of oxidizing or chlorinating pathogen- 
derived macromolecules (Winterbourn et al. 
 2000 ). HOCl also reacts with amines to form 
chloramines or with Cl –  to form Cl 2  gas; the latter 
chlorinates the nucleic acid or protein of invading 
pathogens (Hazen et al.  1996 ).  

23.4     The Effect of Environment 
and Pollution on Cellular 
ROS Production 

 The link between production of reactive oxygen 
and nitrogen species and environmental factors 
such as chemicals, ultraviolet (UV) radiation, 
tobacco, alcohol, toxins, and pollutants has been 
established by many (Bouayed and Bohn  2010 ; 

Bargagli  2000 ). Exposure to heavy metals, such 
as cadmium, cobalt, and lead as well as synthetic 
polymers like polyester terephthalate (Tang et al. 
 1993 ) and polystyrene (Liu et al.  2011 ) has also 
been shown to increase ROS production 
(El-Sonbaty and El-Hadedy  2012 ). This hetero-
geneous category of molecules and compounds 
increases reactive species production by interfer-
ing either with the mitochondrial respiratory 
chain, the membrane NADPH, or the metal cata-
lyzed Fenton reaction (Poli et al.  2004 ).  

23.5     Dendritic Cells 

 Dendritic cells (DCs) are sparsely but widely 
distributed migratory cells of bone marrow ori-
gin (Steinman  1991 ). They provide a critical link 
between the innate and adaptive immune response 
and they are specialized in the uptake, processing, 
and presentation of pathogen-derived antigens to 
T cells. They are the only antigen- presenting cell 
(APC) that can activate naive T cells (Banchereau 
and Steinman  1998 ). DCs can sense pathogen-
derived products (pathogen- associated molecular 
patterns or PAMPs) through pattern recognition 
receptors (PRRs) such as Toll-like receptors 
(TLRs), present at their plasma membrane and 
in endosomal compartments (Mogensen  2009 ), 
as well as through several cytosolic sensors of 
the infl ammasome family (Krishnaswamy et al. 
 2013 ). 

 Observations that ROS play an important role 
in innate and adaptive immune responses were 
fi rst made in the 1970s when it was demonstrated 
that insulin along with insulin-like growth factor-
 II (IGF-II) receptors (Kadota et al.  1987 ) and 
insulin-like growth factor-binding protein-6 
(IGFBP-6) (Xie et al.  2005 ) stimulated cellular 
H 2 O 2  production (Czech et al.  1974 ). In a study 
by Rutault and co-workers, exposure of DCs to 
H 2 O 2  was found to increase surface expression of 
human leukocyte antigen (HLA) class I and II 
(DQ and DR), as well as the co-stimulatory mol-
ecules CD40 and CD86 (Rutault et al.  1999 ). At 
the same time, H 2 O 2  downregulated molecules 
involved in antigen capture such as CD32. The 
experiments also determined that H 2 O 2 -treated 
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DCs had an enhanced ability to promote T cell 
proliferation as compared with untreated cells. 
This study was among the fi rst to demonstrate 
that oxygen species are a “danger” signal pro-
duced by the infl ammatory microenvironment, 
leading to DCs activation and increased immune 
responses. Several additional studies confi rmed 
the role played by ROS in activating human and 
rodent DCs during infl ammation (Sheng et al. 
 2010 ; Zhong et al.  2013 ). Using UV-mediated 
ROS production, a strong upregulation of CD1a, 
HLA-DR, B7-1, and B7-2 on Langerhans cells 
has also been reported (Laihia and Jansen  1997 ). 

 Accumulating evidence indicates that the abil-
ity of ROS to stimulate DCs is in part due to their 
targeting of signaling molecules and transcrip-
tion factors (Bianco et al.  2002 ). Major targets of 

ROS include protein tyrosine phosphatases 
(PTP), protein tyrosine kinases (PTK), mitogen- 
activated protein (MAP) kinases, ion channels, 
and phospholipases (Droge  2002 ). The prototype 
of a redox-sensitive transcription factor is nuclear 
factor κB (NFκB) which is sequestered in the 
cytoplasm in a complex with its inhibitor IκB. 
ROS promote IκB degradation, initiating NFκB 
nuclear translocation (Mishra et al.  2008 ). Other 
redox-sensitive transcription factors include 
AP-1, c-Jun, and c-Fos. 

 An additional major pathway which generates 
infl ammation in response to ROS occurs through 
the NALP3 infl ammasome activation (Fig.  23.3 ). 
Infl ammasomes are NOD-like receptor (NLR) 
and caspase-1-recruting cytoplasmic multipro-
tein complexes formed by a NALP protein, the 
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  Fig. 23.3    Damage-associated molecular patterns (DAMPs). 
The arrays of molecular DAMPs recognized by endosomal 
and plasma membrane TLRs are reported for each receptor. 
Recognition of each ligand triggers a multitude of signaling 
cascades, mostly, NFκB and AP-1 mediated, leading to the 
secretion of pro-infl ammatory cytokines including IL-1 β, 
IL-6, IL-8, and TNFα. Additional DAMPs (iEDAP – g-D-

glutamyl-meso-diaminopimelic acid and MDP – muramyl 
dipeptide) trigger the Nalp3 infl ammasome complex (ASC 
and procaspase-1) via the NOD1 and NOD2, respectively. 
Reactive oxygen species, uric acid crystals, and protein 
aggregates induce infl ammasome via NADPH activation or 
thioredoxin reductases (TRX). IL-1 and IL-18 are released 
following Nalp3 infl ammasome activation       
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adapter protein apoptosis-associated speck-like 
protein containing a CARD (ASC), which con-
tains a caspase recruitment domain (CARD) and 
procaspase-1. Upon assembly they process and 
activate the pro-infl ammatory cytokines inter-
leukin (IL)-1β and IL-18 (Zhou et al.  2010 ). The 
NALP3 infl ammasome complex is activated by 
a plethora of PAMPs, as well as danger-associ-
ated molecular patterns (DAMP). The NACHT, 
LRR, and PYD domains-containing protein 3 
(NALP3) infl ammasome can be activated by ele-
vated concentrations of ROS (Chen and Nunez 
 2010 ) through activation of plasma membrane- 
associated nicotinamide adenine dinucleotide 
phosphate-oxidase (NADPH) and cytosolic 
thioredoxin peroxidase (TXP) and elevated con-
centrations of uric acid and oxidized protein 
aggregates.

   The connection between antigen phagocyto-
sis, phagosome formation, antigen processing, 
and ROS production has been explored by sev-
eral laboratories (Kotsias et al.  2013 ). Phagosomal 
NADPH oxidase (NOX2) was originally shown 
to be recruited to the DC phagosomes to induce 
ROS-mediated alkalinization and to decrease 
antigen processing, favoring cross-presentation. 
It was later reported that in macrophages, NOX2 
mediates the inhibition of phagosomal proteoly-
sis through a pH-independent mechanism, by 
reversible oxidative inactivation of local cysteine 

cathepsins (Rybicka et al.  2010 ) (Fig.  23.4 ). On 
the other hand, increased proteolytic activity has 
been reported in M2 skewed MΦ through inhibi-
tion of endosomal/lysosomal NOX2 which 
increases cathepsin activity (Balce et al.  2011 ).

   Taken together these reports solidifi ed the 
notion that ROS production by DCs is an 
 important signaling mechanism that forms part of 
a rapid induction of innate immune responses. At 
the same time, however, other reports indicated 
that a sustained and prolonged ROS production 
could compromise innate immune responses 
(Chan et al.  2006 ). Indeed, chronic ROS produc-
tion in DCs has been shown to negatively regu-
late NF-κB phosphorylation in response to 
lipopolysaccharide (LPS) and zymosan, although 
it did not compromise activation of p38 MAPK 
by LPS (Brown and Goldstein  1983 ). An addi-
tional anti-infl ammatory effect by ROS produc-
tion in DCs was recently reported by Jendrysik 
et al. ( 2011 ) who found that NOX2-dependent 
ROS production in DCs negatively regulated pro-
infl ammatory IL-12 expression by inhibiting 
p38-MAPK activity. It has also been proposed 
that perturbation of DCs function by oxidative 
stress induces the activation of the Nrf2-mediated 
pathway, which exerts negative regulatory effects 
on NFκB signaling, the major pathway involved 
in IL-12 production, co-stimulatory receptor 
expression, and DCs maturation. The induction 
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  Fig. 23.4    The role of the 
NADPH oxidase in antigen 
processing. The phagosomal 
NADPH oxidase (NOX2) 
mediates the sustained 
production of low levels of 
reactive oxygen species. 
Low ROS levels induce 
reversible oxidative 
inactivation of local 
cysteine cathepsins and 
decreased ability to reduce 
disulfi des. As a result, the 
proteolysis, cathepsins 
activity, and redox potential 
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of the Nrf2 pathway, in ROS-stimulated DCs, has 
also been linked to the induction of a Th1 toTh2 
skewing and overall inhibition of Th1 immunity 
(Kidd  2003 ). 

 Altogether, it appears that a dichotomy 
between the benefi cial and detrimental effects of 
ROS has been observed according to the length 
of DCs exposure to the reactive species. Indeed, 
in chronic infl ammation, following infection or 
degenerative conditions, the sustained ROS pro-
duction appears to be detrimental to DCs func-
tions leading to progressive decline of their 
biological activities and irreversible damage.  

23.6     Macrophages 

 Macrophages are important effectors of innate 
immune responses and their primary function is 
to phagocytose pathogens for degradation and 
initiate innate immune responses (VanderVen 
et al.  2010 ). Macrophages like DCs express the 

phagocyte NADPH oxidase, a member of NOX 
family, which generates reactive species to kill 
microbes. 

 As reported for other immune cells, prolonged 
macrophage ROS production, as observed in 
chronic infl ammatory diseases, can be damaging 
to the macrophages as well as the surrounding 
tissue. Indeed, macrophage production of reac-
tive carbonyls alters the extracellular matrix 
(ECM) network and induces tissue damage and 
cellular apoptosis (Cathcart  2004 ). Carbonyl 
modifi cations of collagens also cause increased 
macrophage adhesion and activation through 
receptors that are involved in phagocytosis 
(Fig.  23.5 ) including opsonic phagocytosis, 
mediated by the Fc receptor family (FcγRI, 
FcγRIIA, and FcγRIIA), complement receptors 
(CR1, CR3, and CR4), and α5β1 integrin and 
non-opsonic phagocytosis mediated by Dectin 1, 
macrophage receptor MARCO, scavenger recep-
tor A, and αVβ5 integrin (Underhill and 
Goodridge  2012 ).
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scavenger receptors bind 
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oxidized aggregated LDLs 
are generated by ROS and 
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The oxidized aggregated 
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   TLRs are a recognition system for PAMPS. 
However, several oxidatively damaged biomole-
cules activate the TLR system such as DAMPS 
including heat shock protein (HSP)60, 70, 72, 22, 
Gp96, high mobility group box 1 (HMGB1), 
HMGB1-nucleosome complexes, β-defensin 3, 
D, eosinophil-derived neurotoxin, antiphospho-
lipid antibodies, serum amyloid A, cardiac myo-
sin, pancreatic adenocarcinoma upregulated 
factor (PAUF), carboxyethylpyrrole (CEP), 
monosodium urate crystals, biglycan, versican, 
hyaluronic acid fragments, surfactant proteins A 
and D, β-defensin 2, S100A8, S100A9, neutro-
phil elastase, antiphospholipid antibodies, lacto-
ferrin, oxidized low-density lipoprotein (LDL), 
saturated fatty acids, resistin, fi bronectin EDA, 
fi brinogen, and tenascin-C heparin sulfate 
fragments. 

 Additionally, macrophage scavenger receptors 
(SR), categorized into class A (SR-A1- SR-A5), 
class B (SR-B1-SR-B3), and class C (CD68, 
mucin, and lectin-like oxidized LDL receptor-1), 
normally function in the recognition and internal-
ization of pathogens and apoptotic cells 
(Matsumoto et al.  1990 ) (Fig.  23.5 ). However, 
scavenger receptors also recognize altered 
molecular patterns present on oxidized low-den-
sity lipoprotein. For instance, SCARA1 or MSR1 
multifunctional, multiligand pattern recognition 
receptors can bind an extraordinarily wide range 
of ligands, including bacterial pathogens (Dunne 
et al.  1994 ); however, it is also implicated in the 
pathological deposition of cholesterol during ath-
erogenesis as a result of receptor- mediated uptake 
of oxidatively modifi ed low-density lipoproteins 
(mLDL) (Krieger and Herz  1994 ; Brown and 
Goldstein  1983 ). 

 As a result of the action of ROS and different 
enzymes including sphingomyelinase (SMase), 
secretory phospholipase 2 (sPLA2), lipases, and 
MPO, the highly oxidized aggregated LDL is 
formed in different cells. The oxidized aggre-
gated LDL is recognized by macrophage scaven-
ger receptors such as SR-A, CD36, and CD68 
(Brown and Goldstein  1983 ). 

 A representative receptor of class B, the 
plasma membrane glycoprotein receptor CD163, 
is a cysteine-rich receptor highly expressed on 
resident tissue of macrophages which acts as an 

innate immune sensor and inducer of local 
infl ammation (Fabriek et al.  2009 ). The CD68 
scavenger receptor, whose expression is restricted 
to mononuclear phagocytes, is a unique SR mem-
ber, owing to its lysosome-associated membrane 
protein (LAMP)-like domain and predominant 
endosomal distribution (Song et al.  2011 ). Its 
function was reported to either negatively regu-
late antigen uptake, loading, or major histocom-
patibility complex class II (MHC-II) traffi cking. 
Class C receptors recognize lipoprotein (LDL) 
(acLDL, acetylated LDL; and oxLDL, oxidized 
LDL), while CD68 recognizes primarily oxLDL. 

 At a more direct level, both oxidative and 
carbonyl stress inhibit activity of the transcrip-
tional corepressor HDAC-2 (histone deacety-
lase 2), which under normoxic conditions helps 
to suppress pro-infl ammatory gene expression 
(Kirkham  2007 ). Consequently, macrophages 
activated under conditions of oxidative or car-
bonyl stress can lead to a more enhanced infl am-
matory response via increased production of 
tumor necrosis factor alpha (TNF-α) and IL-8. 
Coupled with an impairment of the phagocytic 
response, this can lead to ineffective clearance 
of apoptotic cells and secondary necrosis, with 
the result being failure to resolve the infl amma-
tory response and the establishment of a chronic 
infl ammatory state (Song et al.  2011 ). 

 In conclusion, macrophages are phagocytic 
cells that produce and release ROS in response to 
phagocytosis or stimulation with various agents. 
The enzyme responsible for the production of 
superoxide and hydrogen peroxide is a multi-
component NADPH oxidase that requires assem-
bly at the plasma membrane to function as an 
oxidase. In addition to participating in bacterial 
killing, ROS have been implicated in infl amma-
tion, in tissue injury, and in modulating cellular 
function.  

23.7     Granulocytes 

 Granulocytes, discovered by Paul Ehrlich in 
1879, are leukocyte subpopulations character-
ized by the presence of “granules,” which store 
enzymes and other molecules important in anti-
microbial functions and as mediators of infl am-
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matory responses. Granulocytes are divided in 
 subpopulations which include neutrophils, eosin-
ophils, and basophils. Neutrophils, also known as 
PMN, are the most abundant type of granulocytes. 

 Neutrophils along with macrophages and den-
dritic cells play a key role in host defenses against 
invading microorganisms and have a crucial role 
in infl ammatory processes. Neutrophils infi ltrate 
infl amed tissues, degranulate their secretory 
vesicles, and release large amounts of bioactive 
compounds. As early as within the fi rst minutes 
of stimulation, neutrophilic NADPH oxidase is 
activated, and cells release large quantities of 
superoxide anion (O 2  − ) as part of the so-called 
respiratory burst (Ciz et al.  2012 ). Together with 
NADPH oxidase activation, several oxygen- 
independent events take place, such as the release 
of proteolytic enzymes, defensins, myeloperoxi-
dase, and bactericidal peptides from stored intra-
cellular granules. Neutrophils (PMNs) can exist 
in three different states, namely, resting, primed, 
and activated (Dang et al.  1999 ). The priming pro-
cess has been demonstrated in vitro by pretreat-
ing PMNs with a sub-stimulatory concentration 
of pharmacological agents, which subsequently 
enhances the PMN response to a second stim-
ulus. Studies show that pro- infl ammatory 
cytokines such as granulocyte- macrophage 
colony-stimulating factor (GM-CSF), TNF-α, 
IL-1b, interferon-γ  (IFN-g), and IL-8 modulate 
NADPH oxidase activity through a “priming” 
phenomenon (Gougerot- Pocidalo et al.  2002 ). 
Others reported “priming” by inducing a very 
weak oxidative response by neutrophils while 
strongly enhancing neutrophil release of ROS on 
exposure to a secondary applied stimulus such as 
bacterial N-formyl peptides (Elbim et al.  1994 ). 

 Altogether, the neutrophil oxidative burst is 
pivotal to pathogen defenses; however, in several 
chronic infl ammatory conditions, it can contrib-
ute to tissue oxidative damage. Oxidative burst in 
rheumatoid arthritis (RA) joints is a result of the 
activation of innate immune system cells 
(Newkirk et al.  2003 ). Activated phagocytic cells 
such as neutrophils and macrophages produce 
free radicals in the joint area. Activated phago-
cytes produce reactive oxidants through the 
NADPH oxidase and the nitric oxide synthase 
(NOS). Mechanisms of free radical production 

differs between these cell groups. While 
 macrophages are stimulated by the NADPH oxi-
dase system to produce free radicals, the pres-
ence of NOS accompanied by the NADPH 
oxidase is necessary for neutrophils to secrete 
free radicals. RA neutrophils also generate 
enhanced amount of ONOO −  by NOS (El Benna 
et al.  2002 ). A similar chronic activation of 
NADPH oxidase which has been linked to tissue 
oxidative stress has been shown in diabetes 
(Omori et al.  2008 ). It was suggested that hyper-
glycemia and increased advanced glycation end 
products prime neutrophils and increase oxida-
tive stress inducing the translocation of p47phox 
to the cell membrane and preassembly with 
p22phox by stimulating a RAGE-ERK1/2 path-
way (Erlemann et al.  2004 ). 

 Eosinophils, another subpopulation of gran-
ulocytes, are under homeostatic conditions, 
mostly found within the mucosal immune sys-
tem (Straumann and Safroneeva  2012 ). They 
are released from hematopoietic stem cells 
(HSCs) into the peripheral blood in a pheno-
typically mature state, where they spend a short 
amount of time before being recruited to muco-
sal tissue in the lungs, gastrointestinal tract, and 
urogenital tract (Blanchard and Rothenberg 
 2009 ). Under infl ammatory conditions, for 
instance, in chronic asthma or pulmonary eosin-
ophilia, the production of type 2-associated 
cytokines and chemokines, particularly IL-4, 
IL-5, IL-13, and eotaxin-1, is increased. 
Eotaxin, a chemokine that selectively recruits 
eosinophils by inducing their chemotaxis, was 
found to prime the production of ROS and play 
a role in inducing chronic oxidative stress 
(Honda and Chihara  1999 ). 

 While initially similar responses of neutro-
phils and eosinophils to oxidative burst were 
reported (Petreccia et al.  1987 ) by Petreccia et al, 
a few distinctive features were found indicating 
substantial differences in the oxidative burst of 
eosinophils with respect to activation, function, 
and regulation (Shult et al.  1985 ). For example, 
eotaxin specifi cally induces signifi cantly higher 
amounts of ROS in eosinophils and induces 
expression of the well-known eosinophil activa-
tor C5a. Eotaxin is also a GM-CSF (Peled et al. 
 1998 ). 
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 The synthesis of a potent eosinophil chemoat-
tractant 5-oxo-6,8,11,14-eicosatetraenoic acid 
(5-oxo-ETE) can be enhanced by exposure to 
H 2 O 2  which induces dramatic increases in the 
levels of both GSSG and NADP +  (Grant et al. 
 2011 ). Its effect on neutrophils, basophils, and 
monocytes is similar, promoting their infi ltration 
into infl ammatory sites (Erlemann et al.  2004 ). In 
addition, 5-oxo-ETE was able to induce infi ltra-
tion of eosinophils into the skin after intradermal 
injection in humans (Grant et al.  2009 ) and to 
promote the survival of tumor cells by blocking 
the induction of apoptosis by 5-LO (Sundaram 
and Ghosh  2006 ). Because of 5-oxo-ETE che-
moattractant effects on neutrophils and mono-
cytes, this knowledge could be applied in the 
future in treatment of atherosclerosis, asthma, 
ischemia-reperfusion injury, as well as a variety 
of other infl ammatory diseases.  

    Conclusions 

 During physiological conditions, a homeo-
static balance between biosynthesis and dis-
posal of oxygen, nitrogen, and chlorine 
species by immune cells is maintained. As 
such immune cells can take advantage of the 
powerful activity of ROS and RSN to kill 
invading pathogens or to control endosomal 
antigen processing and quickly dispose them 
to minimize unwanted oxidative reaction. 
However, this balance is lost in conditions 
associated with prolonged cellular stress, 
including chronic, septic, or aseptic, infl am-
mation and degenerative conditions (Sies and 
Cadenas  1985 ); under these circumstances, 
the increased production/half-life of ROS and 
RSN will induce oxidative damage to cellular 
structure and contribute to decreased func-
tionality or even cellular apoptosis (Fariss 
et al.  2005 ; Le et al.  2007 ). 

 Thus, reactive species can have benefi cial 
effects on immune cells as well as damaging 
ones according to the experimental system 
analyzed. This can explain contradictory fi nd-
ings in the same cells analyzed under different 
experimental conditions or when experiments 
are performed in young or senescent cells 
or cells under different stressors. It can also 

explain why antioxidant therapy can be benefi -
cial or detrimental under different experimen-
tal settings. Altogether, the extensive literature 
on reactive species in immune cells indicates 
that a more balanced approach is required 
towards the interpretation of the effects of 
reactive species on immune functions. 

 In conclusion, during the last decade sev-
eral important fi ndings and detailed molecular 
analysis have been reported on how reactive 
species are formed and their interaction with 
different cellular pathways. An integrative 
view on how the cellular redox system behaves 
under physiological and pathological condi-
tions and how the same molecular players can 
have sometimes even opposite function under 
different stressors is coming to light.     
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24.1            Introduction and History 

 Biologists have conducted numerous empirical 
studies on the phenomenon of cell aging, from 
cells of rats to that of human beings, from fi bro-
blasts to epithelial cells, and have concluded 
that in the end most cells undergo the process 
of aging. This is probably due to the insuffi -
ciency of physiological or cellular growth con-
ditions and stress. Aging acts to inhibit growth 
and proliferation and promotes differentiation. 
Cells lose their potential to response to mitogens 
when they get old. Changes in the chromatin and 
gene expression of aging cells transform them 
to wide, chubby nonfunctional ones. As cell-to-
cell communication diminishes, their adhesion 
to extracellular matrix increases. Such cells have 
lost their ability to divide and can live but a few 
months. Such observations show that cellular 
aging is a preprogrammed phenomenon which 
takes place in certain physiological conditions 
along with stress and results in cessation of cel-
lular proliferation. In other words, aging eventu-
ally equals programmed cell death or apoptosis, 
a phenomenon well studied and reviewed, with 

its factors already recognized; nevertheless, 
its physiological role in elderly prompts more 
studies. 

 In 1961, Leonard Hayfl ick described the  aging 
phenomenon in this way: Aging is an inner pro-
grammed mechanism that limits cellular prolif-
eration. This phenomenon is more apparent in 
fi broblast cell cultures where growth and prolif-
eration of cells stop after several cycles. In 1998, 
Bodnar and his colleagues realized that the short-
ening of telomeres plays an important role in cell 
aging. Recent studies show an essential role for 
stress in cell deterioration. Oncoproteins such as 
Ras and its family can overactivate cells which 
will in turn lead to their inactivity and can accel-
erate aging. Consequently, aging takes place in 
two ways:
•    Aging due to proliferation of cells as a result 

of intracellular physiological factors  
•   Premature aging and death of immature non-

proliferative cells due to oxidative stress or 
other external factors    
 Despite the importance of this categorization, 

both follow the same path to ultimately result in 
cell death. Cells age when they are highly dam-
aged either from external or internal factors, 
although in most cases both factors act synergis-
tically to expedite the process by reducing the 
length of telomeres more quickly and DNA dam-
age that causes the involvement of different cell 
levels to ensue premature aging. Toxins and 
waste products build up within cells due to differ-
ent types of stress, including oxidative stress and 
carcinogens. 
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 The intricate mechanism and the relationship 
between each factor prompt further discussion 
that we will get back to later. 

 In the eighteenth century, Lamark divided the 
causes of death into two different major catego-
ries: natural death due to aging and dying because 
of sickness or accident. Lamark related aging to 
internal bodily activities. About a century later, a 
deeper understanding of this process was 
described by Weisman: Normal cell activity dete-
riorates gradually, either directly or indirectly 
(increased vulnerability to accidental death). 
Weisman believed somatic cells to be disposable 
materials for gametes. Studies on this ground 
have yielded different hypotheses. This variety 
has resulted in viewing aging from different per-
spectives such as in a population or an organism 
(either multicellular or unicellular) with different 
parameters that change by aging. 

 Nowadays, we believe senescence to consist 
of continuous and consecutive changes that take 
place in a lifetime. Free radicals including reac-
tive oxygen species (ROS) and nitrogen reactive 
species (NRS) play a major role in destruction of 
cells, fi bers, and different tissues and organs via 
oxidation of macromolecules such as proteins, 
DNA, and lipids. 

 In age-related diseases such as Alzheimer’s 
and Parkinson’s, there is a direct relationship 
between aging and increased levels of free radi-
cals among patients. Brain is a vulnerable organ 
to oxidation. That is due to its high levels of oxy-
gen consumption, unsaturated fatty acids (that can 
get oxidized), nonreduced metal ions, and fi nally 
the insuffi ciency of body’s antioxidants, espe-
cially in the elderly. The presence of endogenous 
antioxidants in the body helps its natural defense 
mechanism, especially pronounced in the brain. 
The augmentation of oxidative damage in the 
elderly may be due to lack of antioxidants. Lipid 
peroxidation (LPO), the main cause of oxidative 
damage, is the result of one or all of the following 
factors: an extreme loss of liquid permeability, a 
decrease in cell membrane potential, and fi nally 
an increased permeability to metals. Increased 
amounts of LPO will cause a reduction in the rate 
of physiological reactions and consequently an 
increased vulnerability to different diseases. 

 Free radicals are involved in a wide range of 
diseases such as infl ammatory diseases, ischemia 
and reperfusion, neurodegenerative diseases, dia-
betes, and cancer. But unfortunately we don’t 
have any medications in the market that can act 
as scavengers of such wide range of oxidants. 
There are several reasons behind not using anti-
oxidants in medical treatments: Oxidative stress 
cannot be identifi ed as a disease. However, it can 
be a risk factor for different disorders. Take dia-
betes, for example, in which the involvement of 
oxidative stress is clear; however, only very few 
health and research centers in the United States 
(USA) and other parts of the world recommend 
the use of antioxidants. Moreover, the assessment 
of oxidative agents or the levels of free radicals 
and by the same token endogenous antioxidants 
is not yet a common practice in diagnostic labo-
ratories, and physicians cannot ask for them as 
diagnostic tests. Furthermore, drug companies do 
not show much interest in antioxidants.  

24.2     Molecular Mechanism of 
Oxidative Stress and Aging 

 ROS/RNS including free radicals such as super-
oxide (O 2  − ), hydrogen peroxide (H 2 O 2 ), and pos-
sibly hydroxyl radical (HO) are highly reactive 
and short-lived molecules. Due to unpaired elec-
trons in their orbit, free radicals are unstable mol-
ecules that attack other substance within their 
reach and grab electron from them to stabilize 
themselves. ROS are the product of cellular aero-
bic metabolism within the mitochondria. So, any 
chemical or infectious agent or genetic defect 
that can interfere with mitochondrial function 
can lead to production of large amounts of ROS. 
In addition to mitochondria (a principal source of 
endogenous free radicals), peroxisomal fatty acid 
metabolism, cytochrome P-450 reactions, and 
phagocytic cells are other sites of oxidant genera-
tion. In addition, free radicals can come from 
external sources such as exposure to environ-
mental pollution, radiation, cigarette smoking, 
carcinogenic materials, and various industrial 
chemicals or toxins that are found in polluted 
water and food (Beckman and Ames  1998 ). 
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 Free radicals act as a double-edged sword 
based on their concentration. They are benefi cial 
at low or moderate concentrations and play a role 
in many metabolic and physiological processes 
such as defense against infections or cellular sig-
naling pathways. In contrast, at high concentra-
tions, harmful effects of free radicals (oxidative 
stress) can cause damage to cellular components 
including lipids, DNA, proteins, and carbohy-
drates. For example, in normal conditions hydro-
gen peroxide is used in thyroid hormone synthesis 
or is involved in the myeloperoxidase reactions 
inside neutrophils to eliminate bacteria; at high 
doses however, it may participate in the oxidative 
destruction of macromolecules. Consequently, 
oxidative stress has been implicated in patho-
physiology of diseases such as diabetes, heart 
disease, arthritis, and especially in the chronic 
diseases associated with the aging process such 
as cardiovascular and neurodegenerative diseases 
and cancer (Valko et al.  2007 ; Finkel and 
Holbrook  2000 ; Pollack and Leeuwenburgh 
 1999 ).  

24.3     Antioxidants 

 Organisms protect themselves against harm-
ful effects of free radicals by a complex net-
work of antioxidant metabolites and enzymes. 
Antioxidants are natural free radical fi ghters 
capable of slowing or preventing oxidation of 
other molecules. They work by keeping ROS at 
an optimum level or removing them before they 
can damage cellular components. Antioxidants 
may be synthesized in the body (endogenous) or 
obtained from the diet (exogenous). Endogenous 
antioxidants are classifi ed into two nonenzymatic 
(e.g., uric acid, glutathione, bilirubin, thiols, albu-
min, and nutritional factors, including vitamins 
and phenols) and enzymatic (e.g., the superox-
ide dismutases (SOD), the glutathione peroxi-
dases, and catalase) groups. Antioxidants mostly 
obtained from diet and can protect the body 
from oxidative damages through different ways 
including (1) direct neutralizing free radicals, (2) 
reducing the peroxide concentrations and repair-
ing oxidized membranes, (3) quenching iron in 

order to decrease the production of reactive oxy-
gen species, and (4) using lipid metabolism as 
short-chain free fatty acids and cholesterol esters 
which are able to neutralize reactive oxygen spe-
cies (Berger  2005 ; Fusco et al.  2007 ). 

 SODs are a set of cytosolic (copper/zinc 
SOD) and mitochondrial (manganese SOD) iso-
enzymes, depending on the trace element cofac-
tor in their active sites. SOD converts two 
molecules of superoxide radical to an oxygen 
molecule and a hydrogen peroxide. There is a 
strong correlation between maximum life span 
of a species and its SOD activity (the fi rst defense 
against ROS). For example, human SOD activity 
is about 16-fold greater than that of mice (Ku 
et al.  1993 ). 

 Glutathione peroxidase is the most abundant 
nonprotein endogenous hydrogen peroxide 
scavenger enzyme with high concentrations in 
both the cytosol and mitochondria. Glutathione 
peroxidase with its substrate glutathione (GSH) 
(1-g-glutamyl-1 –cysteinyl- glycine; a tripeptide 
found in all animal cells) forms a powerful 
defense against hydrogen peroxides and lipid 
peroxides. GSH also recycles back vitamin C 
and vitamin D to their native state after scaveng-
ing free radicals. Another H 2 O 2  metabolizing 
enzyme is catalase. It metabolizes hydrogen per-
oxide to oxygen and water. It is found primarily 
in peroxisomes and less abundantly in mito-
chondria (Meister and Anderson  1983    ; Alidoost 
et al.  2006 ). 

 Ascorbic acid or vitamin C is a critical water- 
soluble free radical scavenger that humans must 
obtain from diet. Vitamin C interacts with GSH 
and vitamin E to reduce intracellular reactive 
oxygen species. Vitamin E is composed of a set 
of eight structural isomers of tocopherol and 
tocotrienols which are lipid-soluble antioxidant 
vitamins. Of these, α-tocopherol has the highest 
antioxidant activity and is the most important 
lipid-soluble antioxidant. Vitamin E is often used 
to attenuate oxidative stress in many pathophysi-
ological conditions. As an antioxidant, vitamin E 
is important because of its ability to convert sev-
eral free radicals such as superoxide, hydroxyl, 
and lipid peroxyl radicals into “repairable” radi-
cal forms. Moreover, when vitamin E scavenges 
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a radical, a vitamin E radical is formed and has to 
be recycled back to its active form by other anti-
oxidants (such as vitamin C) to be able to scav-
enge more radicals. Carotenoids are another set 
of lipid-soluble antioxidant vitamins. Carotenoid 
levels have inverse correlation with some infl am-
matory diseases such as atherosclerosis and car-
diovascular diseases. Vitamin C, vitamin E, and 
carotenoids act to reduce lipid peroxidation 
(Herrera and Barbas  2001    ; Ryan et al.  2010 ). 

 Flavonoids or biofl avonoids (water-soluble 
pigments) are units of polyphenolic compounds 
that exist in most plant. Basic structure of fl avo-
noids consists of a fl avone nucleus which is con-
nected to benzene rings. Diversity and differences 
in the C ring make up various fl avonoids. They 
are concentrated in the plant seeds, skin, and core 
of fruits and fl owering plants. Many of the plants 
used in medicine contain fl avonoids that have 
antibacterial, anti-infl ammatory, antiallergic, 
anticarcinogenic, vasodilating, and antiaging 
properties. For example, silymarin, a purifi ed 
extract of  Silybum marianum  seeds, contains a 
large amount of fl avonoids including silybin. 
Silymarin is used in liver diseases such as hepati-
tis and cirrhosis. It protects liver cells from mem-
brane lipid oxidation and liver glutathione 
depletion (Zarban and Ziaee  2008    ). 

 Some trace elements such as selenium, cop-
per, and zinc are sometimes considered antioxi-
dants. But they have no antioxidant activity 
themselves, but are required for some antioxidant 
enzyme activities. Reduced metals, like iron, par-
ticipate in reactions that lead to generation of 
reactive oxidants. With age, iron accumulates 
and can contribute to increased oxidative dam-
age. So, some compounds (e.g., iron-binding pro-
teins such as transferrin and ferritin) participate 
in antioxidant defense by sequestering such metal 
and preventing their free radical effects.  

24.4     Antioxidants and Removal 
of Free Radicals 

 Nonpolar organic compounds cannot be excreted 
through kidneys due to their impermeability 
through the cell wall and need to be polarized 

before they can fi nd their way into the urine. For 
such reactions to take place, the cytochrome P 450  
monooxygenase system must come into opera-
tion for which the body utilizes NADPH and 
oxygen molecules: 

 XH + O 2  + NADPH + H +  ↔ XOH + H 2 O + NADP +  

 Iron molecules in the heme portion of the 
cytochrome P 450  monooxygenase enzyme can 
reverse the oxidative reaction through their inter-
action with sulfur molecules which can be found 
in the enzyme’s structure. During these reactions, 
electron is transported into cytochrome via 
NADPH fl avoprotein and cytochrome P 450  reduc-
tase. We can also see the application of this path-
way in nutrition where cytochrome P 450  system 
can play a role in oxidizing different kinds of 
food products. Cyclic aromatic hydrocarbons 
such as benzo[a]pyrene found in smoked food 
products can also set the cytochrome P 450  system 
into action through another mechanism, and the 
same is true about canned foods which in turn 
participate in stimulating the cytochrome P 450  
pathway. This calls for a need for antioxidants to 
neutralize such effect. 

 Cytochrome P 450  can also get activated by 
halogenated hydrocarbons to produce free radi-
cals. For example, CCl 4  which was formerly used 
widely as a solvent in dry cleaners’ shops is an 
important factor in producing free radicals 
through stimulating cytochrome P 450  which can 
in turn have detrimental effects on the liver. 
Inhalational anesthetics like halothane can have 
the same impact on the liver by releasing free 
radicals. Despite harmful properties of such sub-
stances and numerous studies that have been con-
ducted in this fi eld, they are still being used in 
chemical and pharmaceutical industries. A com-
pound with strong oxidizing activities that is 
commonly used as a chemotherapeutic agent in 
the treatment of wide range of cancers is 
Adriamycin (Doxorubicin). Since tumor cells 
and healthy cells compete in utilizing antioxi-
dants, patients must have an adequate intake of 
antioxidants while on therapy. Same is true with 
regard to sun-exposed individuals and those suf-
fering from chronic allergic diseases. 
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24.4.1     Removal of Free Radicals 

 Production of intermediate products is a neces-
sary step to facilitate the reduction of reactive 
oxygen species and other toxic substances. 
Therefore, we can consider the action of the 
involved enzyme in two phases:
    Phase I, Detoxifi cation . Toxic, mutagenic, and 

carcinogenic substances are an indispensable 
part of our daily diet; examples include mate-
rials formed in the process of cooking fats, 
meat, protein, or other naturally occurring car-
cinogens present in herbal products, like cer-
tain alkaloids or the toxic substances found in 
fungi, just to name a few. Polycyclic aromatic 
hydrocarbons, benzo[a]pyrene and heterocy-
clic aromatic amines are other examples of 
materials found within processed or cooked 
food products. We may also consider 2-amino- 
1-methyl-6-phenylinidazol pyridine which 
can be found in concentrations 0.5–70 mg in 
cooked meat depending on the method and 
temperature it is produced. 

 Toxic waste products from factories, air 
pollution, pesticides, and other toxins that 
penetrate different plants and animals and 
eventually fi nd their way into our bodies, and 
other toxins inevitably found in some pharma-
ceuticals are continually being ingested and 
can consequently harm our bodies depending 
on their available dosage. These in turn begin 
to damage our cells and tissues which may 
eventually result in cell death and premature 
aging. On the other hand, we can fi nd sub-
stances such as isothiocyanates, dithiolethi-
ones, allyl sulfi des, and lactones in different 
foods which are considered antioxidants that 
can protect us from carcinogenic and other 
harmful effects of ROS and other toxins 
through different mechanisms. 

 Protecting agents can play their preventive 
role both at the level of initiation and prolif-
eration of neoplastic cells. They work to stim-
ulate and activate the endogenous antioxidant 
enzymes to neutralize ROS and other toxins, 
and therefore the effect of carcinogen. 
However, not all protecting agents have been 
discovered within our bodies, and such studies 

are still at their beginning. These agents can 
also prevent cell death and premature aging.  

   Phase II, Activation and neutralization of free 
radicals by endogenous antioxidants . As men-
tioned earlier, most toxic and waste products 
in the body are made of hydrophobic com-
pounds, and they need to be metabolized 
before they can be excreted. For such reac-
tions an oxygen molecule is required for an 
electron to be donated to these products 
(including ROS) in order for them to convert 
to another ion or a free radical. The intermedi-
ate products in these reactions are usually 
electrophilic, and their reaction with nucleo-
philic materials (electrons in the center of 
DNA) and cellular proteins requires an elec-
tron. Considering the fact that the production 
of these intermediate products is quintessen-
tial for removal of some waste products, the 
body’s biologic system has to make a balance 
between addition and removal of electrons 
and consequently a balance in the intermedi-
ate products. Therefore, an imbalance in pro-
duction and conversion of free radicals will 
result in interaction of these intermediate mol-
ecules with cellular macromolecules and will 
eventually result in cell injury, premature 
aging, or cell death (Gutteridge  1993 ). The 
enzymes that participate in the activation of 
free radicals are called the “phase I-activated 
enzymes” which include the cytochrome P 450  
superfamily, aldehyde oxidases, xanthine oxi-
dases, and peroxides. Most oxidative reactions 
involving free radicals utilize the cytochrome 
P 450  monooxygenase enzymatic pathway 
(Danielson  2002 ).    

24.4.1.1     Response and Increased 
Activity in a Wide Spectrum 

 In phase II, neutralization takes place via endog-
enous enzymes to counteract free radicals that 
are produced in phase I enzymatic activity. Phase 
II enzymes will result in the reduction of interme-
diate products. Phase II enzymes include several 
families of enzymes, the most important of which 
include sulfurtransferases, uridine diphosphate 
(UDP)-glucuronosyl transferase, glutathione 
S-transferase, epoxide hydrolase, nicotinamide 
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adenine dinucleotide phosphate (NAD(P)H), qui-
none reductase, and amine oxidases (King et al. 
 2000 ; Sheehan et al.  2001 ).  

24.4.1.2     Activation and Neutralization of 
Free Radicals in Phases I and II 

 Despite the wide range of phase II enzymatic 
activity in protection against free radicals, they 
act only through several different mechanisms: 
They often neutralize the induced activation of 
substances due to free radicals. Such catalytic 
reaction however is relative and depends upon 
the concentration of these enzymes and their 
products and can also be dependent upon our 
diet. Liver is the main detoxifi cation organ due 
to a higher concentration of these enzymes to 
neutralize the substances absorbed through the 
gut and therefore preventing their distribution 
into other tissues. Epithelial cells will also get 
activated in cases of extra free radical produc-
tion, to produce more endogenous enzymes to 
balance out the reaction. Hence, these enzymes 
play a signifi cant role in protection and preven-
tion of cellular and tissue injuries against elec-
trophilic substances. These agents fi nd their way 
into our bodies via food and other contamina-
tions through our lungs, guts, skin, and other 
organs and tissues.    

24.5     The Multigenic Family 
of Glutathione 
Sulfurtransferases 

 Glutathione sulfurtransferases (GSTs) belong 
to a diverse family of isozymes that facilitate 
the interaction between glutathione and a wide 
variety of electrophilic substances, especially 
of lipophilic substrates. GSTs can be found in 
most tissues and such interactions play a major 
role to prevent cellular and tissue damages pre-
cipitated by free radicals. Such detoxifi cation of 
endogenous compounds takes place via catalysis 
of the conjugation of reduced glutathione via a 
sulfhydryl group, thus facilitating their removal 
through bile or urine as mercapturic compounds. 
The enzymatic activity of GST family is propor-
tional to the availability of glutathione (GSH) 
in the body. Therefore, those individual with a 

defi ciency in synthesis or reduced amounts of 
sulfur amino acids will have a signifi cantly less 
glutathione available and will consequently be 
much more vulnerable to oxidation-induced cel-
lular damage. The fi rst barrier against electro-
philic compounds and lipid peroxidases is the 
epithelia in our small intestine, which have a 
relatively low synthesis of glutathione, which is 
in turn compensated by their uptake from bile or 
ingested nutrients. 

 Gamma-glutamylcysteine synthetase is another 
enzyme to help in the synthesis of glutathione 
which utilizes the ingested cysteine molecules. 
The signifi cance of synthesis and thereby balance 
of glutathione has been shown to slow down the 
aging process and prevent certain malignancies 
especially lung carcinomas. This can be demon-
strated when we study the higher prevalence of 
lung cancers in individuals with a defi ciency in 
their GST M1  gene. By the same token, we can see 
a higher prevalence of lung cancer (besides other 
cancers such as larynx and gall bladder carcino-
mas) in chronic smokers due to a similar enzy-
matic synthetic defect. 

24.5.1     UDP-Glucuronosyl Transferase 

 UDP-glucuronosyl transferases act to facilitate 
the excretion of electrophilic substances, includ-
ing ROS via bile and urine. Formation of gluc-
uronide compounds is considered a signifi cant 
step in detoxifi cation. Among such reactions, 
UDP-glucuronosyl transferases play a rather 
more important role when compared with gluta-
thione conjugation and the formation of sulfur 
esterase, as the latter have a lower effi cacy. On 
the other hand, the result of the former reaction is 
directly related to the availability of UDP- 
glucuronic acid as well as the activity of specifi c 
receptors for UDP-glucuronosyl transferases in 
the cytosol.  

24.5.2     Sulfurtransferases 

 This group of enzymes also plays a part in cataly-
sis of hydroxyl compounds. They function by 
transferring sulfur-containing groups and their 
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binding to different harmful chemicals we take 
in, such as phenols that are found in food or other 
chemical and therapeutic compounds such as cat-
echolamines and hydroxysteroids that are con-
verted to ionized particles within the body. These 
enzymes are more effi cient when there are low 
concentrations of free radicals to discard.  

24.5.3     Epoxide Hydrolases 

 This enzyme functions in detoxifi cation by con-
verting epoxides to trans-dihydrodiols, which 
can be conjugated and excreted from the body. 
Epoxide hydrolase, either from a microsomal or 
cytosolic origin, operates to separate the hydrau-
lic agent from a wide range of alkyl agents and 
cycloalkyl epoxides and arene oxides and bal-
ance the reaction towards trans-dihydrodiol syn-
thesis. Epoxides and arenoxides constitute the 
end product of many mutagenic and carcinogenic 
compounds together with many other oxidant 
reactions such as oxidase P 450 . Therefore, it plays 
an important role in regulation of carcinogens, 
mutagens, and other toxins and their activities 
and consequently has a role in the prevention of 
premature aging.  

24.5.4     NAD(P)H: Quinone Reductase 

 This enzyme causes the elimination of redox 
cycle which takes place as a result of activation 
of different toxins and free radicals. This enzyme 
is also known by other names such as 
DT-diaphorase or NAD(P)H dehydrogenase. 
Quinone reductase (QR) is a cytosolic fl avopro-
tein and catalyzes the following reaction: 

 NADPH + H +  + quinone ⇌ NADP +  + semiquinone 

 Like other enzymes that have a role in 
 detoxifi cation, this enzyme can also be found in 
all body tissues. We can notice the importance of 
such reaction especially when considering herbs 
that contain quinone, an electrophilic compound 
which is thus converted to phenolic compounds 
and will in turn attach to other glucuronides and 
sulfate esters with lower free radical activities. 

 Many herbs have been shown to contain phe-
nolic compounds which are considered to stimu-
late QR activity and therefore eliminate different 
toxins. QR has also been shown to have a biore-
ductase activity against antineoplastic agents like 
mitomycin.   

24.6     Superoxide Dismutases 

 Considering the role of ROS in oxidative reac-
tions, the role of superoxide dismutases (SOD) in 
counteracting and outcompeting such reactions 
becomes evident. 

 There are three major families of superoxide 
dismutases, depending on their metal cofactor: 
Cu/Zn type (which binds both copper and zinc 
and is found in the cytoplasm outside the mito-
chondria), Fe and Mn types (which bind either 
iron or manganese that are found inside the mito-
chondria), and the Ni type, which binds nickel. 
The superoxide anion radical (O 2  − ) quite rapidly 
and spontaneously dismutes to O 2  and hydrogen 
peroxide (H 2 O 2 ). SODs are necessary because 
superoxide reacts with sensitive and critical cel-
lular targets. As we age the function of ROSs 
deteriorates and this will result in the accumula-
tion of oxidative agents inside the cells, espe-
cially mitochondria which are the most 
susceptible. 

 All four types of macromolecules (namely, lip-
ids, nucleic acids, carbohydrates, and proteins) 
are vulnerable to damage from ROS agents. These 
injuries accumulate as we age and will result in a 
buildup of abnormal proteins and malfunctioning 
enzymes (Finkel and Holbrook  2000 ). 

 In  1973 , Bernard Babior reported an increase 
in superoxide free radicals in neutrophils as a 
result of phagocytosis. He believed these radicals 
to have a bactericidal activity. He soon discov-
ered a malicious side effect of these agents as to 
cause tissue injuries in the process of infl amma-
tion and that they can be protected against thereof 
via the action of superoxide dismutase. Other dis-
orders such as heart attack, ischemia, shocks, and 
rejection of transplanted organs also seem to be 
affected by these free radicals’ toxicity. 

 The role of SOD in the process of fi brosis 
and treatment of cholecystitis cases that lead to 
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fi brosis has also been demonstrated. In this pro-
cess fi broblasts will cause fi bril collagens to 
arrange themselves in an order that obliterates the 
architecture of the involved organ or tissue, espe-
cially if it happens in lungs, kidneys, and gall-
bladder. While some believe such process to be 
irreversible, others consider it to be a dynamic 
reversible phenomenon. A mediator role of trans-
forming growth factor beta 1 (TGF-β1) has 
recently been identifi ed to control the antifi brotic 
effect of copper, zinc, and SOD and consequently 
reverse this process in myofi broblasts depending 
on their phenotype. TGF-β1 stimulates the syn-
thesis of metalloproteases in synovial cells and 
fi broblasts. Thus, after the alleviation of myofi -
broblast injuries as a result of SOD, collagenases 
and metalloproteases will get activated to reverse 
the process. A critical role of SOD and superox-
ides has been demonstrated in a study on patients 
undergoing kidney transplantation, focusing on 
graft rejections and reperfusion injuries as SOD 
reduces fi rst acute rejection episodes from 33 to 
18.5 % and early irreversible acute rejection from 
12.5 % in controls to 3.7 %. In addition there was 
a signifi cant improvement of the actual 4-year 
graft survival rate in SOD-treated patients to 
74 % compared with 52 % in controls. This study 
does not assess the mechanism of action of SOD; 
however, we can assume a reduction in immuno-
genicity of the allograft. The results appear sig-
nifi cant as a hypothesis to suggest a response 
pattern of the immune system to some harmful 
signals like oxidative stress in addition to foreign 
antigens. 

 The role of superoxide radicals is thenceforth 
being highlighted more as molecular signals 
especially important in cellular division and pro-
liferation and their mechanism of action in differ-
ent disorders and such processes as metastasis, 
transformations, and angiogenesis. Despite the 
aforementioned discoveries and others on the 
way, there are still limitations in using SOD as 
medications or even in experimental labs and that 
is due to the weak therapeutic properties of pro-
teins including SOD as they are easily excreted 
through urine and that they fi nd their ways out-
side the cells very slowly. Not to mention because 
of their structure, they are more inclined to get 

electrically charged, all of which will in turn 
infl uence their bioavailability and other pharma-
codynamics and pharmacokinetic properties.  

24.7     Stress-Activated Protein 
Kinase (SAPK) Family 

 This family of kinases gets activated in response 
to different types of stress including oxidative 
stress. This family includes P 38 -MAPKα/β/γ/δ 
that is more vulnerable during old age. JNK1/2/3 
is another member in this family (MMKs) which 
is an activating mediator of P 16  in response to dif-
ferent age-related stresses. Studies show that 
fi broblasts lose their telomere length and even at 
a higher rate when grown inside environments 
with higher O 2  saturations. Despite no clear clue 
about the mechanism involved, we can suggest a 
role of oxidative stress in breaking the DNA telo-
meric chain (Forsyth et al.  2003 ; Von Zglinicki 
 2000 ). 

 Another possibility is DNA damage due to 
ROS and consequently increased activity of free 
radicals produced by H 2 O 2  and the activation of 
P 53  which will in turn accelerate the aging 
process.  

24.8     Role of Oxidative Stress 
in Telomere Shortening 

 Telomeres are nucleoprotein structures located at 
the end of each chromosome as a cap in order to 
protect it from end-to-end fusion and degenera-
tion. Telomere length is very heterogeneous in 
humans and extends for about 5–20 kb of non-
coding repeats of guanine-rich tandem DNA 
sequences (5 ́ TTAGGG 3́). In different individu-
als, telomere length is dependent not only on the 
kind of cell and number of cell divisions but also 
to age, sex, genetic, and environmental factors 
including ROS. At each cycle of cell division, 
telomeres are subjected to progressive shortening 
that may contribute to genomic instability, cell 
death, and aging.    Two main reasons of telomere 
shortening are (1) end replication problem, which 
is the inability of DNA polymerase to completely 
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replicate the 3́ end of lagging strand during DNA 
replication, and (2) high sensitivity of guanine- 
rich telomere sequence to double-strand DNA 
breaks by oxidative stress (Bagherpour et al. 
 2009 ). 

 Telomeres are highly sensitive to damage via 
oxidative stress. In addition, oxidative stress can 
damage nucleobases or can produce single-strand 
breaks on genomic DNA during the life span of a 
cell or an organism, contributing signifi cantly to 
senescence (aging). In normal conditions, the 
telomere structure is protected by telomerase (a 
telomere-repairing enzyme). Telomerase, a ribo-
nucleoprotein complex, is involved in mainte-
nance of chromosome ends by repairing strand 
DNA breaks. Oxidative damage can reduce 
telomerase activity in some cells. It is suggested 
that activation of telomerase may play an impor-
tant role in the treatment of some diseases that 
are due to telomere shortening. Studies have 
shown that transferring telomerase into the cells 
increases both proliferation and resistant to oxi-
dative stress. In vivo transfer of telomerase into 
telomerase-knockout mice improves telomere 
function and cirrhotic changes in mice liver cells 
(Tchirkov and Lansdorp  2003 ; Zhu et al.  2011 ).  

24.9     Role of Apoptosis in Aging 

 Apoptosis is programmed cell death and is essen-
tial for eliminating infected, neoplastic, and dam-
aged cells without inducing infl ammation. 
Apoptosis can be induced by a wide range of 
stimuli such as irradiation, corticosteroids, can-
cer chemotherapy, chronic antigen stimulation, 
and oxidative stress. Oxidative stress is an impor-
tant inducer of apoptosis and plays an important 
role in age-related diseases and immunosenes-
cence. Immune cells like other cells are affected 
by oxidative stress, and this will result in lipid, 
protein, and DNA damages that are increased 
with aging (Goel and Khanduja  1998 ). 

 Immune cells undergo two different types of 
apoptotic processes including activation-induced 
cell death (AICD) and damage-induced cell death 
(DICD). AICD participates in the elimination of 
unnecessary lymphocytes derived from clonal 

expansion after antigenic stimulation, whereas 
DICD is essential for preventing neoplastic cell 
proliferation. In the immune system, there is a 
strong correlation between chronic antigenic 
stimulation and oxidative stress. They reduce 
lymphocyte sensitivity to DICD and lead to a 
proinfl ammatory stage to fi nally induce AICD. If 
clonal expansions were not controlled by apopto-
sis, it would rapidly result in the accumulation of 
senescent cells. AICD is through an extrinsic 
pathway that are often activated by binding of 
specifi c cell death receptors to their ligands such 
as cytokines. Increased AICD causes rapid lym-
phocytes activity and clonal expansion reduction 
that will lead to immune response ineffi ciency, 
whereas DICD activity reduction causes accumu-
lation of senesces and inactivated lymphocytes, 
which leads to increased incidence of neoplastic 
lymphocytes (Ginaldi et al.  2005 ). 

 T cell receptors (TCR) interaction with their 
specifi c antigens leads to clonal expansion of 
specifi c T cells. After this stage, the number of 
lymphocytes increases in order to make balance 
in the immune system. In the elderly, high levels 
of proinfl ammatory cytokines induce AICD. In 
elderly people, an increased expression of tumor 
necrosis factor (TNF) and its receptor (CD95) 
and a decreased expression of CD28 facilitate 
apoptosis through CD95. Moreover, aging could 
be associated with decreased antiapoptotic pro-
tein BCL2 and increased proapoptotic protein 
Bax in activated lymphocytes, and reduced DICD 
may be related to a decreased P 53  activity (De 
Martinis et al.  2007 ). Finally, a senescent immune 
system shows inadequate antigenic response due 
to its chronic stimulation.  

24.10     Oxidative Mechanisms 
in Pathological Phenomena 

 Here, we try to point out several of the most com-
mon age-related disorders: Oxidative stress to the 
myocardium will result in deletion of a segment 
of the mitochondrial genome; lipofusion pig-
ments which are the product of the oxidation of 
unsaturated fatty acids are especially found in the 
elderly and those suffering from neurological 
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injuries; cataract and macular degeneration can 
also result from the consumption of certain 
chemicals or exposure to radiation. 

 The endogenous antioxidant system within 
the body, responsible for neutralizing free radi-
cals, tends to lose its potency and functionality as 
we age. Aging also seems to reduce the enzy-
matic activity of glutathione peroxidase and 
SOD. Therefore, we need to assess whether this 
reduction of antioxidants can contribute to age- 
related diseases. 

24.10.1     Oxidative Stress and Cataract 

 Age-related cataract, one of the major causes of 
blindness in the world, is an ocular disease caused 
by a wide range of etiologies including trauma, 
malnutrition, exposure to ultraviolet radiation, 
oxidative stress, and aging. In developing coun-
tries, cataract occurs in individuals older than 
65 years and is mainly due to oxidative stress. 
H 2 O 2  is the major oxidant involved in this dis-
ease. Oxidative stress can damage the eye’s lens 
and lead to its opacifi cation. The main function of 
a lens is to maintain clarity and to focus light onto 
the retina. Lens has high amounts of GSH and 
protein. The protein constitutes about 35 % of the 
total weight of the lens. Crystalline, lens’ struc-
tural protein, contains a large amount of thiol 
group that needs to be in its reduced form to 
maintain the transparency of the lens. The solid 
shape of crystalline is responsible for lens trans-
parency and provides the necessary refl ective 
power. In an aged lens because of GSH reduc-
tion, recycling and resynthesis of this system is 
reduced. Therefore, lens is more susceptible to 
the effects of H 2 O 2  and other oxidants.  

24.10.2     Oxidative Stress and Asthma 

 Asthma is a chronic infl ammatory lung disease. 
Several factors such as airway infl ammation, 
bronchial hypersensitivity, and IgE-mediated 
immune response play important roles in the 
pathogenesis of asthma. Moreover, many clinical 
trials have suggested a role for oxidative stress in 

relation with the pathophysiology of asthma 
(Gilgun-Sherki et al.  2004 ). Both endogenous 
and exogenous ROS/RNS play a pivotal role in 
airway infl ammation and result in the progres-
sion of this disease. Stress has an effect on airway 
smooth muscles and may enhance infl ammation 
by inducing various proinfl ammatory mediators, 
enhancing mucin secretion, and stimulating 
bronchospasm. 

 ROS reduce beta-adrenergic function in 
lungs and render airway smooth muscles sensi-
tive to contractions induced by acetylcholine. 
Infl ammation and oxidative stress work together 
to cause permanent lung damage. During infl am-
mation, multiple cytokines and mediators (e.g., 
TNF-α, fi broblast growth factor II, serotonin, and 
thrombin) in the lung cause oxidative activation 
that will eventually lead to an increase in ROS 
inside the cells. Two important ways to reduce 
oxidative stress and their effects are (i) to reduce 
exposure to ROS and (ii) to enhance the anti-
oxidant defense system. Studies have shown that 
avoidance of exogenous oxidants such as air pol-
lution, ozone, and nitrites can reduce the severity 
of asthma symptoms (Yoo Sook Cho and Moon 
 2010 ).  

24.10.3     Oxidative Stress and 
Neurodegenerative Diseases 

 Age-related neurodegenerative diseases (e.g., 
Alzheimer’s disease and Parkinson’s disease) are 
associated with progressive dysfunction and loss 
of neurons and axons in the central nervous 
 system, which is termed neurodegeneration. 
Neurodegeneration results from multiple factors 
including infl ammation, infection, trauma, and 
oxidative stress. Central nervous system (CNS) 
is more sensitive to oxidative stress than other tis-
sues and organs.    Various factors in the brain lead 
to a higher sensitivity to reactive oxygen and 
nitrogen species production including (a) high 
oxygen uptake due to high metabolic activity, (b) 
high levels of polyunsaturated fatty acids which 
are readily oxidized by free radicals and produce 
toxic LPO, (c) partial defect in some enzymatic 
antioxidant defenses besides a low uptake of 
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some antioxidants such as vitamin E due to the 
blood-brain barrier, and (d) high amounts of 
some reactive trace metals such as iron, released 
from injured cell. In addition, studies have shown 
that some metals such as iron and aluminum can 
easily pass through the blood-brain barrier by 
using specifi c or nonspecifi c transporters and 
receptors, contributing to neurotoxicity through 
free radical formations (Yokel  2006 ; Shukla et al. 
 2011 ). 

 The effects of oxidative stress on proteins are 
highly dependent on the cell type affected. For 
example, non-mitotic cells have more concentra-
tions of oxidized proteins than mitotic cells. 
Brain contains a mixture of mitotic and non- 
mitotic cells. The mitotic cells in the brain includ-
ing astrocytes and microglia produce cytokines 
and growth factors that are essential for brain 
homeostasis. In contrast to postmitotic cells, 
microglia and astrocytes are exposed to less oxi-
dative damage. Microglia can play a dual role 
both as neuroprotectives and as immunological 
defenders. In normal conditions, microglial cells 
maintain CNS homeostasis by scavenging dead 
or damaged neuron. But immunosenescence of 
the CNS will lead to microglial dysfunction that 
enhances the production of proinfl ammatory 
cytokines, TNF-α, interleukin (IL)-1β, and free 
radicals including superoxide and nitric oxide. 
NO acts on cytochrome oxidase to stop mito-
chondrial respiration and fi nally induce apoptosis 
in CNS cells (Streit and Xue  2010 ; Gemma  2010 ; 
Van der Veen et al.  1997 ). 

 Since oxidative stress has an important role in 
neurodegenerative diseases, treatment with anti-
oxidants plus using rich antioxidant foods such 
as fresh fruits and vegetables in order to boost 
endogenous antioxidant defense system can slow 
down the disease progression.  

24.10.4     Oxidative Stress 
and Autoimmunity 

 Autoimmune diseases have a multifactorial 
nature in which genetic, immunological, and 
environmental factors are involved. Free radicals 
have an important role in susceptibility to a wide 

range of autoimmune diseases by enhancing 
infl ammation, inducing apoptosis, and breaking 
down the immunological tolerances. ROS are 
physiological activators of some transcriptional 
factors of proinfl ammatory cytokines such as 
activator protein-1 (AP-1) and nuclear factor 
kappa-light-chain-enhancer of activated B cells 
(NFκB). 

 Many proinfl ammatory cytokines (TNF-α, 
IL-1) and inducible nitric oxide increase during 
the process of autoimmune rheumatic disease 
(ARD). Both TNF-α and IL-1 create tremendous 
amounts of oxidative stress. Certain cells from 
the cartilage of an infl amed joint (called chondro-
cytes) can also actively generate free radicals. In 
addition, endothelium, macrophages, and 
antigen- presenting cells show increased expres-
sion of vascular cell adhesion molecule-1 
(VCAM-1) adhesion molecules and E-selectin. 
Activation of macrophages, polymorphonucle-
ars, and endothelial cells during infections, sur-
geries, and injuries causes the release of large 
amounts of ROS which in turn plays an important 
role in infl ammation and tissue damage. Higher 
levels of oxidative and nitrosative stress were 
found in systemic lupus erythematosus (SLE) 
patients with higher disease activity. SLE in some 
cases is associated with osteoporosis and athero-
sclerosis and ROS play a major role in its patho-
physiology. In the pancreas, beta cells are highly 
sensitive to both reactive oxygen species and 
reactive nitrogen species that are involved in beta 
cell destruction in type 1 diabetes by inducing 
apoptosis. 

 Many autoimmune diseases such as autoim-
mune rheumatic disease and SLE are associ-
ated with disequilibrium between oxidant and 
antioxidant defense systems which is due to 
an overproduction of ROS or antioxidant defi -
ciency. Hence, proper nutrition can reduce oxi-
dative stress by boosting endogenous antioxidant 
defense system. For example, high doses of vita-
min E administered to patients with rheumatoid 
arthritis reduced pain symptom in these patients. 
Clinical studies have shown that anti-infl am-
matory effects of foods rich in antioxidants are 
associated with downregulation of NFκB in these 
patients. 
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 Studies have also shown that patients with 
autoimmune rheumatic diseases have reduced 
amounts of antioxidants such as vitamin E, vita-
min C, and vitamin A which can in turn play an 
important role in the pathogenesis of oxidative- 
related diseases. In addition, serum levels of anti-
oxidant vitamins such as alpha-tocopherol, 
carotene, and retinol in stored serum samples of 
patients diagnosed with rheumatoid arthritis or 
SLE for 2–15 were less than normal. 

 Omega-3 fatty acids reduce production of the 
proinfl ammatory cytokines such as TNF-α and 
IL-1 that are implicated in many autoimmune 
diseases (SLE, ARD). Catechin and tea polyphe-
nols can also signifi cantly inhibit NFκB activa-
tion. Epigallocatechin 3-gallate (EGCG), the 
most abundant catechin in tea, can inhibit the 
degeneration of IkB induced by TNF-α and can 
also prevent NFκB activity in normal and cancer 
cells. Capsiate and dihydrocapsiate are sub-
stances naturally present in chili peppers that 
inhibit NFκB activation in response to different 
factors such as TNF-α. Curcumin, an important 
component of turmeric, is used as an anti- 
infl ammatory substance in eastern traditional 
medicine. Resveratrol, an oral polyphenol found 
in red grape pigments, has antioxidant properties 
similar to vitamin E which inhibits NFκB activa-
tion induced by IL-1β in myeloid leukemia 
(Sukkar and Rossi  2003 ).  

24.10.5     Oxidative Stress 
and Multiple Sclerosis 

 Multiple sclerosis (MS) is an autoimmune dis-
ease caused by demyelination or damage to the 
myelin sheath around neurons. Free radicals 
especially peroxynitrites play a major role in the 
pathogenesis of MS. Production of large amounts 
of reactive oxygen species by activated macro-
phages can cause axonal damage and demyelin-
ation. ROS can induce cell death by damaging 
cellular lipid, protein, DNA, and especially mito-
chondrial structure and function. Moreover, 
defective antioxidant defense system in central 
nervous system increases the incidence of neural 

and axonal oxidative damage in MS patients. So, 
antioxidant therapy plus an appropriate diet can 
boost the antioxidant defense system and conse-
quently prevent the spread of tissue damage and 
improve clinical symptoms of MS (Gilgun- 
Sherki et al.  2004 ).  

24.10.6     Oxidative Stress 
and Reproduction 

 Many factors including genetic, physiological, 
and environmental may contribute to infertility. 
About 15–20 % of couples in the reproductive 
age are infertile. Numerous studies have dem-
onstrated that oxidative stress plays an impor-
tant role in pathophysiology of both male and 
female infertility. Free radicals, depending on 
their levels, have a dual role in the reproduc-
tive tract. They not only are important signaling 
molecules involved in the regulation of various 
physiological processes but also play part in 
pathological processes in both male and female 
reproductive systems. It is suggested that age-
related decline in fertility is induced by oxida-
tive damage (Agarwal et al.  2006 ). Different 
treatments are available for infertile women or 
men. Occasional failure of such treatments is 
because the mechanisms of infertility are not 
fully understood. 

 Oxidative stress disrupts the growth, develop-
ment, and function of gametes. Sperm and sper-
matozoa are unique in their structure and 
function. They have specifi c lipid components, 
containing large amount of polyunsaturated fatty 
acid (PUFA), plasmalogens, and sphingomy-
elins that provide their fl exibility and function. 
During passage through the epididymis, sperms 
undergo changes in their membrane lipid con-
tent. As a result of these changes, plasmalogens 
become the basic components of the membrane 
phospholipids, and molar ratio of cholesterol to 
phospholipids increased twofold during sperm 
migration in semen tubes. Docosahexaenoic acid 
(DHA), one of the unsaturated fatty acid in 
sperm membrane, has a major role in the regula-
tion of membrane fl uidity and the regulation of 
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spermatogenesis. Sperm membrane fatty acids 
including DHA, phosphatidylserine, desmo-
sterol, and arachidonic acid play important roles 
in regulation of directional migration of sperm 
surface antigens during its developmental pro-
cess such as maturation, and sperm membrane 
fatty acids such as sulphogalactosyl-glyserolipid 
and lysophosphatidylcholine are involved in the 
interaction of sperm with ovule. They increase 
the fertilizing capacity of spermatozoa, induce 
changes in zona pellucida, and promote the 
fusion of sperms and ovules. In more severe 
cases, this lipid peroxidation could inhibit sper-
matogenesis completely. 

 In addition, oxidative stress can damage sperm 
DNA, genes, and proteins through DNA base 
oxidation (especially Guanine) or through mak-
ing disulfi de bonds in DNA broken chains. It can 
also change the morphology, structure, and func-
tion of sperms and increase their sensitivity to 
macrophage invasion. Low molecular weight 
compounds such as antioxidant vitamins (vita-
min E, A, C), fl avonoids, and glutathione can sig-
nifi cantly prevent such effects. 

 Our understanding about the role of oxidative 
stress in women infertility is not complete. 
Oxidant/antioxidant system pervades the female 
reproductive tissues, which is suggestive of its 
role in infertility. Follicules have potent sources 
of ROS including macrophages, neutrophils, and 
activated granules cells. Jozwik et al. ( 1999 )
showed the presence of oxidative stress markers 
in the serum and preovulatory follicular fl uid of 
women who underwent in vitro fertilization 
(IVF) with lower amounts in follicular fl uid in 
comparison with serum which shows a higher 
level of antioxidants in follicular fl uid protecting 
oocyte from oxidative damage.  

24.10.7     Oxidative Stress 
and Hypertension 

 Clinical studies have shown a mutual relationship 
between ROS production and hypertension. In 
laboratory models antioxidant therapy has 
reduced hypertension. 

 Most damages caused by ROS are related to 
superoxide anion (O 2  •− ). NAD(P)H oxidase is 
the primary source of superoxide anion in vas-
cular wall smooth muscle cells. Several other 
factors (cytokines, growth factors, vasoactive 
mediators, and some physiological factors) are 
also involved in the regulation of NAD(P)H oxi-
dase activity. In addition, polymorphonuclears 
and platelets serve as important sources of  • O 2  −  
in infl ammatory and vascular oxidative stress. 
Within physiological levels, ROS act as signal-
ing molecules that are essential for regulation of 
vascular contraction- relaxation, cell growth, 
and structural maintenance by controlling endo-
thelial cell activity. However, at pathological 
levels, ROS induces vascular injury and endo-
thelial dysfunction and will increase vascular 
contractions. 

 Renin-angiotensin II activates NAD(P)H 
oxidase and induces ROS generation in vas-
cular smooth muscle cells. P 22  phox polymor-
phism (one of the NAD(P)H oxidase structural 
units) may be involved in superoxide anion pro-
duction by NAD(P)H oxidase in cardiovascular 
diseases. 

 ROS react with endothelium-derived NO and 
reduce its anti-arteriosclerotic effects. ROS could 
either increase or decrease vessel diameter 
depending on its level. ROS can reduce a vessel 
diameter through other mechanisms such as ara-
chidonic acid oxidation via producing PGF2α (a 
vasoconstrictor) and inhibiting PGI2 (a vasodila-
tor).  • O 2  −  can activate other vasoconstrictors 
(angiotensin II, thromboxane-A2, endothellin-1, 
and norepinephrine) by increasing intracellular 
concentrations of calcium.   

24.11     Nutrition and Diet 

 An appropriate diet can reduce the effects of oxi-
dative stress and prevent chronic diseases, malig-
nancies, and premature aging. For that purpose, it 
is generally recommended to consume at least 5 
servings of fruits and vegetable per day, espe-
cially of the Amaryllidaceae (leek) family. Fruits 
and vegetables generally induce the activity of 
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endogenous antioxidants due to their vitamin, 
fi ber, and nonnutritive photochemical contents 
and other trace elements and minerals (e.g., sele-
nium, zinc, copper, manganese, and magnesium). 
On the other hand, the more we consume fat and 
meat-containing products, more carcinogens and 
toxins we take in. Of many studies done regard-
ing this topic, the following few merit 
mentioning:
•    The diversity of different cells and tissues and 

the availability of different enzymes with anti-
oxidant properties  

•   The vital role of epithelial and endothelial 
cells in detection and induction of endogenous 
antioxidants  

•   Genetic diversity and the vulnerability of cer-
tain genotypes and phenotypes to carcinogens 
and free radicals  

•   Extending the capacity and functionality of 
these enzymes through an appropriate diet    
 However, what remained yet to be clarifi ed is 

the effects of diet on the interaction between 
these enzymes and antioxidants. The activity of 
an antioxidant above a certain point can itself be 
a source of free radicals and damage different tis-
sues. Therefore, we still need to investigate the 
relationship between the amount of antioxidants 
used and different chronic disease and the aging 
process. It is also not yet determined if an inap-
propriate diet will have an effect on the metabo-
lism of different substrates. For instance, a diet 
defi cient in proteins will reduce the levels of 
monooxygenase and subsequently cytochrome 
P 450  which can play a role in cell injuries due to 
free radicals. Such controversy can be demon-
strated in rats in a study where CCl 4  caused lower 
rates of hepatotoxicity compared to acetamino-
phen in a low-protein diet. This is probably due 
to decreased levels of glutathione. Diets low in 
certain fatty acids (e.g., linoleic acid) can also 
lower cytochrome P 450 . Less correlation has been 
reported when investigating the infl uence of 
sugars. 

 Vitamin defi ciencies can also reduce the level 
of monooxygenase. However, in some rare cases, 
vitamin defi ciencies have been linked to an 
increased activity of cytochrome P 450 .  

    Conclusion 

 Many articles have recently been published in 
the fi eld of free radicals, especially investigat-
ing superoxide (O 2  − ) and the enzymes that 
neutralize it by dismutation, and still more 
research is being carried out every day. 

 Free radicals are molecules with a missing 
electron. They need to receive this electron 
from other molecules by oxidizing them, in 
which process they can damage the cell mem-
brane and the DNA which can in turn lead to a 
mutation and eventually malignancies. These 
agents can be produced within the body as a 
result of metabolism or be taken in through 
different routes such as air or water pollu-
tions, stress, inappropriate diets (like grilled, 
smoked, or canned foods or fuzzy drinks and 
other chemicals), smoking, ionizing and non-
ionizing radiations (e.g., X, γ, and other elec-
tromagnetic radiations), certain saturated fats, 
or some chemical therapeutics. On the other 
hand, we can utilize oxygen more effi ciently 
by good habits like exercise and proper breath-
ing techniques and exposure to clean environ-
ments and an appropriate diet. Various studies 
have demonstrated the role of antioxidants in 
prevention of different diseases such as dia-
betes, cataract, malignancies, rheumatoid 
arthritis, Alzheimer’s disease, Parkinson’s, 
cardiovascular diseases, and many other age-
related disorders; but unfortunately no medi-
cations have been developed to be able to 
scavenge such wide range of oxidant agents. 

 The assessment of oxidative agents or the 
levels of free radicals and by the same token 
endogenous antioxidants is not yet a common 
practice in diagnostic laboratories, and there-
fore physicians cannot ask for them as diag-
nostic tests. Furthermore, drug companies do 
not show much interest in antioxidants. 

 A group of scientists in the National 
Institute of Health were able to show a link 
between human aging and free radicals as they 
accumulate inside the cells, and that as the 
cells get saturated by such toxic substance, 
they won’t be able to survive anymore and will 
thus be terminated. Doctor Wickenheiser, a 
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Canadian researcher, spent more than 10 years 
studying the process of aging and why some 
people look younger and some look older than 
their actual age. He concluded that this process 
is dependent upon oxidation of different com-
pounds and the formation of free radicals in 
the body which can be reversed by using anti-
oxidants. Nonetheless, there is involvement of 
genetics which is not modifi able. However, 
biologic age can be change by lifestyle modifi -
cation. He also asserts that it is never late to 
start living a healthier life and to stay young as 
our bodies very gradually deteriorate towards 
death and such process can be reversed by sub-
stituting old cells with new ones. 

 Finally, we can recommend the following 
methods to prevent premature aging:
•    Living a stress-free life and increasing our 

tolerance against downfalls  
•   Getting enough rest and sleep  
•   Incorporating exercise and a healthy diet 

into our lifestyle  
•   Proper breathing techniques  
•   Minimizing the intake of toxins and using 

appropriate amounts of antioxidants and 
water  

•   Using a recommended dose of vitamins, 
minerals, and supplements  

•   And fi nally, having a sense of social sup-
port and spiritual and psychological 
well-being        
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25.1            Introduction 

 For those of you who are reading this chapter and 
are 30–40 years of age, taking a look at the back 
of your hands is destined to be a somewhat boring 
experience. Yet if you look at the skin on the back 
of children’s hands and then at the same area on 
your parent’s hands, you cannot fail to see major 
differences in texture, color, and elasticity—all of 
which should provoke major questions. They 
seem to do so but, regrettably, too rarely. In both 
developed and developing nations, the number 
and proportion of older people are increasing. 

 By 2030, 30 % of the population will be over 
65 years old. Elderly experience signifi cantly 
more skin problems than do those in the younger 
age groups. Some of these disorders are unique to 
the elderly that need specialized knowledge and 
skill for their effi cient management. 

 Research into skin aging is at a low ebb, and 
studies of skin disease in old age are similarly in 
short supply, this is both surprising and sad. 
Knowledge about the skin through the ages and 
its effects on the skin immune system will help us 

to better take care of our senior citizens. In this 
chapter, we have a short review on the skin struc-
ture and its immune system and immunological 
responses and then aging of skin and age-related 
changes in immune function of the skin will be 
discussed.  

25.2     Basic Structure 
and Function of Skin 

 The skin is composed of three layers: the epider-
mis, dermis, and subcutaneous fat (panniculus). 
This organ is composed of diverse cell types of 
both ectodermal (e.g., keratinocytes, melano-
cytes, Merkel cells, neurons) and mesodermal 
(e.g., fi broblasts, hematopoietic, cells such as 
Langerhans cells, endothelial cells) lineages. 

 The epidermis may be divided into the follow-
ing zones (starting from the innermost layer): 
basal layer (stratum germinativum), malpighian 
or prickle layer (stratum spinosum), granular 
layer (stratum granulosum), and horny layer 
(stratum corneum) that is composed of keratin 
and cover the viable epidermis. 

25.2.1     Epidermis 

 The adult epidermis is composed of three basic 
cell types: keratinocytes, melanocyte, and 
Langerhans cells. In addition, Merkel cells can 
be found in the basal layers of the palms and 
soles, oral and genital mucosa, nail bed, and 
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 follicular infundibula. Keratinocytes or squa-
mous cells are the principal cells of the epider-
mis that play an active role in the immune 
function of the skin. Melanocytes are the pig-
ment-producing cells derived from the neural 
crest and reside in the basal layer at a frequency 
of approximately 1 in every 10 basal keratino-
cytes. Langerhans cells are normally found scat-
tered among keratinocytes of the stratum 
spinosum. Functionally, Langerhans cells are of 
the monocyte- macrophage lineage and originate 
in the bone marrow. They function primarily in 
immune response by recognition, uptake, pro-
cessing, and presentation of antigens to sensi-
tized T lymphocytes. 

 Epidermis is a major permeability barrier, an 
active member of innate immunity, has adhesion 
and ultraviolet protection functions.  

25.2.2     Dermis 

 The constituents of the dermis are mesodermal 
in origin except for nerves. The dermis is merely 
a pool of acid mucopolysaccharide-containing, 
scattered dendritic-shaped cells, which are the 
precursors of fi broblasts. Dermis has three types 
of components-cellular: fi brous matrix, diffuse 
matrix, and fi lamentous matrix. Dermis is also 
the site of vascular, lymphatic, and nerve net-
works. Collagen, a family of fi brous proteins in 
human skin that represent 70 % of the dry weight 
of skin, is the principle component of the dermis. 
Elastic fi bers in dermis contribute very little to 
resisting deformation and tearing of skin but have 
a role in maintaining elasticity. 

 Eccrine, apocrine glands, and pilosebaceous 
units constitute the skin adnexa. While the vari-
ous adnexal structures serve specifi c functions, 
they can function as reserve epidermis after 
injury to the surface epidermis occurs. 

 Dermal mast cells play an important role in 
the normal immune response. Cutaneous mast 
cells respond to environmental changes. Dry 
environments result in an increase in the mast 
cell number and histamine production.  

25.2.3     Subcutaneous Fat 

 Beneath the dermis lies the panniculus, lobules of 
fat cells, or lipocytes separated by fi brous septa 
composed of collagen and large blood vessels. 
These vessels serve to transport nutrients and 
immigrant cells. The tissue of the hypodermis 
insulates the body, serves as a reserve energy 
supply, cushions and protects the skin, and allows 
for its mobility over underlying structures. 
Panniculus functions as a repository of energy 
and an endocrine organ. The hormone leptin, 
secreted by adipocytes, provides a long-term 
feedback signal regulating fat mass.   

25.3     Immune System 

 The human immune system is comprised of two 
distinct functional parts: (1) innate and (2) adaptive. 

 Cells of the innate immune system, including 
macrophages and dendritic cells (DCs), respond 
to biochemical structures commonly shared by a 
variety of different pathogens and elicit a rapid 
response against these pathogens. In contrast, 
cells of the adaptive immune system, T and B 
lymphocytes, bear specifi c antigen receptors and 
in comparison to the innate response, develops 
more slowly. A unique feature of the adaptive 
immune response is its ability to generate and 
retain memory. Although the innate and adaptive 
immune responses are distinct, they interact and 
act in synergy.  

25.4     Skin and Immunity 

 The skin forms the body’s largest interface with 
the environment and its principal function is that 
of a barrier. It protects the organism by being 
impermeable to a multitude of harmful exoge-
nous substances and maintains internal homeo-
stasis by preventing excessive water and heat 
loss. In addition, there is a highly specialized 
immune system consisting of leukocytes that 
are resident, recruited, or recirculated within the 
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tissue (Table  25.1 ). These cells are distributed in 
the epidermal and dermal layers of the skin and 
participate in both adaptive and innate immune 
responses. They are also responsible for distin-
guishing self from nonself which is of fundamen-
tal importance since the skin comes into daily 
contact with exogenous substances. Close inter-
linking between innate and adaptive pathways of 
immunity plays an important role in the initiation 
and amplifi cation of immune responses in this 
tissue (Vukmanovic-Stejic et al.  2011 ).

25.5        Innate Immune Response 

 Immune mechanisms that are used by the host to 
immediately defend itself are referred to as innate 
immunity. These include physical barriers such 
as the skin and mucosal epithelium; soluble fac-
tors such as complement, antimicrobial peptides, 
chemokines, and cytokines; and cells, including 
monocytes/macrophages, DCs, natural killer 
cells (NK cells), and polymorphonuclear leuko-
cytes (PMNs). 

25.5.1     Physical and Chemical 
Barriers 

 Physical structures prevent most pathogens and 
environmental toxins from harming the host. 
Skin, once thought to be an inert structure, plays 
a vital role in protecting the individual from the 
external environment (Elias  2005 ).  

25.5.2     Complement 

 One of the fi rst innate defense mechanisms that 
await pathogens that overcome the epithelial bar-
rier is the alternative pathway of complement. 
Unlike the classical complement pathway that 
requires antibody triggering, the lectin- dependent 
pathway as well as alternative pathway of com-
plement activation can be spontaneously acti-
vated by microbial surfaces in the absence of 
specifi c antibodies (Gasque  2004 ).  

25.5.3     Antimicrobial Peptides 

 The antimicrobial activity of these peptides is 
thought to relate to their ability to bind membranes 
of microbes and form pores in the membrane, lead-
ing to microbial killing. There are numerous anti-
microbial peptides identifi ed in various human 
tissues and secretions. Human β-defensins (HBD-1, 
HBD-2, HBD-3), cathelicidin (LL-37), psoriasin, 
and RNase 7, which have all been demonstrated to 
be produced by keratinocytes, and dermcidin, 
which is secreted in human sweat are antimicrobial 
peptides identifi ed in resident skin cells (Braff et al. 
 2005 ; Schauber and Gallo  2008 ). 

 β-defensins are cysteine-rich cationic low-
molecular- weight antimicrobial peptides (Harder 
et al.  1997 ). Furthermore, evidence indicating 
that human β-defensins attract DCs and memory 
T cells via CC chemokine receptor 6 (CCR6) 
provides a link between the innate and the adap-
tive immunity in skin (Yang et al.  1999 ). 

   Table 25.1    Cells of the 
adaptive and innate 
immune system in the 
skin   

 Resident  Recruited  Recirculating 

 Innate  Keratinocytes  Monocytes  Natural killer cells 
 Endothelial cells  Granulocytes  Dendritic cells 
  Vascular   Basophilic  Promonocytes a  
  Lymphatic   Eosinophilic 
 Dendritic cells   Neutrophilic 
 Mast cells  Mast cells 
 Tissue macrophages  Epitheloid cells 

 Adaptive  T lymphocytes  T lymphocytes  T lymphocytes 
 B lymphocytes 

   a Indicates that there is a possibility, in this case, rather than strong evidence  
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 Cathelicidins are produced by skin cells, includ-
ing keratinocytes, mast cells, neutrophils, and 
 ductal cells of eccrine glands (Nizet et al.  2001 ; 
Ong et al.  2002 ). Neutrophil proteases play an 
important role in cutaneous host defense because of 
its pronounced antibacterial (Nizet et al.  2001 ; Ong 
et al.  2002 ), antifungal (Lopez- Garcia et al.  2005 ), 
and antiviral activities (Howell et al.  2006a ,  b ). 

 Dermcidin is an antimicrobial peptide 
expressed by human sweat glands. These pep-
tides have broad antimicrobial activity against  S. 
aureus ,  E. coli ,  E. faecalis , and  C. albicans  
(Schittek et al.  2001 ; Senyurek et al.  2009 ).  

25.5.4     Toll-Like Receptors 

 Toll-like Receptors (TLRs) recognize pathogen- 
associated molecular patterns (PAMPs) present 
in a variety of bacteria, fungi, and viruses. TLRs 
are expressed at sites that are exposed to micro-
bial threats. Also activation of TLRs induces sig-
naling pathways and TLRs directly activate host 
defense mechanisms that then combat the foreign 
invader (Akira et al.  2006 ). 

 TLR activation of a variety of cell types 
has been shown to trigger release of both pro-
infl ammatory and immunomodulatory cyto-
kines (Hirschfeld et al.  1999 ; Hou et al.  2000 ; 
Medzhitov and Janeway  1997 ; Takeuchi et al. 
 1999 ; Yang et al.  1998 ). 

 TLRs can regulate phagocytosis either through 
enhancing endosomal fusion with the lysosomal 
compartment. In addition, activation of TLRs on 
immature DC leads to further maturation with 
enhanced T-cell stimulatory capacity (Blander 
and Medzhitov  2004 ; Doyle et al.  2004 ).  

25.5.5     Phagocytes 

 Two key cells of the innate immune system are 
characterized by their phagocytic function: mac-
rophages and PMNs. 

 PMNs are normally not present in skin; how-
ever, during infl ammatory processes, these cells 
migrate to the site of infection and infl ammation, 
where they are the earliest phagocytic cells to be 
recruited. 

 Activation of phagocytes by pathogens 
induces several important effector mechanisms, 
for example, triggering of cytokine production. A 
number of important cytokines are secreted by 
macrophages in response to microbes, including 
interleukin (IL)-l, IL-6, tumor necrosis factor 
alpha (TNF-α), IL-8, IL-12, and IL-10.  

25.5.6     Natural Killer Cells 

 NK cells appear as large granular lymphocytes. 
Their function is to survey the body, looking for 
altered cells, either transformed or infected with 
viruses, bacteria, or parasites. These pathogens 
are then killed directly via perforin/granzyme- or 
Fas/Fas ligand (FasL)-dependent mechanisms or 
indirectly via the secretion of cytokines (e.g., 
interferon gamma or IFN-γ) (Jinquan et al.  1996 ).  

25.5.7     Keratinocytes 

 Once thought to only play a role in maintaining 
the physical barrier of the skin, keratinocytes, the 
predominant cells in the epidermis, can partici-
pate in innate immunity by mounting an immune 
response through secretion of cytokines and che-
mokines, arachidonic acid metabolites, comple-
ment components, and antimicrobial peptides. 

 In addition to cytokines, keratinocytes secrete 
other factors such as neuropeptides, eicosanoids, 
and reactive oxygen species (Kupper and Groves 
 1995 ).   

25.6     Adaptive Immune Response 

25.6.1     B Lymphocytes 

 B cells mature in the fetal liver and adult bone 
marrow. They produce antibody complexes. In 
general, antibodies bind to microbial agents and 
neutralize them or facilitate uptake of the patho-
gen by phagocytes that destroy them. Antibodies 
are also responsible for mediating certain patho-
logic conditions in skin. In particular, antibodies 
against self-antigens lead to autoimmune disease 
(Chen et al.  2009 ).  
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25.6.2     T Lymphocytes 

 T cells mature in the thymus, where they are 
selected to live or to die. Those T cells that will 
have the capacity to recognize foreign antigens 
are positively selected and can enter the circula-
tion. T cells release cytokines that activate NK 
cells and permit the growth, differentiation, and 
activation of B cells (Shibata et al.  2007 ).  

25.6.3     CD4 +  Helper T Cells 

 CD4 +  T cells are critical for helping B cells to 
produce antibodies by triggering their differenti-
ation into plasma cells. To our current knowl-
edge, CD4 +  T cells represent a heterogeneous cell 
population. Effector CD4 +  T cells protect against 
pathogens mainly by their production of T helper 
(Th)1, Th2, or Th17 cytokines. In contrast, regu-
latory CD4 +  T cells have the capacity to down-
regulate disproportionate effector responses to 
antigen.  

25.6.4     T Helper 1/T Helper 2 
Paradigm 

 T cells that produce IL-2, IFN-γ, and TNF are 
termed Thl cells. They are the main carriers of 
cell-mediated immunity (CMI). Other T cells 
produce IL-4, IL-5, IL-6, IL-13, and IL-15. These 
are termed Th2 cells (Abbas et al.  1996 ; Mosmann 
et al.  1986 ). 

 Thl cells, primarily by the release of IFN-γ, 
activate macrophages to kill or inhibit the growth 
of the pathogen and trigger cytotoxic T cells. In 
contrast, Th2 cells facilitate humoral responses 
and inhibit some cell-mediated immune 
responses, which results in progressive infection 
(Gately et al.  1998 ).  

25.6.5     T-Regulatory Cells 

 An important type of immunomodulatory T cells 
that controls immune responses are the so-called 
T-regulatory cells (T-reg cells), formerly known 
as T-suppressor cells (Shevach et al.  2006 ). These 

cells are induced by immature antigen presenting 
cells (APCs)/DCs and play key roles in maintain-
ing tolerance to self-antigens in the periphery. 
T-reg cells are also critical for controlling the 
magnitude and duration of immune responses to 
microbes.  

25.6.6     Lymphocytes in Normal 
and Diseased Skin 

 Normal human skin contains approximately one 
million T cells per cm 2 , 2–3 % of which reside 
within the epidermis, primarily in the basal and 
suprabasal layers. The T cells of the dermis are 
clustered around postcapillary venules of the 
superfi cial plexus that are situated just beneath 
the dermal-epidermal junction and close to 
adnexal appendages such as hair follicles and 
eccrine sweat ducts (Clark et al.  2006a ).  

25.6.7     Antigen-Presenting Cells 

 DCs, including Langerhans cells (LCs) and der-
mal dendritic cells (DDCs), B cells, and activated 
monocytes/macrophages are the major APC 
populations. 

25.6.7.1     Langerhans Cells 
 In 1S6S, a medical student named Paul 
Langerhans, driven by his interest in the anatomy 
of skin nerves, identifi ed a population of dendriti-
cally shaped cells in the suprabasal regions of the 
epidermis after impregnating human skin with 
gold salts (Langerhans  1868 ). These cells, which 
later were found in virtually all stratifi ed squa-
mous epithelia of mammals, are now epony-
mously referred to as Langerhans cells. 

 The expression of the Ca 2+ -dependent lectin 
Langerin (CD207) is currently the single best 
feature discriminating LCs from other cells. 
Birbeck granules are cytoplasmic structures fre-
quently displaying a tennis racket shape. 

 The tissue distribution of LC varies regionally 
in the human skin. On head, face, neck, trunk, and 
limb skin, the LC density ranges between 600 and 
1,000/mm 2 . Comparatively low densities are found 
in palms, soles, anogenital and sacrococcygeal 

25 Skin Aging and Immune System



344

skin, and the buccal mucosa. The density of human 
LCs decreases with age, and LC counts in skin 
with chronic actinic damage are signifi cantly 
lower than those in skin not exposed to ultra violet 
(UV) light (Schuster et al.  2009 ). 

 Upon perturbance of skin homeostasis (e.g., 
TLR ligation, contact with chemical haptens, 
hypoxia), LCs gain access to antigen/allergen 
encountering the epidermis by distending their 
dendrites through epidermal tight junctions, 
thereby demonstrating strikingly remarkable 
cooperation between keratinocytes and LC 
(Kubo et al.  2009 ). After a few hours, LCs begin 
to enlarge, to display increased amounts of 
surface- bound MHC class II molecules, and to 
migrate downward in the dermis, where they 
enter afferent lymphatics and, fi nally, reach the 
lymph nodes (Larsen et al.  1990 ). The mecha-
nisms governing LC migration are becoming 
increasingly clear. TNF-α and IL-1β are critical 
promoters of this process, whereas IL-10 inhibits 
its occurrence.  

25.6.7.2     Dermal Dendritic Cells 
 Like LCs in the epidermis, dermal dendritic cells 
(DDCs) constitute another DC subpopulation in 
normal and infl amed skin (Meunier et al.  1993 ). 
They can be distinguished from LCs by the 
absence of Langerin and lack of Birbeck gran-
ules. They possess functional features of both 
macrophages and DCs, i.e., capacity of phagocy-
tosis as well as antigen-presenting, migratory, 
and T-cell-stimulating capacities.  

25.6.7.3     Infl ammatory Dendritic Cells 
 DCs appearing in infl amed skin can be subdi-
vided into two major subpopulations, i.e., (1) 
infl ammatory dendritic epidermal/dermal cells 
(IDECs/IDDCs) and (2) plasmacytoid dendritic 
cells (pDCs).  

25.6.7.4     Plasmacytoid Dendritic Cells 
 pDCs are DCs that are characterized by a highly 
developed endoplasmic reticulum, which results 
in their plasma cell-like appearance (Kohrgruber 
et al.  1999 ; Lande and Gilliet  2010 ). Functionally, 
pDCs display a unique ability to produce up to 
1,000 times more natural IFNs than any other 
blood mononuclear cell in response to TLR 

ligands and thus were also named principal type 
1 IFN-producing cells (Siegal et al.  1999 ).    

25.7     Effects of Aging 

 Aging is a process of progressive decreases in the 
maximal functioning and reserve capacity of all 
organs in the body, including the skin. This natu-
rally occurring functional decline in the skin is 
often compounded and accelerated by chronic 
environmental insults, such as UV and infrared 
(IR) irradiation as well as environmental carcino-
gens present in polluted air of major urban 
centers. 

 Aging occurs at the cellular level and refl ects 
both a genetic program and cumulative environ-
mentally imposed damage. Mammalian cells can 
undergo only a limited number of cell divisions 
and then arrest irreversibly in a state known as 
replicative senescence, after which they are refrac-
tory to mitogenic stimuli. This fact has led to the 
perception that aging evolved in multicellular 
organisms as a cancer prevention mechanism.  

25.8     Aging Mechanism 

25.8.1     Telomeres and Aging 

 Telomeres, the terminal portions of eukaryotic 
chromosomes, consist of up to many hundreds of 
tandem short sequence repeats (TTAGGG in all 
mammals). During mitosis of somatic cells, DNA 
polymerase cannot replicate the fi nal base pairs 
of each chromosome, resulting in progressive 
shortening with each round of cell division. A 
special reverse transcriptase, telomerase, can rep-
licate these chromosomal cells. The enzyme is 
normally expressed at extremely low levels 
(Davis et al.  2006 ). Although at low levels, 
telomerase is expressed in epidermal cells in 
vivo. In skin, the relatively quiescent fi broblasts 
and melanocytes and keratinocytes exhibit only 
minor age-dependent telomere shortening of 
11–25 bp (base pairs) per year. Telomeres appear 
to serve as a biologic clock that determines pro-
liferative life span and functional level of the 
cell.  
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25.8.2     DNA Damage and Aging 

 Studies in human premature aging diseases sug-
gest that decreased DNA repair capacity is asso-
ciated with accelerated aging and that cumulative 
DNA damage plays a major role in the aging pro-
cess. One system that is particularly susceptible 
to DNA damage is that of growth hormone (GH) 
and insulin growth factor (IGF) (Garinis et al. 
 2008 ). 

 Data from a study in rat showed that GH and 
melatonin treatment seem to have benefi cial 
effects against age-induced damage in the central 
nerves system (CNS), the liver, and the skin 
through molecular mechanisms reducing oxida-
tive stress and apoptosis (Tresguerres et al.  2008 ). 

 Silent information regulator proteins, sirtuins 
are a class of protein deacetylases implicated in 
slowing the aging process. It is suggested that 
they maintain telomere structural integrity, 
induce transcriptional silencing of genes that pro-
mote aging, and/or modulate mitochondrial func-
tion in response to caloric restriction (Kaeberlein 
 2010 ). Resveratrol, a phenolic substance present 
in red wine is thought to be sirtuin activator 
(Howitz et al.  2003 ). Several studies strongly 
support a role of cumulative cellular damage, 
particularly DNA damage, in the aging process 
and profi cient repair of such damage in 
longevity.  

25.8.3     Oxidative Stress 

 The skin, like other bodily systems, is continu-
ously exposed to reactive oxygen species (ROS) 
generated during aerobic metabolism. 

 Although the skin contains a network of 
antioxidant enzymes (superoxide dismutases, 
catalase, and glutathione peroxidase) and non-
enzymatic antioxidant molecules (vitamin E, 
coenzyme Q10, ascorbate, and carotenoids), this 
system is less than completely effective and tends 
to deteriorate with aging. 

 Oxidative stress upregulates the level of stress 
regulatory proteins, including hypoxia-inducible 
factors (HIFs) and nuclear factor kappa-light- 
chain-enhancer of activated B cells (NFκB). 
Both HIFs and NFκB induce the expression of 

proinfl ammatory cytokines like IL-1 and IL-6, 
vascular endothelial growth factor (VEGF), and 
TNF-α. These proteins are involved in immuno-
regulation and cell survival (Ruland and Mak 
 2003 ), stimulate the expression of matrix- 
degrading metalloproteins (Kang et al.  2001 ), 
and are believed to play a central role in the 
aging process. Furthermore, HIFs stabilize sub-
populations of malignant cells with stem cell 
properties (cancer stem cells). This suggests that 
age-associated cellular hypoxia could be 
involved in cancer stem cell maintenance. 

 Oxidative damage also affects telomeres. A 
recent hypothesis suggests a common cellular 
signaling pathway activated by DNA damage and 
involving the terminal portion of the telomeres 
(Kosmadaki and Gilchrest  2004 ; Li et al.  2003 ). 
The terminal portion of the 3′ telomeric strand 
extends beyond the complementary 5′ strand, 
leaving a single stranded G-rich overhang. It is 
suggested that during both telomere shortening 
and repair of telomere damage, such as that 
encountered by oxidative stress, the normal loop 
structure at the end of telomeres is disrupted, 
exposing the 3′ overhang that under baseline 
conditions is “buried” in the loop structure 
(Kosmadaki and Gilchrest  2004 ; Li et al.  2003 ). 
Exposure of the TTAGGG tandem repeat 
sequence then appears to activate p53 (Eller et al. 
 2002 ) and to stimulate responses known to 
include proliferative senescence and apoptosis 
(Eller et al.  2002 ; Li et al.  2003 ). Thus, the intrin-
sic component of skin aging involves progressive 
oxidative stress and telomere signaling as telo-
meres shorten during serial cell division and in 
response to oxidative DNA damage (Kosmadaki 
and Gilchrest  2004 ).   

25.9     Skin Aging 

 Cutaneous aging includes two distinct phenom-
ena. Intrinsic aging is a universal, presumptively 
inevitable change attributable to the passage of 
time alone; extrinsic aging is the superposition on 
intrinsic aging of changes attributable to chronic 
environmental insults, sun exposure, which are 
neither universal nor inevitable. Extrinsic skin 
aging is also commonly termed photoaging, 
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refl ecting the large and well- studied role of 
chronic sun exposure. The former is manifested 
primarily by physiologic alterations with subtle 
but undoubtedly important consequences for 
both healthy and diseased skin. The latter has 
major morphologic as well as physiologic mani-
festations and corresponds more closely to the 
popular notion of old skin. 

 Clinically, naturally aged skin is smooth, pale, 
and fi nely wrinkled. In contrast, photoaged skin 
is coarsely wrinkled and associated with dyspig-
mentation and telangiectasia. The most dramatic 
histological differences between intrinsic aging 
and photoaging occur within the dermis (Gilchrest 
 1989 ; Lavker  1979 ). 

 Alterations in collagen, the major structural 
component of the skin, have been suggested to be 
a cause of the clinical changes observed in photo-
aged and naturally aged skin.  

25.10     Intrinsic Skin Aging 

 The skin changes that occur with aging 
(Table  25.2 ) lead to a gradual physiologic decline 
(Table  25.3 ). Major age-related changes in the 
skin’s appearance include dryness (roughness), 
wrinkling, laxity, and a variety of benign neo-
plasms. Aged skin is inelastic and recovers more 
slowly after injury (Fig.  25.1 ).

     The intrinsic component of skin aging 
involves progressive oxidative stress and telo-
mere signaling, as telomeres shorten during 
serial cell division and in response to oxidative 
DNA damage. 

 Another mechanism playing a role in intrinsic 
aging is cellular senescence, the limited capacity 

of cells to divide. It is regarded by some as a can-
cer preventive mechanism. 

 Senescent cells display critically short telo-
meres, irreversible growth arrest, resistance to 
apoptosis, and altered differentiation. 

 Additional mechanisms include amino acid 
racemization, affecting protein function, and ren-
dering them less susceptible to degradation. 
Finally, nonenzymatic glycosylation of extracel-
lular matrix proteins, such as dermal collagen, 
leads to cross-linking with trapping and seques-
tration of other unaffected proteins. 

25.10.1     Epidermis 

 The most striking and consistent histologic 
change is fl attening of the dermal-epidermal 
junction with effacement of both the dermal 
papillae and epidermal rete pegs (Kurban and 
Bhawan  1990 ). 

 This results in a considerably smaller surface 
between the epidermis and dermis and presum-
ably less communication and nutrient transfer. 
Dermal-epidermal separation occurs more read-
ily in old skin, undoubtedly explaining the 
 propensity of the elderly to torn skin and superfi -
cial abrasions after minor trauma. 

 There is an age-associated epidermal thinning 
of 10–50 % between the ages of 30 and 80 years 
(Wulf et al.  2004 ). Evidence suggests that epider-
mal keratinocytes senesce and senescent cells are 
more resistant to apoptosis. Therefore, such kera-
tinocytes are more likely to accumulate muta-
tions, increasing their risk for malignant 
transformation. There are controversies about the 
age-associated changes in the number and 

   Table 25.2    Histologic features of aging human skin   

 Epidermis  Dermis  Appendages 

 Flattened dermal-epidermal junction  Atrophy (loss of dermal volume)  Depigmented hair loss of hair 
 Variable/decreased thickness  Fewer fi broblasts  Conversion of terminal to vellus hair 
 Variable cell size and shape  Fewer mast cells  Abnormal nail plates 
 Occasional nuclear atypia  Fewer blood vessels  Fewer glands 
 Fewer melanocytes  Shortened capillary loops 
 Fewer Langerhans cells  Abnormal nerve endings 
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 function of epidermal stem cells, a population of 
cells responsible for epidermal maintenance 
(Youn et al.  2004 ). Average thickness and degree 
of compaction of the stratum corneum appear 
constant with increasing age. There is an overall 
decreased lipid content in the stratum corneum of 
the elderly as well as decreased water content in 
part as a result of decrements in cholesterol syn-
thesis. Age-associated increase in stratum cor-
neum pH impedes lipid-processing enzyme 
activity (Choi et al.  2007 ). Age effects on 

 percutaneous absorption depend in part on drug 
structure, with hydrophilic substances such as 
hydrocortisone and benzoic acid being less well 
absorbed through the skin of old, but with hydro-
phobic substances such as testosterone and estra-
diol being equally well absorbed. Of perhaps 
greater clinical importance, aging markedly 
delays the recovery of barrier function in dam-
aged stratum corneum. 

 In the elderly, the skin often appears dry and 
fl aky, especially over the lower extremities, an 
area in which a remarkable age-associated 
decrease in the content of epidermal fi laggrin has 
been reported. Filaggrin, required for binding of 
keratin fi laments into macrofi brils, and its lack 
may cause the increased scaliness. Barrier func-
tion also may be affected by this structural 
change. 

 Epidermal turnover rate and thymidine- 
labeling index decrease approximately 30–50 % 
between the third and eighth decades, with a cor-
responding prolongation in stratum corneum 
replacement rate. Linear growth rates also 
decrease for hair and nails. Epidermal repair rate 
after wounding likewise declines with age. 

 A decrease in the number of enzymatically 
active melanocytes per unit surface area of the 

   Table 25.3    Functions of human skin that decline with age   

 Barrier function 
 Cell replacement 
 Chemical clearance 
 DNA repair 
 Epidermal hydration 
 Immune responsiveness 
 Mechanical protection 
 Sebum production 
 Sensory perception 
 Sweat production 
 Thermoregulation 
 Vitamin D production 
 Wound healing 

  Fig. 25.1    Intrinsic skin 
aging, fi ne wrinkling, 
dryness, laxity, and benign 
neoplasms (seborrheic 
keratoses)       
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skin reduces the body’s protective barrier against 
UV radiation. Age-associated decline in DNA 
repair capacity compounds the loss of protective 
melanin and increases the risk for skin cancer 
development. The number of melanocytic nevi 
also decrease from a peak of 15–40 in the third 
and fourth decade to an average of four per per-
son after age 50 years; such nevi are rarely 
observed in person beyond age 80 (Plowden et al. 
 2004 ). 

 An endocrine function of human epidermis 
that declines with age is vitamin D production. 
Vitamin D, by binding to its nuclear receptor 
(1,25- dihydroxyvitamin D3 receptor or 1,25D- 
VDR), induces the transcription of numerous 
genes including those that encode proteins affect-
ing the formation of the cornifi ed epithelium as 
well as hair growth; 1,25D-VDR also activates 
genes that encode proteins that participate in the 
innate and adaptive immune responses and repress 
IL-17, a major inducer for autoimmune disorders 
such as type I diabetes mellitus, multiple sclero-
sis, lupus, and rheumatoid arthritis. 1,25D-VDR 
is also anti-infl ammatory, as it decreases NFκB 
and cyclooxygenase (COX2) activation. Finally, 
1,25D-VDR induces the activity of the tumor 
suppressor p53 and p21 proteins and the activ-
ity of FoxO, preventing oxidative damage and 
inducing DNA repair enzymes in skin. Avoidance 
of dairy products, insuffi cient sun exposure, sun-
screen use, and decrease in the level of epidermal 
7-dehydrocholesterol an immediate biosynthetic 
precursor for Vitamin D undoubtedly contribute 
to vitamin D defi ciency in the elderly. Together, 
these observations suggest that age-associated 
decrease in Vitamin D could accelerate the aging 
process and argue for use of vitamin D dietary 
supplements in the elderly. 

 With regard to susceptibility to oxidative 
damage, there is progressive accumulation of 
damaged cellular proteins and lipids with aging. 
Furthermore, antioxidant defense systems 
decline with age, and, in addition, there is a 
decrease in DNA damage repair capacity. These 
changes in combination increase cellular muta-
bility or their tendency to become senescent or 
both.  

25.10.2     Dermis 

 Loss of dermal thickness approaches 20 % in 
elderly individuals, although in sun-protected 
sites signifi cant thinning occurs only after the 
eighth decade. Old dermis is relatively acellular 
and avascular, and there is age-related loss of 
normal elastic fi bers and dermal collagen. 

 Decreased infl ammatory responses in the 
elderly are the result of decreased synthesis and 
secretion of keratinocyte-derived cytokines and 
infl ammatory mediators in addition to decreased 
endothelial response. The striking age-associ-
ated loss of vascular bed, especially of the verti-
cal capillary loops that occupy the dermal 
papillae in young skin, and increased distance 
from the epidermis of existing loops are thought 
to underlie many of the physiologic alterations 
in old skin, including pallor, decreased skin 
temperature, and the approximately 60 % reduc-
tions in basal and peak induced cutaneous blood 
fl ow. 

 VEGF of epidermal origin appears to play a 
major role in maintaining dermal vasculature, 
inducing the expression of antiapoptotic proteins 
in endothelial cells, and decreased VEGF level 
shown in aged mice and rabbit’s skin probably 
contributes to endothelial cells apoptosis. Also, 
evidence suggests that there is an age-associated 
decline of both angiogenic and antiangiogenic 
factors, disrupting cutaneous angiogenic homeo-
stasis. Decreased endothelial cell permeability 
response and decreased capacity to induce white 
cell adhesion contribute to the compromised 
immune response. Compromised thermoregula-
tion, which predisposes the elderly to sometimes 
fatal heat stroke or hypothermia, may be due in 
part to reduced vasoactivity of dermal arterioles 
and, in the latter instance, to loss of heat- 
conserving subcutaneous fat as well. Reduction 
in the vascular network surrounding hair bulbs 
and eccrine, apocrine, and sebaceous glands may 
contribute to their gradual atrophy and fi brosis 
with age. Impaired transfer of cells as well as sol-
utes between the extravascular and intravascular 
dermal compartments is suggested by several 
studies. 
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 With aging, there is a decrease in the density 
and lumen size of lymphatic vessels accompanied 
by increased rigidity and decrements in lymphatic 
drainage, affected by decreased surrounding elas-
tic fi bers and in part because of decreased activity 
of enzymes that catalyze the production of nitric 
oxide (NO) (Gashev and Zawieja  2010 ). 

 Biochemical changes in collagen, elastin, and 
dermal ground substance lead to increased skin 
rigidity primarily due to modifi cations in colla-
gen. Collagen content per unit area of skin sur-
face decreases approximately 1 % per year 
throughout adult life, and the maintaining colla-
gen fi brils appear disorganized, more compact, 
and granular, and they display increased collagen 
cross-links. Such changes almost certainly con-
tribute to impaired wound healing in the elderly. 

 Beginning in early adulthood, elastic fi bers 
decrease in number and diameter; by old age, 
they often appear fragmented, with small cysts 
and lacunae, especially near the dermal- epidermal 
junction most likely due to enzymatic degrada-
tion of elastin. Elastic fi bers also show progres-
sive cross-linkage and calcifi cation with age. 

 At the biochemical level, there is an age- 
associated decrease in numerous elastic fi ber 
components, including elastin, fi brillin, and fi bu-
lin- 2. With aging, the level of fi bulin-5, an extra-
cellular matrix protein that functions as a scaffold 
for elastic fi bers, appears to decrease before other 
changes are observed, suggesting that loss of 
fi bulin-5 is a marker for skin aging (Rongioletti 
and Rebora  1995 ). 

 The ground substance mucopolysaccharides, 
glycosaminoglycans (GAGs), and proteoglycans 
are especially hyaluronic acid decreased. Aging 
also affects GAG composition and binding to 
elastin, impeding the drainage of molecules into 
lymphatic vessels. These changes may adversely 
infl uence skin turgor because proteoglycans bind 
1,000 times their own weight in water and also 
impact collagen fi ber deposition, orientation, and 
size. 

 Overall, a picture emerges of aging dermis as 
an increasingly rigid, inelastic, and unresponsive 
tissue that is less capable of undergoing modifi -
cations in response to injury or stress.  

25.10.3     Subcutaneous Tissue, 
Muscles, and Bone 

 Like other striated muscles, facial muscles show 
accumulation of the “age pigment” lipofuscin, a 
marker of cellular damage. 

 Subcutaneous fat is depleted from distinct 
facial regions, but there is a prominent increase 
in fatty tissue in other areas. Fat in the aged face, 
subject to the force of gravity, contributes to sag-
ging and drooping of the skin. 

 Facial bones display reduced mass with age. 
Bone resorption particularly in the mandible, 
maxilla, and frontal bones enhance the sagging of 
facial skin and contribute to the obliteration of 
the demarcation between the contour of the jaw 
and the neck that is so distinct in young adults.  

25.10.4     Hair 

 By the end of the fi fth decade, approximately half 
of the population has at least 50 % gray (white) 
scalp hair due to progressive and eventually total 
loss of melanocytes from the hair bulb (Tobin 
and Paus  2001 ). Loss of melanocytes is believed 
to occur more rapidly in hair than in skin because 
the cells proliferate and manufacture melanin at 
maximal rates during the anagen phase of the hair 
cycle, whereas epidermal melanocytes are com-
paratively inactive throughout their life span. 
More specifi cally, hair graying refl ects loss of the 
melanocyte stem cell population in hair follicle 
bulge (Steingrimsson et al.  2005 ). 

 Scalp hair may gray more rapidly than other 
body hair. With aging, there is a modest decrease 
in the number of hair follicles due in part to 
 atrophy and fi brosis and an increase in the pro-
portion of telogen hair follicles. One hypothesis 
suggests that melanocyte loss and lack of mela-
nosomal transfer may increase oxidative stress 
level in highly metabolic hair follicle keratino-
cytes, affecting their function and viability (Van 
Neste and Tobin  2004 ). 

 In postmenopausal women, hair loss and mild 
hirsutism are the results of decreased estrogen 
level and estrogen to androgen ratio.  
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25.10.5     Cutaneous Glands 
and Nerves 

 Eccrine glands decrease by approximately 15 % 
in average number during adulthood and sponta-
neous sweating is further reduced by more than 
70 % in healthy older subjects. 

 There is an exponential decrease in sebum 
production with aging. Decreased sensory per-
ception in old skin encompasses optimal stimulus 
for light touch, vibratory sensation, and corneal 
sensation. Cutaneous pain threshold increases up 
to 20 % in advancing adult age.   

25.11     Effects of Menopause 

 Estrogens play a critical role in female develop-
ment and reproduction and also infl uence skin 
and hair. Menopause typically occurs in a wom-
an’s early 50s, so that, with life expectancy in the 
developed world approaching 80 years (Mathers 
et al.  2004 ), women are postmenopausal for 
approximately one-third of their lives. Age- 
associated decrements in keratinocyte barrier 
function, immune regulation, and wound healing 
appear to be compounded by decreased estrogen 
levels and/or decreased responsiveness of cells to 
existing estrogens. Because both estrogen and 
androgen receptors are expressed by skin-derived 
cells, both hormones are likely to play a role in 
skin structure and function. 

 Reduction in dermal collagen content, 
increased cutaneous extensibility, decreased elas-
ticity, decreased water holding capacity, increased 
dryness, and increased fi ne wrinkling are associ-
ated with decreased circulatory levels of estro-
gen, as are decreased sebum levels. These 
changes are related more to menopause than to 
chronologic age alone, and wrinkling is reported 
to be more pronounced in postmenopausal 
women who are not taking hormone replacement 
therapy than in treated women. 

 Estrogen and progesterone are also reported to 
modulate cutaneous infl ammation, enhance kera-
tinocyte proliferation and collagen synthesis, 
decrease the activity of MMPs, and increase the 
synthesis of dermal mucopolysaccharides and 
hyaluronic acid.  

25.12     Aging and the Immune 
System 

 The immune system has two major roles: defense 
against external insults and internal immunologic 
surveillance. With advancing age, the immune 
system of animals and humans undergoes charac-
teristic changes, usually resulting in decreased 
immune competence, termed immunosenes-
cence. Decreased T-cell memory, loss of the 
naïve T-cell population, defective humoral, and 
cellular immunity characterize the aging immune 
system. Chronic infl ammatory state, decreased 
immunity to exogenous antigens, and increased 
autoreactivity compromise the ability to sustain 
environmental insults. With aging, increased 
ROS within cells leads to oxidative stress and 
contributes to low-grade infl ammation. 
Additionally, mitochondrial electron transfer 
during oxidative phosphorylation is compro-
mised with aging and results in leakage of proin-
fl ammatory ROS into the cytoplasm. This ROS 
imbalance contributes to immune senescence 
beginning with decline in the innate immune 
response and culminating with impaired adaptive 
immune responses. These changes contribute to 
the increased incidence of infections and malig-
nancies in the elderly (De la Fuente et al.  2005 ; 
Grolleau-Julius et al.  2010 ; Peters et al.  2009 ).  

25.13     Skin Immune System 
in Aging 

 Immunosenescence also affect the skin, the 
largest immunologically active organ of the 
body (Sunderkotter et al.  1997 ). There is a 
decrease in cutaneous immune function in older 
humans that leads to increased bacterial (such 
as Streptococcus- and Staphylococcus-induced 
cellulitis) and fungal infections (often candidia-
sis) (Laube  2004 ) and contributes to the increase 
in cutaneous malignancies. This indicates that 
defective cutaneous immunity develops dur-
ing aging (Desai et al.  2006 ; Lasithiotakis et al. 
 2008 ). 

 On the other hand, qualities of the skin are 
age-related changes but are not primarily linked 
to the immune system can exert an infl uence on 
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the immune response. For example, the increased 
fragility of aged skin and decreased excretory 
function of skin glands favors infection with bac-
teria, reduction in cutaneous vasculature (Johnson 
 1994 ), and increased permeability of older ves-
sels (Bilato and Crow  1996 ) are likely to infl u-
ence recruitment of an infl ammatory infi ltrate. 

25.13.1     T Lymphocytes 

 Normal, healthy human skin contains large num-
bers of antigen-experienced CD4 +  and CD8 +  T 
cells (Clark et al.  2006b ; Schaerli et al.  2004 ). 
According to some calculations, there are approx-
imately 20 billion skin-resident T cells in healthy 
human skin, nearly twice the number present in 
circulation (Clark et al.  2006b ). 

 There is evidence that certain immunological 
reactions involving T cells deteriorate with grow-
ing age (Farthing and Walton  1994 ). Sensitization 
to substances, such as 2.4-dinitrochloro benzene, 
is markedly reduced in the elderly population 
(Waldorf et al.  1968 ). Cutaneous cell-mediated 
immunity to so-called recall antigens may be 
reduced in elderly (Johnson  1994 ; Maxwell 
and McCluskey  1986 ). Aging mice also reveal 
diminished cell-mediated immunity (Snyder 
and Hogenesch  1996 ). Such an age-associated 
decrease in immunological functions involv-
ing T cells could be caused by a decline in the 
number of T cells or by a deterioration of T-cell 
functions. 

 In contrast to the controversies about the total 
number of T cells or CD4-CD8 subtypes, there is 
a wide agreement that during aging there is an 
intriguing shift among T lymphocytes from 
native T cells to memory T cells (Schwab et al. 
 1997 ; Stulnig et al.  1995 ). 

 T-reg cells play a crucial role in regulating 
the magnitude of an immune response. 5–10 % 
of T-cells resident in normal human skin express 
forkhead box P3 (Foxp3) and have other charac-
teristics of T regulative (Agius et al.  2009 ; Clark 
et al.  2006a ; Vukmanovic-Stejic et al.  2008 ). T 
regs circulate between the skin and lymph nodes, 
in the steady state and immune response (Tomura 
et al.  2010 ). These cells can directly inhibit both 
T cells and antigen presenting cells such as 

 dendritic cells and macrophages (Schwarz and 
Schwarz  2010 ; Tiemessen et al.  2007 ). 

 T-reg cells also can inhibit TNF-α secretion by 
macrophages (Taams et al.  2005 ). There is a sig-
nifi cant increase in the T reg in the skin of old 
subjects. Overrepresentation of T-reg cells in old 
skin may explain the decreased TNF-α secretion 
by cutaneous macrophages in old humans (Agius 
et al.  2009 ).  

25.13.2     B Lymphocytes 

 A diminution in antibody responsiveness in aged 
humans or mice has long been known 
(Sunderkotter et al.  1997 ). Qualitative alterations 
are more important for the altered antibody 
response (Sansoni et al.  1993 ). 

 Clinically, these abnormalities include 
reduced neutralization of invading microbes, 
increased occurrence of monoclonal gammopa-
thies, and increased levels of autoantibodies 
(Sunderkotter et al.  1997 ). In elderly humans, an 
impaired humoral immune response in vaccina-
tions against infl uenza virus is caused by differ-
ences in IgG1 antibody production (Sunderkotter 
et al.  1997 ). Well known to the dermatologist is 
the increased occurrence of usually benign 
monoclonal gammopathies in elderly individuals 
since they are frequently associated with 
 dermatoses such as scleromyxedema, necrobiotic 
xanthogranuloma, subcorneal pustulosis, or ery-
thema elevatum diutinum (Sunderkotter et al. 
 1997 ). 

 Bullous pemphigoid is an autoimmune dis-
ease of elderly people, for example, while the 
classic autoantibody-mediated systemic lupus 
erythematosus is not.  

25.13.3     Skin APC and Aging 

 Main components of the innate immune system 
in the skin are Langerhans cells, dermal dendritic 
cells, and skin resident macrophages. 

 In general, the number and phenotype of cuta-
neous DCs are comparable in young and old sub-
jects during aging however migration, 
phagocytosis and, capacity to stimulate T cells 
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may be decreased (Kovacs et al.  2009 ; Mahbub 
et al.  2011 ; Shaw et al.  2010 ). 

25.13.3.1     Langerhans Cells 
 Epidermal LCs act as sentinels of the adaptive 
immune system and are adept at processing anti-
gen. Following an external challenge, a propor-
tion of epidermal LCs is mobilized and migrates 
to local skin-draining lymph nodes. In order to 
migrate, LCs require independent signals from 
both interleukin IL-1β and tumor necrosis factor 
TNF-α (Ogden et al.  2011 ). Investigations dem-
onstrated a reduction in the number of epidermal 
LCs in elderly subjects (Gilchrest et al.  1982 ). 

 According to  Ogden S.  et al., the ability of 
peripheral blood monocytes to differentiate into 
LCs was not impaired in aged subjects, but abil-
ity of LC to migrate to draining lymph nodes has 
been shown to decline with age (Ogden et al. 
 2011 ).  

25.13.3.2     Plasmacytoid Dendritic Cells 
 PDCs are a unique dendritic cell subset, which 
is present in the normal skin in very small 
numbers. However, they play an important role 
in viral infection (for example, Varicella zoster 
virus or VZV) and inflammatory skin disor-
ders (such as psoriasis, lupus erythematosus, 
and lichen planus), also in skin tumors (mela-
noma, BCC, SCC, CTCL) (Conrad et al.  2009 ). 
There is clear evidence that PDC cytokine 
secretion is reduced with age (Panda et al. 
 2010 ; Shodell and Siegal  2002 ). The evidence 
that older people often have problems with 
VZV reactivation, causing shingles, supports 
the possibility of the impaired function of PDC 
in the skin, through decreased migration, acti-
vation, or cytokine secretion (Vukmanovic-
Stejic et al.  2011 ).   

25.13.4     Monocytes and Macrophages 

 Macrophages and monocytes play an important 
role in the immune response by fulfi lling three 
major tasks: phagocytosis and elimination of 
microbes or foreign bodies, presentation of 
antigen, and production of an unsurpassed 
amount of cytokines. During aging, monocyte 

counts are not signifi cantly decreased but a 
number of macrophage functions decline with 
aging, including diminished TLR expression, 
reduced phagocytic capacity, and a decline in 
secretion of chemokines and cytokines (Shaw 
et al.  2010 ).   

25.14     Photoaging 

25.14.1     Spectrum of UV Light 

 The sun emits UV radiation as part of an electro-
magnetic spectrum. It is usually subdivided, 
rather arbitrarily, into UVA (400–315 nm), UVB 
(315–290 nm), and UVC (290–200 nm). More 
than 95 % of the sun’s UV radiation that reaches 
the earth’s surface is UVA. UV radiation can be 
absorbed by biologic molecules (DNA, protein, 
lipids) and it can damage and kill unprotected 
cells. 

 To survive in our environment, all living organ-
isms had to develop protective mechanisms in 
order to prevent UV-induced killing and to main-
tain the stability of their genome. Such defenses 
include the development of UV-absorbing sur-
face layers, enzymatic and nonenzymatic antiox-
idative defenses, repair  processes, and removal of 
damaged cells. Through evolution, humans have 
lost most of the UV-protective fur, which remains 
an effective UV-protector only on the scalp (of 
most individuals). Nevertheless, the human skin 
is quite effective in protecting the rest of the 
organism from the harmful effects of solar UV 
irradiation, since UV radiation does not penetrate 
any deeper than the skin. 

 Some of the UV light reaching the skin is 
absorbed by biomolecules, thus eliciting photo-
chemical and photobiological responses. A light 
absorbing molecule is called a chromophore. 

 Both short-term and long-term effects of 
exposure to UV light are wavelength-dependent 
(Yarosh et al.  2008 ).  

25.14.2     UV Light and the Skin 

 Visible, short-term, cutaneous effects of UV radi-
ation include sunburn that is beyond this chapter. 
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Long-term effects of chronic sun exposure 
include photoaging and photocarcinogenesis. 
Sun exposure and its effects on cutaneous immu-
nity integrate a complex network of biologic pro-
cesses. Sun damage alters many of the key 
pathways involved in generating an appropriate 
immune response to an antigen (Hanneman et al. 
 2006 ).  

25.14.3     Mechanism and Clinical 
Findings 

 In contrast to photocarcinogenesis, where the 
anti-infl ammatory effects of UV light play a piv-
otal role, photoaging is characterized by a chronic 
infl ammatory response to UV light. 

 UV-induced erythema is characterized by 
infi ltrating neutrophils. Neutrophils are potent 
cells packed with proteolytic enzymes, includ-
ing neutrophil elastase and metalloproteinases. 
Furthermore, activated neutrophils generate 
and release ROS. Infi ltrating neutrophils can 
thus damage collagen fi bers and particularly 
elastic fi bers (Rijken and Bruijnzeel-Koomen 
 2011 ). 

 Results of a study showed that neutrophil 
infi ltration and neutrophil elastase (NE) activity 
are elevated in the chronic UVB-irradiation skin 

of hairless mouse and confi rmed the involvement 
of NE in matrix metalloproteinase (MMP) activa-
tion. These data suggest that NE indirectly plays 
a role in skin photoaging through MMP activa-
tion. Drugs that interfere with neutrophil infl ux 
are potential antiphotoaging agents (Takeuchi 
et al.  2010 ). 

 A prominent feature of photoaged skin is elas-
tosis, a process characterized clinically by yellow 
discoloration and a sometimes pebbly surface 
(Fig.  25.2 ) and histologically by tangled masses 
of degraded elastic fi bers that form an amorphous 
mass composed of disorganized tropoelastin and 
fi brillin (Fig.  25.3 ). At dermo-epidermal junc-
tion, fi brillin is reduced (Halder  1998 ). In addi-
tion, the amount of ground substance increases in 
photodamaged skin, whereas the amount of col-
lagen decreases, in part because of increased 
metalloproteinase activity. This MMP-mediated 
collagen destruction accounts, in a large part, for 
the connective tissue damage that occurs due to 
photoaging. These investigators also claimed that 
collagen synthesis is reduced more in photoaged 
human skin than in naturally aged skin in vivo 
(Fisher et al.  1996 ,  1997 ; Talwar et al.  1995 ). 
Photodamaged skin frequently displays an 
increased number of hyperplastic fi broblasts as 
well as increased infl ammatory cells (Fig.  25.4 ), 
including mast cells, histiocytes, and other 

  Fig. 25.2    Photoaged versus 
intrinsically aged skin of an 
elderly man. Habitually 
sun-exposed skin above the 
collar line is prominently 
wrinkled and lax, in contrast 
with the equally chronologi-
cally aged but sun-protected 
skin of the lower neck and 
shoulder. Despite the striking 
difference in appearance, 
both areas manifest 
age-associated functional 
decrements       
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 mononuclear cells, giving rise to the term helio-
dermatitis [literally, “cutaneous infl ammation due 
to sun” (Fig.  25.5 )]. It has been reported that sig-
nals resulting from UVA exposure in the eye pass 
through the contrast nervous system, thus leading 
to the secretion of alpha-melanocyte stimulating 
hormone (α-MSH) and adrenocorticotropic hor-
mone (ACTH) from the hypothalamus, which 
results in the immunosuppression (Hiramoto et al. 
 2009 ). In addition, the same group previously 
reported that UVA exposure in the eye induces the 
activation of mast cells through the autonomic 
nervous system (Yamate et al.  2011 ).

      In a recent study, the effects of long-term UVA 
irradiation of the eye on photoaging of the skin in 
mice were evaluated. The plasma level of 
α-melanocyte stimulating hormone (α-MSH), 

nitrogen oxides (NO 2 /NO 3 ), TNF-α, and prosta-
glandin (PG)E 2  content all increased after UVA 
irradiation. However, the level of α-MSH increased 
more by eye irradiation than skin irradiation. In 
addition, UVA irradiation of the eye and dorsal 
skin increased the number of mast cells and fi bro-
blasts. Furthermore, the expression of the melano-
cortin-1 receptor (MC1R) was increased on the 
fi broblast surface by UVA irradiation of the eye. 
These results indicate that the signal evoked by 
UVA irradiation of the eye, through the hypothal-
amo-pituitary proopiomelanocortin system, upreg-
ulated the production of α-MSH and increased 
expression of MC1R in fi broblast. This hormone 
controls the collagen generation from fi broblasts, 
thus suggesting that photoaging was induced by 
UVA irradiation of the eye (Hiramoto et al.  2012 ). 

  Fig. 25.3    Photodamaged 
facial skin and large masses 
of deranged elastic fi bers 
characterize solar elastosis       
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 The role of α-MSH as a regulator of the extra-
cellular matrix of the skin was supported by the 
recent studies demonstrating that α-MSH sup-
pressed the collagen synthesis induced by trans-
forming growth factor beta (TGF-β 1 ), a key 
profi brotic cytokine implicated in the pathogen-
esis of fi brotic disorders, including systemic scle-
rosis (Bohm et al.  2004 ). Therefore, there appears 
to be a mechanism wherein the α-MSH/MC1R 
system controls the generation of collagen. The 
elucidation of this mechanism may, therefore, 
lead to the development of new measures for pre-
venting photoaging. Moreover, the cytoprotective 
and DNA damage-reducing effects of α-MSH 
may be of special interest for patients with dis-
eases associated with increased UV susceptibility 

(Hiramoto et al.  2012 ). Dermal vasculature in 
mildly photodamaged skin displays venule wall 
thickening; in severely photodamaged skin, thin 
vessel walls with compromised perivascular veil 
cells display dilations (telangiectases). 

 In contrast with chronologically aged skin, 
photodamaged epidermis is frequently acan-
thotic, although severe atrophy, loss of polarity, 
and cellular atypia also can be seen. Initial pig-
mentary changes of photoaging can sometimes 
be seen just weeks or months after sunburn “sun-
burn freckles.” Additional changes are described 
in Table  25.4 .

   Since natural sunlight is polychromatic, other 
wavelengths may have some effects on the human 
skin. Recent work demonstrates that IR and heat 

  Fig. 25.4    Marked dermal 
infl ammatory infi ltrate 
associated with the 
heliodermatitis that is 
characteristic of ongoing and 
chronic actinic exposure       
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   Table 25.4    Features of photoaged skin   

 Clinical  Histologic 

 Dryness (roughness)  Increased compaction of stratum corneum, increased thickness of 
granular cell layer, reduced epidermal thickness, reduced epidermal 
mucin content 

 Actinic keratosis  Nuclear atypia, loss of orderly, progressive keratinocyte maturation; 
irregular epidermal hyperplasia and/or hypoplasia; occasional dermal 
infl ammation 

  Irregular Pigmentation  
 Freckling  Reduced or increased number of hypertrophic, strongly DOPA-positive 

melanocytes 
 Lentigines  Elongation of epidermal rete ridges; increase in number and melanization 

of melanocytes 
 Guttate hypomelanosis  Reduced number of atypical melanocytes 
 Diffuse irreversible hyperpigmentation 
(bronzing) 

 Increased number of DOPA-positive melanocytes and increased melanin 
content per unit area and increased number of dermal melanophages 

  Wrinkling  
 Fine surface lines  None detected 
 Deep furrows  Contraction of septae in the subcutaneous fat 
 Stellate pseudoscars  Absence of epidermal pigmentation, altered fragmented dermal collagen 
 Elastosis (fi ne nodularity 
and/or coarseness) 

 Nodular aggregations of fi brous to amorphous material in the papillary 
dermis 

 Inelasticity  Elastotic dermis 
 Telangiectasia  Ectatic vessels often with atrophic walls 
 Venous lakes  Ectatic vessels often with atrophic walls 
 Purpura (easy bruising)  Extravasated erythrocytes and increased perivascular infl ammation 
 Comedones (maladie de Favre et 
Racouchot) 

 Ectasia of the pilosebaceous follicular orifi ce 

 Sebaceous hyperplasia  Concentric hyperplasia of sebaceous glands 

  Basal cell carcinoma and squamous cell carcinoma also occur in photoaged skin but, unlike the table entries, affect only 
a minority of individuals  

  Fig. 25.5    Photoaging: 
heliodermatitis. Pronounced 
furrowing, yellow discolor-
ation, and pebbly surface 
(solar elastosis)       
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exposure each induces cutaneous angiogenesis 
and infl ammatory cellular infi ltration, disrupts 
the dermal extracellular matrix by inducing 
MMP, and alters dermal structural proteins, 
thereby adding to premature skin aging (Cho 
et al.  2009 ). Data from a study demonstrate that 
human skin mast cells are activated and recruited 
by UV, as well as by IR and heat, all of which are 
components of sunlight. Mast cells might modu-
late the skin aging processes by infl uencing the 
function of many different surrounding cells in 
skin, including keratinocytes (KCs) and fi bro-
blasts (FBs) by their mediator (Kim et al.  2009 ). 

 Photoaging is most apparent in Whites but 
also occurs in Asians, Hispanics, and Africans. 
Individuals with skin phototypes I and II (white) 
generally show atrophic and dysplastic skin 
changes with actinic keratoses and epidermal 
malignancies, whereas the individuals with 
darker skin phototypes III and IV manifest hyper-
trophic responses such as furrowing, lentigines, 
and coarseness. It usually involves the face, neck, 
or extensor surfaces of the upper extremities 
most severely (Munavalli et al.  2005 ). The differ-
ences in clinical appearance of photoaged skin 
between Whites and other groups are primarily 
due to differences in their UV defense systems. 
In the latter three groups, melanin is a major form 
of protection, whereas in Whites, melanin plays a 
lesser role, and stratum corneum thickening is 
relatively more important. One study reported a 
sun protection factor for black epidermis of 13.4 
compared to 3.4 for white epidermis (Kaidbey 
et al.  1979 ). 

 Major clinical features of photoaging in Asian 
skin are solar lentigines and mottled pigmenta-
tion. Moderate-to-severe wrinkling occurs in 
Asians but only in the sixth decade (Chung et al. 
 2001 ; Halder and Richards  2004 ). 

 Due to its ability to penetrate deeper into the 
dermis, UVA in particular is thought to play an 
important role in the dermal changes of photo-
aging, but it is thought to be as important in 
 photocarcinogenesis, since all UV-induced skin 
cancers (basal and squamous cell carcinomas 
(SCCs and BCCs) and melanomas) arise from 
cells that reside within the epidermis, not from 
dermal cells.  

25.14.4     UV Effects on the Cutaneous 
Immune System 

 Sunburn exemplifi es the profound effect that UV 
light has on the skin’s immune function, in this 
case a proinfl ammatory effect. Several clinical 
observations Table  25.5  provide evidence for the 
proinfl ammatory/immune-stimulating effects of 
UV light on the skin. On the other hand, UV light 
clearly has anti-infl ammatory/immunosuppres-
sive properties as well, exemplifi ed by the effi cacy 
of UV phototherapy in the treatment of infl amma-
tory skin disorders. Proinfl ammatory, anti-infl am-
matory, and immunomodulatory changes occur 
side-by-side within different arms of cellular and 
humoral immune reaction cascade.

   UV light-induced effects on the immune sys-
tem involve not only the areas of skin directly 
exposed to UV light but also non-irradiated sites. 
An example of systemic immunostimulating 
effects is the UV-induced exacerbation of sys-
temic disease in patients with systemic lupus ery-
thematosus. Recently, it has been suggested that 
the immunosuppressive effects of UV light affect 
primarily the adaptive, antigen-specifi c immune 
system, while immunostimulatory effects target 
the innate immune systems (Schwarz  2010 ). 

 Cellular photoreceptors that mediate the signal-
ing that leads to UV-induced immune responses 
are as follows: DNA (via formation of DNA dam-
age or DNA photoproducts), urocanic acid in the 
stratum corneum (via UV-induced isomerization 
from the trans- to the cis-isoform), and membrane 
lipids (via UV-induced alteration of the membrane 
redox potential). The immunosuppressive effects 
of UVB are well established, but evidence is accu-
mulating that UVA also has prominent effects.   

25.15     Photocarcinogenesis 

 UVR from the sun is the most prevalent carcino-
gen in human, particularly among Caucasians. 
In the case of photocarcinogenesis, UV exposure 
provides a one-two punch—not only does it 
 generate DNA damage that leads to mutation 
 formation and malignant transformation, but its 
immunosuppressive properties, including the 
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induction of specifi c tolerance to antigens from 
UV-induced skin tumors, reduce the ability of the 
host immune-defense system to recognize and 
remove malignant cells. UV irradiation also 
impairs immune surveillance against cells 
infected with oncogenic viruses (e.g., certain 
human papillomavirus (HPV) types) and may 
thereby further promote skin cancer formation. 
This may explain why cutaneous SCCs develop 
more frequently than BCCs in immunosup-
pressed patients (e.g., solid organ transplant 
recipients), in contrast to immunocompetent indi-
viduals, in whom BCCs occur more commonly 
than SCCs. Patients infected with human immu-
nodefi ciency virus (HIV) do have a moderately 
increased incidence of SCC, but these tumors at 
sun-exposed sites are associated with HPV. 

 The advantage of reduced immune reactivity 
following exposure to UV light is the preven-
tion of illicit (auto) immune reactions to tran-
siently UV-altered cells. Any shift in the balance 
between pro- and anti-infl ammatory responses 
toward a more immunosuppressed state 
increases the risk of UV-induced tumor forma-
tion, as occurs in chronically immunosuppressed 
patients. However, tilting this balance toward 

proinfl ammatory responses and autoimmunity 
increases the risk of developing photodermatoses 
or photoaggravated skin diseases such as lupus 
erythematosus. The critical nature of this balance 
is also exemplifi ed by the observation that effec-
tive photoprotection commonly leads to sponta-
neous resolution of actinic keratoses. 

 As photocarcinogenesis commonly occurs in 
photoaged skin, this further demonstrates the 
simultaneous occurrence of pro- and anti- 
infl ammatory responses to UV light. Both pro-
cesses, photoaging and photocarcinogenesis, 
usually require several years of sun exposure 
before clinical manifestations are apparent. 

 Novel, pathway-based approaches to prevent 
or treat skin cancer are being developed. 
Educational and behavioral approaches are keys 
to minimizing skin cancer rates in future.  

25.16     Ultraviolet 
Immunosuppression 

 Sun exposure and its effects on cutaneous immu-
nity integrate a complex network of biologic 
 processes. Sun damage alters many of the key 

   Table 25.5    Effects of ultraviolet light on the immune system   

  Clinical observations  
 Suggestive of proinfl ammatory/immune-stimulating effects: 
  Sunburn 
  Dermatoheliosis 
  Photodermatoses (phototoxic and photoallergic) 
  Photoaggravation of infl ammatory skin diseases (e.g., psoriasis, atopic dermatitis, pityriasis rubra pilaris) 
  Induction of autoimmune connective tissue diseases (e.g., cutaneous lupus erythematosus (LE), fl ares of systemic LE) 
  Effi cacy of UV phototherapy for the treatment of skin infections (e.g., lupus vulgaris) 
 Suggestive of anti-infl ammatory/immunosuppressive effects: 
  Activation of recurrent orolabial herpes simplex 
  Increased risk of photocarcinogenesis in the setting of immunosuppression (e.g., solid organ transplant recipients) 
  Effi cacy of UV phototherapy for the treatment of infl ammatory skin diseases 
  Cellular and molecular events in UV-irradiated skin  
 Mediating proinfl ammatory/immune-stimulating effects: 
   Release of proinfl ammatory mediators by resident and nonresident skin cells (e.g., serotonin, prostaglandins, IL-l, 

IL-6, IL-B, TNF-α) 
   Induction of antimicrobial peptides (hypothesized to explain why UV-irradiated skin is not prone to bacterial 

infections) 
 Mediating anti-infl ammatory/immunosuppressive effects: 
  Depletion of Langerhans cells or modulation of their antigen-presenting function 
  Release of anti-infl ammatory mediators by resident and nonresident skin cells (e.g., IL-l 0, a-MSH) 
  Induction of regulatory T cells (antigen-specifi c) 
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pathways involved in generating an appropriate 
immune response to an antigen (Hanneman et al. 
 2006 ). 

25.16.1     Antigen-Presenting Cells 

 Epidermal LCs are the principal APCs in the 
skin. They have an extensive network of den-
drites reaching up to the stratum corneum to 
detect and recognize foreign antigens that contact 
the epidermal surface. They comprise the major 
immune-surveillance network of the skin. 
Cutaneous immunity depends on proper func-
tioning of LCs. Exposure to UVB radiation (280–
320 nm) has been shown to alter LC number, 
morphology, and antigen-presenting function. 
Within hours of UV exposure, LCs begin 
 migrating from the irradiated epidermis, without 
the functional maturity to mount an immune 
response. In response to foreign antigen, 
UV-irradiated LCs fail to stimulate Th1 cells but 
preferentially activate Th2 cells, resulting in 
increased generation of suppressor T cells. Thus, 
migration of LCs coupled with differential acti-
vation of Th subsets after antigen exposure trans-
lates to a decreased or absent ability to mount an 
appropriate immune response. Consequently, 
microbial antigens may be tolerated and tumor 
growth rather than rejection occurs. Similar to 
UVB, UVA radiation (320–400 nm) also causes a 
reduction in LC number and disruption of their 
functional capacity (Dumay et al.  2001 ). These 
effects of UVA may partially explain its suppres-
sive effects on in vivo contact sensitivity that 
have been observed in both animal and human 
studies (Fourtanier et al.  2000 ).  

25.16.2     Cytokines 

 UV-induced immune suppression is modulated 
through the participation of a number of cyto-
kines including but not limited to IL-1β, TNF-α, 
IL-10, and IL-12. After UV exposure, immuno-
suppressive cytokines TNF-α and IL-10 are 
released from damaged keratinocytes. TNF-α is a 
proinfl ammatory cytokine that causes the upreg-
ulation of intercellular adhesion molecule 

(ICAM) and major histocompatibility complex 
(MHC) class I and class II. TNF-α and IL-1β 
have been implicated in directing LC migration 
after UV radiation. 

 Several studies indicate that the IL-10 released 
by UV-irradiated keratinocytes modulates anti-
gen presentation by LCs such that there is prefer-
ential activation of Th2 cells that then secrete 
additional immune-suppressive cytokines (IL-4 
and IL-10) and suppress cell-mediated immune 
responses (Ullrich  1994 ). The release of cyto-
kines by UV comes not only from damaged kera-
tinocytes but also from additional sources as 
well. UVB-induced damage to cutaneous nerves 
induces the release of neuropeptides such as cal-
citonin gene-related peptide and substance P 
from nerve endings, which causes dermal mast 
cell degranulation and thus the release of addi-
tional IL-10 and TNF-α (Granstein and Matsui 
 2004 ). CD11b +  macrophages after UVB expo-
sure are yet another large source of IL-10 (Kodali 
et al.  2005 ; Schmitt et al.  2000 ). 

 IL-12 is a cytokine produced by polymorpho-
nuclear cells, keratinocytes, and APCs. It is one 
of the crucial cytokines involved in activation of 
Th1 lymphocytes and blockade of Th2 activity. 
Because of this capacity, it has been speculated 
that IL-12 could neutralize the effects of IL-10 
and thus overcome UV-induced immune sup-
pression. A study demonstrated that the ability of 
IL-12 to prevent UV immune suppression 
depends on DNA repair (Schwarz et al.  2005 ). 
After UV exposure, IL-12 is downregulated, 
likely due in part to increased levels of prosta-
glandin E2. Decreased IL-12 further contributes 
to UV-induced immune suppression (Kodali 
et al.  2005 ; Murphy  1998 ; Stevens and 
Bergstresser  1998 ). Based on data demonstrating 
that IL-12 can interfere with UV-induced 
T-suppressor cells and counteract the effects of 
IL-10, it may have signifi cant therapeutic poten-
tial to block UV-induced immune suppression 
(Hanneman et al.  2006 ).  

25.16.3     T Lymphocytes 

 T-suppressor cells play a critical role in UV 
immune suppression and induction of tolerance, 
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thereby preventing rejection of UV radiation- 
induced tumors. They have been shown to origi-
nate from the draining lymph nodes of 
UV-irradiated mice and have been associated 
with increased production of IL-10, TGF-β, and 
inhibition of IL-12 (Shreedhar et al.  1998 ). They 
are commonly referred to as CD4 +  CD25 +  T cells. 
A study have demonstrated that after in vitro 
expansion of these T cells, they secreted a Tr-1 
like cytokine pattern, characterized by high lev-
els of IL-10, TGF-β, IFN-γ, low levels of IL-2, 
and no IL-4. It was also demonstrated that the T 
cells responsible for transferring tolerance 
express the cytotoxic T-lymphocyte antigen 4 
(CTLA-4) cell surface marker (Schwarz et al. 
 2005 ). CTLA-4 (CD152) is a surface marker 
expressed on activated T lymphocytes that cross- 
links the B7-2 molecule on APCs (Oosterwegel 
et al.  1999 ). This leads to downregulation of IL-2 
and inhibition of a variety of immune responses. 
Another group of immune-effector cells, known 
as NK T cells, has also been reported to mediate 
UV-immune suppression and skin tumor devel-
opment (Moodycliffe et al.  2000 ). NK T cells 
express intermediate amounts of T-cell receptor 
molecules on their surface and coexpress surface 
antigens normally found on NK cells. These cells 
compose only 2–3 % of the splenic T-cell popula-
tion and are believed to exert their suppressive 
function via secretion of high levels of IL-4, sim-
ilar to Th2 cells, within hours of primary CD3 
stimulation (Hanneman et al.  2006 ).  

25.16.4     Chromophores: DNA 
and Urocanic Acid 

 For immune suppression to occur, UV energy 
must be converted into a biologic signal. 
Photoreceptors in the skin, such as DNA, urocanic 
acid, membrane lipids, and proteins, are believed 
to perform this function (Ullrich  2002 ). As men-
tioned previously, there is a strong correlation 
between DNA damage and certain cytokines 
involved in modifying immune responses. DNA 
repair enzymes in the form of bacterial T4 endo-
nuclease V liposomes prevent UV-induced upreg-
ulation of the immunosuppressive cytokines IL-10 

andTNF-α in vivo (Wolf et al.  2000 ). Investigators 
have shown that topical application of DNA repair 
enzymes from Micrococcus luteus partially pre-
vented simulated solar radiation (SSR)-induced 
suppression of contact hypersensitivity (CHS) to 
dinitrochlorobenzene in human subjects, indicat-
ing that damage to DNA by SSR contributes to 
UV-immune suppression (Ke MS et al.  2004 ). 

 Trans-urocanic acid (Trans-UCA) is a natural 
substance formed from deamination of histidine 
during keratinization, which leads to its accumu-
lation in the stratum corneum. Exposure to UV 
causes photoisomerization of trans-UCA to cis- 
UCA, which exerts immune-suppressive proper-
ties. In the early 1980s, the fi rst suggestion that 
UCA might be involved in UV-immune suppres-
sion came with the discovery that trans-UCA has 
a maximal absorption spectra of 270 nm and thus 
could be a natural sunscreen. It was later discov-
ered, using a mouse model, that inhibition of con-
tact hypersensitivity (CHS) has a similar 
absorption peak at 270 nm. These identical 
absorption spectra then strongly implicated UCA 
as a chromophore for UV-immune suppression. 
Furthermore, when tape stripping was performed 
to remove stratum corneum, UV-immune sup-
pression was prevented (Hanneman et al.  2006 ). 
Both in vitro and in vivo studies have suggested 
that the immune-suppressive properties of cis- 
UCA may be due to modulation of cytokines 
such as TNF-α, IL-10, and IL-12, as well as LC 
depletion (Beissert and Schwarz  1999 ; Holan 
et al.  1998 ). In vivo studies have shown that 
UV-irradiated mice treated topically with cis- 
UCA have enhanced tumor growth, whereas 
those treated with anti-cis-UCA antibodies had a 
decreased incidence of tumor formation (Reeve 
et al.  1989 ).  

25.16.5     Other Possible Contributory 
Molecules 

 Another possible mediator involved especially in 
UVA- induced immune suppression is nitric 
oxide (NO). Studies using topical NO inhibitor 
suggest that NO production may be a particularly 
important oxidative event causing epidermal LC 
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depletion in response to UVA irradiation (Yuen 
et al.  2002 ). 

 One of the supposed benefi cial effects of 
UVB radiation is the production of vitamin D 
in the skin, as well as conversion of provitamin 
D 3  (7-dehydrocholestereol) to the active vita-
min D 3  metabolite (1,25 dihydroxyvitamin D 3 ) 
(Reichrath and Rappl  2003 ). Current data suggest 
that vitamin D and its related analogues inhibit 
differentiation and induce a persistent state of 
immaturity in DCs via alterations in surface 
ligands and production and release of cytokines. 
VDR ligands also induce generation of CD4 + , 
CD25 +  T-reg cells that secrete inhibitory cyto-
kines and inhibit Ag-specifi c T-cell activation. As 
mentioned previously, all of these effects depend 
on the presence of the vitamin D receptor (Griffi n 
and Kumar  2003 ; Reichrath and Rappl  2003 ). 

 UV radiation also alters cellular redox equi-
librium and causes reactive oxygen species for-
mation and membrane lipid peroxidation. 
Oxidative damage to cellular components may 
likewise contribute to immune suppression. 
Using a murine epidermal DC line, hydrogen 
peroxide was shown to mediate UVB impairment 
of antigen presentation (Caceres-Dittmar et al. 
 1995 ). The ability of various antioxidants to 
interfere with UV-induced immune suppression 
and tolerance induction suggests further that 
UV-induced oxidative stress contributes to 
immune suppression (Nakamura et al.  1997 ; van 
den Broeke and Beijersbergen van Henegouwen 
 1995 ).   

25.17     Skin Disease in the Elderly 

 There is an increased susceptibility to cutane-
ous disease and injury by aging. Such disorders 
often appear to be the consequence of age- 
associated intrinsic losses of cutaneous cellular 
function. However, many dermatoses observed 
more commonly in the elderly refl ect the higher 
prevalence of systemic diseases, such as diabe-
tes, vascular insuffi ciency, and various neuro-
logic syndromes. The increased prevalence of 
some disorders also may refl ect reduced local 
skin care due to immobility or neurologic 

impairment. As well, subtle age-associated 
changes in immune status may contribute. 

 Reduced tolerance to systemically adminis-
tered drugs is well documented in the elderly due 
to decrements in lean body mass, metabolism, 
and renal excretion (Vestal and Cusack  1990 ). 

 Selected common cutaneous disorders in the 
elderly are discussed briefl y in the following 
(Table  25.6 ).

25.17.1       Tumors 

 Benign proliferative growths are especially 
characteristic of aging skin. Acrochordons, 
cherry angiomas, seborrheic keratoses, and len-
tigines begin to appear in middle age and are 
numerous in nearly every adult beyond age 
65 years. 

25.17.1.1     Seborrheic Keratoses 
 Seborrheic keratoses are benign papules or 
plaques that are highly variable in size and color. 
Because their number increases with aging, inde-
pendent of sun exposure, they are considered by 
some as a biomarker of intrinsic aging (Yaar and 
Gilchrest  2001 ). Seborrheic keratoses represent 
clonal proliferations of both keratinocytes and 
melanocytes (Nakamura et al.  2001 ). They have 
no malignant potential. Although the pathogene-
sis of these keratoses is not completely under-
stood, lesional keratinocytes express high levels 
of endothelin-1 and lesional melanocytes have 
increased tyrosinase expression (Teraki et al. 
 1996 ).   

25.17.2     Skin Cancer 

 The age-specifi c incidence of skin can-
cer, including melanoma, increases with age 
(Berneburg et al.  1999 ), presumably due in part 
to cumulative exposure to carcinogens over a 
lifetime interspersed with cell division, with 
the attendant risk of mutation. There are also 
well-documented age-associated decreases in 
DNA repair capacity (Goukassian et al.  2000 ; 
Moriwaki et al.  1996 ) and immunosurveillance 
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(Kessler  1993 ), as well as subtle loss of prolif-
erative homeostasis. 

 The major etiologic factor for skin cancer is 
UV irradiation. The importance of exposure tim-
ing, dose rate, and total UVR exposure differ 
between the types of skin cancer. Habitual sun 
exposure of fair-skinned individuals induces 
SCC as well as actinic keratoses. 

 In contrast, the risk of BCCs and particularly 
malignant melanoma is related not only to total 
sun exposure but also to intense intermittent sun 
exposure (Kricker et al.  1995 ). 

 Although all types of melanoma have 
increased age-specifi c incidences (Sachs et al. 
 2001 ), lentigo malignant melanoma overwhelm-
ingly develops in the 1960s or later in habitually 
sun-exposed skin (Morris and Sober  1989 ). 

 Merkel cell carcinoma is a rare cutaneous 
tumor thought to arise from a pluripotential cell 
that displays neuroendocrine differentiation. 
More than 90 % of patients diagnosed with this 
tumor are older than age 50 (Gupta et al.  2006 ; 
Moll et al.  1994 ). 

 Also the most common form of angiosarcoma 
occurs on the head and neck of the elderly.  

   Table 25.6    Presumptive pathophysiology of common cutaneous disorders in the elderly   

 Disorder  Pathophysiology 

 Benign neoplasia 
  Seborrheic keratosis  Focal epidermal homeostatic loss leading to increased endothelin-1 
 Malignant neoplasia 
   Squamous cell carcinoma 

and actinic keratosis 
 Ultraviolet-induced DNA damage 

  Basal cell carcinoma  Decreased DNA damage repair capacity 
  Malignant melanoma  Cumulative age-associated DNA damage 
  Merkel cell carcinoma  Decreased DNA damage repair capacity; polyoma virus 
  Angiosarcoma 
 Papulosquamous disorders 
  Psoriasis  Changes in patient’s environment leading to Koebnerization 

 Systemic medications 
 Xerosis/asteatotic dermatitis  Disturbance of epidermal maturation (decreased fi laggrin production and/or altered 

lipid profi le) 
 Decreased water content in outer layers of stratum corneum slower corneocyte 
transit 

 Pruritus  Penetration of irritants through damaged stratum corneum (?) 
 Altered sensory threshold (neuropathy) (?) 
 Metabolic disorder 
 Endocrine disorder 
 Malignant neoplasm 
 Adverse drug reaction 
 Parasitic infestation 

 Infections  Compromised local cutaneous health predisposing to growth of infective organism 
 Age-associated decreased immune function 
 Underlying systemic disorder associated with decreased immune function 

 Ulcers  Impaired wound healing capacity (decreased levels of growth factors, decreased 
cellular proliferative capacity, increased perivascular fi brin deposition) 
 Decreased mobility 
 Underlying systemic disorder 
 Compromised local cutaneous health (venous stasis, arteriosclerosis, hypertension) 

 Bullous pemphigoid  Flattening of the dermal- epidermal junction 
 Increased circulating autoantibodies 

 Photosensitivity reactions  Medications with unsaturated ring structures 
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25.17.3     Papulosquamous Disorders 

25.17.3.1     Xerosis and Asteatotic 
Dermatitis 

 Xerosis is a dry, rough quality of skin that is 
almost universal in the elderly and may be attrib-
uted to a subtle disturbance of epidermal matura-
tion, such as inadequate fi laggrin production 
(Tezuka et al.  1994 ) or altered lipid profi le 
(Ghadially et al.  1995 ). Water content of the via-
ble epidermis is normal, but there is some reduc-
tion in the outermost layers of the stratum 
corneum (Elias and Ghadially  2002 ). There is no 
explanation for pruritus that often accompanies 
xerosis (Gilchrest  1995 ). 

 Asteatotic eczema, a condition frequently 
found in the elderly during the wintertime, is 
dermatitis superimposed on xerosis. It is often 
caused by low humidity in a heated environ-
ment. It manifests by dry, fi ssured skin with fi ne 
scale and is usually localized to the pretibial 
region.  

25.17.3.2     Pruritus 
 Pruritus is perhaps the most common skin-related 
complaint of the elderly. In a majority of cases, 
pruritus is attributable only to xerosis, often exac-
erbated by low humidity, frequent bathing, or 
application of irritants to the skin. However, in up 
to 10–50 % of patients, pruritus may have other 
etiologies. These include metabolic or endocrine 
disorders, such as diabetes mellitus, renal failure, 
thyroid disease, or hepatic disease, in particular 
the obstructive type. Pruritus can be a manifesta-
tion of a malignant neoplasm, in particular lym-
phoma or leukemia or polycythemia vera. 
Adverse drug reactions can manifest as pruritus. 
Finally, infestations such as scabies lead to 
intense pruritus (Frances et al.  1991 ).   

25.17.4     Infectious Processes 

25.17.4.1     Bacterial 
 Impetigo and folliculitis in the elderly are usually 
caused by Staphylococci, in contrast to the pedi-
atric, usually caused by Streptococci. Cellulitis is 
an infectious infl ammatory disease involving the 

subcutaneous tissue. In elderly may present with 
only subtle rubor, tumor, calor, and dolor. 

 Erysipelas, a β-hemolytic streptococcal infec-
tion of skin, is more common in elderly. 

 Also, necrotizing fasciitis is a rare cutaneous 
infection, but it is more frequent in the elderly 
(Elgart  2002 ).  

25.17.4.2     Parasitic 
 Scabies can occur in any age, but nursing homes 
provide a fertile ground for rapid spread of the 
infestation. In the elderly, because of their 
decreased immunity, lesions may be atypical and 
display less infl ammation and pruritus (Uitto and 
Pulkkinen  1996 ).  

25.17.4.3     Dermatophytes and Yeasts 
 Onychomycosis is present in approximately 
40 % of patients after age 60 years, and tinea 
pedis is present in approximately 80 % of this 
population. Indeed, in elderly diabetic patients, 
interdigital tinea pedis may ulcerate and predis-
pose to bacterial cellulitis. 

 Also cutaneous infections due to Candida 
albicans are common in the elderly (Martin and 
Elewski  2002 ).  

25.17.4.4     Viral 
 The incidence of herpes zoster peaks at age 
75 years. Postherpetic neuralgia, uncommon in 
patients younger than 40 years old, occurs in 
more than 40 % of patients aged 60–69 years and 
50 % of 70-year-old patients or older (Mathers 
et al.  2004 ). Decreased cellular immunity and 
impaired wound healing in the elderly may 
account for slower resolution of the acute erup-
tion (Weitz et al.  1987 ).   

25.17.5     Ulcers 

 Chronic ulcers of all etiologies are more common 
in the elderly. The most common are leg ulcers, 
usually in the setting of chronic venous insuffi -
ciency. Exudation of macromolecules such as 
fi brinogen into the dermis may block the passage 
of oxygen and nutrients and growth factors 
required for tissue homeostasis. 
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 Decubitus ulcers are proportionately far more 
common in elderly hospitalized patients than in 
younger (Paquette and Falanga  2002 ). 

25.17.5.1     Bullous Pemphigoid 
 Bullous pemphigoid is far more common after age 
60 years than in younger persons, a predilection 
that may be explained in part by the age- associated 
increases in circulating autoantibodies and ease of 
dermal-epidermal separation (Yaar and Gilchrest 
 1987 ). Bullous pemphigoid is a self-limited con-
dition that frequently resolves within 6–12 months, 
but elderly patients may experience increased 
morbidity and mortality because of debilitated 
general health or as a side effect of treatment.   

25.17.6     Drug Eruptions 

 Adverse drug reactions of all kinds increase with 
age, in part because the elderly consume more 
medications than younger age groups and because 
of medical conditions, including impaired renal, 
cardiac, or hepatic function, which compromise 
drug metabolism or excretion. The most fre-
quently observed adverse cutaneous drug reac-
tions are pruritus, exanthems, and urticaria, but 
drug-induced autoimmune reactions, including 
pemphigus, bullous pemphigoid, and lupus, also 
occur in the elderly.      
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26.1            Introduction 

 Regular physical exercise is associated with 
increased longevity and a lower risk of develop-
ing cardiovascular disease (CVD), diabetes, met-
abolic syndrome, hypertension, infectious 
illnesses, and cancer (Lynch et al.  1996 ; Kodama 
et al.  2009 ; Evenson et al.  2003 ; Blair et al.  1996 ; 
Barlow et al.  2006 ). Over the last quarter century, 
there has been considerable interest in the effects 
of exercise on the aging immune system. 
Immunosenescence, the canopy term used to 
describe the progressive decline in normal 
immune function with age, has been attributed to 
the etiology of many age-related diseases. This 
includes cancer, pneumonia/infl uenza, septice-
mia, and nephritis, which are among the ten lead-
ing causes of death in persons aged 65 years or 
older in the United States (US) (Heron and 
Tejada-Vera  2009 ). Regular exercise has been 
purported as a simple lifestyle factor that could 
help negate the onset of immunosenescence and 
reduce the burden of immune-related health 
problems in the elderly population. The methods 
used to study the effects of exercise on the aging 

immune system are highly varied. Cross-sectional 
experimental designs are oftentimes used to dis-
criminate between exercise trained and untrained 
older adults, whereas more and more studies are 
now incorporating longitudinal randomized con-
trolled trials to examine the effects of an exercise 
training intervention on various aspects of immu-
nity. Exercise training interventions usually 
incorporate aerobic- and/or resistance-based 
exercise lasting from 8 weeks to 12 months, and 
the subjects enrolled in these studies range from 
healthy middle-aged adults to frail elderly nurs-
ing home residents. Among the most common 
outcome measures used to assess the effects of 
exercise on the aging immune system are T-cell 
proliferative responses to mitogens, serum anti-
body titers following vaccination, cytotoxic 
activity of natural killer (NK) cells, the function 
of phagocytic cells, the numbers and composition 
of leukocyte subtypes, and circulating levels of 
infl ammatory mediators (Haaland et al.  2008 ). 
Although vast inconsistencies in experimental 
design can often complicate the interpretation of 
the available literature, more and more evidence 
is emerging to indicate that exercise is in fact 
capable of negating immunosenescence. In this 
chapter, we address the effects of regular exercise 
on immunosenescence and the associated 
immune risk profi le (IRP) in older humans. We 
have defi ned older humans as aged 60 years or 
more and, although we have focused mostly on 
studies involving human subjects, data from ani-
mal models are referred to when appropriate 
human data are lacking.  
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26.2     Aging, Immunosenescence, 
and the Immune Risk Profi le 

 Longitudinal aging studies that have been ongo-
ing since the mid-1990s identifi ed a cluster of 
immunological biomarkers referred to as IRP that 
predict mortality at 2-, 4-, and 6-year follow-up 
in a very old Swedish population (Pawelec et al. 
 2009 ; Ferguson et al.  1995 ). The IRP includes an 
inverted CD4 + :CD8 +  T-cell ratio, poor T-cell pro-
liferative responses to mitogens, low levels of 
interleukin (IL)-2 production, high ratio of late 
(i.e., CD27 − /CD28 − ) to early (i.e., CD27 + /CD28 + ) 
stage differentiated CD8 +  T cells, increased pro-
portion of T cells expressing markers associated 
with senescence (i.e., killer cell lectin-like recep-
tor subfamily G member 1 or KLRG1, CD57), 
and seropositivity to cytomegalovirus (CMV). 
CMV is a ubiquitous β-herpesvirus that 
 establishes lifelong infection in over 50 % of the 
US population (Bate et al.  2010 ). As CMV is 
capable of frequent and intermittent reactivation, 
it is believed to drive immunosenescence of the 
T-cell compartment due to a sustained antigenic 
load that may lead to T-cell exhaustion and pro-
liferative arrest. CMV reactivation causes an 
insidious infl ation of the memory T-cell pool and, 
in conjunction with a lowering output of naïve T 
cells from the atrophying thymus in aging 
humans, the repertoire of naïve T cells capable of 
recognizing and responding to novel infectious 
agents is substantially lowered (Brunner et al. 
 2010 ). This is referred to as a lowering of the 
“immune space” and is hypothesized to allow 
rapidly evolving pathogens (i.e., infl uenza, rhino-
virus, respiratory syncytial virus, or RCV) to dis-
seminate more readily in the aging host 
(Saurwein- Teissl et al.  2002 ). 

 A common criticism of the IRP is that it is too 
focused on adaptive immunity. It has now 
become apparent that the innate arm of the 
immune system is not impervious to the effects 
of immunosenescence. For instance, the prolif-
eration and natural cytotoxicity of NK cells has 
been shown to decrease with age (Gayoso et al. 
 2011 ), while defects in neutrophil phagocytosis 
and chemotaxis is also evident with increasing 
age (Shaw et al.  2010 ). Moreover, monocyte 

expression of co-stimulatory molecules (i.e., 
CD80/CD86) and production of cytokines also 
show age-related impairments, particularly in 
the context of toll- like receptor (TLR) signaling 
(van Duin and Shaw  2007 ; Shaw et al.  2011 ). A 
marked association with aging is increased lev-
els of circulatory infl ammatory mediators. This 
has been coined “infl amm-aging” and describes 
a chronic, mostly asymptomatic, low-grade 
infl ammatory state that can eventually lead to 
chronic illnesses in the elderly such as cardio-
vascular disease, type 2 diabetes mellitus, 
Alzheimer’s disease, osteoporosis, and certain 
cancers. Indeed, circulating levels of infl amma-
tory mediators such as IL-6, interleukin-1 recep-
tor antagonist (IL-1RA), and C-reactive protein 
(CRP) are considered useful prognostic markers 
in very old people (Jylha et al.  2007 ). Here we 
describe the impact of aging and exercise on 
innate immunity and those aspects of adaptive 
immunity that have been associated with the 
IRP.  

26.3     Exercise, Aging, and Innate 
Immunity 

26.3.1     Neutrophils 

 Neutrophils are the initial responders at sites of 
tissue injury and infection where they play a criti-
cal role in the initiation of infl ammation (Kumar 
and Sharma  2010 ). They are the most abundant 
phagocytes in circulating blood and they help the 
host combat rapidly proliferating bacteria, yeast, 
and fungal infections through the generation of 
free radicals and the release of proteolytic 
enzymes and microbicidal peptides from cyto-
plasmic granules (Shaw et al.  2010 ,  2011 ). 
Neutrophils are attracted to the site of immuno-
logical insult by a process known as chemotaxis 
that is driven by the release of pro-infl ammatory 
cytokines, such as tumor necrosis factor alpha 
(TNF-α), IL-1, and IL-8 by tissue-resident mac-
rophages (Hume et al.  2002 ). The available data 
concerning the effect of aging on the number of 
circulating neutrophils is highly ambiguous. 
Most studies report no change in the number of 
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neutrophils with healthy aging (Chatta and Dale 
 1996 ; Born et al.  1995 ; Fulop et al.  1985 ); how-
ever, it has also been reported that the number of 
circulating neutrophils decreases (De Martinis 
et al.  2004 ) and increases with age (Bruunsgaard 
and Pedersen  2000 ). Interestingly, elevated neu-
trophil counts are associated with chronic, low- 
grade infl ammation and increased 2-year 
mortality in the elderly (Ferrando-Martinez et al. 
 2013 ). Collectively, these data suggest that neu-
trophil count does not change with healthy aging, 
but can become elevated as part of so-called 
infl amm-aging. 

 The functional capabilities of neutrophils 
appear to be impaired by aging as most studies 
report decreased chemotaxis, phagocytosis, and 
free radical production with advancing age 
(Peters et al.  2009 ; Butcher et al.  2001 ; Fulop 
et al.  1997 ). These changes are associated with 
decreased surface expression of CD16, a marker 
of neutrophil functional capability and viability 
that is required for phagocytosis of opsonized tar-
get cells (Butcher et al.  2001 ). It is important to 
note, however, that not all studies support an age- 
related impairment of neutrophil phagocytosis 
and migratory functions (Plackett et al.  2004 ). In 
experimental models of human skin abrasion and 
gingivitis, older adults appear to have similar 
neutrophil migration, adhesion, and infi ltration 
properties as the young; however, there is some 
evidence for reduced and/or impaired neutrophil 
chemotaxis in response to infection with age 
(Plackett et al.  2004 ). This could potentially 
allow bacteria to persist in the host and also 
extend infl ammation beyond the site of infection 
(Shaw et al.  2010 ). The idea that impaired neu-
trophil function contributes to impaired bacterial 
immunity in the aged is further supported by an 
age-dependent decrease in phagocytosis of 
 Escherichia coli  and  Staphylococcus aureus  by 
neutrophils (Wenisch et al.  2000 ). Additionally, 
neutrophil susceptibility to spontaneous and 
cytokine-induced apoptosis is greater in aged 
individuals (Fulop et al.  1997 ). This impaired 
apoptosis resistance may interfere with the nor-
mal process of infl ammation whereby activated 
macrophages prolong the lifespan of neutrophils 
at the site of infl ammation through the release of 

pro-survival cytokines (Solana et al.  2012 ). 
Further, neutrophil-driven recruitment of den-
dritic cells to loci of infection may also be 
impaired as evidenced by decreased plasma lev-
els of the human neutrophil-derived alarmin cat-
helicidin (LL37) with age (Alvarez-Rodriguez 
et al.  2012 ). Collectively, these data suggest a 
broad decrease in neutrophil function with age 
that affects both their direct effector functions 
and their interactions with other cells of the 
innate immune system. 

 The age-related functional decrements that 
have been observed in neutrophil function have 
been corroborated by observations of impaired 
cell signaling. There is a marked age-dependent 
decline in intracellular signaling through the 
mitogen-activated protein kinases (MAPK), janus 
kinase/signal transducer and activator of tran-
scription (JAK/STAT), and phosphatidylinositol- 
3-kinase and protein kinase B (PI3K-Akt) 
pathways in neutrophils (   Larbi et al. 2005). This 
decline in signaling is not due to loss of receptors, 
but rather inadequate signaling through receptors 
due to loss of lipid raft integrity (Fortin et al. 
 2008 ; Guichard et al.  2005 ). Inadequate lipid raft 
integrity prevents proper assembly of the nicotin-
amide adenine dinucleotide phosphate (NADPH) 
oxidase complex with subsequent loss of free 
radical generation (Guichard et al.  2005 ). 
Similarly, signaling through pattern recognition 
receptors (PRR) that allow neutrophils to discrim-
inate between self and “nonself” is also disrupted 
due to altered traffi cking of signaling molecules 
in and out of lipid rafts (Shaw et al.  2011 ). Ca 2+  
fl ux during cell signaling is also impaired in the 
aged, which results in reduced microbicidal 
capacity and free radical generation by neutro-
phils (Plackett et al.  2004 ). Further, anti-apoptotic 
signaling downstream of infl ammatory mediators 
(i.e., IL-2, lipopolysaccharides (LPS), granulo-
cyte-macrophage colony- stimulating factor 
(GM-CSF), and granulocyte colony-stimulating 
factor (G-CSF)) is decreased in the elderly 
(Plackett et al.  2004 ). Thus, an age- dependent 
impairment in cell signaling through a variety of 
pathways results in neutrophils that have fewer 
effector functions and are present for a shorter 
period of time during infection. 
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 Despite marked age-related changes in neutro-
phil function, relatively little is known about the 
impact of exercise training. Cross-sectional stud-
ies have reported a decline in neutrophil number in 
elderly men that exercise regularly (de Gonzalo-
Calvo et al.  2012 ; Michishita et al.  2008 ); how-
ever, most longitudinal studies have reported no 
change in neutrophil number following exercise 
training interventions in healthy elderly (Walsh 
et al.  2011 ; Woods et al.  1999 ). However, exercise 
training has been shown to reduce blood neutro-
phil counts in overweight women with concomi-
tant reductions in insulin resistance and BMI 
(Michishita et al.  2008 ), suggesting that chronic 
exercise may reduce neutrophils and other pro-
infl ammatory mediators in those showing symp-
toms of chronic low-grade infl ammation. With 
regard to neutrophil function, a moderate intensity 
exercise training regimen has been reported to 
increase neutrophil  chemotaxis and phagocytosis 
(Syu et al.  2012 ), and regular exercise is associated 
with a lower age- related decline in neutrophil 
phagocytosis (Yan et al.  2001 ). Strenuous exercise 
has also been reported to delay apoptosis (Mooren 
et al.  2012 ) and modulate pro-infl ammatory gene 
expression in neutrophils (Radom-Aizik et al. 
 2008 ). Unfortunately, the effect of exercise train-
ing on the decline in neutrophil function with age 
has been understudied. One study investigating the 
effect of a 15-week exercise training intervention 
on postmenopausal women found that exercise 
had no effect on neutrophil granulation or oxida-
tive burst (Fairey et al.  2005 ). In addition, 
Takahashi et al. ( 2013 ) reported that a 12-week 
training intervention consisting of low-volume 
walking exercises resulted in decreased neutrophil 
activation and basal oxidative stress in the elderly. 
Future studies should investigate the effects of 
chronic exercise on the most discernable age-
related decrements in neutrophil function, such as 
impaired Microbidical capacity and chemotaxis to 
infectious agents (Shaw et al.  2010 ).  

26.3.2     Monocytes/Macrophages 

 Monocytes and macrophages are important inter-
mediaries between the innate and adaptive 
immune systems. They have strong effector 

 capabilities against viruses, bacteria, and tumors, 
while also being potent antigen presenting cells 
(APCs) (Cros et al.  2010 ; Geissmann et al.  2010 ). 
Circulating monocytes can typically be classifi ed 
into two main categories: classical (CD14 high /
CD16 − ) and pro-infl ammatory (CD14 low /CD16 + ) 
(Passlick et al.  1989 ). Pro-infl ammatory mono-
cytes are characterized by their high production of 
TNF-α in response to ligation of TLR2 and TLR4 
(Belge et al.  2002 ). Classical monocytes represent 
a less mature phenotype with weaker effector 
functions and lower tissue-migratory potential as 
evidenced by their expression of CD62L, CD64, 
and C-C chemokine receptor type 2 (CCR2) cou-
pled to low expression of chemokine (C-X-C 
motif) receptor 1 (CXCR1) (Solana et al.  2012 ). 
A portion of circulating monocytes will 
 differentiate into tissue-resident macrophages. 
Macrophages are frontline phagocytes and anti-
gen-presenting cells that contribute to wound 
healing and priming of adaptive immune 
responses (Mege et al.  2011 ). Macrophages can 
be classifi ed as M1-type (classically activated or 
“pro-infl ammatory”) or M2-type (alternatively 
activated or “anti- infl ammatory”) based on the 
nature of their interactions with lymphocytes. M1 
macrophages are activated by the T-helper (Th)1 
cytokine interferon gamma (IFN-γ) and secrete 
high levels of the pro-infl ammatory cytokine 
IL-12, while M2 macrophages are activated by 
the Th2 cytokine IL-4 and secrete high levels of 
the anti- infl ammatory cytokine IL-10 (Biswas 
and Mantovani  2010 ). 

 The absolute number of monocytes in blood 
increases with aging, which is mostly attributable 
to pro-infl ammatory, “nonclassical” CD14 dim /
CD16 bright  cells (Merino et al.  2011 ). This prefer-
ential expansion of the pro- infl ammatory mono-
cyte subset with aging leads to an increased 
proportion of CD16 +  cells relative to younger 
individuals (Nyugen et al.  2010 ). An increased 
number of pro-infl ammatory monocytes are asso-
ciated with elevated atherosclerotic activity and 
increased incidence of infl ammation- dependent 
diseases (Dopheide et al.  2012 ). Thus, it is likely 
that an increase in the size of the pro- infl ammatory 
monocyte pool contributes to “infl amm-aging” 
and the increased incidence of cardiovascular 
disease in the elderly. 
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 The age-dependent shift of monocytes toward 
a pro-infl ammatory phenotype is associated with 
marked functional decrements (Panda et al.  2010 ; 
Cretel et al.  2010 ). Phagocytosis and free radical 
production by monocytes and macrophages is 
decreased with healthy aging (Gomez et al. 
 2008 ). Antigen presentation by macrophages is 
also impaired with aging due largely to a 
decreased expression of major histocompatibility 
complex (MHC) class II molecules (Solana et al. 
 1991 ; Villanueva et al.  1990 ), and decreased pro-
duction of IL-12 following activation (Plowden 
et al.  2004 ; Wu et al. 2008). In aged individuals, 
baseline production of pro-infl ammatory cyto-
kines (IL-6 and IL-8) by monocytes is elevated 
(Franceschi et al.  2007 ); however, LPS- 
stimulated pro-infl ammatory cytokine produc-
tion has been reported to be decreased in most 
studies (Renshaw et al.  2002 ; van Duin and Shaw 
 2007 ). Similarly, macrophage production of pro- 
infl ammatory cytokines (TNF-α, IFN-γ, and 
IL-6) is decreased in response to antigen chal-
lenge in the elderly (Agius et al.  2009 ). Thus, it 
appears that monocytes/macrophages contribute 
to the chronic low-grade infl ammation of aging 
and that this permanent state of semi-activation 
renders the cells less responsive to antigenic 
stimulation. 

 The functional changes observed in mono-
cytes and macrophages with aging are associated 
with dysregulated signaling through TLRs. 
TLR1-/TLR2-induced IL-6 and TNF-α produc-
tion is lost in the elderly due in part to reduced 
expression of TLR1 and TLR4 (van Duin and 
Shaw  2007 ). Induction of co-stimulatory proteins 
CD80 and CD86 following TLR stimulation is 
reduced as well (van Duin et al.  2007 ), which 
suggests that monocytes have a reduced capacity 
to prime T cells during antigen presentation. 
Defective TLR signaling has also been impli-
cated in the defective chemotaxis of macrophages 
toward sites of tissue injury in the elderly 
(Plowden et al.  2004 ; Ashcroft et al.  1998 ). 

 The effects of exercise on monocyte surface 
expression of TLRs have received a considerable 
amount of research attention in the past decade. 
Particular emphasis has been placed on TLR4 
due to its increased expression on monocytes in 
chronic infl ammatory conditions such as sepsis 

(Armstrong et al.  2004 ) and type 2 diabetes 
(Reyna et al.  2008 ). Early cross-sectional studies 
reported reduced monocyte TLR4 expression in 
trained versus untrained elderly (McFarlin et al. 
 2004 ,  2006 ); however, these studies failed to 
account for potential changes in the composition 
of monocyte subsets that have different preexist-
ing expression levels of TLRs (i.e., pro- 
infl ammatory vs. classical monocytes) (Simpson 
et al.  2009 ). While acute exercise has been shown 
to downregulate expression of TLRs 1, 2, and 4 
on circulating monocytes and dampen their 
downstream functional responses (Lancaster 
et al. 2005), longitudinal exercise studies have 
yet to uncover any signifi cant effect of training 
on monocyte TLR4 expression in the elderly 
(Timmerman et al.  2008 ; Shimizu et al.  2011 ). 
Exercise training, however, has been reported to 
have signifi cant effects on monocyte subset com-
position and function. For example, Timmerman 
et al. reported that a 12-week training program 
consisting of aerobic and resistance exercise 
resulted in a decreased proportion of CD14 + /
CD16 +  monocytes in blood and reduced LPS- 
stimulated production of the pro-infl ammatory 
cytokine TNF-α (Timmerman et al.  2008 ). Not 
all monocyte functions appear to be positively 
modulated by exercise, however, as another 
12-week program of concurrent aerobic and 
resistance exercise training was reported to have 
no effect on the phagocytic activity of monocytes 
(Schaun et al.  2011 ). Overall, the current litera-
ture, while brief, suggests that chronic exercise 
may reduce the contribution of monocytes to 
infl amm-aging, while enhancing their antigen 
presenting capabilities in the aged. 

 The literature concerning the effects of exer-
cise on age-related decrements in macrophage 
function is extremely sparse. Acute exercise has 
been reported to increase the effector functions of 
macrophages (i.e., phagocytosis, microbiocidal 
activity, and chemotaxis), while decreasing 
accessory functions, such as MHC class II mole-
cule expression and antigen presentation (Woods 
et al.  2000 ). Aging is associated with an impair-
ment of this acute exercise response as evidenced 
by decreased exercise-induced cytokine produc-
tion by macrophages (Przybyla et al.  2006 ). 
While studies investigating the effects of  exercise 
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on macrophage function, especially in the aged, 
are quite rare, there is promising data coming 
from murine models. For example, Kawanishi 
et al. reported that exercise training induces phe-
notypic switching from pro-infl ammatory M1 
type to anti-infl ammatory M2 type in adipose 
tissue-resident macrophages and inhibits infi ltra-
tion of adipose tissue by M1-type macrophages 
(Kawanishi et al.  2010 ). This fi nding suggests 
that exercise may inhibit the age-associated 
increase in the production of pro-infl ammatory 
mediators by adipose tissue, which is strongly 
linked to chronic diseases such as coronary artery 
disease and type 2 diabetes (Shimizu et al.  2013 ). 
These results, however, remain to be confi rmed 
in humans.  

26.3.3     Dendritic Cells 

 Dendritic cells (DCs) are the most potent APCs 
of the innate immune system, and they are 
required for the initiation of cell-mediated immu-
nity (Romagnani et al.  2005 ). DCs can be sepa-
rated into two major categories: myeloid DCs 
(mDCs) and plasmacytoid DCs (pDCs). mDCs 
are critical to the induction of the Th1 immune 
response (Kawai and Akira  2007 ). Through their 
production of IL-12 and surface expression of 
co-stimulatory molecules, mDCs are able to send 
naive CD4 +  T cells in the direction of a Th1 phe-
notype, prime antigen-specifi c CD8 +  T cells, and 
activate NK cells (Reis e Sousa et al.  1997 ; 
Lanzavecchia et al. 2001). pDCs are essential to 
the immune response to viruses through produc-
tion of type I and type III interferons (IFN-I/IFN- 
III) (Siegal et al.  1999 ) and antigen presentation 
to CD4 +  and CD8 +  T cells (Romagnani et al. 
 2005 ; Ferlazzo et al.  2004 ; Lande et al. 2010). 

 The data concerning the effect of age on den-
dritic cell number is highly equivocal. The num-
bers of mDCs and pDCs have been reported to 
decline with age or be unaltered by age (Agrawal 
et al.  2012 ; Della Bella et al.  2007 ; Shodell and 
Siegal  2002 ). While there is no consensus regard-
ing dendritic cell number changes with aging, 
there are clear age-dependent decrements in DC 
function. Aging is associated with impaired PI3K 

signaling (Agrawal et al.  2007 ) and amplifi ed 
baseline nuclear factor kappa-light-chain- 
enhancer of activated B cells (NFκB), activation 
in mDCs (Agrawal et al.  2009 ). This age- 
dependent decline in PI3K signaling has been 
linked to decreased IL-12 production, antigen 
presentation, and migratory capacity (Della Bella 
et al.  2007 ; Agrawal and Gupta  2011 ). On the 
other hand, the higher basal levels of NFκB are 
associated with elevated unstimulated production 
of pro-infl ammatory cytokines (TNF-α and IL-6) 
and increased reactivity to self-antigens (Agrawal 
et al.  2009 ). Thus, it appears that mDCs contrib-
ute directly to nonspecifi c infl ammation and 
decreased immune self-tolerance, two hallmarks 
of immunosenescence. 

 The function of pDCs is impaired with aging 
as well. The responsiveness of TLR7 and TLR9 
to viral antigens is lower in the pDCs of the 
elderly (Jing et al.  2009 ; Agrawal and Gupta 
 2011 ), which results in decreased TLR7/TLR9- 
dependent production of IFN-I/IFN-III and 
impaired antigen presentation (Sridharan et al. 
 2011 ). As with mDCs, the ability of pDCs to pro-
duce pro-infl ammatory cytokines is maintained 
even in the absence of stimulation (Agrawal et al. 
 2008 ). Thus, it appears that both categories of 
DCs contribute to infl amm-aging and the age- 
related decline in adaptive immunity. 

 In spite of the likely role that altered DC func-
tion plays in immunosenescence and impaired 
immune self-tolerance, few studies have investi-
gated the impact of exercise on DC frequency or 
function (Walsh et al.  2011 ). A recent study 
showed that both mDCs and pDCs are mobilized 
into the peripheral blood compartment in 
response to acute aerobic exercise, while Nicket 
et al. found that mDC numbers increased but 
pDC numbers decreased after marathon running 
(Nickel et al.  2012 ). In addition, treadmill run-
ning has been reported to mobilize DCs without 
altering their activation status or allostimulatory 
function (Ho et al.  2001 ). The literature concern-
ing longitudinal effects of exercise training on 
DC number and function is even sparser. Liu 
et al. report a marked increase in the frequency of 
both mDCs (CD11c + ) and pDCs (CD123 + ) fol-
lowing 6 months of Tai Chi exercises in middle 
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aged and elderly women (Liu et al.  2012 ). While 
these changes were correlated with concomitant 
increases in the frequency of IL-4- and IFN-γ- 
expressing T cells, no direct measures of DC 
function were determined (Liu et al.  2012 ). Thus, 
no studies have yet investigated the effect of 
chronic exercise on DC function. However, some 
longitudinal exercise studies have investigated 
changes in DC function using rat models. For 
example, 5 weeks of endurance training in 
Sprague–Dawley rats was found to enhance 
DC-induced leukocyte activation through 
increased IL-12 production and MHC Class II 
expression in bone marrow-derived DCs, sug-
gesting that exercise training may enhance the 
ability of DCs to present antigens and prime 
T-cell responses (Chiang et al.  2007 ). Given the 
importance of DCs to self-tolerance and their 
possible involvement in immunosenescence, the 
effects of exercise training on DC differentiation 
and function in the elderly requires further 
investigation.  

26.3.4     NK Cells 

 NK cells are cytotoxic effectors of the innate 
immune system that are able to distinguish 
between healthy autologous cells and target cells 
(i.e., malignant or virally infected cells) to pre-
vent dysregulated NK-cell killing. NK cells can 
be separated into major categories: CD56 dim  and 
CD56 bright . CD56 dim  NK cells make up 90 % of the 
total NK-cell pool in blood and are characterized 
by high cytotoxic functions (De Maria and 
Moretta  2011 ). CD56 bright  NK cells are consid-
ered immunoregulatory due to their high capacity 
to secrete cytokines (such as IFN-γ) and chemo-
kine when stimulated (Wendt et al.  2006 ; Farag 
et al.  2003 ). Though categorized as part of the 
innate immune system, NK cells possess several 
properties associated with adaptive immunity. 
Evidence taken from mouse models and acute 
viral infections in humans suggests that NK cells 
express antigen-specifi c receptors, proliferate in 
response to infection, and generate long-lived 
memory cells (Sun and Lanier  2011 ). What sepa-
rates NK cells from cytotoxic CD8 +  T cells is 

their ability to kill target cells spontaneously in 
the absence of activation or prior antigen expo-
sure (Vivier et al.  2011 ). 

 NK-cell cytotoxicity declines with age on a 
per cell basis; however, overall cytotoxicity is 
maintained in healthy aging due to an increased 
percentage and absolute number of NK cells (Le 
Garff-Tavernier et al.  2010 ; Solana and Mariani 
 2000 ; Mariani et al.  1994 ). The decreased per cell 
killing, observed with aging, is associated with a 
decline in NK-cell expression of activating recep-
tors, such as NKp30 (Sanchez-Correa et al.  2011 ; 
Tarazona et al.  2009 ) and NKp46 (Almeida- 
Oliveira et al.  2011 ). Studies of the effects of 
aging on inhibitory human leukocyte antigen 
(HLA)-specifi c killer immunoglobulin-like 
receptors (KIR) are inconsistent. Multiple studies 
have reported no effect of aging on inhibitory 
KIR expression (Le Garff-Tavernier et al.  2010 ; 
Almeida-Oliveira et al.  2011 ; Gayoso et al. 
 2011 ); however Lutz et al. ( 2005 ) reported an 
increase in inhibitory KIR expression with aging 
that was accompanied by a reciprocal decrease in 
expression of the inhibitory receptor complex 
CD94/NKG2A. The shifting of NK cells towards 
a KIR+/NKG2A phenotype with aging suggests 
a proportional shift toward a more differentiated 
phenotype (Beziat et al.  2010 ). Lending further 
support to the notion that NK-cell differentiation 
accelerates with age, there is an age-dependent 
decline in the percentage and absolute number of 
CD56 bright  NK cells that occurs in tandem with an 
expansion of the CD56 dim  subset (Borrego et al. 
 1999 ; Chidrawar et al.  2006 ). 

 The phenotypic changes observed in NK cells 
with advancing age are accompanied by func-
tional decrements. For example, a drop in IL-2 
driven production of chemokines has been 
observed in the elderly and attributed to the loss 
of CD56 bright  NK cells (Mariani et al.  2002 ). The 
capacity of NK cells to express IFN-γ when stim-
ulated by cytokines, however, is maintained in 
spite of the increased CD56 dim :CD56 bright  ratio 
due to increased per-cell production of IFN-γ by 
CD56 bright  NK cells (Le Garff-Tavernier et al. 
 2010 ). The ability of NK cells to expand as part 
of the Th1 immune response also appears to be 
impaired as IL-2-driven proliferation of NK cells 
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is decreased in older donors (Borrego et al.  1999 ) 
due in part to an increased proportion of NK cells 
expressing the putative terminal differentiation 
marker CD57 (Simpson et al.  2008 ). These 
CD57 +  NK cells have lower replicative potential 
than their CD57 −  counterparts; however, their 
ability to kill target cells and secrete IFN-γ when 
stimulated is maintained (Lopez-Verges et al. 
 2010 ). Interestingly, some of the aging effects on 
NK-cell phenotype may be more accurately 
attributed to CMV infection, which is more com-
mon in the elderly (Bate et al.  2010 ). For  example, 
aging is associated with a downregulation of 
KLRG1 expression (Hayhoe et al.  2010 ) in com-
bination with upregulation of CD57 (Simpson 
et al.  2008 ), phenotypic alterations which have 
been observed in young adults infected with 
CMV (Bigley et al.  2012 ). 

 The effect of exercise training on NK-cell 
function has been investigated using multiple 
cross-sectional and longitudinal designs, which 
have often yielded contradictory results. For 
example, it has been reported that elderly women 
with relatively high aerobic capacity have higher 
NK-cell cytotoxic activity (NKCA) than their 
less-fi t counterparts (Nieman et al.  1993 ); how-
ever, other studies have reported no difference in 
NKCA between active and inactive elderly 
(Shinkai et al.  1995 ; Yan et al.  2001 ). Studies 
employing resistance and aerobic training inter-
ventions in the elderly have yielded similarly 
equivocal results. Woods et al. showed that 
elderly individuals who completed a 6-month 
aerobic training intervention had increased 
NKCA per cell relative to control subjects who 
performed stretching and fl exibility exercises 
over the same time interval (Woods et al.  1999 ). 
However, Campbell et al. reported no change in 
NKCA in postmenopausal women following a 
12-month aerobic training program, despite a sig-
nifi cant increase in maximal oxygen uptake 
(Campbell et al.  2008 ). Additionally, Nieman 
et al. ( 1990 ,  1993 ) reported no effect of aerobic 
exercise training on NKCA in older women, 
despite previously documenting that exercise 
training increased NKCA in obese, young 
women. This data suggests that perhaps exercise 
training only increases NKCA in “unhealthy” 

people regardless of age. Studies investigating 
the effect of resistance training on NK-cell func-
tion in the elderly are also highly inconsistent. 
McFarlin et al. reported that NKCA increased 
136 % in elderly women who completed a 
10-week resistance training intervention 
(McFarlin et al.  2005 ); however, a previous study 
reported no increase in NKCA in elderly women 
who participated in a 10-week resistance training 
intervention, despite documenting a 148 % 
increase in strength (Flynn et al.  1999 ). Future 
research should take a broader view of NK-cell 
function as all of the studies described above 
measured NKCA against only one cell line, 
K562. Future studies should investigate the effect 
of exercise training on NK-cell killing of other 
cell lines and measure other aspects of NK-cell 
function, such as IFN-γ production and cytokine- 
driven proliferation. 

 Changes in NK-cell function due to exercise 
training could be the result of altered composi-
tion of NK-cell subsets. The surface expression 
of inhibitory receptors (i.e., KLRG1 and CD158a) 
and the terminal differentiation marker CD57 are 
known to be altered with age and latent CMV 
infection (Bigley et al.  2013 ; Hayhoe et al.  2010 ; 
Simpson et al.  2008 ). The increased expression 
of CD57 on NK cells with advancing age is likely 
to have a signifi cant impact on NK cell-function 
as CD57 +  NK cells show enhanced production of 
IFN-γ and increased cytotoxicity when activated 
through CD16; however, their proliferative 
capacity is reduced and they display decreased 
cytotoxicity when stimulated with the cytokines 
IL-12 and IL-18 (Lopez-Verges et al.  2010 ). 
Thus, it is important to investigate the effect of 
exercise training on NK-cell surface receptors 
and a broader range of NK-cell functions. To this 
point, only one study has investigated the effects 
of exercise training on the frequency of NK-cell 
subsets and it used a young fi t population. Suzui 
et al. reported an increased CD56 bright  to CD56 dim  
ratio with a concomitant reduction in NKCA in 
young female volleyball players who had just 
completed a period of intensifi ed training (Suzui 
et al.  2004 ). Future studies should examine the 
effects of exercise training on the composition of 
NK-cell subsets in the elderly and how said 
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changes impact on the functional capabilities of 
NK cells.   

26.4     Exercise, Aging, and 
Adaptive Immunity 

26.4.1     T-Cell Phenotype 

 Advancing age is associated with many changes 
in T-cell phenotype and function. Throughout the 
lifespan, naïve T cells are gradually replaced with 
expanded clones of antigen-experienced effector 
and memory cells. These late-differentiated cells 
occupy immune space, reducing the number of 
antigen-virgin cells able to respond to novel 
pathogens. Furthermore, after many rounds of 
cell division the late-differentiated cells undergo 
cell cycle arrest. While unable to proliferate, 
these senescent cells are frequently apoptosis 
resistant and tend to accumulate, further reducing 
immune space (Brunner et al.  2010 ). Several 
therapies have been proposed to remove senes-
cent T cells, including therapeutic vaccination, 
monoclonal antibody therapy, and cytokine ther-
apy. There is also interest in exercise as an inex-
pensive alternative to these treatments. An acute 
bout of aerobic exercise leads to a transitory 
increase in the number of highly differentiated 
and senescent T cells in the peripheral blood fol-
lowed by a decrease below resting values during 
recovery from exercise. The fate of the mobilized 
senescent cells is not known, but it has been 
suggested that they undergo apoptosis in tissues 
such as the intestines (Hoffman-Goetz and 
Quadrilatero  2003 ; Kruger et al.  2008 ) from an 
exercise-induced increase in pro-apoptotic fac-
tors including reactive oxygen species and gluco-
corticoids as well as increased expression of 
CD95 (Mooren et al.  2002 ; Simpson et al.  2007 ; 
Simpson  2011 ). Regular exercise could therefore 
be a means to clear senescent cells from the blood 
(Simpson  2011 ). In support of this, cross- 
sectional comparisons between the physically 
active and sedentary elderly fi nd that those who 
regularly exercise have lower proportions of 
KLRG1 + CD28 −  and KLRG1 + CD57 +  senescent T 
cells (Table  26.1 ). Spielmann et al. recently dem-

onstrated that, independently of age, high aerobic 
capacity is inversely associated with the accumu-
lation of senescent T cells and that the associa-
tion of increasing age with a decreased proportion 
of naïve T cells is abrogated in individuals with 
an above-average maximal oxygen uptake score 
(VO 2max ). These fi ndings hold even after adjust-
ing for potential confounders, including percent-
age body fat and latent herpesvirus infections 
(Spielmann et al.  2011 ).

   These cross-sectional observations lead to the 
question of whether or not some of the deleteri-
ous effects of aging on T cells can be reversed 
through an exercise-training program. 
Unfortunately, most longitudinal studies con-
ducted to date have not been promising, as exer-
cise interventions in the previously sedentary 
elderly have generally not found alteration in 
T-cell phenotypes (Table  26.2 ). Woods et al. 
found that a 6-month supervised aerobic exercise 
program consisting of brisk walking 3 days each 
week did not alter numbers of naïve and memory 
CD4 +  and CD8 +  T cells (Woods et al.  1999 ). 
However, this study used CD45RA and CD45RO 
as naïve and memory T-cell markers, which are 
now considered to be imperfect markers as 
CD45RA can be reexpressed by later differenti-
ated effector memory T cells (Dunne et al.  2002 ). 
A more recent study examined the expression of 
surface markers associated with T-cell activation 
and co-stimulation, but found that 32 weeks of a 
functionally oriented training program including 
both endurance and resistance exercise among 
frail nursing home residents (mean age: 88 years) 
did not alter the proportion of CD4 +  or CD8 +  T 
cells expressing CD25, CD28, and HLA-DR 
(Kapasi et al.  2003 ). Similar results were found 
following a 12-month moderate-intensity resis-
tance training program among clinically healthy, 
sedentary elderly women (60–77 years) as no 
changes in CD25, CD28, CD45RA, CD45RO, 
CD69, CD95, or HLA-DR were reported among 
CD4 and CD8 T cells (Raso et al.  2007 ). In con-
trast, 6 months of supervised aerobic and resis-
tance training 5 days a week led to an increase in 
CD28 expression on CD4 T cells among the 
healthy, previously sedentary men and women 
(61–76 years) who participated (Shimizu et al. 
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 2008 ). The same researchers also found that a 
12-week program of twice weekly aerobic and 
resistance training exercises in healthy elderly 
men and women (mean age: 67 years) increased 
the number of CD28 expressing CD8 T cells 
(Shimizu et al.  2011 ).

26.4.2        CD4:CD8 Ratio 

 Aging is associated with changes in the number 
of CD4 +  T cells relative to CD8 +  T cells. 
Persistent antigen stimulation and the apoptosis-
resistant nature of late-differentiated CD8 +  T 
cells lead to an accumulation of CD8 +  T cells 
relative to CD4 +  T cells; a CD4:CD8 ratio less 
than 1 usually indicates a lowered naïve T-cell 
repertoire. Indeed, a CD4:CD8 ratio less than 1.0 
is one parameter of the IRP. Unfortunately, the 
literature generally indicates that exercise does 
not impact the CD4:CD8 T-cell ratio in resting 
blood samples. Six weeks of supervised aerobic 
exercise did not change the CD4:CD8 ratio in 
elderly subjects (mean age: 70 years) (Woods 
et al.  1999 ), nor did 10 weeks of aerobic 
(Fahlman et al.  2000 ) or resistance (Flynn et al. 
 1999 ) exercise training. Longer interventions 
have also failed to fi nd an effect on the CD4:CD8 
ratio among the elderly, although aerobic and 
resistance exercise training programs ranging 
from 25 weeks (Okutsu et al.  2008 ), 12 months 
(Campbell et al.  2008 ), and 24 months (Drela 
et al.  2004 ) have been tried. While it seems that 
exercise does not impact the CD4:CD8 ratio in 
clinically healthy older adults, none of these 
studies have included subjects that entered the 
experiment with ratios <1, leaving open the pos-
sibility that exercise training may improve some 
aspects of immunity among individuals already 
in the IRP. One promising study found that 
9 months of resistance training increased the 
CD4:CD8 ratio in human immunodefi ciency 
virus (HIV)-infected elderly patients from 0.63 
to 0.81 (Souza et al.  2008 ). Unfortunately, how-
ever, this experiment lacked a control group and 
so the CD4:CD8 ratio may have increased due to 
something other than the exercise intervention. 
Conversely, aging may also lead to elevated 

CD4:CD8 ratios. Several studies have found that 
sedentary elderly have greater CD4:CD8 ratios 
than sedentary individuals in a younger age 
cohort. Habitual exercise may alter these ratios 
where the active elderly have ratios closer to that 
of the younger groups. Yan et al. found an age-
related elevation in the CD4:CD8 ratio among 
older sedentary men compared to middle-aged 
controls, but none in trained elderly men (Yan 
et al.  2001 ). The cross-sectional study by Shinkai 
et al. also found that the sedentary elderly (mean 
age: 65 years) had a signifi cantly greater 
CD4:CD8 ratio compared to the younger (mean 
age: 24 years) controls, but the active elderly did 
not (Shinkai et al.  1995 ).  

26.4.3     T-Cell Proliferation 

 The effect of physical fi tness on various mea-
sures of T cell in the elderly has also been stud-
ied. Aging is generally associated with a loss of 
in vitro-stimulated T-cell proliferation and altera-
tions in cytokine secretion and signaling pro-
cesses, such as loss of IL-2 synthesis and 
expression of IL-2 receptors (DelaRosa et al. 
 2006 ; Xu et al.  1993 ). Cross-sectional studies 
typically demonstrate that the physically fi t have 
a greater T-cell proliferative response to mito-
gens in vitro, indicating an enhanced ability of 
the T cells to be activated. For example, 
65–85-year-old women with high aerobic fi tness 
levels have greater T-cell proliferation in response 
to phytohemagglutinin (PHA) compared to 
untrained elderly women (Nieman et al.  1993 ). 
Similarly, Shinkai et al. ( 1995 ) found that 
recreational- level male runners aged 60 years and 
older have a 44 % greater T-cell proliferation in 
response to PHA and a 51 % improvement in 
response to pokeweed mitogen relative to non- 
running men of a similar age (Shinkai et al. 
 1995 ). While the absolute number of T cells did 
not differ between the physically fi t and seden-
tary in both these studies, it remains possible that 
the differences in proliferative ability refl ect dif-
ferences in the proportions of naïve or late- 
differentiated T cells between the two groups. 
The effect of training interventions on T-cell pro-

G. Spielmann et al.
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liferation has also been studied and has yielded 
mixed results. The cross-sectional study con-
ducted by Nieman et al. discussed above also 
contained an exercise intervention, where seden-
tary elderly women participated in either a 
12-week aerobic (30–40 min walking, 5 days per 
week) or fl exibility training program. While the 
participants of the aerobic program did have a 
signifi cant increase in VO 2max  compared to those 
who underwent the fl exibility intervention, no 
measurable change in T-cell proliferation was 
found (Nieman et al.  1993 ). Neither did 32 weeks 
of a functionally oriented training program with 
frail nursing home residents (Kapasi et al.  2003 ), 
12 months of moderate intensity resistance train-
ing (Raso et al.  2007 ), nor 12 months of progres-
sive aerobic and resistance exercises with 
postmenopausal women (Campbell et al.  2008 ) 
fi nd an improvement in T-cell proliferative 
responses to PHA. In contrast, Woods et al. found 
a nominally benefi cial effect among previously 
sedentary men and women (mean age: 65 years) 
who engaged in 6 months of supervised progres-
sive aerobic exercise three times a week, with a 
greater T-cell response to concanavalin A (Woods 
et al.  1999 ). However, signifi cant increases in 
T-cell proliferation among the control group 
(12 weeks of movement and fl exibility exercises) 
were also reported. It may be that some research-
ers failed to notice changes in T-cell proliferation 
because their experimental protocol only 
employed one type of mitogen or did not measure 
unstimulated T-cell proliferation. Fairey et al. did 
not fi nd any changes in the response to PHA, but 
did fi nd that 15 weeks of progressive aerobic 
exercise training increased unstimulated T-cell 
proliferation among postmenopausal breast can-
cer survivors (Fairey et al.  2005 ).  

26.4.4     T-Cell Cytokine Signaling 

 Another way to assess T-cell function is to mea-
sure their ability to send and receive signals 
through cytokines. IL-2 signaling has been of 
special interest, as the activation and prolifera-
tion of T cells depends on the secretion of IL-2 
and the expression of IL-2 receptors. The secre-

tion and expression of high-affi nity IL-2 recep-
tors decreases with age and is associated with the 
IRP (DelaRosa et al.  2006 ; Xu et al.  1993 ). Both 
cross-sectional (Table  26.1 ) and longitudinal 
(Table  26.2 ) studies have found that regular exer-
cise is associated with improved IL-2 signaling 
in the elderly. Elderly women who had partici-
pated in a walking program for 4 years had a 
greater number of CD8 +  T cells expressing IL-2 
compared to sedentary controls (Ogawa et al. 
 2003 ). Similarly, female masters athletes 
(>40 years) had a greater percent of CD4 +  T cells 
that expressed IL-2 compared to nonathletes fol-
lowing phorbol myristate acetate (PMA) stimula-
tion (Beshgetoor et al.  2004 ). Shinkai et al. also 
found that stimulated peripheral blood mononu-
clear cells (PBMCs) from elderly athletes 
secreted greater amounts of IL-2 compared to 
age-matched sedentary controls, perhaps explain-
ing their observation of greater T-cell prolifera-
tion among the athletes (Shinkai et al.  1995 ). One 
longitudinal study found that 24 months of aero-
bic exercise training in elderly women (aged 
62–86 years) led to an increased percent of lym-
phocytes expressing IL-2 following in vitro stim-
ulation compared to controls (Drela et al.  2004 ). 
Unfortunately, this study did not identify the 
lymphocyte subsets responsible for the increased 
expression. Another study that used a 12-week 
progressive resistance training intervention in 
previously sedentary elderly did not fi nd any 
 differences in IL-2 production by PBMCs (Rall 
et al.  1996 ). There has been less research in IL-2 
receptor expression, although Gueldner et al. 
reported greater surface expression of the IL-2 L 
chain receptor CD25 following CD3 simulation 
among elderly women that self-identifi ed as 
“active,” compared to inactive controls (Gueldner 
et al.  1997 ). In contrast, an exercise intervention 
among frail nursing home residents did not fi nd a 
change in unstimulated CD25 expression on 
CD4 +  or CD8 +  T cells following the 32-week 
intervention (Kapasi et al.  2003 ). Another IL-2 
receptor, the IL-2 J chain receptor (CD122), may 
be more important in cell signaling than CD25, 
but the effect of habitual exercise on this receptor 
has yet to be studied. 
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 The balance between Th1 and Th2 responses 
may be comprised in the elderly, as aging leads to 
Th2-type dominance (Shearer  1997 ) that may 
result in T cell-mediated dysfunction. It has been 
proposed that exercise can shift the balance back 
toward Th1-type responses (Malm  2004 ). Many 
groups have reported that moderate exercise 
tends to lead to a shift toward Th1-type cytokine 
responses, whereas strenuous or exhaustive exer-
cise causes Th2-type dominance (Ostrowski 
et al.  1999 ; Pedersen and Bruunsgaard  2003 ). 
Exercise-induced changes in glucocorticoids can 
alter Th-mediated responses, but likely inhibit 
the Th1-cell production of IL-12 and IFN-γ while 
upregulating IL-4, IL-10, and IL-13 secretion by 
Th2 cells, resulting in an increased Th2 response 
(Elenkov  2004 ). This shift towards Th2 cytokine 
responses has been observed in animal models, 
even after relatively short training periods 
(Lowder et al.  2006 ; Ru and Peijie  2009 ). Using 
older mice, Kohut et al. found that moderate 
exercise training increased antigen-specifi c cell 
production of Th1 cytokines but not Th2 cyto-
kines (Kohut et al.  2001 ). This effect was not 
found in younger mice, indicating that age may 
interact with exercise in Th1/Th2 shifts. 
Regardless, data from studies with elderly 
humans have not found an effect of exercise on 
Th1 or Th2 cytokines. Ogawa et al. found no dif-
ference in the ratio of IFN-γ to IL-4 between 
elderly females who participated in a walking 
program and those who did not. Twelve weeks of 
resistance training did not alter PBMC produc-
tion of any cytokines examined, including IL-1β, 
TNF-α, IL-6, or prostaglandin E2 (PGE2) (Rall 
et al.  1996 ). Despite fi nding changes in IL-2 
expression, 24 months of aerobic exercise did not 
alter stimulated expression of IFN-γ or IL-4 
(Drela et al.  2004 ).  

26.4.5     Regulatory, Th17, and 
Gamma-Delta T cells 

 CD4 + CD25 +  T cells expressing forkhead box 3 
(FOXP3) are classifi ed as T regulatory cells 
(Tregs). Tregs play an important role in the main-
tenance and regulation of the immune system, as 

they suppress excessive immune responses to 
both self and innocuous antigens through curbing 
the activation, proliferation, and functions of a 
variety of cells. The dysfunction of Tregs may 
result in autoimmune diseases, allergies, and 
asthma (Sakaguchi et al.  2010 ), and a role for 
Tregs in immunosenescence has been proposed 
(Wang et al.  2010 ). For example, Hwang et al. 
found that CD4 + CD25 + FOXP3 +  T cells from 
elderly individuals were more potent suppressors 
of IL-10 production in target cells, indicating that 
the capacity of Tregs in regulating IL-10 produc-
tion may be affected during aging (Hwang et al. 
 2009 ). Murine models suggest that Tregs are also 
altered by exercise training. Lowder et al. found 
that repeated bouts of moderate intensity exercise 
increased the number and suppressive function of 
CD4 + CD25 + FOXP3 +  Tregs in the lungs and 
lymph nodes in the mouse model of asthma 
(Lowder et al.  2010 ). In contrast, Wang et al. did 
not fi nd an affect of moderate-intensity training in 
healthy mice, but did fi nd an increase in Tregs fol-
lowing 6 weeks of high intensity, prolonged exer-
cise (Wang et al.  2012 ). The authors suggest that 
an increase in Tregs following high-intensity 
training may suppress the immune system and 
lead to the increased risk of infections associated 
with high levels of training. A few researchers 
have examined the responses of Tregs to exercise 
in humans. Wilson et al. found a signifi cant 
increase in CD4 + CD25 + FOXP3 +  cells following a 
single bout of acute exercise in elite adolescent 
swimmers (Wilson et al.  2009 ). Twelve weeks of 
Tai Chi Chuan exercise training in middle-aged 
volunteers was also found to increase the levels of 
CD4 + CD25 +  T cells (Yeh et al.  2006 ); however 
CD25 +  expression on CD4 +  T cells is not consid-
ered a reliable marker for indentifying Tregs. A 
follow-up study found that FoxP3 expression did 
not increase with Tai Chi Chuan exercise in 
healthy volunteers, but was increased in patients 
with type 2 diabetes mellitus (Yeh et al.  2009 ). 
The increases in Tregs following exercise in the 
murine asthma model and with individuals with 
type 2 diabetes suggest that the exercise responses 
of Tregs differ between healthy individuals and 
those with altered immune systems. Unfortunately, 
changes in Treg function and number following 
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exercise in the elderly have not yet been 
examined. 

 Th17 are a subset of CD4 +  helper T cells that 
develop independently from the Th1 and Th2 lin-
eage. They are distinguished by their production 
of IL-17 and play a role in host defense against 
extracellular pathogens through mediation of 
neutrophil and macrophage recruitment to infec-
tion sites. A role for these cells in the pathogene-
sis of multiple infl ammatory conditions and 
autoimmune disorders has also been found. 
Naïve and memory Th17 cells in humans have 
been shown to be affected by aging, with the 
elderly producing more IL-17 from naïve CD4 +  T 
cells, but less IL-17 from memory CD4 T cells 
compared to the young (Walsh et al.  2011 ). Little 
is known about the response of Th17 cells or 
IL-17 to either acute or chronic exercise. An 
increase in serum levels of IL-17 has been 
observed in rats following a strenuous bout of 
treadmill running (Duzova et al.  2009 ), and 
Lowder et al. has shown a signifi cant decrease in 
IL-17 in vitro production in exercise-trained 
asthmatic mice (Lowder et al.  2010 ). The effect 
of exercise on Th17 cells in humans or in aging is 
not yet known. Another subset of T cells is the γδ 
T cells, which have a tissue-migrating phenotype 
and infi ltrate epithelial-rich tissue such as the 
skin, intestines, and the reproductive tract. γδ T 
cells recognize non-peptide antigens such as lip-
ids and aid in bacterial elimination, wound repair, 
and delayed-type hypersensitivity (DTH) reac-
tions. They also display cytolytic activity against 
a wide range of tumor cell lines in vitro in a TCR-
dependent manner and so have been widely stud-
ied in anticancer immunotherapy (Chiplunkar 
et al.  2009 ). However the impact of aging on γδ T 
cells has so far received little attention (Pawelec 
et al.  2010 ), although it appears that the number 
of γδ T cells increases with age (Mazzoccoli 
et al.  2011 ). γδ T cells have been observed to be 
mobilized into the blood compartment following 
acute stress and exercise (Anane et al.  2009 ; 
Bigley et al.  2012 ), but the effect of chronic exer-
cise training on these cells is not yet known. 

 Differing results between longitudinal studies 
likely arise from differences in the exercise 
 protocol used, and the different ways the out-

come measures were examined. The initial 
health status of the participants may also infl u-
ence results of a longitudinal study, where sub-
jects with weakened immune systems may 
respond better to exercise than the already 
healthy subjects typically recruited. Although 
Kapasi et al. did not fi nd an effect of exercise in 
frail nursing home residents, the exercise inter-
vention consisted of basic mobility exercises 
such as standing, walking, and bathroom visits, 
whereas Fairey et al. used progressive cycling 
exercise adjusted to 70–75 % of the participants’ 
peak oxygen consumption (Fairey et al.  2005 ; 
Kapasi et al.  2003 ). Another possibility is the 
length of the intervention and intensity of the 
exercise program. Many of the elder athletes 
used in the cross-sectional studies had been 
maintaining a high level of activity for at least 
5 years, and some of the inclusion criteria have 
been quite strict (>1 h/day for the last 5 years) 
(Nieman et al.  1993 ; Shinkai et al.  1995 ). Clearly, 
more research using different populations is 
required for future studies.   

26.5     Exercise and Infl amm-Aging 

 The cellular changes that occur with age are not 
the only factors accountable for the state of rela-
tive immunosuppression observed in the elderly. 
Aging is also associated with an impairment of 
the localized and transient infl ammatory 
response, necessary to control pathogen incur-
sion and dissemination. This state of subclinical, 
low-grade chronic infl ammation, termed 
infl amm-aging (Franceschi et al.  2000 ), is associ-
ated with increased concentrations of circulating 
cytokines and infl ammatory mediators such as 
C-reactive protein, IL-1β, IL-6, IL-15, and TNF-α 
(Bruunsgaard et al.  1999 ; Ershler et al.  1993 ; 
Forsey et al.  2003 ; Bartlett et al.  2012 ) accompa-
nied by a decrease in anti-infl ammatory cyto-
kines such as IL-10 (Lio et al.  2002 ). In addition 
to predicting frailty in the elderly (Baylis et al. 
 2013 ), infl amm-aging is believed to play a central 
role in the development of many chronic dis-
eases, such as cardiovascular disease 
(Libby  2006 ), type 2 diabetes mellitus (Pedersen 
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et al.  2003 ), neurodegenerative disease (Giunta 
et al.  2008 ), and certain cancers (Allavena et al. 
 2008 ; Mantovani and Pierotti  2008 ). Some mark-
ers of infl amm-aging, such as the increased 
plasma levels of circulating IL-1ra, IL-6, and 
CRP, have also been shown to predict mortality 
in nonagenarians (Jylha et al.  2007 ). While 
infl amm-aging has been proposed to augment 
CMV reactivation (Pawelec et al.  2010 ) and fur-
ther contribute to the IRP in the elderly, a recent 
longitudinal study has shown that the level of 
chronic low infl ammation in the elderly is inde-
pendent of CMV infection (Bartlett et al.  2012 ). 

 Regular physical activity moderates the levels 
of circulating pro-infl ammatory cytokines 
(Petersen and Pedersen  2005 ), helps to prevent 
the development of many diseases, improves the 
infl amm-aging-associated insulin resistance seen 
in the elderly (Nieto-Vazquez et al.  2008 ; Kodama 
et al.  2007 ), and is also associated with a reduc-
tion in all-cause mortality (Blair and Jackson 
 2001 ). Using exercise to reduce infl amm- aging 
could therefore be an effi cient therapeutic 
approach to delay the onset of chronic diseases 
associated with low-grade infl ammation. This is 
further supported by cross-sectional studies high-
lighting the deleterious impact of physical inac-
tivity on low-grade systemic infl ammation in 
otherwise healthy subjects (Colbert et al.  2004 ; 
Kullo et al.  2007 ; Pedersen and Bruunsgaard 
 2003 ; Taaffe et al.  2000 ). Moreover, other mea-
sures of poor physical fi tness, such as low mus-
cular strength, have shown that elderly with low 
handgrip strength presented a higher level of 
infl ammation than their stronger counterparts 
(Tiainen et al.  2010 ; Cesari et al.  2004 ). On the 
contrary, physical activity has been associated 
with reduction in circulating levels of the pro- 
infl ammatory cytokines IL-6 and TNF-α in the 
elderly (Phillips et al.  2010 ; Nicklas et al.  2008 ) 
and a lower LPS-stimulated in vitro secretion of 
IL-6, TNF-α, and IL-1β (Phillips et al.  2010 ). In 
a large cross-sectional population-based study, 
Elosua et al. assessed the association between 
self-reported physical activity along with physi-
cal performances of over a thousand 65 years and 
older individuals (Elosua et al.  2005 ). They found 
that men and women elderly practicing regular 

moderate physical activity had signifi cantly 
lower levels of CRP and IL-6, compared to age- 
matched sedentary individuals. Interestingly, 
even subjects that reportedly practiced low- 
physical activity were found to have reduced 
CRP in men and IL-6 in women (Elosua et al. 
 2005 ). Similarly, levels of circulating IL-6 and 
CRP are positively associated with the time 
required to walk 400 m or 6 miles (Elosua et al. 
 2005 ; Taaffe et al.  2000 ). However, confl icting 
results show that this association disappears 
when more accurate techniques are used to deter-
mine physical fi tness, such as maximal oxygen 
consumption treadmill tests (Valentine et al. 
 2009 ). 

 The use of moderate intensity aerobic exercise 
has also shown to be an effective therapeutic 
method to reduce the production of TNF-α and 
IFN-γ by mitogen-stimulated PBMCs in seden-
tary subjects at risk for ischemic heart disease 
(Smith et al.  1999 ). In addition to producing less 
pro-infl ammatory cytokines, those mitogen- 
stimulated PBMCs secreted more anti- 
infl ammatory cytokines IL-4, IL-10, and 
transforming growth factor beta 1 (TGF-β1) than 
the controls at the end of the 6-month training 
period (Smith et al.  1999 ). Using sedentary 
elderly (>64 years old) with low initial physical 
fi tness, Kohut et al. ( 2006 ) showed that a 
10-month training program (65–80 % HR 
reserve, three times a week for 30–45 min a day) 
elicited a reduction in circulating CRP, IL-6, and 
IL-18 when compared to the non-exerciser con-
trol group (Kohut et al.  2006 ). Shorter exercise 
training interventions of 2 months also elicit 
reduction in the circulating pro-infl ammatory 
monocyte chemotactic protein-1 (MCP-1) and in 
nitric oxide synthase mRNA levels in PBMCs 
isolated from older adults (Gano et al.  2011 ). 
This effect was also seen in vivo when Kadoglou 
et al. showed that exercise training helped to 
reduce the levels of circulating CRP and TNF-α 
in patients with type 2 diabetes (Kadoglou et al. 
 2007a ,  b ). 

 Aging is associated with many confounding 
factors that could infl uence the process of infl amm-
aging. For instance, adiposity is associated with 
infl amm-aging independently of age; therefore, 
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weight management interventions could exert 
 positive effects on the age-related low-grade 
infl ammation (Church et al.  2010 ). However, sev-
eral studies have shown that the anti-infl ammatory 
effects of exercise are independent from reduc-
tions in body fat (Balducci et al.  2010 ; Fischer 
et al.  2007 ).  

26.6     Exercise and Viral Infections 

 The chronic state of low-grade infl ammation 
observed in the elderly is thought to potentially 
aggravate the incidence of viral infections (Stout- 
Delgado et al.  2009 ). Viral infections hold major 
clinical implications in the elderly, and certain 
viruses, such as infl uenza virus, are responsible 
for up to 36,000 fatalities and over 200,000 hos-
pitalizations in the United States each year (CDC 
 2011 ). In addition to newly acquired viruses, 
excessive reactivation of latent viruses in immu-
nosupressed elderly can pose threat to their health 
and survival. Herpes viruses such as herpes sim-
plex virus (HSV-1 and HSV-2), varicella zoster 
virus (VZV), Epstein-Barr virus (EBV), and 
CMV are highly prevalent in the general popula-
tion. Herpes viruses are often clinically asymp-
tomatic in the immunocompetent host, but they 
persist in a lifelong latency and will be periodi-
cally reactivated in response to physical or psy-
chological stress (Almanzar et al.  2005 ; Padgett 
et al.  1998 ; Uchakin et al.  2011 ). While the rate at 
which those reactivations occur is unknown, the 
stress-reducing properties of regular physical 
activity (Salmon  2001 ) may reduce the frequency 
of viral reactivation, and thus help delay persis-
tent virus-induced immunosenescence. 

 Exercise may also reduce local infl ammation 
by shifting from a type I to a type II immune 
response and consequently help to prevent viral 
infection and/or increase viral clearance (Martin 
et al.  2009 ). Indeed, studies have shown that 
moderate exercise training would induce a shift 
from the pro-infl ammatory cytokine profi le (type 
I) to an anti-infl ammatory cytokine profi le (type 
II) in infl uenza-infected mice (Lowder et al. 
 2006 ) and protecting them from death  (Lowder 
et al.  2005 ). While acute bouts of exercise also 

appear to transiently reduce infl uenza-induced 
symptoms in mice (Sim et al.  2009 ), regular 
moderate exercise training helps to lower local 
infl ammatory markers, such as IL-6, TNF-α, 
MCP-1, macrophage infl ammatory protein-1β 
(MIP-1β), KC, and regulated upon activation 
normal T cell expressed and presumably secreted 
(RANTES) (Sim et al.  2009 ). In addition to these 
local changes, both acute and chronic moderate 
exercise helped to reduce viral load and to 
improve morbidity (Sim et al.  2009 ). The differ-
ences in the effect of exercise dose on the immune 
system have been well documented, and while 
exhaustive exercise is considered immunosup-
pressive and highly stressful in young individuals 
and animals (Davis et al.  1997 ; Nieman et al. 
 1995 ; Peters and Bateman  1983 ), it does not 
appear to reduce antibody responses (Kapasi 
et al.  2000 ) or viral-specifi c T-cell responses in 
old mice (Kapasi et al.  2005 ). However, contra-
dicting studies have reported that mice exercised 
to exhaustion had increased morbidity and mor-
tality in response to high doses of HSV-1, when 
compared to moderate and non-exercisers (Davis 
et al.  2004 ). In addition, viral replication, infl am-
mation, necrosis in the myocardium, and mortal-
ity in response to Coxsackie B virus are also 
increased in animals after strenuous exercise 
(Gatmaitan et al.  1970 ; Ilback et al.  1989 ). 

 Most studies on the effect of exercise on 
experimentally induced viral infections have 
been performed on animals for obvious ethical 
reasons. However, a few longitudinal studies 
have assessed the impact of regular physical 
activity on the response to preexisting viral infec-
tions in humans. Dependent on exercise dose, 
both immuno-protective and suppressant effects 
have been observed. A study conducted on adults 
in Hong Kong reported that, while low to moder-
ate frequency of exercise led to a decrease in the 
risk of infl uenza-associated mortality in adults, a 
high frequency of exercise did not (Wong et al. 
 2008 ). In addition, bouts of high-intensity exer-
cise are known to increase the risk for upper 
respiratory tract infections (URTI) (Nieman 
 1997a ,  b ; Nieman et al.  2003 ), while moderate- 
intensity physical activity prevents the apparition 
of URTI symptoms (Nieman et al.  1990 ). 
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Similarly, postmenopausal obese women follow-
ing moderate-intensity exercise training also 
report fewer cold symptoms than their non- 
exercising counterparts (Chubak et al.  2006 ). The 
exact mechanisms that underpin the protective 
effects of exercise against infections are not fully 
understood, but may involve the transient postex-
ercise rise in salivary antimicrobial proteins, such 
as LL-37 and human neutrophil peptides 1, 2, and 
3 (HNP 1–3) (Usui et al.  2011 ; Davison et al. 
 2009 ), bolstering the fi rst line of defense against 
primary viral infection.  

26.7     Exercise and Vaccination 

 The progressive decline in the function of the 
immune system associated with human aging is 
associated with poor vaccine effi cacy (Grubeck- 
Loebenstein et al.  2009 ; Koch et al.  2007 ), leav-
ing the elderly vulnerable to viral infections. It is 
notoriously diffi cult to seroconvert those aged 
70 years and older against viruses like infl uenza, 
which is perhaps why the elderly account for 
>90 % of the deaths from infl uenza infection 
(Hannoun et al.  2004 ). While the effi cacy of cur-
rent vaccines in generating protective antibody 
titers is evaluated to 70–90 % in young adults, 
only 17–53 % of vaccination will have a similar 
effect in the elderly (Goodwin et al.  2006 ). The 
disrupted cell-mediated and humoral responses 
to infl uenza vaccination seen in healthy elderly 
are also associated with impaired cytokine secre-
tion (Bernstein et al.  1998 ). 

 Physical exercise has been proposed as a 
cheap, safe, and effi cient way to improve vaccine 
responses in the elderly. It was shown that when 
older adults (aged >64 years) were immunized 
with a trivalent infl uenza virus before and after a 
10-month aerobic training intervention, vaccine 
effi cacy, measured as the mean fold increase in 
antibody titer to two strains of infl uenza A virus 
(H1N1 and H3N2), was greatly improved in 
comparison to non-exerciser controls (Kohut 
et al.  2004 ). In addition, cross-sectional studies 
have shown that elderly men and women with 
higher cardiovascular fi tness had greater  antibody 
responses to infl uenza vaccines (Keylock et al. 

 2007 ). Seroprotection also appears to be increased 
in community-dwelling elderly (average age 
70 years) who followed a 10-month cardiovascu-
lar training program up to 24 weeks after receiv-
ing the infl uenza vaccine (Woods et al.  2009 ). In 
addition, elderly men and women with higher 
cardiovascular fi tness have greater antibody 
responses to infl uenza vaccine. Indirect benefi -
cial effects of physical activity on vaccine effi -
cacy in the elderly have also been proposed. 
Shimizu et al. ( 2011 ) showed that 12 weeks of 
exercise training elicited an increase in CD28 + /
CD8 +  T cells and CD80 +  monocytes in the elderly, 
which in turn were positively associated with the 
antibody response to the infl uenza vaccine 
(Sambhara et al.  1998 ; van Duin et al.  2007 ). It is, 
however, interesting to note that the benefi cial 
effect of exercise on vaccination appears to be 
dose dependent, and while studies using 
moderate- intensity exercise trainings observed 
improvements in vaccination effi cacy, those 
using low-intensity exercise training did not 
(Keylock et al.  2007 ). 

 The effects of exercise training on in vivo 
immune response such as DTH skin reactions 
have also been examined. Physically active 
elderly have higher anti-keyhole limpet hemo-
cyanin (KLH) immunoglobulin (Ig)M, IgG, 
IgG1, and DTH responses than their sedentary 
counterparts (Smith et al.  2004 ), and when par-
ticipating in a 25-week training intervention, 
healthy elderly exhibited enhanced DTH skin 
reaction to tuberculin-purifi ed protein derivative 
(Okutsu et al.  2008 ). Greater serum IgG1 and 
IgM concentrations against KLH were also 
observed in elderly who completed a 10-month 
aerobic exercise training intervention (Grant 
et al.  2008 ). 

 Eccentrically biased muscle-damaging bouts 
of exercise prior to infl uenza vaccination have 
also shown to increase serum antibody responses 
and IFN-γ production compared to control trials 
(Edwards et al.  2006 ,  2007 ). While this seems to 
be limited to individuals who had relatively poor 
immune responses to the vaccine (Campbell 
et al.  2010 ), it indicates that the improved vac-
cine effi cacy in response to exercise seen in pre-
viously sedentary elderly may be due to transient 
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immune perturbations as opposed to a permanent 
restoration of the immune system caused by 
long-term exercise training.  

    Conclusion 

 It is clear that the etiology of immunosenes-
cence is multifaceted and can impact on both 
arms of the immune system. Poorer vaccine 
responses and increased rates of infection and 
malignancy seen in the elderly are likely due 
to defects in the normal functioning of the 
immune system. Regular physical exercise 
has been associated with increased immunity 
and may serve as a simple lifestyle interven-
tion to counteract the deleterious effects of 
immunosenescence. Some of the positive 
effects of exercise for older adults include 
increased responses to vaccines (Kohut et al. 
 2004 ; Woods et al.  2009 ), greater NK-cell 
function (McFarlin et al.  2005 ; Nieman et al. 
 1993 ; Woods et al.  1999 ) reductions in circu-
latory infl ammatory mediators (Pedersen and 
Bruunsgaard  2003 ), increased neutrophil 
phagocytic activity (Yan et al.  2001 ), lowered 
infl ammatory response to bacterial challenge 
(Phillips et al.  2010 ), reduced frequencies of 
exhausted/senescent T cells in the periphery 
(Spielmann et al.  2011 ), increased T-cell pro-
liferation (Nieman et al.  1993 ; Shinkai et al. 
 1995 ), and longer leukocyte telomere lengths 
(Ludlow et al.  2008 ; Cherkas et al.  2008 ). 
Moreover, immune responses and outcomes 
of viral infections and malignancies due to 
exercise training have also been reported to be 
improved in animal studies (Lowder et al. 
 2005 ,  2006 ; Hojman et al.  2011 ). These 
 fi ndings provide a strong indication that 
 habitual exercise has immune regulatory 
 properties and may help delay the onset of 
immunosenescence. 
 Although many of the immune biomarkers 
that are positively displayed in exercising 
elderly are key components of the IRP, which, 
in turn, has been shown to predict morbidity 
and mortality in older humans (Ferguson et al. 
 1995 ; Pawelec et al.  2009 ), it is not known if 
exercise training can reverse, as well as 
 prevent, those impaired immune responses 

that have been associated with immunosenes-
cence. This is because most longitudinal exer-
cise training studies (Table  26.2 ) have failed to 
document the positive effects of exercise on 
immunity that have been consistently reported 
in studies with a cross- sectional design 
(Table  26.1 ). A problem with the randomized 
control trials, however, is that the exercise 
training intervention is mostly applied to oth-
erwise healthy untrained people. Vast differ-
ences in the mode, duration, and intensity of 
the exercise training intervention also cloud 
interpretation of the available data. In con-
trast, exercise training intervention studies in 
“unhealthy” people such as cancer survivors 
(Fairey et al.  2005 ), obese individuals (Nieman 
et al.  1990 ), and those living with HIV (Perna 
et al.  1999 ) mostly report positive effects on 
immunity. Exercise may therefore contribute 
to the reversal of immunosenescence in those 
individuals considered to be “at risk.” Future 
studies that examine the effects of exercise 
training in diseased cohorts, frail elderly, or 
people assigned to the IRP category may 
indeed reveal immune restorative properties 
of regular exercise.     
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