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  Pref ace   

 The world population is undergoing a major demographic shift. As birth rates 
decline and people live longer due to advances in public health and medical science, 
the proportion of people over 65 is increasing. Moreover, people over 85 are the 
fastest growing section of society and often referred to as the “oldest old”. However, 
while life expectancy is rising at a rate of approximately 2 years per decade, this is 
not accompanied with a similar increase in disability-free life expectancy. So people 
are living longer, but in poorer health. However, as we age, we observe a greater 
heterogeneity of ability and health. The variation in, say, walking speed is far greater 
in a group of 70 year olds, than in a group on 20 year olds. This makes the study of 
ageing and the factors driving that heterogeneity of health and functional ability in 
old age vital. 

 Infectious disease in older people is associated with greater morbidity and mor-
tality, so it is plausible that age-related changes to the immune system are central to 
this. The infl uenza virus is associated with greater hospitalisation and mortality in 
older people, and older people are more susceptible to complications of infection 
such as delirium. The study of the immune system across the lifespan has demon-
strated that as we age the immune system undergoes a decline in function, termed 
immunosenescence. However, as discussed in Chaps.   1     and   2     the decline in function 
is not universal across all aspects of the immune system, and neither is the magni-
tude of functional loss similar between individuals. The theory of infl ammageing, 
which represents a chronic low grade infl ammatory state in older people, has been 
described as a major consequence of immunosenescence, though lifestyle factors 
such as reduced physical activity and increased adiposity also play a major role. 
Importantly, infl ammageing may well explain the greater burden of disease in older 
people as increased systemic infl ammation has been associated with greater risk of 
most of the age-related conditions including cardiovascular disease, cancer, sarco-
paenia and dementia. 

 In poor health, older people accumulate disease, described as multimorbidity. 
This in turn means traditional single system based health care becomes less valid as 
each system affected by disease impacts on other systems. This leads some older 
people to be at greater risk of adverse events such as disability and death. The syn-
drome of this increased vulnerability is described as frailty, and increasing funda-
mental evidence is emerging that suggests immunosenescence and infl ammageing 
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may underpin frailty and this is discussed in Chap.   9    . Thus frailty is seen as one 
clinical manifestation of immunosenescence. 

 The understanding of how the immune system changes with age and can poten-
tially be manipulated will impact on our current knowledge of older people living 
healthy lives and also can direct actions on how to improve the care of older people 
in ill health. The major aim is to improve disability-free life expectancy, so thereby 
adding life to years. The role that increasing physical activity may play in reducing 
immunosenescence and ill health in old age is covered in Chap.   10    . 

 Despite the importance of the ageing immune system on both good and poor 
health in older people, there is a dearth of textbooks bringing together all aspects of 
the topic. In this book we aim to present up-to-date reviews on the key topics in the 
understanding of Ageing, Immune System, and Health. It is aimed at fundamental 
scientists and clinicians with an interest in ageing or the immune system. Each 
chapter aims to highlight current knowledge and also highlight knowledge gaps to 
stimulate further research. 

 Chapters include state-of-the-art reviews on immunosenescence in both the 
innate and adaptive immune systems. Others follow ageing and immunity in spe-
cifi c systems; lung senescence and epigenetics, as well as specifi c disease processes; 
cancer and cytomegalovirus infection. Vaccination is discussed in relation to older 
people, and the clinical and fundamental aspects of frailty are discussed. 

 Our goal is that improved recognition of the role played by a compromised 
immune system in ill health in old age, combined with the understanding that this 
can to a large extent be attenuated by lifestyle choices, will result in public health 
policy that ensures old age is enjoyed and not endured!  

  São Paulo, Brazil     Valquiria     Bueno    
 Birmingham, UK     Thomas     A.     Jackson    
 Birmingham, UK     Janet     M.     Lord     
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  1      Innate Immunosenescence and Its 
Impact on Health in Old Age                     

     Mohammad     Ahsan     Tariq    ,     Jon     Hazeldine    , 
and     Janet     M.     Lord    

    Abstract 

   Physiological ageing is associated with signifi cant re-modelling of the immune 
system. Termed immunosenescence, age-related changes have been described 
in the composition, phenotype and function of both the innate and adaptive arms 
of the immune system. As the fi rst line of defence against invading pathogens, 
age- associated alterations in innate immunity have been linked to the increased 
infection- related morbidity and mortality rates reported by older adults. 
However, is the only consequence of innate immunosenescence an increased 
susceptibility to infection? With data emerging demonstrating a role for innate 
immune cells in other biological processes besides host protection, such as 
wound healing, clearance of senescent cells and the resolution of infl ammation, 
it is likely that innate immunosenescence has more far reaching consequences 
for the health and well- being of older adults than originally thought. Here, we 
provide an overview of the alterations that occur in innate immunity with age, 
highlighting studies that have uncovered the molecular mechanisms that under-
lie the changes they describe. Furthermore, we discuss the possible implications 
of innate immunosenescence for older adults beyond the much-discussed 
increased incidence and severity of infection.  

  Keywords 
   Innate immunity   •   Ageing   •   Neutrophil   •   NK cell   •   Monocyte   •   Infl ammageing  
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1.1       Introduction 

 Recent forecasts estimate that the proportion of individuals aged ≥60 years, who 
accounted for 10 % of the global population in the year 2000, will constitute 21 % 
of the world’s population by 2050 [ 1 ]. A testament to advancements in medical care 
and public health policies, an increase in life expectancy should be viewed favour-
ably. However, with ageing defi ned as “ the increasing frailty of an organism with 
time that reduces their ability to deal with stress, resulting in an increased chance 
of disease ” [ 2 ], an extension in life expectancy does not necessarily mean these 
“additional years” will be experienced in good health. 

 Infectious diseases are a common occurrence amongst older people, with this 
section of society reporting increased episodes of urinary tract infections [ 3 ], infl u-
enza [ 4 ] and community-acquired pneumonia [ 5 ] when compared to their younger 
counterparts. In addition, infection severity is greater, with older adults reporting 
signifi cantly increased infection-related morbidity and mortality rates [ 6 ,  7 ]. 
Thought to underlie this increased incidence and severity of infection are age- 
associated changes in immune function, a phenomenon termed   immunosenescence   . 
Whilst it has been known for many years that ageing has a profound effect upon 
adaptive immunity [ 8 ], only recently has it become evident that the innate arm of the 
immune system undergoes considerable age-related re-modelling. For instance, 
alongside alterations in the effi ciency of innate barriers and the composition of the 
humoral arm of innate immunity [ 9 ,  10 ], signifi cant differences exist in the compo-
sition, phenotype and function of the cellular arm of innate immunity between 
young and older adults. In this chapter, we provide a detailed overview of the impact 
that age has on four cell types central to the innate immune response; neutrophils, 
   natural killer (NK) cells, dendritic cells (DCs) and monocytes/macrophages. 
Furthermore, with it now recognised that the function of the innate immune system 
extends beyond the recognition and elimination of pathogens [ 11 – 14 ], we discuss 
how innate immunosenescence may have more far reaching consequences for the 
health of older adults than simply increasing their susceptibility to infection.  

1.2     Ageing of the Innate Immune System 

1.2.1     Neutrophils 

    Neutrophils   are the most abundant  leukocyte   in circulation and provide immediate 
frontline protection against rapidly dividing bacteria, fungi and yeast. The fi rst step 
in neutrophil anti-microbial defence is their extravasation from the bloodstream and 
migration to the site of infection. Whilst age appears to have no effect upon the 
speed at which neutrophils migrate towards chemotactic signals  in vitro  [ 15 ], the 
directional accuracy of neutrophil migration to infl ammatory agonists (e.g. interleu-
kin- 8 (IL-8, CXCL8)) as well as bacterial peptides (e.g. formyl-methionine-leucine- 
phenylalanine (fMLP)) is signifi cantly reduced [ 15 ]. Recently, we attributed this 
age-related aberration in  neutrophil    chemotaxis to constitutive activation of 
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phosphoinositide 3-kinase (PI3-K), a lipid kinase implicated in cell polarisation and 
 propulsion    via its generation of phosphoinositol 3,4,5-triphosphate (PIP 3 ) at the 
leading edge of the cell [ 15 ]. Selective inhibition of the PI3-K isoforms PI3-K δ and 
γ in neutrophils from older adults signifi cantly improved their migratory accuracy 
towards IL-8 [ 15 ]. Conversely, increasing PIP 3  levels in neutrophils from young 
donors, resulted in reduced  chemotaxis   similar to that seen in older donors [ 15 ]. 
Given that in a longitudinal study of older adults, reduced neutrophil chemotaxis at 
baseline was associated with “non-survival” following infectious episodes [ 16 ], our 
work on PI3-   K suggests that therapeutic targeting of this kinase could be a novel 
approach by which to improve patient outcome in times of infection [ 15 ]. Whilst 
age-related impairments in neutrophil migration have been observed  in vitro  [ 15 , 
 17 ], confl icting data has emerged from  in vivo  studies, where neutrophil  chemotaxis   
has been reported to be either unaffected with age [ 18 ] or signifi cantly reduced [ 19 , 
 20 ]. In the most recent of these studies, Nacionales and colleagues recovered sig-
nifi cantly fewer neutrophils from the bronchoalveolar lavage fl uid of aged mice in a 
model of pneumonia infection [ 20 ]. Reduced expression of adhesion molecules on 
the surface of activated endothelium could be one mechanism that explains the aber-
rant migration of neutrophils in aged mice [ 19 ]. 

 Upon arrival at sites of infection, neutrophils attempt to contain invading patho-
gens via  phagocytosis  . To date, no age-related impairments have been reported in the 
ability of neutrophils to engulf non-opsonised particles [ 21 ]. However, neutrophils 
from older adults exhibit signifi cantly reduced phagocytic activity towards comple-
ment and immunoglobulin (Ig)-opsonised pathogens [ 22 ,  23 ]. We have attributed the 
age-related impairment in neutrophil uptake of Ig-coated microbes to reduced 
expression of CD16, an Fc receptor, whose surface density positively correlates with 
the uptake of Ig-opsonised pathogens [ 22 ]. In contrast, the surface expression of 
complement receptors are comparable between neutrophils from young and old 
donors [ 24 ], suggesting intrinsic signalling defects are likely to be responsible for 
reduced phagocytic activity of neutrophils from older adults towards complement-
coated pathogens. Once phagocytosed, pathogens are exposed to a harsh microbici-
dal environment, the creation of which requires the generation of reactive oxygen 
species (ROS). Currently, the effect that physiological ageing has on neutrophil ROS 
generation is unclear, with study outcomes seemingly dependent upon the type of 
activating stimulus. For example, no age-associated differences have been described 
for ROS generation initiated by   Candida albicans    or   Escherichia coli  ( E. coli )   stimu-
lation [ 23 ,  25 ], whereas neutrophils from older adults generate signifi cantly fewer 
ROS when challenged with   Staphylococcus aureus     (S. aureus) , fMLP or granulocyte 
macrophage-colony stimulating factor (GM-CSF) [ 17 ,  23 ,  25 ]. 

 In a seminal paper published in 2004, Brinkmann and co-workers demonstrated 
that following microbial or pro-infl ammatory cytokine stimulation, neutrophils 
release into the extracellular environment their nuclear DNA [ 26 ]. Termed  neutro-
phil extracellular traps (NETs)  , these structures are decorated with an array of gran-
ule and cytosol-derived peptides and proteases and have been shown to capture and 
in some cases disarm gram positive and negative bacteria [ 26 ]. To our knowledge, 
only two studies have investigated whether NET formation is altered during 
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“healthy” ageing. In response to stimulation with the diacylglycerol mimetic 
 phorbol 12-myristate 13-acetate (PMA)    or    ,  methicillin-resistant  S. aureus  (MRSA) ,  
Tseng  et al.  found  in vitro  NET production by neutrophils from aged mice was sig-
nifi cantly lower than that of neutrophils from young mice, a defect they also 
observed in an  in vivo  model of MRSA infection [ 27 ]. In agreement with these fi nd-
ings, we showed that human ageing also results in impaired NET formation [ 28 ]. 
Compared to those isolated from their older counterparts, we found tumour necrosis 
factor-alpha ( TNF-α  )    primed neutrophils from younger adults generated signifi -
cantly more NETs following IL-8 or lipopolysaccharide stimulation [ 28 ]. 
Mechanistically, this aberration in  NET formation   was attributed to an age-related 
decline in ROS generation, a crucial prerequisite for NET production [ 28 ,  29 ]. 

 Aside from the controversy that exists regarding the impact of age on  ROS pro-
duction   [ 17 ,  23 ,  25 ], neutrophils from older adults clearly exhibit defects in several 
key defensive mechanisms, namely  chemotaxis   [ 15 ,  19 ,  20 ],  phagocytosis   of 
opsonised pathogens [ 22 ,  23 ] and NET formation [ 27 ,  28 ]. Given this near global 
impairment in neutrophil function, alterations to a generic signalling element rather 
than defects in molecules specifi c to each anti-microbial defence strategy is likely 
to explain the aberrations in neutrophil function that occur with age. In support of 
this idea, ageing in rodents is associated with a signifi cant increase in neutrophil 
membrane fl uidity, which coincides with a marked reduction in neutrophil function 
[ 30 ]. Moreover, human studies have shown the recruitment of receptors into lipid 
rafts, specialised microdomains enriched for phospholipids and cholesterol that 
assist in signal transduction, is markedly reduced with age [ 17 ,  31 ]. That proximal 
signalling defects contribute at least in part to the impaired functions of aged neu-
trophils is further demonstrated by the fact that no age-related differences in ROS 
production [ 17 ,  28 ,  30 ] or  NET formation   [ 28 ] have been reported for neutrophils 
treated with PMA, a stimulus that activates cells independently of surface mem-
brane receptors  .  

1.2.2     Natural Killer Cells (NK) 

 Involved in the direct recognition and elimination of virus-infected, stressed and 
malignant cells, NK cells are large granular lymphocytes that comprise approxi-
mately 10–15 % of the circulating lymphocyte pool. In humans, NK cells are defi ned 
by a CD3–56 +  surface phenotype. However, they are not a homogeneous population 
as based on the differential surface expression of CD56, NK cells are assigned to 
one of two major subsets, namely CD56 DIM  and CD56 BRIGHT . Despite the fact that 
ageing results in a reduction in NK cell production and proliferation [ 32 ], numerous 
studies have reported a signifi cant increase in the percentage and/or absolute num-
ber of  CD3–56 +  cells   with age [ 33 ,  34 ], suggesting the presence of long-lived NK 
cells in the circulation of older adults [ 32 ]. At the subset level, ageing is  associated 
  with an increased proportion  of    CD56 DIM  NK cells    and a reduction  in   the  proportion 
  of  CD56 BRIGHT  NK cells   [ 33 ,  34 ], alterations that culminate in a signifi cantly 
increased circulating CD56 DIM :CD56 BRIGHT  ratio with age [ 33 ,  35 ]. 
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 Results of two recent murine models of infection suggest ageing results in 
aberrant NK cell migration. Following infl uenza [ 36 ] or mousepox [ 37 ] infection, 
migration of NK cells to the spleen, lungs or lymph nodes was shown to be signifi -
cantly reduced in aged mice during the early post infection phase, a defect that was 
assigned to an age-related impairment in NK cell maturation [ 37 ]. Whilst no study 
to date has investigated the effect of age on the migratory capacity of human NK 
cells, groups have examined its impact on the expression of adhesion and chemo-
kine receptors. With the exception of the IL-8 receptor CXCR1,    whose surface den-
sity is reduced with age [ 38 ],          comparable expression of the adhesion molecule CD2 
and the chemokine receptors CCR3 and CCR5 has been reported for NK cells from 
young and older adults [ 35 ,  38 ]. 

  Granule exocytosis    and  death receptor ligation    are   two contact- dependent    mech-
anisms    utilised   by NK cells to eliminate transformed cells [ 39 ]. Of these, granule 
exocytosis, which is characterised by the secretion of the pore-forming protein per-
forin and the serine protease granzyme B, is the primary cytotoxic mechanism of 
NK cells. Numerous studies have examined the impact of age on this form of NK 
cell defence [ 40 ], with the general consensus that at the single cell level, NK cell 
 cytotoxicity       ( NKCC  )  is   reduced with age [ 33 ,  41 ,  42 ]. Given that NK cells from 
 older   adults recognise and bind to transformed cells as effi ciently as those from 
younger subjects [ 42 ,  43 ], a post-binding defect is thought to underlie the age- 
related impairment in  NKCC  . At the molecular level, the induction of  NKCC   is 
regulated by signals transmitted through surface expressed activatory and inhibitory 
receptors. Currently, it is unclear as to what effect ageing has on NK cell receptor 
expression, with a series of confl icting observations reported by a number of inde-
pendent groups (reviewed in [ 40 ]). However, data has been presented that suggests 
defective intracellular signalling may underlie the age-related impairment in  NKCC  . 
Following target cell stimulation, Mariani  et al.  found that due to an age-related 
delay in phosphatidylinositol 4,5-bisphosphate hydrolysis, NK cells from older 
adults generated signifi cantly lower amounts of the second messenger inositol 
1,4,5-triphosphate [ 43 ]. If responsible for the age-associated reduction in  NKCC  , 
one would predict a functional consequence of this impaired intracellular signal-
ling. Recently, we demonstrated that when bound to transformed cells, NK cells 
from older adults exhibit impaired polarisation of perforin-containing lytic granules 
to the immunological synapse, a defect that was associated with reduced perforin 
secretion [ 33 ]. Importantly, we observed no age-related difference in perforin 
release when NK cells were stimulated with PMA and ionomycin (J. Hazeldine, 
unpublished observations). As agents that bypass cell surface receptors, this compa-
rable functional response of NK cells from young and older adults to PMA and 
ionomycin treatment suggests that it is defective signalling proximal to the NK cell 
membrane that underlies the age- related    impairment  in     NKCC  . 

 Although renowned for their cytotoxic nature, it is becoming increasingly recog-
nised that NK cells are a rich early source of immunoregulatory cytokines and che-
mokines. For example, activated NK cells secrete  TNF-α  , IL-8 and  interferon 
gamma (IFN-γ)  , bestowing upon them the ability to amplify on-going innate 
immune responses and infl uence the early phases of adaptive immune responses 
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[ 44 – 46 ].  When   challenged with infl ammatory cytokines,    NK cells from older adults 
respond with signifi cantly increased secretion of IFN-γ, macrophage infl ammatory 
protein-1-alpha (MIP-1α) and IL-8. However, the levels generated are signifi cantly 
lower than those produced by NK cells from younger subjects [ 45 ,  46 ]. Akin to 
humans, NK cells from aged mice exhibit aberrant cytokine production, with sig-
nifi cant impairments reported in IFN-γ production in models of infl uenza infection 
[ 36 ] and lipopolysaccharide challenge [ 47 ]. 

 The recurrent and severe episodes of viral infection experienced by subjects with 
selective NK cell defi ciency demonstrate the importance of NK cells in host defence 
[ 48 ]. However, do the more subtle abovementioned age-related changes in NK cell 
function impact upon the health and/or well-being of older adults? To date, very few 
studies have attempted to answer this question. However, from the data available, 
reduced  NKCC   does appear to have clinical consequences. For example, retrospec-
tive and prospective studies have reported relationships  between    low   NK cell activ-
ity in older adults and (1) a past history of severe infection, (2) an increased risk of 
future infection, (3) a reduced probability of surviving infectious episodes and (4) 
infectious morbidity [ 49 – 51 ]. Related to this increased risk of infection, reduced 
NKCC prior to and following infl uenza vaccination in older adults has been shown 
to be associated with reduced protective anti-hemagglutinin titres, worsened health 
status and an increased incidence of respiratory tract infection [ 52 ].  

1.2.3     Monocytes/Macrophages 

    Comprising   approximately 5–10 % of  the   circulating leukocyte pool, monocytes are 
a heterogeneous population of immune cells, which based on the differential surface 
expression of CD14 and the Fc receptor CD16 are categorised into one of three 
distinct subsets, namely classical (CD14 ++ 16 − )   ,  intermediate (CD14 ++ 16 + )   and  non- 
classical (CD14 + 16 ++ )   [ 53 ]. Whilst age has no effect upon the frequency or absolute 
number of monocytes [ 54 ,  55 ], the composition of the monocyte pool is markedly 
different in older adults, who present with an increased frequency of non-classical 
and intermediate monocytes, and fewer classical monocytes when compared to their 
younger counterparts [ 55 – 57 ]. 

 Providing frontline protection against viruses, bacteria and transformed cells, 
monocytes and macrophages are equipped with an array of anti-microbial mecha-
nisms, which include chemotaxis, ROS generation,  phagocytosis   and antigen presen-
tation. The results of rodent and human-based studies that have examined the impact 
of age on these functions are summarised in Fig.  1.1 . In terms of macrophage func-
tion, confl icting observations are often reported, the result primarily of inter-study 
differences in such aspects of experimental design as the type of mouse strain, the 
source of tissue macrophages and the defi nition of “young” and “aged” mice.

   The extent to which ageing impacts upon cytokine/chemokine generation by 
monocytes/macrophages has been the subject of considerable interest from immune 
gerontologists. Pathogen recognition by monocytes and macrophages is achieved pri-
marily through their expression of  toll like receptors (TLRs)  , a family of endosomal 
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and surface residing receptors that recognise structurally conserved molecules shared 
by viruses, bacteria and fungi [ 58 ]. In the most extensive study to date that have inves-
tigated the effect of age on TLR-induced cytokine production, van Duin  et al.  mea-
sured intracellular IL-6 and TNF-α levels in monocytes isolated from young and older 
adults following TLR1/2, TLR2/6, TLR4, TLR5, TLR7 and/or TLR8 stimulation 
[ 59 ]. After controlling for a range of potential confounding factors such as medica-
tion, gender and vaccination history, the group reported a signifi cant age-related 
reduction in TLR1/2-induced  IL-6   and  TNF-α   synthesis [ 59 ]. Subsequent studies 
have confi rmed this observation and demonstrated the aberration in TLR1/2-induced 
IL-6 production is a feature of all monocyte subsets [ 57 ]. In contrast to the impaired 
response to  TLR1/2 stimulation  , monocytes from older adults generate signifi cantly 
greater amounts of TNF-α and IL-8 upon TLR4 or TLR5 stimulation respectively 
when compared to those from their younger counterparts [ 54 ,  56 ]. Whilst heightened 
responses of intermediate and non-classical monocytes drive the age-related enhance-
ment in TLR4-induced TNF-α production [ 56 ], it is currently unknown which mono-
cyte subset(s) is responsible for the increase in IL-8 synthesis following TLR5 
stimulation. However, reports of an age- associated increase in  TLR5 expression   and 
signalling capacity provides a potential mechanistic explanation for the enhanced 
functional response of monocytes from older adults to TLR5 stimulation [ 54 ]. 

  Fig. 1.1    Summary of age-related changes in monocyte and macrophage function.  Italic font  indi-
cates results obtained from rodent-based studies       
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 Based on the abovementioned age-related elevation in TLR5-induced cytokine 
production, immunologists are currently investigating whether manipulation of this 
signalling pathway could enhance the immune response elicited by older adults in 
times of infectious challenge. Early results are promising, with studies demonstrat-
ing a potential role for fl agellin, the ligand for TLR5, as a vaccine adjuvant. In a 
model of  Streptococcus pneumonaie infection  , Lim and co-workers reported a 60 % 
increase in the survival rates of aged mice that received a combined  pneumococcal 
surface protein A (PspA)-fl agellin vaccine   when compared to those mice vaccinated 
with PspA alone [ 60 ]. This increased survival rate was associated with signifi cantly 
elevated levels of PspA-specifi c antibodies, suggesting that through activation of 
TLR5, robust immune responses can be generated in the aged host [ 60 ]. A similar 
approach has also proven successful in older adults, with a recombinant hemagglu-
tinin infl uenza-fl agellin fusion vaccine inducing  seroconversion   and  seroprotection   
rates of 75 % and 98 % respectively in adults aged ≥65 years [ 61 ]. Interestingly, 
monocyte responsiveness  in vitro  to TLR stimulation is highly associated with vac-
cination responses. In a cohort of 162 young (21–30 years) and older (≥65 years) 
subjects, an age-related reduction in TLR-induced up-regulation of the co- 
stimulatory molecule CD80 on the surface of monocytes was reported [ 62 ]. As sub-
sequent analysis revealed an increased frequency of  CD80 +  monocytes   post  TLR 
stimulation   was associated with an increased antibody response to infl uenza vacci-
nation, prior assessment of monocyte reactivity to TLR stimulation may identify 
older adults unlikely to respond to vaccination [ 62 ]. 

 To gain an insight into the mechanism(s) underlying the age-associated reduc-
tion in TLR-induced cytokine production, several groups have investigated the 
impact of age on the expression and/or signalling capacity of surface residing TLRs. 
Whilst TLR2 expression is comparable on monocytes from young and older adults 
[ 54 ,  57 ,  59 ], a signifi cant age-related decline in TLR1 and TLR4 expression has 
been reported, which in the case of TLR1 is associated with reduced phosphoryla-
tion of the  mitogen activated protein kinase (MAPK)  , extracellular signal-regulated 
kinase 1/2 (ERK 1/2) post TLR1/2 stimulation [ 57 ,  59 ]. On this theme of intracel-
lular signalling, Olivieri  et al.  recently outlined how  microRNAs (miRNAs)   may be 
contributing to the dysregulation in TLR-induced cytokine production with age 
[ 63 ]. A family of short single-stranded RNA molecules that regulate gene expres-
sion, age-related changes in the levels of specifi c miRNAs may infl uence TLR- 
induced signalling by modulating the activity and/or expression of adaptor molecules 
and kinases central to TLR signal transduction [ 63 ]. 

 Akin to monocytes,  TLR-induced cytokine production   by macrophages is signifi -
cantly reduced with age. Following TLR1/2, TLR2/6, TLR3, TLR4, TLR5 and/or 
TLR9 stimulation, splenic, alveolar and peritoneal macrophages from aged mice 
secrete signifi cantly less  TNF-α  ,  IL-6  , IL-1β or IL-12 when compared to macro-
phages from their younger counterparts [ 64 – 68 ]. Mechanistically, this age- related 
aberration in TLR-induced pro-infl ammatory cytokine production has been assigned 
to reduced expression of TLRs, increased production of the anti- infl ammatory cyto-
kine IL-10, altered expression of miRNAs and defective MAPK and protein kinase 
C signalling [ 64 – 69 ]. In one of the few studies investigating the impact of age on 
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human macrophage function, Agius and colleagues assessed TNF-α production by 
skin macrophages in a model of cutaneous delayed type hypersensitivity and reported 
a signifi cantly reduced percentage of TNF-α +  macrophages in skin biopsies taken 
from older adults [ 70 ]. Interestingly, rather than a defect intrinsic to macrophages, 
the group attributed this reduced production of TNF-α to an increased proportion in 
the skin of older adults of regulatory T cells, an immune cell subset that suppresses 
 TNF-α   production by macrophages [ 70 ]. Indeed, when macrophages isolated from 
the skin of young and older adults were subjected to TLR stimulation  in vitro , no 
age-related differences in TNF-α production were observed   [ 70 ].  

1.2.4     Dendritic Cells (DCs) 

 Residing at the interface of innate and adaptive immunity, DCs are a heterogeneous 
family of circulating and tissue resident immune cells that based on their cellular ori-
gins are assigned to one of two distinct subsets. Myeloid-derived DCs (mDCs), which 
include Langerhans cells (LCs) in the skin and conventional DCs (cDCs) in the blood 
assist, in the case of LCs, in the initiation of adaptive immune responses whereas DCs 
of lymphoid descent, which are represented by blood-borne plasmacytoid DCs 
(pDCs) are involved in anti-viral immune responses via their secretion of IFN-α. 

 Human-based immunogerontological studies that have investigated the impact 
of age on DC number have focused primarily upon those subsets present in periph-
eral blood, namely cDCs and pDCs. Whilst age appears to have no effect upon the 
frequency of cDCs [ 71 – 73 ], its impact on pDCs is unclear, with some studies 
revealing a marked reduction in the percentage and/or absolute number of this DC 
subset with age [ 72 – 74 ], and others reporting no difference between young and 
older adults [ 71 ,  75 ]. In respect of tissue-resident DCs, a signifi cant age-associated 
reduction in the frequency of LCs has been described [ 76 ]. 

1.2.4.1     pDCs 
 Several groups  have   demonstrated that following engagement of TLR7, TLR8 or 
TLR9,  pDCs   from young individuals generate signifi cantly more IFN-α,  TNF-α   and 
 IL-6      than pDCs obtained from older adults [ 72 ,  73 ,  77 ,  78 ]. This age-related reduc-
tion in TLR-induced cytokine production has been attributed to a decline in TLR 
expression and aberrant intracellular signalling [ 78 ]. For example, although not 
observed by all groups [ 79 ], ageing appears to be associated with reduced expres-
sion of TLR7 and TLR9 [ 72 ,  73 ], whilst impaired up-regulation of PI3-K and the 
transcription factor IFN regulatory factor-7 has been observed in TLR9-stimulated 
pDCs from aged donors [ 80 ]. 

 Through the production of IFN-α, pDCs augment anti-viral immune responses 
by enhancing the cytotoxic activity of NK and CD8 +  T cells. Thus, an age-related 
impairment in IFN-α secretion may contribute to the increased incidence of viral 
infections amongst older adults. Supporting this theory, Panda and co-workers 
found TLR-induced production of IFN-α by pDCs was signifi cantly associated with 
both seroconversion and seroprotection following infl uenza vaccination in a cohort 
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of young (21–30 years) and older (≥65 years) adults [ 73 ], whilst Sridharan  et al.  
demonstrated that via reduced production of IFN-α, pDCs from  aged   donors were 
unable  to    enhance   the cytotoxicity of resting CD8 +  T cells [ 79 ].  

1.2.4.2     mDCs 
 Tissue-resident  DCs   continually survey and sample their local environment for 
 invading   microbes,    whose recognition triggers DC maturation and their migration 
to secondary lymphoid organs. Both human and murine-based studies have demon-
strated a signifi cant impairment in DC migration with age [ 76 ,  81 ]. The age- 
associated aberration in the  in vivo  migration of murine DCs has been attributed to 
an altered microenvironment as well as impaired signalling from surface expressed 
chemokine receptors [ 81 ,  82 ]. 

 Increasing experimental evidence suggests that the stimulatory capacity of 
mDCs wanes with age. Compared to those isolated from young controls, aged 
mDCs are less effective at inducing T cell proliferation [ 78 ,  81 ,  83 ], IFN-γ secretion 
[ 83 ,  84 ] and T cell cytotoxicity [ 81 ,  84 ], defects that would be expected to lead to a 
diminished T cell-mediated immune response. However, with several studies report-
ing that  antigen   presentation and expression of the co-stimulatory molecules 
CD80/86  are   comparable between DCs following stimulation, it cannot be ruled out 
that the weakened T cell response of aged individuals may be the result of conse-
quence of  intrinsic   T cell defects rather than impaired DC function [ 85 ]. 

 Whether ageing is associated with alterations in pro-infl ammatory cytokine pro-
duction by mDCs is an area of controversy, with studies reporting increased [ 71 ], 
decreased [ 75 ,  86 ] or comparable [ 72 ] generation of  TNF-α  ,  IL-6   and IL-12 by aged 
mDCs in response to TLR stimulation when compared to that secreted  by   young 
mDCs. Studies that have reported a decline in cytokine production have attributed it 
to an age- related   reduction in TLR expression [ 73 ], impaired intracellular signalling 
[ 87 ] and  an   age-associated increase in basal cytokine levels [ 73 ].    

1.3     Innate Immunosenescence and Its Impact on Healthy 
Ageing 

 Early recognition and elimination of invading pathogens is the defi ning feature of 
innate immunity. However, it has become apparent in recent years that the function 
of the innate immune system extends beyond host protection, with studies demon-
strating roles for innate immune cells in immune modulation [ 88 ], the resolution of 
infl ammation [ 12 ,  13 ], wound healing [ 89 ] and the clearance of senescent cells 
[ 11 ]. Thus, with these observations in mind, could innate immunosenescence have 
more far reaching consequences for older adults than just simply increasing their 
susceptibility to infection? In this section, we consider the wider-impact that age-
related changes in NK cell (Fig.  1.2 ), neutrophil and macrophage biology may 
have on older adults and discuss how a low-grade chronic up-regulation in circu-
lating infl ammatory mediators may underlie the development of several age-related 
pathologies.
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1.3.1       NK Cell-Mediated Clearance of Senescent Cells 

    A feature  of   physiological ageing is the accumulation of senescent cells. These 
cells, which have  been   detected in bone  and   skin samples obtained from older adults 
[ 90 ,  91 ], reside in a state of irreversible cell cycle arrest, yet remain viable and meta-
bolically active. Via their secretion of growth factors, pro-infl ammatory cytokines, 
and proteases, senescent cells compromise tissue homeostasis and function, and 
their presence has been causally implicated in the development of such age- 
associated conditions as sarcopenia and cataracts [ 92 ]. 

 Several studies have demonstrated a role for innate immune cells in the recogni-
tion and clearance of senescent cells [ 93 ,  94 ]. Of interest, via granule exocytosis, 
NK cells elicit potent cytotoxicity towards senescent cells [ 11 ]. As NK cells from 
older adults exhibit impaired perforin release upon target cell stimulation [ 33 ], NK 
cell immunosenescence may be one mechanism by which to explain the accumula-
tion of senescent cells in aged tissue [ 11 ]. 

  Fig. 1.2    NK cell immunosenescence and its impact upon the health and well-being of older 
adults. Aside from the associations reported in older adults between reduced NK cell function and 
increased infection-related morbidity and mortality rates [ 65 – 67 ], age-related changes in NK cell 
cytokine/chemokine production ( i ), surface phenotype ( ii ) and  NKCC   ( iii ) may have additional 
consequences for the health of older adults. These include; (a) the accumulation of senescent cells 
and the subsequent development of such age-related pathologies as sarcopenia and cardiovascular 
disease (CVD) [ 14 ], (b) impaired resolution of infl ammatory responses and increased immune- 
mediated tissue damage as a consequence of impaired NK-mediated induction of neutrophil, DC 
and CD4 +  T cell lysis and (c) reduced vaccine effi cacy as a result of aberrant NK-DC cross talk       
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 An emerging fi eld of research in the area of senescence is the development of 
senolytics, a class of drugs aimed at selectively eliminating senescent cells. Recently, 
it was reported that a single-dose of senolytic drugs signifi cantly reduced the num-
ber of senescent cells in multiple tissues of aged mice, resulting in amongst other 
things, improved functionality and the delayed onset of age-related symptoms and 
pathologies [ 95 ]. Whilst holding promise for combating the effects of ageing, seno-
lytics will not reverse age-related changes in the immune system. Thus, should 
future studies prove that NK cells from older adults exhibit reduced cytotoxicity 
towards senescent cells, then an alternative to senolytics could be the therapeutic 
enhancement of  NKCC  , an approach that would restore the physiological route of 
senescent cell removal.     

1.3.2     Resolution of Inflammation 

 In a series of recent  in vitro  co-culture experiments,    NK  cells   were shown to induce 
neutrophil apoptosis in a contact-dependent manner that required recognition of an 
as yet unidentifi ed ligand on the neutrophil surface by the NK cell activatory recep-
tor NKp46 [ 12 ]. This observation, combined with the ability of NK cells to lyse 
DCs and T cells via perforin-mediated cytotoxicity [ 13 ], suggests a role for NK 
cells in the resolution of infl ammation. 

 Human ageing is associated with a  reduced   frequency of circulating NKp46 +  NK 
cells [ 33 ,  41 ]. Couple this change in surface phenotype to the  reduced   number of NK 
cells present at sites of infl ammation in aged mice [ 36 ,  37 ], then it is conceivable to 
think that the rates of NK cell-mediated neutrophil apoptosis would be reduced in 
older adults, a consequence of which would be the slower resolution of infl ammatory 
responses. Along similar lines, based on our data showing an age- related reduction 
in perforin secretion by activated NK cells [ 33 ], one would predict that  NKCC   
towards CD4 +  T cells, which in the setting of viral infection has been proposed to 
prevent immune-mediated pathology [ 13 ], would also be reduced in older adults. 

 Away from NK cells, we recently provided  ex vivo  evidence that suggests ageing 
is associated with increased rates of neutrophil degranulation in the absence of 
infection [ 15 ]. Coinciding with elevated systemic neutrophil protease activity,    this 
age–related increase in the function of unstimulated neutrophils may contribute to 
the chronic low- grade   infl ammatory state of older adults by triggering widespread 
collateral tissue damage [ 15 ].  

1.3.3     Wound Healing 

 Critical for  effi cient   wound healing is an appropriate infl ammatory response, which 
 is   characterised in part by infi ltration into the wound of neutrophils and macro-
phages. Upon arrival, neutrophils are primarily responsible for tissue debridement 
and the clearance of invading microbes, whilst macrophages promote cell recruit-
ment and the removal of apoptotic neutrophils. Given the changes that occur in 

M.A. Tariq et al.



13

neutrophil and macrophage function with age, one would predict differences in the 
infl ammatory phase of wound repair between young and older adults. Indeed, in a 
murine model of dermal injury, Swift  et al.  reported reduced phagocytic capacity 
for macrophages isolated from the wounds of aged mice [ 96 ], whilst in a cutaneous 
wound infection model, reduced neutrophil and macrophage numbers in the wounds 
of aged mice were detected despite no age-related difference in chemokine levels 
[ 19 ]. As neutrophils clear cellular debris, and macrophages, through the clearance 
of apoptotic neutrophils, reduce bystander tissue damage  and   initiate the resolution 
phase of infl ammation, innate immunosenescence may be one  explanation   for the 
delay in wound healing that accompanies physiological ageing [ 14 ].  

1.3.4     Inflammageing 

 Alongside the  aforementioned    changes   in the number and function of innate immune 
cells, ageing is associated with a low-grade systemic up-regulation of circulating 
infl ammatory mediators. Termed  infl ammageing , this sub-clinical chronic infl amma-
tory state is characterised by elevated levels of pro-infl ammatory cytokines (e.g.  IL-6   
and  TNF-α  ) and acute phase proteins (e.g. C reactive protein (CRP)), as well as 
reduced levels of  the   anti-infl ammatory cytokine IL-10 [ 97 – 100 ]. Whilst age- related 
changes in immune function undoubtedly contribute to the development of  infl am-
mageing , this phenomenon is driven by a multitude of age-associated factors, which 
include the accumulation of pro-infl ammatory cytokine secreting senescent cells [ 90 , 
 101 ], an increase in fat tissue [ 98 ] and the decline in sex steroid synthesis [ 102 ]. 

 Results from longitudinal- based   studies suggest  infl ammageing  is deleterious to 
human health with studies in older cohorts demonstrating that low-grade increases 
in the circulating levels of  TNF-α   [ 103 ],  IL-6   [ 103 ,  104 ] and CRP [ 105 ] are associ-
ated with both all-cause [ 103 ,  104 ] and cause-specifi c [ 104 ,  105 ] mortality. 
Furthermore,  infl ammageing  is a predictor of frailty [ 106 ] and is considered a major 
factor in the development  of   several age-related pathologies, such  as   atherosclerosis 
[ 107 ], Alzheimer’s disease [ 100 ] and sarcopenia [ 108 ].   

1.4     Conclusions 

 Over the past decade, our understanding of innate immunosenescence and its under-
lying mechanisms has grown considerably, with altered cell signalling emerging as 
a prominent cause of many age-related changes in immune function [ 15 ,  17 ,  30 ,  31 , 
 43 ]. Therapeutic manipulation of intracellular signalling pathways may therefore 
represent a means by which to counteract immunosenescence and enhance immune 
function in older adults. On this note, we recently proposed that targeting PI3K 
signalling may improve the migratory accuracy of neutrophils during infectious epi-
sodes in older adults [ 15 ], whilst inhibition of the sterol pathway has recently been 
shown to enhance NET formation, a neutrophil function that is signifi cantly reduced 
with age [ 27 ,  28 ,  109 ]. As a fi eld of research in its infancy, novel therapeutic targets 

1 Innate Immunosenescence and Its Impact on Health in Old Age



14

for the “treatment” of immunosenescence will almost certainly emerge from future 
studies, with one potential candidate being myeloid derived suppressor cells 
(MDSCs). A heterogeneous population of cells with potent immune suppressive 
properties, the frequency of circulating MDSCs increases with age [ 110 ], which 
may contribute to the increased incidence of infection and cancer amongst older 
adults as well as the reduced effi cacy of vaccinations in this group [ 111 ]. In other 
fi elds of research, the inhibition or elimination of MDSCs is currently being inves-
tigated as an approach by which to boost immune responses [ 112 ]. Results of such 
studies should be of interest to immune gerontologists as it may offer an insight into 
whether similar approaches may benefi t older adults in terms of alleviating age- 
related immune dysfunction.     
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  2      Effects of Ageing on Adaptive Immune 
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    Abstract 

   Persistent viral infections, reduced vaccination responses, increased autoimmunity, 
and a rise in infl ammatory syndromes all typify immune ageing. As lifespan con-
tinues to extend, the demographic shift towards an older population will highlight 
the need to understand the mechanisms that drive age-related immune dysfunction, 
and to identify strategies to improve immune responsiveness in older people. 
These changes can be in part attributed to the accumulation of highly differenti-
ated senescent T cells, characterised by their decreased proliferative capacity and 
the activation of senescence signaling pathways, together with alterations in the 
functional competence of regulatory cells, allowing infl ammation to go unchecked. 
Moreover these defects that account for the decline in immune responsiveness 
also contribute to an increased prevalence in autoimmunity, through the reshaping 
of the peripheral T cell repertoire. This chapter discusses how the age-associated 
remodelling of the immune system leads to a lack of stability and subsequent 
decline in immune function.  

  Keywords 
   T cell   •   Lymphocyte differentiation   •   Senescence   •   Ageing   •   CD28   •   TCR   • 
  mTOR   •   Regulatory   •   Immunosuppressive   •   Infl ammation  

2.1       Introduction 

 Immune function declines as we age resulting in an increased susceptibility to new 
infections and re-activation of latent pathogens to which we were once immune [ 1 ,  2 ]. 
Paradoxically, this dampened immune responsiveness observed during immune 
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ageing is also associated with a low-grade chronic infl ammation, termed 
‘ infl ammageing’   [ 3 ,  4 ]. Although infl ammation is critical for dealing with infections 
and tissue damage, infl ammageing appears to be physiologically deleterious and pre-
dictive of all-cause mortality in multiple aged cohorts [ 5 ]. Immune senescence 
results from defects in different leukocyte populations, however the dysfunction is 
most profound in T cells [ 6 ,  7 ]. The responses of T cells from aged individuals are 
typically slower and of a lower magnitude than those of young individuals, whether 
the response is measured by proliferation [ 8 ], telomerase activity [ 8 ] or the induction 
of signalling events [ 9 ]. The T cell pool contains a number of functionally distinct 
subsets: CD4 +  T cells, CD8 +  T cells, and regulatory T cells together with non- 
conventional T cells, while not all equally affected by age, the overall T cell number 
does decline dramatically as a result of thymic atrophy [ 10 ,  11 ]. This reduced thymic 
output leads to the homeostatic expansion of peripheral T cells to regenerate the T cell 
pool, which together with the turnover of T cells in response to repeated antigenic 
stimulation eventually lead to the accumulation of oligoclonally expanded, function-
ally impaired T cells [ 1 ,  12 ]. Recent evidence suggests that the rise in homeostatic 
expansion during ageing may also be responsible for the abundance of memory-
phenotype T cells specifi c for viral antigens in adults never previously infected [ 13 ]. 
Whatever the cause of these age-related changes to the T cell compartment, they all 
contribute to the inability of the aged immune system to respond to new antigenic 
challenge and mount effective responses following vaccination [ 14 ]. 

 This chapter will examine how T cell memory is affected during ageing, the 
contribution of changes to the T cells themselves, as well as the consequence of an 
altered regulatory balance will be discussed, and will show how the generation of 
highly differentiated end-stage T cells contributes to age-associated disease.  

2.2      Phenotypic Differentiation   of T Cells During Ageing 

  There are numerous ways in which human T cell differentiation can be character-
ised [ 15 ,  16 ], the most common being listed in Table  2.1 . However the most striking 
characteristic of highly differentiated T cells is the loss of the co-stimulatory mole-
cules CD27 and CD28 and the re-expression of CD45RA, with CD8 +  T cells losing 
CD28 fi rst followed by CD27 with the inverse being true for CD4 +  T cells [ 15 ,  17 , 
 18 ]. Initially, it was thought that the loss of CD28 was the predominant factor con-
trolling reduced activity in these cells [ 19 ]. However, highly differentiated T cells 
show considerable redundancy in co-stimulatory receptor usage, and alternative 
receptors, such as OX40 and 4-1BB can promote T cell activation in CD28 − CD8 +  
populations [ 8 ,  20 ]. Highly differentiated T cells also increase during ageing with 
similar phenotypic changes occurring in both CD4 +  and CD8 +  T cells. However the 
rate at which these changes happen varies within each subset, with age-related 
changes being more pronounced on CD8 +  T cells, possibly due them exhibiting a 
greater homeostatic stability than CD4 +  T cells [ 21 ].

   Highly differentiated T cells remain functional and secrete high levels of cytokines 
such as  interferon-γ (IFNγ)   and  tumour necrosis factor (TNFα)  , together with high 
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levels of granzyme B and perforin expression, indicating that they have the potential 
to mediate high cytotoxic activity [ 16 ,  22 – 25 ]. Furthermore, highly differentiated 
CD27 − CD28 −  T cells remain polyfunctional secreting interleukin-2 (IL- 2), IFNγ and 
TNFα, and expressing CD40 ligand, to the same extent as less differentiated memory 
T cell populations [ 22 ,  26 ,  27 ]. However, these cells have reduced capacity to repli-
cate after activation [ 17 ,  27 ] and are susceptible to apoptosis ex vivo but it is possible 
that CD27 − CD28 −  T cells may persist  in vivo  in the presence of appropriate survival 
signals [ 28 ]. Taken together this suggests that highly differentiated T cell popula-
tions have characteristics of short-lived effector T cells, namely, potent effector func-
tion and susceptibility to apoptosis [ 29 ]. 

 In addition, highly differentiated T cells become less reliant on specifi c antigen 
for stimulation and more prone to activation through innate receptors. Including 
 killer immunoglobulin-like receptors (KIRs)  ,  killer cell lectin-like receptors 
(KLRs)  , and the  immunoglobulin-like transcript receptors (ILT/CD85)  , more typi-
cally associated with NK cell function [ 30 ]. The acquisition of these receptors on 
highly differentiated T cells is more frequently seen on CD8 +  than CD4 +  T cells 
[ 31 ]. The majority of these NK receptors recognise MHC class I molecules [ 32 ], 
thereby circumventing the need for antigen recognition, which restricts clonal 
expansion and offers protection from undue repertoire skewing. Interestingly, NK 
receptors are not the only innate molecules to increase on end-stage T cells, recent 
evidence suggests that Toll - like receptor (TLRs) are also upregulated. TLRs appear 
to be more important for CD4 +  T cell function, displaying higher levels of TLR2/4 
expression than CD8 +  T cells [ 33 ]. However the pattern recognition molecule  reti-
noic acid inducible gene I (RIG-I)-like helicase   was found to be more important for 
highly differentiated CD8 +  T cell function [ 33 ]. This suggests that differential 
expression of TLRs and RIG-1 on CD4 +  and CD8 +  T cells may refl ect distinct modes 
of antigen-independent T cell priming .  

   Table 2.1     Phenotypic   and functional characteristics of differentiated human T cells   

 Early differentiated  Mid differentiated  Late differentiated 

 Differentiation  CD45RA  +++  CD45RA  +/−  CD45RA  −/+ 
 CD27  +++  CD27  +  CD27  − 
 CD28  +++  CD28  +/−  CD28  − 
 CCR7  +++  CCR7  +++  CCR7  − 
 CD62L  +++  CD62L  +++  CD62L  − 
 CD57  +  CD57  ++  CD57  +++ 
 Cytotoxicity  +  Cytotoxicity  ++  Cytotoxicity  +++ 
 Proliferation  ++  Proliferation  ++  Proliferation  +/− 

 Senescence  KLRG1  +  KLRG1  ++  KLRG1  +++ 
 Bcl-2  +++  Bcl-2  ++  Bcl-2  + 
 Telomere  +++  Telomere  ++  Telomere  + 
 Telomerase  +++  Telomerase  ++  Telomerase  − 
 P-Akt  +++  P-Akt  ++  P-Akt  − 
 P-mTORC1  ++  P-mTORC1  +++  P-mTORC1  − 
 ROS  +  ROS  ++  ROS  +++ 
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2.3     Change in T Cell Signalling During Ageing 

 T cell differentiation is a highly complex process controlled not only by co- 
stimulation but also by the strength and duration of  T cell receptor (TCR) signal-
ling   [ 34 ]. Nearly all TCR signalling pathways have been found altered during 
ageing (Fig.  2.1 ), with several studies suggesting aberrancies in early TCR medi-
ated  signalling   events, such as changes to protein tyrosine phosphorylation, cal-
cium mobilization and the translocation of protein kinase C to the plasma membrane 
[ 35 – 37 ]. In addition, there is also a decline in proximal and intermediate signalling 
events leading to decreased transcription factor activity, notably NF-kB and NF-AT 
[ 38 ]. Furthermore recent fi ndings have shown the Lck pathway to be an important 
factor  controlling      T cell signalling [ 39 ]. Lck activity is regulated by two phospho-
tyrosine residues, Tyr394 which stabilises an open conformation and promotes 
kinase activity, and Tyr505 which results in a closed conformation decreasing 
activity. The lack of phosphorylation in either site can result in partial activation of 
lck [ 40 ]. The balance among these three pools of differentially phosphorylated lck 
is thought to determine the general level of enzymatic activity of lck in T cells [ 40 ]. 
Age-related changes in both Tyr394 and Tyr505 have been reported for CD4 +  T 
cells, both showing increased phosphorylation [ 36 ], confounding the authors as 
phosphorylation at these sites have opposing effects. However recent data suggests 
that the local concentration of active lck molecules is more important than the 

  Fig. 2.1    T cell receptor signalling pathways.    This scheme highlights the most investigated signalling 
pathways in the context of ageing research       
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overall phosphorylated state of lck [ 41 ]. Therefore it remains to be determined 
whether highly differentiated T cells exhibit changes in either the location or 
movement of lck molecules in the membrane.

   The immune microenvironment also plays a crucial role in shaping lineage 
commitment and ultimately the function of T cells (Fig.  2.1 ). There is now much 
evidence that  mTOR   (mammalian target of  rapamycin  ), plays a central role control-
ling T cell function through its ability to connect immune signalling to metabolism 
[ 42 ]. The kinase mTOR belongs to the  phosphatidylinositol 3-kinase (PI3K)-related 
kinase (PIKK)   family of proteins that act as regulators of cellular growth and metab-
olism [ 43 ]. mTOR is the catalytic subunit of two distinct signalling complexes, 
mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2), the activity of 
which are differentially regulated by distinct accessory proteins [ 42 ,  43 ]. Increased 
mTOR activity has been linked to senescence and ageing [ 44 – 47 ], however there is 
growing evidence to suggest that this increase is not universally observed in every 
cell type nor is it evident in older humans [ 27 ,  48 – 50 ]. Highly differentiated CD4 +  
(unpublished observations) and CD8 +  T cells are unable to phosphorylate either the 
mTOCR1 [ 27 ] or the mTORC2 complex [ 51 ]. 

 mTORC1 activity is a requirement for the generation of effector molecules 
[ 52 ], and despite highly differentiated CD8 +  T cells apparent lack  of   mTOR activ-
ity they are highly potent effectors [ 26 ,  27 ]. mTORC1 has also been shown to 
control transcriptional programs that determine CD8 +  effector fate via a HIF1-
dependent mechanism [ 53 ]. However HIF1 - null CD8 +  T cells were shown to have 
many characteristics of effector CD8 +  T cells such as high levels of IFNγ produc-
tion, they lacked perforin and granzyme expression. A situation which is mirrored 
in highly differentiated CD8 +  T cells isolated from old individuals, where these 
cells display high levels of TNFα and IFNγ but lower levels of perforin and gran-
zyme [ 25 ]. Furthermore when the mTORC1 inhibitor rapamycin was incubated 
with highly differentiated CD8 +  T cells it had no effect on IFNγ production [ 54 ]. 
Thus corroborating with the idea that mTOR may not play a role in T cell 
senescence. 

 An increasingly recognized pathway for modulating T cell signalling is via 
 reactive oxygen species   (ROS; Fig.  2.1 ) [ 55 ]. ROS infl uences the balance 
between protein tyrosine kinase and phosphatase activities through redox - depen-
dent regulation of signalling [ 38 ]. During TCR stimulation there is a transient 
increase in ROS, which inactivates SHP-1 facilitating TCR signalling, however 
in continued ROS SHP-1 regulation is further altered, leading to the negative 
regulation of TCR function. High levels of ROS have been found in highly dif-
ferentiated CD8 +  T cells [ 27 ] and during ageing [ 56 ], generated in part by 
impaired mitochondrial function [ 27 ]. Indeed the requirement for robust mito-
chondria in antigen-specifi c T cell expansion has been demonstrated using mice 
with T cell - specifi c alterations to complex III [ 57 ]. Thus, ageing increased oxida-
tive stress, together with changes in tyrosine kinase and phosphatase activities all 
contribute to the altered T cell signalling observed during T cell differentiation 
and ageing.  
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2.4     Altered Regulatory Capacity During Ageing 

 Immune function is also controlled by regulatory T and B cells and  myeloid-derived 
suppressor cells (MDSCs)     , with emerging data suggesting that the functional compe-
tence of these regulatory cells is altered during ageing (Fig.  2.2 ). The most character-
ised of the regulatory subsets are the natural regulatory T cells (nTregs), defi ned as 
CD4 + CD25 hi Foxp3 +  [ 58 ]. They are fundamental for maintaining peripheral tolerance 
and protection against autoimmunity, and also modulating immunity to infections 
and tumors [ 58 ]. Therefore, to maintain controlled immunity, it is important that this 
regulatory population is maintained throughout life. CD4 +   nTregs   are derived from 
the thymus, however, the thymus involutes with age [ 10 ] suggesting that nTreg num-
bers might also be reduced during aging. However, there is ample data to suggest that 
nTreg numbers increase with age [ 59 – 62 ]. Therefore the number of nTregs must 
either be sustained through extensive proliferation or by generation from an extra-
thymic source [ 60 ,  63 ]. Human nTregs can express either CD45RA or CD45RO, 

  Fig. 2.2    Altered regulation of highly differentiated T cells during ageing. Tregs and MDSCs 
increase with age whereas       Breg numbers have been shown to decline, all alter immune control 
leading to a loss of peripheral tolerance and increased autoimmunity, as well as modulating 
immune responses to infections       
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with 90–95 % of adult nTregs displaying a CD45RO +  phenotype [ 64 ]. It has been 
shown that human CD45RO +  Tregs represent a highly differentiated population, 
characterised by short telomeres, a loss of telomerase activity and an increased 
susceptibility to apoptosis [ 60 ]. Indicating that these cells have limited capacity for 
self-renewal, suggesting that the Treg pool is not maintained through continuous turn-
over of pre-existing CD45RO +  Tregs. Tregs can also be induced from CD4 + CD25 − Foxp3 −  
conventional T cells in response to specifi c signals, such as TGFβ and retinoic acid, 
these so called  inducible Tregs (iTregs)      display the same suppressive function as 
nTregs [ 65 ]. It has been shown that human Tregs share a close TCR homology with 
CD4 + CD25 −  responder T cells [ 63 ,  66 ], supporting the hypothesis that the process of 
peripheral conversion from non-Tregs plays a signifi cant role in the maintenance of the 
Treg population in humans. However mouse studies do not support this idea, when 
using non-immunised and non-lymphopenic mice, conversion was found not to play a 
signifi cant role in the shaping of the peripheral Treg repertoire [ 67 ,  68 ]. Furthermore 
the induction of iTregs from aged mice was shown to be impaired [ 69 ]. However, the 
situation is likely to be different in humans, who undergo recurrent immunological 
challenges and have a much longer life span [ 65 ,  70 ].

   Tregs belonging to  the   CD8 +  T cell compartment are equally important in regulat-
ing immune responses, although they are less well characterised than their CD4 +  
counterparts [ 71 ]. Like CD4 +  Tregs, the percentage of CD8 + Foxp3 +  Tregs signifi -
cantly increases in older individuals, with suppressor function remaining comparable 
to younger individuals [ 72 ]. Interestingly, these CD8 +  Tregs lacked expression of 
CD28, as discussed earlier the loss of CD28 is a hallmark of ageing. Thus suggesting 
that the increase in CD8 + Foxp3 + CD28 −  Tregs is consistent with the increase in overall 
numbers of CD8 + CD28 −  T cells. 

 Over the past decade, a population of immunosuppressive B cells or  Bregs   have 
come to prominence, having been shown to inhibit excessive infl ammation [ 73 ]. 
Bregs function primarily by skewing T cell differentiation in favour of a regulatory 
phenotype in both mice [ 74 ] and humans [ 75 ], controlling Treg induction through 
direct cognate interactions between Bregs and T cells [ 76 ,  77 ]. Bregs can also suppress 
the expansion of pathogenic T cells through the production of IL-10, IL-35 and TGFβ 
[ 78 ]. Although the expression of IL-10 has been used to defi ne populations of Bregs, 
many different surface markers have been used, leading to inherent problems in Breg 
subset defi nition, reviewed by Rosser and Mauri [ 73 ]. However two phenotypically 
distinct subsets of B cells: transitional CD19 + CD24 hi CD38 hi  B cells [ 79 ] and 
CD19 + CD5 + CD1d hi  ‘B10’ B cells [ 80 ] have been demonstrated to exert immunosup-
pressive functions. The frequency and function of both these Breg subsets declines 
with age, owing to reduced CD4 +  T cell helper activity [ 81 ,  82 ]. The ability of Bregs 
isolated from old individuals to produce IL-10 following either ex vivo maturation or 
stimulation was also found to be reduced, and was linked to both impaired B cell 
signalling through CD40 and reduced expression of CD40L on CD4 +  T cells [ 81 ]. 

 More recently  myeloid-derived suppressor cells (MDSCs)   have also been recog-
nised as a population of immunosuppressive myeloid lineage cells capable of sup-
pressing T cell functions [ 83 ].  MDSCs   have been characterised in mice as belonging 
to either a monocytic, CD11b + Ly6G − Ly6C high  or granulocytic, CD11b + LyG6 + Ly6C low  
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lineage, with an analogous population being identifi ed in humans, defi ned as 
CD33 + HLA-DR −  and lineage (CD3, CD19, CD56)-negative [ 84 ]. Reports have also 
shown human MDSCs to express CD11b and like their mouse counterparts have 
been subdivided into monocytic, CD14 +  and granulocytic, CD15 +  subtypes [ 85 ]. 
MDSCs suppress T cell responses principally through their ability to manipulate 
 L -arginine metabolism, MDSCs produce arginase I, which catabolises  L -arginine 
depriving T cells of this amino acid [ 83 ]. The loss of  L -arginine from T cells in vitro 
inhibits their proliferation by arresting them in G 0 /G 1  [ 86 ]. MDSCs can also inhibit 
CD8 +  T cells through the production of ROS and peroxynitrite, which catalyze the 
nitration of the TCR, thereby preventing T cell-MHC interactions [ 87 ]. Furthermore 
MDSC can indirectly effect T cell activation through the induction of Tregs, this 
requires MDSC production of IL-10 and arginase, but depending on the subpopula-
tion of MDSCs can either be TGFβ dependent or independent [ 88 ]. The frequency of 
MDSCs increases in numerous cancers [ 89 ], chronic viral infections [ 90 ] and ageing 
[ 91 ]. The accumulation of MDSCs with age is thought to be driven by infl ammation, 
the pro-infl ammatory cytokines IL-1β and IL-6 and PGE 2  all being shown to induce 
the differentiation of MDSCs [ 91 ].  

2.5     Conclusion 

 This chapter describes the many ways in which T cell responses are detrimentally 
affected by ageing, highlighting the intrinsic defects that occur to memory T cells 
and the extrinsic effects of altering the balance of regulatory cell activity, both limit-
ing the responsiveness of T cells. The importance of understanding this interplay is 
underscored by highly differentiated T cells being found in high numbers not only 
during ageing but in chronic viral infections [ 92 ,  93 ], malignancies [ 94 ] and autoim-
munity [ 31 ,  95 ]. Highly differentiated T cells have also been regarded as a causative 
factor in acute transplant rejection [ 96 ]. Additionally the low grade infl ammatory 
state observed during ageing also plays a causal role in atherosclerosis [ 97 ] and type 
II diabetes [ 98 ]. The immune impairments in patients with chronic hyperglycemia 
resemble those seen during ageing, namely poor control of infections and reduced 
vaccination responses [ 99 ]. The ageing immune system in its attempt to endure and 
overcome the acquired defects may thus contribute to the development of an unstable 
state that predisposes to disease.     
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    Abstract 
   The characteristic effects of ageing observed across the human lifespan are 
accompanied by a multitude of molecular changes. These age-related changes 
are a result of the complex interaction between our genetic makeup, lifestyle fac-
tors, and unique environments. People are subject to a variety of different expo-
sures; many of these infl uences have the potential to “mark” our DNA and 
actually alter our cellular processes. This is a key component of epigenetics: a 
fi eld that focuses on modifi cations to DNA and DNA packaging that function 
without altering the genetic sequence itself. DNA methylation is arguably the 
most well-characterized epigenetic modifi cation, involving the addition of a 
methyl group to DNA, which, in an interesting paradox, is both stable long- term 
as well as plastic and reversible. DNA methylation fl uctuates throughout the 
lifespan of mammalian organisms and has the potential to infl uence cellular pro-
cesses through changes in gene expression. An important role of DNA meth-
ylation is as a molecular mediator between environmental exposures and 
physiological changes, which makes it a likely modifi er of the immune system. 
In regards to the ageing process, the actual function of DNA methylation is 
unknown; however, global trends and site-specifi c changes in DNA methylation 
have been strongly correlated with chronological age. Here, we will discuss 
the particulars of epigenetics, with a focus on DNA methylation and its role in 
the development, maturation, dysfunction, and ageing of white blood cells of the 
immune system.  
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3.1       Introduction 

  Epigenetics   is a rapidly emerging fi eld investigating the interface between our 
genomes and our environments. Epigenetic mechanisms are responsible for the 
structural organization of DNA and its packaging proteins; one major function of 
which is to regulate gene expression by controlling DNA accessibility. While the 
genetic sequence is unaltered, these structural changes act as a regulatory stratum 
on the genome, instructing cellular identity and driving important cellular processes. 
Current characterized epigenetic marks include post-translational modifi cations to 
histone proteins, such as acetylation and methylation, histone variants, non-coding 
RNAs, and chemical modifi cations covalently bound directly to DNA. The latter 
include DNA methylation, the most commonly studied epigenetic mark, especially 
in human populations, which refers to the covalent attachment of a methyl group 
primarily to the 5′carbon of cytosine bases [ 1 ]. This chapter will briefl y review 
DNA methylation, then examine the role of DNA methylation in three important 
areas: cell type specifi cation, environmental embedding, and disease; using exam-
ples from the immune system. We will then discuss the interesting connections 
between DNA methylation and ageing, and conclude with emerging hypotheses on 
how this might infl uence ageing of the immune system.  

3.2     DNA Methylation 

 DNA methylation is found primarily at cytosine bases adjacent to guanine bases, referred 
to as  a   cytosine-phosphate-guanine dinucleotides ( CpGs  ). Non- CpG   DNA methylation 
has also been observed in some tissues, but will not be discussed here in detail [ 2 ]. The 
process of DNA methylation is catalyzed by a family of highly conserved enzymes called 
 DNA methyltransferases (DNMTs)  . In mammals,    there are three principal DNMTs: the 
  de novo  methyltransferases  ,  DNMT3A   and  DNMT3B  , add methyl groups to unmethyl-
ated DNA, while DNMT1 is responsible for the maintenance of DNA methylation at 
hemi-methylated sites during cell division [ 3 ]. Until recently, the removal of DNA meth-
ylation marks was highly puzzling, as there was evidence for active demethylation, but 
the enzymes and process responsible remained elusive. In the past few years, new discov-
eries have shown that DNA demethylation is primarily controlled by 10–11  translocation 
  methylcytosine dioxygenase (TET)    enzymes, which catalyze the fi rst step in active 
demethylation through the base excision repair system [ 1 ,  3 ,  4 ]. 

 DNA methylation is highly genomic region-specifi c, partly because  CpGs   them-
selves are non-randomly distributed across the genome.  CpGs   are globally under- 
represented in genomic sequences, but are enriched in regions called CpG islands: 
sequences that possess higher than average CpG density and are generally lowly 
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methylated. Interestingly, CpGs are also very dense at many repetitive elements, 
therefore such high density regions tend to be methylated and silenced to avoid trans-
position [ 5 ,  6 ]. Nearly 70 % of gene promoters are near a CpG island, and this prox-
imity results in an important relationship between promoter DNA methylation and 
gene expression [ 7 ]. Early models of this relationship posited that high levels of 
DNA methylation at promoter-associated CpG islands were associated with low lev-
els of expression, and vice versa [ 8 – 10 ] (Fig.  3.1 ). However, this model is relatively 
simplistic and we are now beginning to understand that the relationship is much more 
complex [ 11 – 13 ]. For instance, reverse causation is possible and gene expression 
levels can infl uence levels of DNA methylation [ 12 ,  14 ]. In addition, DNA methyla-
tion marks in genomic locations other than promoters  have   equally importance and, 
in some cases, very different associations with gene expression [ 12 ]. For example, 
both regions of low CpG density directly adjacent to CpG islands, known as “ island 
shores  ”, and enhancer regions do not follow the high  DNA methylation/low    gene 
expression model.   In island shores, higher levels of DNA methylation are often asso-
ciated with high levels of gene expression, while at enhancers these relationships 
have been inconsistent and thus far are poorly understood [ 1 ,  5 – 7 ,  14 ,  15 ].

   The underlying genetic sequence can also infl uence both gene expression and 
DNA methylation. Reminiscent of earlier work examining the linkage of allelic varia-
tion and gene expression, multiple studies have identifi ed SNP/CpG pairs at which 
genotype is associated with methylation level [ 8 – 10 ,  12 ,  16 – 18 ]. These CpG sites are 
referred to as  methylation quantitative trait loci (mQTLs)  , and a number of different 
mechanisms have been hypothesized for their function. For example, the SNP partner 
may disrupt genetic elements responsible for creating boundaries between methylated 
and unmethylated genomic regions [ 11 – 13 ,  19 ]. Alternatively, sequence changes may 
 alter   gene expression levels, which in turn infl uence DNA methylation levels [ 14 ]. 
Regardless of the mechanism by which this relationship functions, it is very important 
to consider genetic regulation in the analysis of DNA methylation effects. 
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 Finally, the relationships between DNA methylation, genotype, and gene 
expression are dynamic and may change over the life span. For example, it appears 
that genotype-DNA methylation correlations are susceptible to age-related differ-
ences.    From early to later life, more than half of the associations between genotype 
and DNA methylation change [ 20 ]. Conversely, correlations between  DNA meth-
ylation and   gene expression appear to be more consistent over the ageing process 
[ 21 ]. Continuing research is required to understand the entire complexity of the role 
of DNA methylation in genetic regulation across the lifespan. 

3.2.1     DNA Methylation and Cell Type Specification 

  DNA methylation   plays a central role in embryogenesis, and this importance continues 
throughout development [ 1 ]. In the immune system, for example, maintenance of 
DNA methylation patterns is required for hematopoietic stem cell self-renewal and dif-
ferentiation [ 22 ]. During hematopoietic stem cell differentiation, DNA methylation 
gains and losses at specifi c regions of the genome “lock-in” differentiation marks that 
allow cells with the same genetic material to express only the specifi c genes required 
for their unique cellular processes and identities [ 23 ]. This is illustrated by the lineage-
specifi c epigenetic differences that arise when early multipotent progenitors split into 
myeloerythroid and lymphoid lineages; these patterns become more specifi c as differ-
entiation progresses, resulting in cell type specifi c DNA methylation signatures in 
mature cells [ 24 – 28 ] (Fig.  3.2 ). Hematopoietic stem cells lacking the maintenance 
methyltransferase prematurely lose their self-renewal capabilities, and cells lacking de 
novo methyltransferases show impaired lineage commitment, illustrating that these 
DNA methylation changes are essential for lineage development [ 29 ,  30 ].

   Because of these cell  type   specifi c DNA methylation patterns, cell and tissue 
types are the largest determinants of DNA methylation variation in healthy indi-
viduals [ 31 – 33 ]. It is important to note that these differences in cell type DNA 
methylation patterns can create at least two major challenges for studies examining 
the role of DNA methylation in organs or tissues composed of multiple cell types: 
inter-individual variation in cell types and the concordance between central and  sur-
rogate tissues  . First,  inter-individual cell type   differences within a tissue can induce 
confounding effects  that   may mask or overwhelm another  biological   signal with a 
smaller effect size. In blood, for example, it is essential to control for differences in 
 white blood cell   composition between individuals. When cell count information is 
not available, DNA methylation patterns can be used to predict the underlying cel-
lular composition in order to control for it [ 28 ,  34 ]. This tool is particularly impor-
tant when studying the relationship between DNA methylation and age in blood 
tissue, as it has been shown that white blood cell composition changes drastically 
with age, and that failing to control for these changes can result  in   white blood cell 
DNA methylation lineage markers being mistaken for age-associated DNA meth-
ylation sites [ 35 ]. In regards to tissues other than blood, similar predictive models 
exist for neurons versus glia in the brain, and other methods exist that can control 
for cell type differences without specifi cally predicting underlying cell composition 
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[ 36 – 38 ]. The second challenge presented by cell type specifi c DNA methylation 
patterns arises when  studying   surrogate tissues. In human studies, tissues of interest 
are often inaccessible or require invasive collection methods. To address this, easily 
collected surrogate tissues, such as blood or cheek swabs, are substituted. However, 
given the tissue specifi city of DNA methylation, it can be challenging to make bio-
logical interpretations of function in the tissue of interest when using these alterna-
tives. Ongoing research into the concordance of DNA methylation between tissues 
collected post-mortem, such as brain and blood, is making the study of surrogate 
tissues  increasingly   more interpretable and valuable [ 33 ,  39 ,  40 ].  
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  Fig. 3.2     Representation   of changes in DNA methylation during hematopoietic stem cell differen-
tiation. Gain and loss of DNA methylation at lineage-specifi c genomic regions confers cell-type 
specifi city. Methylation patterns become more unique as differentiation progresses. The  shaded 
boxes  represent DNA methylation at specifi c regions of the genome. For example, the  black- 
shaded box  in the hematopoietic stem cell represents DNA methylation levels at genes that enable 
pluripotency. This mark is slowly lost as the cell becomes more differentiated, and marks of spe-
cifi c cell types arise       
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3.2.2     DNA Methylation and Environmental Exposures 

 Complementing  its   role in cell type specifi cation, DNA methylation is also emerging 
as a mechanism by which cells “remember” past exposures. Although DNA methyla-
tion is stable in that it is generally faithfully transmitted from mother to daughter 
cells, paradoxically it also appears to be malleable in response to exposures and 
experiences [ 41 – 43 ]. Researchers have examined environmentally- induced changes 
in DNA methylation in both gene-specifi c contexts as well as genome-wide changes, 
such as average methylation across repetitive elements [ 44 ,  45 ]. These changes may 
be transient and revert back to their original state after the exposure ends, but in some 
cases they can remain associated long after the exposure has passed [ 46 ]. It is cur-
rently hypothesized that early life is a particularly sensitive time for the long-term 
embedding of epigenetic signatures of exposures, but in many cases it is not until 
later in life that health outcomes associated with these exposures  are   revealed. As 
such, the environmental exposures that accumulate as a person ages can leave behind 
a biological residue that might infl uence long-term health. 

  Some specifi c environmental exposures have been   associated with long-lasting 
DNA methylation signatures that persist after the exposure itself. For example, a num-
ber of DNA methylation changes are strongly associated with previous and current 
cigarette smoke exposure[ 47 ,  48 ]. The cigarette smoke-related DNA methylation 
change in the promoter of a well-characterized  tumor suppressor gene  ,  aryl hydrocar-
bon receptor repressor ( AHRR )  , is currently the best replicated environmentally 
induced epigenetic alteration. In the  AHRR  gene, changes in both DNA methylation 
and gene expression have been observed upon exposure to  fi rsthand   and  secondhand 
cigarette smoke  , as well as prenatal exposure to  maternal smoking   [ 47 ]. The AHRR 
protein regulates an enzyme responsible for binding nicotine, thus supporting a plau-
sible mechanism for a  DNA methylation   response to  cigarette smoke   exposure. 

  Lifestyle and the environment can   have important effects on DNA methylation, 
which in turn, may infl uence immune function, as described in two recent studies. 
One study examined DNA methylation in African populations with recent diver-
gence in habitat and lifestyle. The study found that a population which had recently 
diverged into two different habitats, forest versus urban, showed distinct DNA 
methylation differences between the groups, which were enriched for genes 
involved in immune function [ 49 ]. Another study examined adolescents raised in 
the American Midwest and compared those who spent the fi rst few years of their 
lives in Eastern European orphanages to those who were born and raised in their 
biological families in the US. A signifi cant difference in the ratio of CD4+ T to 
CD8+ T  cells   was found in their blood. As well, a DNA methylation pattern unique 
to the adopted children was enriched for genes involved in development, gene reg-
ulation, and behaviour [ 50 ]. Together, these examples suggest that the immune 
system may use DNA methylation as a way to adapt to the environment. 

 An equally intriguing example of exposure related DNA methylation changes is 
the reported epigenetic connection between early life adversity and regulation of the 
infl ammatory response in later life. One study examining the association between 
DNA methylation and early life  socioeconomic status (SES)   found that while  DNA 
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  methylation was associated with early life SES, this association was only visible 
after correction  for   white blood cell type, reinforcing the evidence for an interaction 
between DNA methylation and blood cell lineages [ 11 ]. Other studies have shown 
alterations  in   gene expression and DNA methylation of immune-related genes in 
adulthood that are associated with low socioeconomic status in childhood [ 51 ,  52 ]. 
Further work will determine whether this biological signature from early life infl u-
ences the trajectories of immune ageing. 

 It is possible that the establishment of these DNA methylation patterns in response 
to environmental exposures serve to predict future phenotype, including immune 
responses. For example, pre-stimulation DNA methylation differences in  leukocytes   
can predict their cytokine responses when stimulated through the TLR pathway [ 11 ]. 
As the variability in these baseline patterns was representative of the differences in 
lifetime environmental exposures between the cells, DNA methylation may function 
both as a memory of past exposures as well as a predictor of future immune response.  

3.2.3     DNA Methylation and Disease 

 The etiologies of complex diseases are particularly challenging to decode as they 
often have both environmental and genetic contributors. As DNA methylation has a 
role in the interface between the genome and the environment, it has been investi-
gated as a mediator between environmental exposure and disease manifestation. 
DNA methylation could be associated with current or future disease, either mecha-
nistically or as a biomarker. In terms of mechanism, DNA methylation could infl u-
ence the development of disease via moderation of a genetic risk or embedding of a 
past environmental exposure, for example. Concurrent disease-related changes in 
DNA methylation or patterns that predict future disease that do not have an identifi ed 
mechanistic link to the disease may be  biomarkers that   could be used for patient 
stratifi cation or assessment of intervention. Here, examples from the immune system 
illustrate some of the recent fi ndings connecting DNA methylation and disease. 

 A number of immune diseases have recently been investigated for epigenetic 
mediation of genetic risk, in which DNA methylation of immune-related genes 
alters the penetrance of a risk allele. Investigations of  rheumatoid arthritis   and  pea-
nut allergy   have both shown evidence that DNA methylation of the  major histocom-
patibility complex (MHC)   in combination with genetic factors alters risk of disease 
development [ 53 ,  54 ]. The source of the variation in  DNA   methylation is not known 
for either of these diseases, but possibilities include stochastic changes or embedded 
environmental signatures. Future work on the MHC region will be required to elu-
cidate whether environmental exposures alter DNA methylation in that area, as well 
as whether these can be mitigated to alter disease trajectory. 

 One of the fi rst autoimmune diseases predicted to have an epigenetic contribu-
tion was  systemic lupus erythematosus  . Potential environmental contributions have 
led researchers to examine DNA methylation patterns to determine whether genes 
involved in the production of  anti-nuclear antibodies   are differentially methylated  in 
  lupus patients [ 55 ]. In a study examining  multiple   white blood cell types, 
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abnormally low DNA methylation was observed near interferon-related genes, in 
both active and quiescent lupus [ 56 ]. This implies that the DNA methylation changes 
are not associated with disease fl are-ups, but rather refl ect a basal difference in DNA 
methylation in patients with lupus regardless of their disease status, which may be 
indicative of  molecular “poising”   awaiting a specifi c trigger. The clinical implica-
tions of these fi ndings include potential targets for interventions to reduce the active 
lupus symptoms, or as biomarkers of those who may be at risk for a fl are-up. 

 Other immune diseases show specifi c patterns of DNA methylation dysregula-
tion, but the mechanistic contribution  of   DNA methylation is currently not under-
stood. Differences in  DNA methylation and   gene expression in  leukocytes   have 
recently been found between twins discordant for two autoimmune diseases which 
show generally low concordance:  psoriasis   and  Type 1 diabetes   [ 57 ,  58 ]. DNA 
methylation dysregulation has also been observed in synovial cells of patients with 
 rheumatoid arthritis   [ 59 ]. 

 DNA methylation has also been identifi ed as a factor involved in microbial infec-
tion with two distinct relationships;    in some cases it is associated with immune 
adaptation and in others it is associated with facilitating intracellular parasitic infec-
tion. For example, epigenetic remodeling was observed in monocyte-derived den-
dritic cells in response to   Mycobacterium tuberculosis   , the primary cause of 
 tuberculosis   in humans. Infected cells showed DNA methylation changes that 
altered the regulation of immune transcription factors in a way that contributed to a 
short-term memory of infection in innate immune cells [ 60 ]. Another study demon-
strated numerous DNA methylation changes in a macrophage cell line were associ-
ated with   Leishmania donovani    infection. Many of these changes were associated 
with host immune defense pathways such as the  AK/STAT signaling pathway   and 
the  MAPK signaling pathway   [ 61 ]. On the other hand,   Anaplasma phagocytophi-
lum   , a prokaryotic pathogen, has been shown to elicit epigenetic changes in human 
neutrophils that promote infection by enabling pathogen survival and replication 
[ 62 ]. These results highlight an interesting branch of  immune   epigenetics, showcas-
ing the complex roles  DNA methylation has    in the process of microbial infection. 

 In all of these cases, it is not yet known whether the DNA methylation changes 
observed are a mechanism of disease development or a concurrent biomarker of 
disease. Regardless of the origin of these changes, they raise the tantalizing possi-
bility that epigenetics in general and DNA methylation in particular may be a new 
frontier for research into the development of complex immune diseases and 
phenotypes.   

3.3     DNA Methylation and Ageing 

 Aside from the aforementioned associations of DNA methylation, recent work has 
shown that DNA methylation also exhibits strong correlations with age, the function 
of which is not yet known. Since genetic sequence accounts for less than 30 % of 
lifespan variation, the major driver of human longevity must be attributed to non- 
genetic factors such as diet, physical activity, smoking and other exposures [ 63 ,  64 ]. 
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Alterations in DNA methylation may occur as a result of the combination of 
programmed changes in cell type or function with age, the embedding of lifelong 
environmental exposures, and possible stochastic events over time. Given the com-
bination of evidence that DNA methylation is involved in the embedding of past 
environments and the development of disease, and that the human methylome is 
age-sensitive, it seems likely that DNA methylation may have a functional role in 
ageing. An emerging possible functional role of these age-related epigenetic 
changes may, in part, play into the molecular pathway responsible for the decline in 
immune dysfunction observed with age [ 65 ]. Over the past years, work has focused 
on determining the relative contribution of specifi c environments and stochastic 
changes in altering DNA methylation patterns during ageing. 

3.3.1     Genome-Wide DNA Methylation Ageing Trends 

 While the  link   between DNA methylation and ageing has been studied over a long 
period of time, recent fi ndings and advances have sharpened the focus on the role of 
DNA methylation in the ageing process. Early studies began assessing the relationship 
of age and DNA methylation patterns over 40 years ago, using techniques such as  liq-
uid chromatography   to assess bulk mean methylation levels in salmon, rodent, cattle, 
and chicken [ 66 ,  67 ]. A pioneering study showed a signifi cant loss of total DNA meth-
ylation over the rodent life course across a number of tissues, a fi nding that was later 
validated in blood from a cross sectional human cohort consisting of both newborns 
and centenarians [ 68 ,  69 ]. These explorations laid the foundation for human DNA 
methylation ageing studies, and as technology continues to advance, allowing easier 
access to the entire methylome, we enter an exciting era of epigenetic ageing research. 

 It is estimated that one-third of  the   epigenome’s DNA methylation content 
changes in association with the ageing process, and recent advances have helped 
further elucidate the context and potential function of these changes. For example, 
the previously mentioned fi nding that DNA exhibits a gradual loss of mean methyla-
tion over time has recently been shown to occur in a genomic context-specifi c man-
ner. Loss of methylation preferentially occurs at regions of low CpG density, often 
located within a gene body [ 69 ]. Despite the fact that mean DNA methylation 
decreases with age, there are specifi c age-related methylation changes that involve a 
gain in methylation as well. These tend to be found within CpG islands, or areas of 
high CpG density [ 70 ,  71 ]. Together, these changes demonstrate a regression to the 
mean pattern—low CpG density regions, which are normally highly methylated lose 
DNA methylation with age, while high density regions which tend to have low levels 
of DNA methylation gain DNA methylation with age. Since most  CpGs   in the 
genome are methylated, this translates to a global loss of DNA methylation. An inter-
esting exception  to   this pattern is repetitive elements, which tend to be highly meth-
ylated and lose DNA methylation with age, despite their high  CpG density   [ 72 ]. 

 Clearly, the relationship between DNA methylation and age is highly complex, 
with specifi c patterns occurring at unique genetic regions. A host of research explo-
rations including animal models, human longitudinal twin studies and age-variable 
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cohorts, have all contributed to identifying DNA methylation patterns with age. 
From the combination of these research fi ndings, it is evident that two common 
trends of epigenetic aging have emerged: (1) random changes to DNA methylation 
that are inconsistent across individuals, and (2) predictable, site- specifi c   DNA 
methylation changes occurring in a similar way across individuals with age [ 73 ,  74 ] 
(Fig.  3.3 ).

3.3.2        Epigenetic Drift 

 One  repeatedly   observed feature of age-associated DNA methylation is an increase 
in variability, resulting from changes in DNA methylation that do not share a com-
mon direction (gain or loss) across individuals. These age-related changes are col-
lectively referred to as epigenetic drift, a trend composed of non-directional DNA 
methylation changes that may be due to stochastic or environmental factors [ 73 – 75 ]. 
Epigenetic drift accounts for the increasing degree of inter- individual variation 
across the DNA methylome that occurs with age [ 76 ]. This was well-illustrated in an 
early study of monozygotic twins, which found that at infancy twin pairs possessed 
almost indistinguishable methylation profi les, while older twin pairs had highly 
divergent methylomes [ 77 ]. The increased inter-individual variability of DNA meth-
ylation with age is also refl ected in increased variability in transcriptional regulation 
[ 78 ].  Epigenetic drift   may not be benign, as variability in DNA methylation has been 
suggested to increase the risk for diseases such as depression [ 79 ]. The source of  this 
  increase in variability is still unknown and may represent random DNA methylation 
events, or an age-associated decline in effi ciency of the machinery responsible for 
maintaining DNA methylation [ 78 ,  80 ]. Others have proposed that an individual’s 
unique combination of lifelong environments and experiences may create differences 
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  Fig. 3.3    Epigenetic drift results in divergent DNA methylation patterns with increasing age. In 
early life ( left ), identical twins have highly similar epigenetic patterns (individuals A and B), while 
individual C is distinct. Later in life ( right ), all individuals are more discordant, as epigenetic drift 
has altered lowly-methylated  CpGs   (lighter) to be more methylated, and higher-methylated CpGs 
( darker ) to be less methylated       
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in cellular processes that in turn lead to higher variability in DNA methylation over 
time [ 81 ].  Regardless   of its cause, the phenomenon of epigenetic drift is interesting, 
as it may lead to differential cellular functioning and diverse health outcomes possi-
bly refl ected  in   varying ageing rates.  

3.3.3     Epigenetic Clock 

 In contrast to  epigenetic   drift, there are  CpGs   in the genome that are highly associ-
ated with age  across   individuals throughout the life course. These sites follow the 
same age-related trajectories as epigenetic drift, in which sites that are lowly meth-
ylated gain DNA methylation and sites that are highly methylated lose DNA meth-
ylation with age [ 78 ,  82 ,  83 ]. The major difference is that the specifi c sites that 
change with age and the direction of that change is consistent across individuals 
[ 73 ]. These sites are in current investigation to determine why they show this con-
sistent relationship, and recently have been used to construct multivariate age pre-
dictors, giving rise to the concept of the “ epigenetic clock  ” [ 78 ,  82 – 85 ] (Fig.  3.4 ). 
Several epigenetic clocks have been created to predict biological age within a spe-
cifi c tissue or even across multiple tissues [ 36 ,  78 ,  83 ,  85 ]. The current most com-
monly used age-predictor analyzed over 8000  samples   from 51 different cell types 
to identify 353 sites capable of predicting age with a mean error of 3.6 years [ 85 ]. 
The high correlation between estimated epigenetic age and chronological age sup-
ports DNA methylation as a  strong   biological age predictor.

Chronological Age

D
N

A
 M

et
hy

la
tio

n-
P

re
di

ct
ed

 A
ge •↑ mortality risk 

•↑ disesase association

“Epigenetically Older”

•↓ mortality risk 
•↓ disesase association

“Epigenetically Younger”

  Fig. 3.4     Schematic 
  representation of DNA 
methylation-derived age 
estimate vs. chronological 
age. Individuals with a 
higher DNA methylation 
age appear biologically 
older, whereas those with a 
lower epigenetically 
approximated age appear 
biologically younger       

 

3 The DNA Methylome: An Interface Between the Environment...



46

3.4         Epigenetic Age: A Molecular Marker of Biological 
Wellbeing? 

 The widespread application of  epigenetic age   prediction has shown very high 
concordance between  chronological   age and predicted age; however, some indi-
viduals show large discrepancies between the two. These efforts have sparked a 
profusion of studies focused on determining  the   relationship between lifelong envi-
ronmental exposures, biological age as measured by the epigenetic clock, and the 
presence of health and disease during aging. 

 Recent fi ndings have  shown   epigenetic age acceleration in a number of diseases and 
disorders, though few studies have been able to determine whether this acceleration 
preceded, was concurrent with, or followed disease manifestation in late-onset dis-
eases. For example, neurodegenerative disorders, such as a decline in cognitive func-
tion, episodic memory, and working memory, as well as neuropathological measures, 
such as diffuse and neurotic plaques and amyloid load have been associated with epi-
genetic age acceleration [ 86 ]. In addition, individuals with  Down Syndrome  , which has 
been associated with early cognitive decline, have an average epigenetic age 6.6 years 
older than their chronological age [ 87 ]. There have been many other studies showcas-
ing deviations in the relationship between epigenetic age and chronological age in dis-
eases such as  Schizophrenia  ,  PTSD  ,  Parkinson’s Disease  , and  HIV   [ 88 – 92 ]. In one 
case, however, researchers were able to show an association between lung cancer inci-
dence and increased epigenetic age acceleration prior to diagnosis [ 93 ]. Together,  these   
studies show there are particular diseases or disorders that associate with increased 
biological age, a relationship consistent with the toll diseases take on human health. 

 The  connection   between  accelerated   epigenetic age and poor health is further 
reinforced by work analyzing the association between epigenetic age acceleration 
and all-cause mortality. A longitudinal study found that an epigenetic age more than 
5 years older than one’s chronological age was associated with a 21 % increased 
mortality rate [ 94 ]. The heritability of age acceleration, the degree to which is attrib-
uted to genetic composition, was also assessed in a parent-offspring cohort and 
revealed that approximately 40 % of the variation in age acceleration is due to genetic 
factors [ 94 ]. These results show that although a signifi cant proportion of age-related 
methylation changes may be under a strong genetic infl uence, there is an even larger 
unknown non-genetic contribution to the variation in these events. These fi ndings 
provided one of the fi rst links between  DNA methylation-  predicted age and mortal-
ity, highlighting  the   potential clinical relevance of age-related DNA methylation. 

 More recently,  another   study investigated associations  between   epigenetic age 
and mortality in a cohort of 378 Danish twins, aged 30–82 years old. Upon resam-
pling the 86 oldest twins in a 10-year follow-up, a mean 35 % higher mortality risk 
was associated with each 5-year increase in epigenetic age. Interestingly, through a 
separate intra-pair twin analysis, a 3.2 times greater risk for mortality per 5-year 
epigenetic age difference within twin pairs was observed for the epigenetically 
older twin, after controlling for familial factors [ 95 ].  This   highlights, again, the link 
between mortality and DNA methylation-predicted age,  exemplifying   the capacity 
of DNA methylation to discriminate between biologically younger or older indi-
viduals independent of genetic sequence. 
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 The described relationships,    where the presence of disease is associated with 
acceleration in DNA methylation age, which in turn is associated with mortality, are 
highly suggestive that epigenetic age may be an excellent biomarker of human health. 
Future work will determine whether acceleration in biological ageing is reversible, 
 and   what factors might be involved in modifying the progression of ageing.  

3.5     Concluding Remarks 

 The research highlighted throughout this chapter has only briefl y summarized an 
exceptional amount of work that has contributed to our understanding of the roles 
DNA methylation plays in health and ageing. It is becoming increasingly evident that 
DNA methylation functions as the interface of genetic sequence, environmental expo-
sures, and phenotypic outcomes. Thus, it is tempting to speculate that this critical 
epigenetic mark can be extremely useful to our understanding of health, either through 
functional contributions or as biomarkers of human phenotypes and diseases. 

 Although there is an indisputable association between DNA methylation and 
chronological age throughout the entirety of life, even to the point of developing 
extremely accurate DNA methylation-based age predictors, it is still not clear what 
functional role DNA methylation plays in the ageing process. One possible scenario 
is that epigenetic drift may represent embedding of unique environmental exposures 
across the lifetime, resulting in increased divergence of DNA methylation profi les 
with age. Under this model, sites that correlate linearly with chronological age, such 
as those used for epigenetic clocks, may represent markers of biological ageing and 
give a molecular insight into the ageing process. On the other hand, it is also pos-
sible that age-associated DNA methylation changes do not have a functional com-
ponent. Under this assumption, epigenetic drift may not refl ect environments, but 
random changes with time, and the epigenetic clock may simply represent those 
regions of the genome which are more susceptible to age-related changes across 
individuals [ 96 ]. However, the fi nding that epigenetic age acceleration is correlated 
with mortality and disease suggests a specifi c role for common epigenetic changes 
with age, and further research is needed to clarify its functional relevance. 

 Despite our gaps in understanding the mechanistic function of DNA methylation 
in immunity and ageing, it is apparent that methylation is associated with events and 
exposures that shape an individual’s lifelong health. The further we explore these 
associations, the more it becomes clear that DNA methylation has a signifi cant posi-
tion in the complex process of ageing and age-related diseases.     
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  4      The Role of CMV in Immunosenescence                     

     Ludmila     Müller     ,     Klaus     Hamprecht     , and     Graham     Pawelec    

    Abstract 

   The term “immunosenescence” is commonly taken to mean age-associated 
changes in immune parameters hypothesized to contribute to increased suscepti-
bility and severity of the older adult to infectious disease, autoimmunity and 
cancer. In humans, it is characterized by lower numbers and frequencies of naïve 
T and B cells and higher numbers and frequencies of late-differentiated T cells, 
especially CD8+ T cells, in the peripheral blood. The latter may be very notice-
able, but intriguingly, only in people infected by human herpesvirus 5 
(Cytomegalovirus, CMV). Almost all human studies have been cross-sectional, 
thus documenting differences between old and young populations, but not neces-
sarily changes over time. Nonetheless, limited longitudinal studies have pro-
vided data consistent with gradually decreasing naïve T and B cells, and 
increasing late-differentiated T cells over time, and in rare instances associating 
these changes with increasing frailty and incipient mortality in the elderly. Low 
numbers of naïve cells render the aged highly susceptible to pathogens to which 
they have not been previously exposed, but are not otherwise associated with an 
“immune risk profi le” predicting earlier mortality. Whether the accumulations of 
late-differentiated T cells driven primarily by CMV contribute to frailty and mor-
tality or are only adaptive responses to the persistent virus remains controversial. 
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Either way, there is currently little direct evidence that “immunosenescence” 
contributes to either autoimmunity or cancer in the aged. This chapter reviews 
some of the studies implicating CMV infection in immunosenescence and its 
consequences for ageing trajectories in humans.  

  Keywords 
   Ageing   •   Immune system   •   CMV   •   Immunosenescence   •   Health   •   Vaccination  

  Abbreviations 

   CCR7    Chemokine receptor 7   
  CMV    Cytomegalovirus   
  DC    Dendritic cell   
  γδ T cells    Gamma-delta T cells   
  IE-1    Immediate early protein 1   
  IFN    Interferon   
  KLRG    Killer lectin-like cell receptor G1   
  MHC    Major histocompatibility complex   
  NK cell    Natural killer cell   
  PBMC    Peripheral blood mononuclear cells   
  pp65    Tegument protein   
  TLR    Toll-like receptor   

4.1         Introduction 

 The ageing of the immune system represents a universal, dynamic and multifaceted 
process characterized by progressive immunodefi ciency, chronic infl ammation, and 
autoimmunity [ 1 ,  2 ]. The changes occurring in the immune system with ageing are 
commonly collectively designated “ immunosenescence” but   this term should be 
reserved for parameters shown to be detrimental, according to the meaning of the 
word “senescence”. It remains true to say that many of the changes, or most often, 
differences, in immune parameters of the older adult relative to the young have not 
actually been shown to be detrimental. The realization that compensatory changes 
may be developing over time is gaining ground [ 3 ,  4 ]. 

 The most noticeable differences between old and young people are observed in 
the adaptive immune system and especially in T cells (see Chap.   2    ). A large body of 
experimental work has been devoted to the investigation of age-related differences 
in T-cell phenotypes and functions in young and old individuals, but few longitudi-
nal studies in humans actually delineate changes at the level of the individual. Data 
not only from cross-sectional studies, but also from these few longitudinal studies, 
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have mostly confi rmed that the major age-associated differences are seen in the 
CD8 +  rather than the   CD4     +  subset. 

 Several studies have now shown that lower percentages and absolute numbers of 
naïve  CD8 +  T cells   are seen in all older subjects whereas the accumulation of very 
large numbers of CD8 +  late-stage differentiated memory cells is seen in a majority 
but not in all older adults [ 2 ]. The major difference between this majority of subjects 
with such accumulations of memory cells and those without is that the former are 
infected with human herpesvirus 5 (Cytomegalovirus, CMV). Nevertheless, the 
question of whether CMV is associated with immunosenescence remains so far 
uncertain as no causal relationship has been unequivocally established [ 5 ]. Because 
changes are seen rapidly after primary infection in transplant patients [ 6 ] and infants 
[ 7 ], it is highly likely that CMV does drive the accumulation of CD8 +  late-stage 
memory cells, but the relationship of this to senescence remains unclear.  

4.2     Cytomegalovirus Infection, Defense Strategies 
and Development of Latency 

 CMV is a double-stranded DNA virus belonging to the  β-herpesvirus   family and is an 
omnipresent pathogen worldwide. In developing countries, the percentage of the popu-
lation infected with CMV  early   in life approximates 100 %, but in industrialized societ-
ies this is far less and depends on subject age and socioeconomic factors [ 8 ]. Thus, it 
may be considered that not being infected with CMV is an artefact of civilization and 
hygiene. However, the fraction of the infected population in developed countries is com-
monly higher in the aged than the young, either because of new infections and serocon-
version throughout the lifespan [ 8 ] and/or because younger and older people experienced 
different exposures in childhood and later life. This quandary again illustrates a basic 
problem with studies of this type in humans: they are cross-sectional and therefore it is 
formally impossible to distinguish between increases over time within individuals, and 
differences in the circumstances of the populations studied, as in this case. Hence, we 
must be careful to state “differences” when the data are from cross-sectional studies and 
limit “changes” to those that we know for certain do occur over time. 

 The genome of wild-type CMV strains is of about 235 kb with ca. 200 genes; it is the 
largest known human virus. Its double-stranded DNA is enclosed in an icosahedral viral 
capsid, which itself is surrounded  by   tegument or matrix proteins (Fig.  4.1 ). CMV has a 
class E genome: the two unique regions,  unique long (UL)   and  unique short (US)  , are 
fl anked by pairwise inverted repeats (terminal or internal repeat long, TRL/IRL) and 
internal/terminal repeat short (IRS/TRS): 5′ TRL—IRL- IRS—TRS. The “ α sequence  ” 
is shared by both repeats. Additional regions include the “b and c sequence”. The 
genome exists in four genomic isomers by inversion of the UL/US regions. In the labo-
ratory, one must  discriminate   between high (Ad169, Towne) and low passage (Toledo, 
Merlin) CMV strains:  Ad169   and  Towne   are highly passaged laboratory mutants, which 
lack either 15 or 13 kb, respectively, at the 3′end of the UL region (UL/b′region). Nearly 
all strains primarily isolated  and   propagated in fi broblast culture show mutations in the 
 UL128 locus (UL128L)   and in genes of the RL11 family, which has an impact on cell 
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tropism. UL128L includes the UL128, UL130, and UL131A regions, which form a 
pentameric complex with viral glycoprotein genes gH and gL. This pentameric complex 
is not essential for viral entry into fi broblasts but it is essential for endothelial and epi-
thelial entry. Additionally, 14 genes located at the 5′ end of the genome (RL5A, RL6, 
RL11—UL1, UL4-UL11) are not essential for viral growth in fi broblasts [ 9 ].

   The central part of the UL region contains clusters of genes which have homo-
logs in other herpesviruses, such as DNA polymerase, glycoprotein B and glycopro-
tein H, while the rest of the genome contains genes that appear primarily only in 
β-herpes viruses or exclusively in human CMV [ 10 ,  11 ]. Thus, there is great poten-
tial complexity in the interactions of CMV and its products with infected cells and 
the immune system. These are still far from clarifi ed. 

 CMV is usually naturally acquired as an asymptomatic primary infection in 
infancy or during the fi rst months of life via breastfeeding, after which the virus 
establishes lifelong persistence. Transmission of the virus occurs through exposure 
to infectious body fl uids, including saliva,    urine, breast milk, semen and blood [ 12 ]. 
Both T cells and antibodies specifi c for CMV remain present throughout life, 
although the possibility that some individuals may harbor CMV and specifi c T cells, 
but no antibody, has not been completely excluded [ 10 ,  13 ]. 

 The initial infection with CMV activates a whole series of complex reactions of 
the host in order to limit the replication of the virus (Fig.  4.2 ). The diverse defense 
systems, in which the innate and  adaptive   immune system are involved, are able to 
detect the foreign nature of the virus very early after contact. Specialized pathogen- 
associated receptors recognize viral glycoproteins and even the entire viral genome 
as such. In the early phase of the immune response interferons and other cytokines 
play an important role in keeping the viral infection in check [ 11 ]. Additionally, NK 
cells as well as T cells and B cells with their specifi c cytokines and cytotoxic activity 
and antibody production,    all contribute to CMV surveillance [ 10 ,  11 ]. Neutralizing 
antibodies produced by B cells are thought to play an important role in controlling 
CMV infection and re-infection. The impaired production of effector B cells secret-
ing antibody specifi c for envelope glycoprotein and the induction of atypical mem-
ory B cells may reduce the production of neutralizing antibodies during primary 
CMV infection and support virus dissemination and establishment of CMV latency 
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  Fig. 4.1     Basic   components of cytomegalovirus       
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[ 14 ]. As the proportion of  the   older population infected with CMV is greater than the 
young, the effects of CMV may be confused with those of chronological age.

   Given the numerous  host   defense mechanisms (Fig.  4.2 ), successful viral  infection 
  is highly dependent on multiple evasive strategies (Fig.  4.3 ). These include some 
proteins that are delivered together with infectious  virions   (such as tegument protein 
pp65) and are activated during the early phase of infection (such as viral IE proteins) 
in order to block intrinsic cellular defense mechanisms [ 15 ]. CMV is also able to 
interfere with components of the cellular immune response. For example, products 
of at least seven CMV genes have been identifi ed that inhibit NK-cell functions [ 16 , 
 17 ]. Several other genes modulate the presentation of CMV peptides to T cells. They 
inhibit the loading of peptides onto MHC complexes or cause a dislocation of class I 
molecules from endoplasmic reticulum into the cytosol, where they are then degraded 
[ 18 ]. CMV also encodes a number of molecules similar to chemokines, cytokines, 
and their receptors, which are probably involved in immune evasion [ 19 ]. The virus 
also inhibits the proliferation of peripheral blood mononuclear cells and production 
of cytokines from these cells [ 10 ]. In addition, CMV inhibits the maturation of den-
dritic cells and is able also to initiate the process of apoptosis [ 10 ,  11 ,  20 ].

   In this way, CMV infection initiates a complex interaction between the virus and 
host. Despite the sophisticated mechanisms with which CMV is equipped to subvert 
the innate and adaptive immune responses of the host, the latter are generally able 
to clear cells producing infectious virus particles in immunocompetent individuals 
[ 21 ,  22 ]. Also  intrinsic defenses,   which are cell-autonomous components of the 
immune system protecting individual cells from viral attack, play an important role 
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  Fig. 4.2     Immune   responses to CMV. DC: dendritic cells; Th cell: T helper cell; NK cell: natural 
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[ 23 ]. They are mediated by constitutively expressed proteins called  restriction fac-
tors  , and can rapidly act at a very early stage of CMV infection by inhibiting an 
essential  viral   process. This may be one reason why herpes viruses have evolved to 
establish a latent state of infection, during which  infectious   virions are not gener-
ated, and the virus is able to persist for the lifetime of the host, but does not cause 
active disease (Fig.  4.4 ). Although various cell types may support productive infec-
tion with CMV and carry the virus, latent CMV infection  has   been most convinc-
ingly documented in cells of myeloid origin [ 21 ]. In the bone marrow,  CD34 +  
myeloid progenitor cells   are a site of latency, while in peripheral blood CD14 +  
monocytes may carry latent CMV. Intense research on the clarifi cation of the 
molecular basis for cell type-specifi c CMV latency remains at an early stage. It is 
still not defi nitively established how CMV establishes latency after acute infection 
in the face of an ongoing robust immune response involving both innate and adap-
tive immunity. The results of some studies indicate that the decision between per-
missive and latent infection may be determined by the balance between activating 
and repressive factors, which control transcription of viral genes upon initial infec-
tion, and this may differ among different cell types [ 22 ,  24 ].

   It is also  becoming   increasingly clear that the latent state might be mediated  by 
  epigenetic factors through the process of  heterochromatinization   of viral genomes 
to silence viral gene expression. As a result, the virus can indefi nitely persist in 
these cells because it does not express pathogen-associated molecular patterns, ren-
dering it invisible to the host immune system [ 25 ]. Thus, CMV is able to manipulate 
cellular controls including regulation of the cell cycle and gene silencing extremely 
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well. The ability to overcome cellular defenses as well as to control of proliferation 
and gene expression are decisive factors, which allow future viral replications and/
or viral persistence [ 5 ,  21 ,  22 ,  25 ,  26 ]. 

 In a cell culture model of latency, it was shown that CMV expresses only a 
restricted number of genes. Among them is an alternatively spliced,    latency- 
associated form of  IL-10-like molecule (LAcmvIL-10)   that is known to inhibit 
MHC class II recognition of infected cells, thus avoiding elimination by CD4 +  T 
cells of the adaptive immune system. This immunomodulatory cytokine, secreted 
from latent virus-infected cells potentially over decades could contribute generally 
to chronic immune system dysfunction [ 18 ]. During experimental latency in  CD34 +  
cells  , cellular miRNAs (for example hsa-miR-92a) can be downregulated, leading 
to upregulation of the cellular myeloid transcription factor  GATA2  , which may be 
important for proliferation and survival of hematopoietic progenitor cells. In this 
model, viral  LAcmvIL-10   induces hsa-miR-92a, which upregulates GATA2. This 
may lead to transcription of latent CMV genes (LUNA, UL144) and also of the 
cellular cytokine gene IL-10. Finally, IL-10 may block apoptosis of latently 
infected cells (via BCl-2, STAT3 phosphorylation and HSP-70) [ 24 ]. The summed 
side- effects of lifelong coexistence with CMV are likely to have profound implica-
tions for the functioning of the host’s immune system and the phenomena of 
immunosenescence.  

CMV infection Latency with recurrent reactivation Memory inflation

Immunomodulation?

Lifespan

Immunosenescence
Physical and functional impairments, increased morbidity and mortality 

Reduced responsiveness to influenza vaccination

Decreased responses to vaccinationIncreased responses to vaccination?

  Fig. 4.4    Impact of CMV infection on immunosenescence       
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4.3     Effect of CMV on Immunosenescence 

 The cause-effect relationship between CMV and immunosenescence is not clear, 
despite the plethora of candidate contributory factors mentioned above. It is, however, 
clear that persistent CMV infection results in expansion of the total  CD8 +  T-cell   pool 
associated with accumulations of late-stage differentiated effector memory T cells in 
the periphery. In CMV-seropositive people, especially older people, a remarkably 
high fraction of circulating CD8 +  T lymphocytes is often found to be specifi c for 
CMV. However, although the proportion of naïve  CD8 +  T cells   is lower in the old than 
the young whether or not they are CMV-infected, the gross accumulation of late-stage 
 differentiated   CD8 +  T cells only occurs in CMV-seropositive individuals [ 27 ]. This 
phenomenon of gradual increase in CMV-specifi c CD8 +  T-cell population over time is 
known as  memory infl ation   [ 28 ,  29 ]. It is not  clear   whether this is adaptive or patho-
logical;    however, a lower fraction  of   CD8 +  T cells bearing receptors for the HLA-A2-
NLV epitope of CMV pp65 is able to produce  IFN-γ   in response to specifi c peptide in 
the old than in the young. Nonetheless, the absolute number of T cells assessed as 
functional by this method is greater in the old than in the young, due  to   memory infl a-
tion [ 30 ]. The large T-cell responses elicited by CMV are ascribed to numerous CMV 
proteins of which  pp65   and  IE-1   are the best defi ned and considered as immunodomi-
nant [ 31 ,  32 ]. Remarkably, this CMV- specifi c, fully functional effector memory pool 
 of   CD8 +  T cells is able to persist for a long time, suggesting a unique differentiation 
pathway that apparently differs from the generation of short-lived CD8 +  memory T 
cells generated after infection with acute viruses [ 33 ] or even closely-related persis-
tent herpes viruses such as  Epstein-Barr virus  . The reasons for such differences are 
unknown but may be related to the type of cell hosting the latent virus. 

 It is assumed that the latent phase of CMV infection can be accompanied by recur-
rent episodes  of   viral reactivation, but this has been hard to document in humans [ 34 ]. 
This  is   mostly a subclinical process, which leads to production of immunogenic tran-
scripts that may  maintain   memory infl ation of virus-specifi c cytotoxic lymphocytes. 
Supporting this idea it was demonstrated, in a murine model, that treatment with 
 valaciclovir   (that inhibits CMV replication) leads to a dramatic suppression of MCMV-
specifi c T-cell memory subset and regeneration of the  naïve   CD8 +  T-cell compartment 
[ 35 ]. This could be taken to represent a reversal of a classic marker of immunosenes-
cence. Results from the mouse model also demonstrated that latent CMV infection 
impairs immunity in old animals [ 36 ]. Such experiments have not been carried out on 
humans, but studies on people receiving anti-HSV drugs which also have some minor 
effects on T cell responses to CMV pp65 have been published [ 37 ]. Results in mice are 
clear [ 35 ] and in humans recent data show that CMV viral load increases after the age 
of 70, suggesting potential slippage of the strict control of latency [ 38 ]. 

 The total CMV-specifi c T-cell response  in    seropositive   subjects constitutes on 
average approximately 10 % of both the CD4 +  and CD8 +  memory compartments, and 
can be far greater in older people. It has been documented that cross-reactive recog-
nition of CMV proteins in seronegative individuals is rare and is limited exclusively 
to  CD8 +  T cells  , so that most of the cells responding to CMV are likely to be truly 
CMV-specifi c and not cross-reactive [ 39 ]. Because of the high level of both CD4 +  
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 and   CD8 +  memory T cells in older people, the idea arose that CMV promotes 
immunosenescence in a clinically-relevant sense, i.e. associated with mortality [ 30 , 
 40 – 42 ]. This was based on original fi ndings that an inverted CD4:8 cell ratio caused 
by accumulated CD8 +  memory cells specifi c for CMV was  associated   with 2, 4 and 
6-year mortality of  very   old people in the longitudinal  Swedish OCTO/NONA stud-
ies  . These studies remain some of the very few indicating detrimental effects of the 
immune changes observed, meeting the defi nition of “senescence” as being demon-
strably detrimental. The cluster of parameters including lower numbers of B cells as 
well as T cell parameters,  and   CMV-seropositivity, was designated an “Immune Risk 
Profi le” (IRP)   . However,    due  to    lack   of other studies of this type, it remains unclear 
whether the IRP is informative in other populations and whether it has any relevance 
to younger people not already selected for survival into advanced age. Different risk 
factors may be relevant in other populations, for example, in the  BELFRAIL study   
of Flemings around 83 years old at baseline. In this study, it was found that a naïve 
T-cell-dominated CD4:8 ratio >5 rather than the IRP-defi ning ratio of <1 in the 
Swedish population, and which was absent in young donors, was associated with a 
higher physical and functional impairment in very old people infected with CMV 
[ 43 ]. Moreover, further studies have revealed that this profi le is associated with 
3-year mortality in women, but not men (Adriaensen et al., unpublished observa-
tions). Unlike in the Swedish studies an IRP characterized by an inverted CD4:8  ratio   
was not informative for survival in this Belgian population. This fi nding suggests 
that in a very old population not only CMV infection but also the degree of concomi-
tant immune dysregulation play an important role with regard to physical impair-
ment and consequences for health state, and these may well be very sensitive to the 
early-life and current circumstances of the population studied. In fact, there may be 
disparities of such major proportions that in some cases at least it could be possible 
to discern an advantage to being CMV-infected in early life, as refl ected in the 
“ hygiene hypothesis  ”. For example, as mentioned above, there  are   some published 
data suggesting that that in young humans or  young   mice, CMV may improve 
immune responses to some antigens and to infl uenza virus, probably by way of 
increased pro-infl ammatory responses [ 44 ,  45 ]. There is also an animal model in 
which CMV protects against fatal infections with certain other pathogenic organisms 
[ 46 ]. These observations suggest that the effect of CMV on the immune system may 
be highly dependent also on an individuals’ age and circumstances, and that what is 
viewed as ageing is in fact later collateral damage from immune reactivity that was 
benefi cial in earlier life [ 47 ,  48 ]. This is saying nothing more than that the same 
immune pathology that always accompanies immune responses to acute viruses is 
also caused by CMV, but over a chronic time scale and usually subclinical. Because 
the magnitude of the CMV-specifi c immune response increases with age and accord-
ingly with the chronological history of co-existence with an antigen, this leads to 
ever-increasing  memory infl ation   and potential collateral damage [ 30 ,  35 ,  40 ]. 

 Another important variable that appears to drive higher expansions of memory 
CMV-specifi c effector T cells was shown to be a higher viral load [ 49 ], which, as 
mentioned above, is also greater in the aged [ 38 ]. The infl uence of the viral inoculum 
on the degree of memory T-cell infl ation may provide an explanation for the observed 
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variations in the magnitude and phenotype of CMV-specifi c T-cell responses in peo-
ple [ 50 ], only some of which is likely to have a genetic basis [ 27 ]. Thus, as we saw 
above, in general the CMV- specifi c   CD8 +  T-cell response is characterized in the 
periphery by an accumulation of late-stage differentiated effector cells, sometimes 
referred to in the literature as “terminally” differentiated, which  have   downregulated 
 expression   of the costimulatory molecules CD27 and CD28. This population of cells 
is characterized by expression of the negative costimulatory molecules KLRG-1 and 
CD57 and re-expression of CD45RA. They have lost the homing molecules CCR7 
and CD62L as well the cytokine receptors CD122 and CD127 [ 3 ,  33 ,  51 ,  52 ]. Although 
some T cells with this phenotype are present in CMV-seronegative people, they are 
overwhelmingly present in CMV- seropositive   adults [ 27 ].  They   maintain high levels 
of cytotoxic molecules such as  granzyme B   but many of them seem not to produce 
perforins and are therefore compromised in their killing ability. Inappropriate release 
of superfl uous  granzyme B   has been postulated to cause much of the tissue damage 
associated with diseases of ageing [ 53 ]. Many of these cells retain the ability to pro-
duce the pro-infl ammatory cytokine  IFN- γ   upon mitogenic stimulation but the frac-
tion of those doing so upon stimulation with CMV antigens is lower in the elderly than 
in the young, at least for the one specifi c CMV  pp65   epitope tested some years ago 
[ 30 ]. In this respect at least, some of these accumulated late-stage  differentiated   CD8 +  
T cells may indeed be dysfunctional, potentially senescent, but this is not the case for 
all of them. Intriguingly, despite the loss of the expression of some costimulatory 
molecules and up- regulation of negative signaling receptors, it was demonstrated that 
polyfunctional CMV- specifi c  CD8 +  T cells   were at an intermediate state of differen-
tiation and were not necessarily restricted in their replicative capacity by excessive 
telomere erosion [ 54 ]. As mentioned above, infection with CMV induces additionally 
the differentiation not only of CD4 +  T cells, but also NK cells - all of which share 
effector characteristics of CMV-specifi c  CD8 +  T cells  . It was supposed that this over-
lap in differentiation of these pools of lymphocytes might be regulated by shared 
transcriptional machinery [ 33 ]; thus, there could be a degree of interchangeability of 
immune elements maintaining control of CMV, and resulting in heterogeneous mani-
festations of the side-effects recognized as characteristic of immunosenescence. 

 It should not be forgotten that there is a second major type of T cells, those 
expressing γδ antigen receptors rather than the more common  αβ receptors  , which 
also display considerable age-related differences, mostly decreased in older adults. 
However,    after infection with CMV, the  usually   numerically smaller pool of Vδ2- 
negative  γδ T cells   appears to be signifi cantly increased and accumulates further 
throughout life (Fig.  4.2 ). In contrast, CMV- seropositivity   has no infl uence  on   Vδ2- 
positive γδ T cells, which maintain a less differentiated phenotype [ 55 ]. Moreover, 
the γδ T-cell repertoire is more restricted in CMV-seropositive individuals. Taken 
together, these fi ndings suggest that infection with CMV causes changes in γδ 
T-cell repertoire similar to those described  in   CD8 +  T cells [ 55 ,  56 ]. In a recent 
systems- level analysis of the immune system of healthy twins it was shown that 
CMV has indeed a major non-heritable impact on immune parameters (such as 
effector CD8 +  and γδ T cells) and can dramatically modulate the overall immune 
profi le of healthy individuals [ 57 ]. 

L. Müller et al.



63

 It is conceivable that all these alterations might be important contributory factors 
to immunosenescence but certainly are not the whole story. Further functional and 
longitudinal studies are required to elucidate the relationship between ageing, CMV, 
immunosenescence and their clinical consequences [ 3 ,  41 ,  42 ]. However, a large 
body of mostly circumstantial and to a great extent controversial work has been 
published on the consequences of CMV infection for health, frailty and mortality.  

4.4     Consequences for Health and Vaccination 

 People aged 60 and older represent over 11 % of the world population, with the 
proportion expected to increase to 22 % by 2050. Ageing is obviously associated 
with an increased frequency of age-related diseases including higher susceptibility 
to infections, cancer, cardiovascular and neurodegenerative diseases [ 58 ]. The role 
of CMV in the etiology of these age-associated diseases is currently under intensive 
investigation. It has been reported that  CMV   infection markedly increases mortality 
in the elderly and has been associated with frailty and impaired survival [ 59 – 61 ]. As 
discussed above, it is associated with the “Immune Risk  Profi le  ” in the  Swedish 
OCTO/NONA studies   but not in  BELFRAIL  . Functional decline of older individu-
als has been associated with immune parameters and the intensity of the response to 
CMV [ 62 ]. Thus, for example, in one powerful study, the impact of CMV infection 
on mortality was investigated in a cohort of  511   individuals aged at least 65 years at 
entry, who were then followed up for 18 years. Infection with CMV was associated 
with an increased mortality rate in healthy older individuals due to an excess of 
vascular deaths. It was estimated that those elderly  who   were CMV-  seropositive   at 
the beginning of the study had a near 4-year reduction in lifespan compared to those 
who were CMV-seronegative, a striking result with major implications for public 
health [ 59 ]. Other data, such as those from the large  US NHANES- III survey  , have 
shown that CMV  seropositivity   together with higher than median levels of the 
infl ammatory marker CRP correlate with a signifi cantly lower 10-year survival rate 
of individuals who were mostly middle-aged at the start of the study [ 63 ]. Further 
evidence comes from a recently published Newcastle 85+ study of the immune 
parameters of 751 octogenarians investigated for their power to predict survival dur-
ing a 65-month follow-up. It was documented  that   CMV-seropositivity was associ-
ated with increased 6-year cardiovascular mortality or death from stroke and 
myocardial infarction. It was therefore concluded that CMV-seropositivity is linked 
to a higher incidence of coronary heart disease in octogenarians and that senescence 
in both the CD4 +  and  CD8 +  T-cell   compartments is a predictor of overall cardiovas-
cular mortality [ 61 ]. Another study demonstrated that resting blood pressure is 
associated with the magnitude of CMV-specifi c CD8 +  T-cell responses and with a 
novel regulatory type CD4 +  T-cell subpopulation expressing CD25, CD39 and 
CD134 upon activation with CMV-antigen [ 64 ]. These investigators speculated that 
CMV infection might directly target vascular endothelium and smooth muscle and 
might be related to accelerated vascular pathology and mortality in the aged, and/or 
that CMV-specifi c T-cell immunity itself might directly contribute to this 
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pathological process. The mechanism whereby CMV infection is associated with 
increased cardiovascular risk may relate to fi ndings of increased arterial stiffness in 
patients with chronic kidney disease associated with CMV infection, which could 
contribute to the cardiovascular complications seen in these patients and possibly 
also refl ect a more general CMV effect [ 65 ]. 

 The issue concerning the role of CMV infection on mental health and cognitive 
state in the old  remains   even more controversial [ 14 ]. In a study of 1061 participants 
of the  Lothian Birth Cohort   a small but signifi cant decrease in cognitive function was 
seen in  the   CMV-seropositive group.    The likelihood of contracting CMV infection 
by age 70 is predicted by a number of demographic and environmental factors. After 
accounting for these, CMV infection (considered as serostatus) was not cognitively 
detrimental. Within CMV-seropositive individuals, however, higher CMV antibody 
levels were associated with lower general cognitive ability of old people [ 66 ]. 

 In cancer, available evidence indicates that CMV is present in several solid 
tumors with a high prevalence,    approaching 100 % in malignant  glioblastoma   [ 14 ]. 
The longer survival in patients whose tumors had low-grade CMV infection sug-
gests that the level of CMV infection in malignant  glioblastoma   may be considered 
as a prognostic factor. Furthermore, it is possible that CMV may contribute to the 
pathogenesis of  glioblastoma   itself [ 67 ]. In a similar way, invasiveness and relapses 
of neuroblastoma may also be linked to the presence of human cytomegalovirus. 
The CMV-specifi c drug  valganciclovir   signifi cantly reduced viral protein expres-
sion and tumor cell growth both  in vitro  and  in vivo . Therefore, it was speculated 
that CMV infection may contribute to the pathogenesis of neuroblastoma and anti- 
viral therapy may provide a novel treatment option for children with neuroblastoma 
[ 68 ]. Following these results, a randomized, double-blind, placebo-controlled, 
hypothesis-generating study was initiated to examine the safety and potential effi -
cacy of  valganciclovir   as an add-on therapy for  glioblastoma   [ 69 ]. However, the 
involvement of immunity, if any, in these effects is not known. 

 CMV- seropositivity   has been shown in some  but   not all studies to be linked to 
diminished humoral responsiveness of the old to infl uenza vaccination [ 70 – 74 ]. It 
was suggested that infection with CMV, accompanied by elevated pro-infl ammatory 
potential, could contribute to the  poor   responsiveness to infl uenza vaccine in older 
individuals [ 73 ].  In   two independent cohorts it was demonstrated that  CD4 +  T-cell   
responses to infl uenza core proteins are absent in almost half of CMV-seropositive 
older adults, whereas older people not infected with CMV respond as well as the 
young. It was concluded that advanced chronological age plays a role in compro-
mised responses to infl uenza but only in concert with CMV infection [ 71 ]. Intriguing 
results from the recent study of Furman  et al ., indicated     that   CMV-seropositive 
young adults exhibited enhanced antibody responses to infl uenza vaccination, 
increased  CD8 +  T-cell   sensitivity, and elevated levels of circulating interferon- 
gamma compared to seronegative individuals [ 45 ]. The overall decreased responses 
 to   vaccination in aged individuals commonly observed by others were also seen in 
this study, regardless of CMV status of the subjects. Results consistent with these 
fi ndings were also reported in a murine model, where young mice infected with 
murine CMV also showed signifi cant protection against infl uenza compared with 
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uninfected mice. These data further show that CMV can have a benefi cial effect on 
the immune response of young individuals—a fi nding that may go some way to 
explaining the ubiquity of CMV infection in human (and animal) populations [ 45 ]. 
These and other fi ndings [ 43 ,  71 ] show that the CMV-associated impact on immune 
features phenotyped as immunosenescence is not necessarily detrimental to the 
host, and suggest that the term “senescence” should be avoided because this by defi -
nition means something detrimental. Rather, data suggest that the remodeling of the 
T-cell compartment in the presence of a latent infection with CMV represents a 
crucial adaptation of the immune system towards the chronic challenge of lifelong 
CMV. Thus, continued  immunosurveillance   against persistent CMV appears to be 
more important for host survival than reserving immune resources for responses to 
other viruses [ 71 ]. These data add to the accumulating evidence that infection with 
CMV has important but apparently very heterogeneous effects on responses to 
other viruses and this may infl uence on the design of infl uenza (and other) vaccines, 
especially for the elderly population.     
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  5      Effects of Ageing on the Vaccination 
Response                     

     Birgit     Weinberger    

    Abstract 
   Vaccination is the most effective measure to prevent infectious diseases, as 
vaccination of children has proven world-wide. The topic of vaccines for the 
older adult is receiving increased attention due to demographic changes and the 
increased incidence and severity of many infections in older adults. Vaccine rec-
ommendations for the old are implemented in most countries and include vacci-
nation against infl uenza,  Streptococcus pneumoniae  and frequently also herpes 
zoster. Vaccines which are recommended for all adults, e.g. against tetanus, diph-
theria and pertussis, need to be considered for the old. However, vaccination 
coverage is frequently poor. Immunogenicity and clinical effi cacy of most vac-
cines decrease with age and are therefore not optimal in the old. Strategies to 
improve vaccines for the older age group include; optimized schedules, high- 
dose formulations, alternative routes of administration, such as intradermal vac-
cination, and the use of adjuvants. Detailed knowledge of age-associated changes 
to the immune system will enable us to rationally design new vaccines, which 
specifi cally target the aged immune system. The development of novel vaccines 
replacing existing formulations and of vaccines against additional pathogens is 
being actively pursued, and together with optimal use of existing vaccines, will 
contribute to improved health and quality of life for an ageing society.  
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5.1       Introduction 

 The incidence and severity of many infections are increased in older adults. 
Infl uenza causes approximately 36,000 deaths and more than 100,000 hospitaliza-
tions in the USA every year, the majority of which occur in persons older than 65 
years [ 1 ,  2 ]. The incidence of herpes zoster is particularly high in the old and it has 
been estimated that up to 50 % of all cases affect people >85 years of age [ 3 ]. 
Pneumonia and invasive disease (bacteremia, meningitis, etc.) caused by 
  Streptococcus pneumoniae   ,  group B streptococci (GBS)   and other bacteria are also 
prevalent in the older population [ 4 – 6 ]. In addition, urinary tract infections as well 
as infections of the skin and soft tissue frequently affect the old [ 7 ,  8 ]. The reasons 
for this increased risk include underlying chronic disease, anatomical changes e.g. 
in the skin, lung and urinary tract, medical procedures, such as surgery and cathe-
ters, as well as altered immune function in old age [ 9 ]. The most effective measure 
to prevent infectious disease is vaccination. The outstanding success of childhood 
vaccination is undoubted, but the importance of vaccination beyond the paediatric 
age is frequently underestimated. Over the last 20–30 years tremendous progress 
has been achieved in developing novel/improved vaccines for children, but a lot of 
work still needs to be done to optimize vaccines for the elderly.  

5.2     Vaccines Specifically Recommended for Older Adults 

 Vaccination recommendations for adults and the elderly are established in many 
countries. Vaccination against infl uenza  and    S. pneumoniae  are frequently recom-
mended for older adults and persons with underlying diseases, and many countries 
also advocate vaccination against  herpes zoster   (Table  5.1 ). The age limits for these 
recommendations vary, e.g. between ≥50 years and ≥65 years in Europe for infl u-
enza vaccination [ 10 ]. Regular booster immunizations against tetanus/diphtheria 
and in some cases pertussis are recommended for adults including the elderly in 
many countries. Vaccine uptake differs tremendously between European countries 
with more than 70 % of the older population being vaccinated against infl uenza in 
The Netherlands and the United Kingdom, but below 10 % in Poland, Latvia and 
Estonia during the 2012–2013 season [ 10 ]. Data for vaccination coverage are fre-
quently diffi cult to obtain for adults, particularly as not all countries/health systems 
offer fi nancial coverage for adult vaccination.

5.2.1       Influenza Vaccine 

  Most currently  used   infl uenza vaccines are composite vaccines containing disrupted 
inactivated viral particles or subunit vaccines, for which the viral surface proteins 
hemagglutinin (HA) and neuraminidase are further enriched by purifi cation steps. 
These vaccines are routinely produced in embryonated chicken eggs. In addition, 
vaccines produced in cell culture and a recombinant vaccine containing HA proteins 
expressed in insect cells using a baculovirus expression system are available. Over 
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the last few decades infl uenza vaccines have contained three different strains (A/
H1N1, A/H3N2, B). The exact composition of the vaccine is determined each year 
by the World Health Organization based on surveillance data and predictions on 
circulating strains. For many years, two B strains have been circulating in parallel, 
leading to a frequent mismatch between the vaccine and the predominant circulat-
ing strain [ 11 ]. Recently, quadrivalent vaccines containing two B strains have been 
developed and licensed by several vaccine manufacturers [ 12 ,  13 ]. 

 Infl uenza vaccines have been extensively studied in the aged and a plethora of 
studies have shown that immunogenicity—measured by  hemagglutination inhibi-
tion assay (HAI)  — of   subunit and split infl uenza vaccines is lower in old compared 
to young adults [ 14 ,  15 ]. In addition to age, health status can also infl uence immune 

    Table 5.1    Vaccination recommendations for adults and older adults in selected countries for 2015   

 USA a   Germany b   Austria c   UK d   Italy e  
 Infl uenza  Annually for 

all adults 
 Annually 
over 60 

 Annually for 
all adults, 
particularly 
over 50 

 Annually 
over 65 

 Annually for 
all adults, 
particularly 
over 65 

  S. pneumoniae  f   Once over 50 
PCV13, after 
1 year 
PPV23 

 Once over 60 
PPV23 

 Once over 50 
PCV13, after 
1 year 
PPV23 

 Once over 
65 PPV23 

 Once over 
65 PCV13, 
followed by 
PPV23 

 Herpes zoster  Once over 60  –  Once over 50  Once over 70  Once over 60 
 Diphtheria g   Every 10 

years 
 Every 10 
years 

 Every 10 
years, over 
60 every 5 
years 

 –  Every 10 
years 

 Tetanus g   Every 10 
years 

 Every 10 
years 

 Every 10 
years, over 
60 every 5 
years 

 –  Every 10 
years 

 Pertussis 
(acellular) g  

 Once during 
adulthood 

 Once during 
adulthood 

 Every 10 
years, over 
60 every 5 
years 

 –  Every 10 
years 

 Polio 
(inactivated) g  

 –  –  Every 10 
years, over 
60 every 5 
years 

 – 

   General    recommendations for age groups are shown, additional recommendations for specifi c risk 
groups,     e.g. persons with underlying diseases are not included here 
  a   http://www.cdc.gov/vaccines/schedules/downloads/adult/adult-schedule.pdf     
  b   http://www.rki.de/DE/Content/Infekt/EpidBull/Archiv/2015/Ausgaben/34_15.pdf    ? 
blob = publicationFile 
  c   http://bmg.gv.at/cms/home/attachments/8/9/4/CH1100/CMS1389365860013/impfplan.pdf     
  d   https://www.gov.uk/government/uploads/system/uploads/attachment_data/fi le/473570/9406_
PHE_2015_Complete_Immunisation_Schedule_A4_21.pdf     
  e   http://www.quotidianosanita.it/allegati/allegato1955037.pdf     
  f For persons without prior vaccination with PCV13 or PPV23. Detailed recommendations for per-
sons who have previously received either vaccine are given in the cited documents 
  g For persons with adequate primary vaccination earlier in life  
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responses to infl uenza, as HAI titers are signifi cantly higher in the healthy old com-
pared to those with chronic diseases [ 16 ]. Most studies additionally investigate rates 
of seroprotection (HAI ≥1:40) and seroconversion (titer increase ≥4-fold), which 
are frequently also lower in the elderly. A meta-analysis of 31 studies demonstrated 
unadjusted odds ratios (OR) of 0.48 (95 % CI 0.41–0.55; H1N1), 0.63 (0.55–0.73; 
H3N2), and 0.38 (0.33–0.44; B) for seroconversion and 0.47 (0.40–0.55; H1N1), 
0.53 (0.45–0.63; H2N3), and 0.58 (0.50–0.67; B) for seroprotection in a compari-
son of old versus young adults [ 17 ]. However, HAI titers are imperfect correlates of 
protection, as laboratory-confi rmed infl uenza infections have been documented 
despite the presence of HAI titers ≥1:640 [ 18 ]. Age-related changes in the antibody 
repertoire after infl uenza vaccination have been reported [ 19 ,  20 ], but other studies 
showed intact quality of infl uenza-specifi c antibodies in older adults [ 21 ]. Similar to 
the humoral immune response, cell-mediated immunity after vaccination is lower in 
old compared to young adults [ 22 ,  23 ]. 

 Studies analyzing a formulation’s clinical effi cacy or  effectiveness   against infl u-
enza are diffi cult to compare, as their outcome heavily depends on various parame-
ters. Studies enrolling persons over the age of 65 can substantially differ regarding 
the age distribution and the median age. The health status and underlying co- 
morbidities of the participants are also of importance. In older patients, frailty, a 
multifactorial syndrome characterized by a reduced stress resistance and physiologi-
cal reserve [ 24 ], impacts susceptibility to infl uenza and responsiveness to infl uenza 
vaccine [ 25 ]. These parameters can be allowed for by inclusion/exclusion criteria 
and are defi nitely discordant in community-dwelling versus institutionalized cohorts. 
The living situation also has an impact on transmission patterns and prevalence of 
infl uenza, which are different in nursing homes compared to the general community. 
Other epidemiological parameters, e.g. virulence of the virus, prevalence in the pop-
ulation and the degree of mismatch between the vaccine strains and circulating virus 
strains [ 26 ] differ from year to year, thus making meta-analyses more complicated. 
Another critical parameter is the clinical read-out. A  commonly   used read-out param-
eter is  infl uenza-like illness (ILI)  . The  Center for Disease Control and Prevention 
(CDC)   provides a defi nition of ILI as fever with either cough or sore throat [ 27 ] 
which has a high positive predictive value for infl uenza infection in young adults 
(86.8 %) during infl uenza season [ 28 ]. Infl uenza symptoms in older adults are fre-
quently atypical and not associated with high fever. Consequently, many infl uenza 
infections might be missed by this clinical assessment. On the other hand, other 
pathogens can cause symptoms similar to infl uenza and the resulting infections 
might be miss-classifi ed as infl uenza infection. One study on a hospitalized cohort 
(median age 60 year, range 15–99 year)  reported   ILI symptoms for only half of the 
patients with laboratory-confi rmed infl uenza [ 29 ]. Laboratory confi rmation of infl u-
enza infection can be achieved by detection of the virus in culture or by  polymerase 
chain reaction (PCR)  . Both methods have limited sensitivity [ 30 ,  31 ] leading to an 
underestimation of infl uenza cases. Randomized, placebo-controlled trials are rare 
but two studies showed signifi cant effi cacy of infl uenza vaccination [ 32 ,  33 ]. Another 
study did not confi rm these results [ 34 ].  Placebo-controlled trials   are no longer con-
sidered ethical, as infl uenza vaccination is recommended for the elderly. Several 
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systematic reviews and meta-analyses have estimated the clinical effi cacy and/or 
effectiveness of a given infl uenza vaccine, taking into consideration not only ran-
domized trials, but also cohort and case-control studies. It can be concluded that 
protection is lower in the old than in young adults [ 35 – 37 ]. 

 The  standard trivalent inactivated vaccines (SD-TIV)    containing   15 μg HA per 
strain are obviously not optimal for the older population. Several approaches have been 
pursued in order to improve infl uenza vaccines for the elderly. Two-dose strategies 
using SD-TIV were not successful. Administration of two doses of SD-TIV 84 days 
apart to older residents of long-term care facilities did not increase  geometric mean 
titers (GMT)   nor seroprotection rates [ 38 ]. This study, however, reported improved 
immune responses to a high-dose TIV (30 μg HA per strain) and a benefi cial effect of 
a standard dose booster shot for participants who received the high- dose primary vac-
cination. The concept of increased antigen dosage has been studied in more detail and 
it has been demonstrated that higher antigen doses lead to higher antibody titers and 
seroprotection rates [ 39 ,  40 ]. A trivalent inactivated vaccine containing 60 μg HA per 
strain has been licensed for persons older than 65 years in the US. Retrospective cohort 
studies reported controversial data regarding clinical effi cacy of the high- dose   vaccine 
compared to SD-TIV [ 41 ,  42 ], but a randomized trial enrolling more than 31,000 old 
 participants   demonstrated that the high-dose vaccine was 24.2 % more effi cacious 
against laboratory-confi rmed ILI compared to SD-TIV [ 43 ]. 

 Alternative routes of administration have also been considered in order to 
improve vaccine effi cacy. As  the   infl uenza virus enters the body via the airways, 
mucosal immunity plays an important role in the defense against infl uenza. 
Vaccination at the site of entry seems therefore likely to be a promising strategy. A 
live-attenuated vaccine which is administered intra-nasally is licensed for persons 
aged 2–49 years, but not for older age groups. As the skin harbors many innate 
immune cells including dendritic cells (DC), monocytes, macrophages and acces-
sory cells such as  keratinocytes   [ 44 ], it is an attractive site for vaccine delivery. 
Intradermally administered vaccine antigens can be taken up by DC residing in the 
dermis or epidermis, which transport the antigen to the draining lymph nodes [ 45 ]. 
Intradermal delivery of standard dose (15 μg HA) infl uenza vaccine elicits higher 
antibody titers and seroprotection rates in older persons compared to the intramus-
cular route [ 46 ]. This vaccine uses a specialized ready-to-use microinjection device,    
which ensures correct application into the dermis. 

 Aluminum salts have been used as adjuvants with many vaccines for several 
decades and have  been   the only adjuvants available for human vaccines for a long 
time. However, they show limited effects when used in combination with inactivated 
infl uenza vaccines.  MF59  , an oil-in-water based adjuvant containing  squalene  , was 
the fi rst novel adjuvant to be developed and licensed in combination with infl uenza 
antigens [ 47 ]. Its mode of action has been extensively studied and it has been con-
cluded that MF59 modifi es the local environment at the injection site inducing che-
mokine production,  which   leads to the recruitment of innate immune cells and as a 
consequence effi cient uptake of the antigen and transport to the lymph nodes [ 48 ]. 
The immunogenicity of MF59-adjuvanted vaccine compared to conventional TIV has 
been analyzed in many studies, and meta-analyses confi rmed slightly but still 
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signifi cantly increased geometric mean titers measured by HAI for older adults, in 
particular for elderly with underlying diseases [ 49 ,  50 ]. The clinical effi cacy  of   MF59-
 adjuvanted   vaccine in comparison to standard TIV was analyzed in a large study in 
Italy. The risk of hospitalization for infl uenza or pneumonia was 25 % lower for the 
adjuvanted vaccine (relative risk 0.75, 95 % CI 0.57–0.98) [ 51 ]. In a study including 
residents of long-term care facilities the risk of ILI was higher in persons receiving 
standard TIV (OR 1.52, 95 % CI 1.22–1.88) than in those who had received the adju-
vanted vaccine. This effect was even more pronounced in patients with respiratory and 
cardiovascular disease [ 52 ] .  In seasons with a high degree of mismatch between the 
vaccine strain and the circulating viral strain vaccine effi cacy can drop below 30 % 
[ 53 ]. Several clinical studies have demonstrated that MF59- adjuvanted vaccine 
induces substantially higher antibody responses against heterologous viral strains 
compared to standard TIV [ 54 – 56 ]. This broader neutralizing activity, together with 
infl uenza-specifi c CD4 +  T cells which are elicited by MF59- containing infl uenza vac-
cine [ 57 ], might contribute substantially to the improved clinical effi cacy observed 
with the adjuvanted vaccine. Several studies showed that antibodies elicited by the 
adjuvanted vaccine recognize different epitopes of the viral HA and NA proteins. The 
underlying mechanisms of this phenomenon are still under investigation [ 58 ]. 

 Other oil-in-water based adjuvants which have been licensed for infl uenza vac-
cines are  AF03  , which is also based on  squalene  , for the pandemic  H1N1 vaccine   
[ 59 ] and AS03 additionally containing α-tocopherol for the pandemic A/H1N1 and 
the avian A/H5N1 vaccine [ 60 ]. Other adjuvants such as Toll-like receptor agonists, 
virus-like particles, liposomes etc. are at different stages of development in combina-
tion with infl uenza antigens [ 58 ]. The only other licensed adjuvanted vaccine against 
infl uenza uses virosomes, which are reconstituted viral envelopes containing viral 
HA and NA proteins, but lack viral RNA. This adjuvanted infl uenza vaccine has been 
shown to elicit slightly higher antibody titers compared to conventional TIV [ 61 ]. 

 For many years the idea of a “universal” infl uenza vaccine, which would be able 
to induce long-lasting immunity,    protect from all strains of infl uenza, and thereby 
solve the issue of annual re-vaccination, has inspired numerous researchers. The 
fi rst step in its development is the selection of antigens. Conserved regions of the 
surface proteins HA and NA as well as internal viral proteins such as the matrix 
protein M2 and the nuclear protein NP have been suggested as potential candidate 
antigens. The second step is the selection of a vaccine platform, which determines 
the type of immune response (antibodies, CD4 +  or CD8 +  T cells) and possible routes 
of administration. Viral vectors, DNA vaccines, virus-like particles and also the use 
of existing or novel adjuvants are discussed in this context (summarized in  [ 62 ]).  

5.2.2     Pneumococcal Vaccine 

   Infections with   Streptococcus pneumoniae    are a signifi cant cause for morbidity and 
mortality in the old  and   account for 25–35 % of bacterial pneumonias requiring hos-
pitalization [ 63 ]. The 23-valent pneumococcal polysaccharide vaccine ( PPV23  )     has 
  been used for many years in the older population. As PPV23 contains plain capsular 
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polysaccharides, it elicits only T cell-independent antibody responses resulting in a 
lack of immunological memory and booster effects upon repeated vaccination. The 
effi cacy of PPV23 to prevent pneumococcal disease is controversially discussed. A 
meta-analysis reported effi cacy against invasive disease (OR 0.26; 95 % CI 0.15–
0.46), and to a lesser extent all-cause pneumonia (OR 0.71; 95 % CI 0.52–0.97) in 
adults [ 64 ]. However, the clinical effi cacy of  PPV23   against pneumonia in older 
persons is frequently doubted. Some individual studies reported effi cacy against 
pneumonia in institutionalized elderly or healthy elderly, respectively [ 65 ,  66 ], but a 
meta-analysis did not confi rm these fi ndings and showed only non- signifi cant vac-
cine effi cacy of 16 % (95 % CI-50–53) [ 67 ]. Heterogeneous study populations, such 
as institutionalized versus community-dwelling elderly, as well as varying read-out 
parameters (pneumococcal pneumonia, all-cause pneumonia, hospitalization due to 
pneumonia etc), complicate meta-analyses of pneumococcal vaccine effi cacy 
(reviewed in [ 68 ]). Serotype-specifi c antibody concentrations, which are accepted as 
correlates of protection, are lower in the elderly and in individuals with underlying 
disease [ 63 ,  69 ].  Protein-conjugated vaccines (PCV)   have been developed for child-
hood vaccination, as PPV-23 does not elicit immune responses in infants. A  7-valent 
conjugated vaccine (PCV7)   has been successfully used in children and is capable of 
eliciting memory responses. PCV7 induces higher antibody concentrations in the old 
compared to PPV23 and shows a booster effect following a second dose of vaccine 
after 1 year [ 70 ]. Routine vaccination of children with PCV7 leads to a decrease of 
transmission  of    S. pneumoniae  and thereby provides indirect protection of the old 
against the serotypes included in the vaccine [ 71 ]. In the following years conjugated 
vaccines covering more pneumococcal serotypes have been developed for the pedi-
atric market (PCV10 and PCV13) and replaced PCV7 for childhood vaccination. 
PCV13 has also been licensed for adults and recent vaccination recommendations 
for the old include a single vaccination with  PCV13   in many countries, with an addi-
tional dose of PCV23 12 months later in some countries. Immunogenicity of PCV13 
has been demonstrated in adults who had never received PPV23 [ 72 ] as well as in 
individuals who had received PPV23 several years earlier. Clinical effi cacy of 
PCV13 in older adults has been demonstrated in a large randomized, double-blind, 
placebo-controlled study. More than 84,000 pneumococcal vaccine-naïve persons 
above 65 years of age received one dose of PCV13 or placebo, and were followed up 
for several years for  community- acquired pneumonia (CAP)   and  invasive pneumo-
coccal disease (IPD)  . Detection of  S. pneumoniae  and identifi cation of vaccine sero-
types was performed by culture and/or urinary antigen test. Vaccine effi cacy was 
45.6 % (95.2 % CI 21.8–62.5,  p  < 0.001) for confi rmed vaccine-type CAP. Effi cacy 
was also demonstrated for vaccine-type non-bacteraemic and noninvasive CAP 
(45.0 %, 95.2 % CI 14.2–65.3,  p  < 0.01) and vaccine-type IPD (75.0 %, 95 % CI 41.4–
90.8,  p  < 0.001) [ 73 ].    In a post-hoc analysis of this study the effect of age on vaccine 
effi cacy was studied and the statistical model showed a decline of vaccine effi cacy 
for vaccine- type   CAP and IPD from 65 % (95 % CI 38–81) in 65-year old subjects, 
to 40 % (95 % CI 17–56) in 75-year old subjects [ 74 ]. Recently, safety and immuno-
genicity of a 15-valent conjugate vaccine, which includes two additional serotypes, 
has been demonstrated in healthy adults [ 75 ]. 
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 Polysaccharide and polysaccharide-conjugate vaccines share the limitation of 
restricted serotype coverage. After the introduction of  PCV7  , serotype replacement 
has been observed, i.e. the number of disease cases caused by pneumococcal sero-
types not included in the vaccine increased [ 76 ]. Similar effects start to emerge for 
 PCV13   [ 77 ]. Several approaches aim to develop a universal vaccine, which elicits 
serotype-independent immune responses and thereby protects from all pneumococ-
cal strains. Several pneumococcal proteins have been identifi ed as vaccine candi-
dates, as they are highly conserved and expressed by all clinical isolates and elicit 
protective, long-lasting cellular and humoral immunity in animal models. Alternative 
approaches include combinations of PCV with pneumococcal proteins, whole cell 
inactivated vaccines and live-attenuated vaccines (summarized in [ 68 ]).    

5.2.3     Herpes Zoster Vaccine 

   Almost 100 % of  the   adult population  are   latently infected with varicella zoster virus 
( VZV  )   , which manifests as  chickenpox   during the primary infection usually occur-
ring in childhood, and as herpes zoster (shingles) during reactivation. It is believed 
that reactivation occurs when VZV-specifi c cellular immune responses decline due to 
immunosuppressive conditions or immunosenescence, and less VZV-specifi c T cells 
are detectable in the old compared to young adults [ 78 ]. The incidence of herpes zos-
ter increases with age and rises from 1 to 3 per 1000 person-years in young adults to 
6–10 per 1000 person-years in persons aged 60–70 years. The incidence is even 
higher in the very old [ 3 ]. The lifetime risk of a herpes zoster infection is approxi-
mately 50 % among those who reach 85 years of age [ 79 ].     Post-herpetic neuralgia 
(PHN)   is characterized by persistent pain for months or even years after acute herpes 
zoster and is the most common complication of herpes zoster. PHN can have a dra-
matic impact on activities of daily living, frequently leading to loss of independence 
and institutionalization in the old [ 80 ]. A vaccine containing a high dose of the live-
attenuated Oka-strain, the strain which is also used as a paediatric vaccine against 
 chickenpox  , was licensed for vaccination of the old in 2006. This vaccine induces 
antibody and T cell responses [ 81 ], and its clinical effi cacy has been demonstrated in 
a large double-blind placebo-controlled study [ 82 ] in persons over 60 years of age. 
Compared to placebo the incidence of herpes zoster was reduced by 51.3 % (95 % CI 
44.2–57.6) and the incidence of PHN by 66.5 % (95 % CI 44.5–79.2) in the vaccinated 
population. Whereas the protective effect against  PHN   was independent of age, the 
effi cacy against herpes zoster was age-dependent and decreased to only 37.6 % in 
persons older than 69 years. The duration of the protection has been studied in follow-
up studies demonstrating a decrease in vaccine effi cacy with each year after vaccina-
tion, and reporting an estimated vaccine effi cacy of 21.1 % (95 % CI 20.9–30.4) for 
the prevention of herpes zoster and 35.4 % (95 % CI 8.8–55.8 %) for PHN in years 
7–10 [ 83 ]. These results raise the question of optimal age for vaccination. The vaccine 
is licensed for adults over the age of 50 years, but most countries recommend vaccina-
tion at age 60. A clinical trial evaluating the safety and immunogenicity of a second 
dose of vaccine 10 years later is currently being performed (ClinicalTrials.gov, 
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NCT01245751) and will provide information about whether a booster dose of herpes 
zoster vaccine is benefi cial. Despite  ACIP (Advisory Committee on Immunization 
Practices)   recommendations having been in place for several years, the uptake of the 
vaccine remains low in the US, reaching approximately 20 % in managed care popula-
tions, and even less in the general population [ 84 ]. 

 The incidence of herpes zoster is also high in immunocompromised patients, e.g. 
after transplantation, in cancer patients, and in  HIV  -positive individuals, as cell- mediated 
immunity to VZV is impaired in these patients. As the current herpes zoster vaccine 
contains live-attenuated virus, it cannot be used in immunocompromised patients due to 
safety issues [ 85 ]. A novel, inactivated vaccine against herpes zoster containing the viral 
glycoprotein E in combination with the liposome-based AS01 B  adjuvant system (MPL 
and QS21) has been developed, and phase I/II studies have demonstrated safety and 
immunogenicity in hematopoietic cell transplant recipients [ 86 ], in HIV-patients [ 87 ] 
and in older adults [ 88 ,  89 ]. Overall clinical effi cacy against herpes zoster was 97.2 % 
(95 % CI 93.7–99.0,  p  < 0.001) in a phase III randomized placebo-controlled trial includ-
ing more than 15,000 adults over the age of 50. Remarkably, vaccine effi cacy in adults 
who were 70 years of age or older, was similar to the younger study cohorts [ 90 ]. This 
vaccine might replace the live- attenuated herpes zoster vaccine in the future depending 
on further data provided by ongoing clinical trials including information on long-term 
protection and the potential need for booster doses.     

5.3     Vaccines Recommended for all Adults 

5.3.1     Tetanus and Diphtheria Vaccine 

     Regular  booster   immunizations against tetanus and  diphtheria      throughout life using 
a combined vaccine  are   recommended in many countries [ 91 ].   Clostridium tetani    is 
found ubiquitously in soil and infection occurs mainly through contaminated 
wounds, whereas   Corynebacterium diphtheria    is transmitted via droplets. Despite a 
low incidence rate in Europe with 161 cases of tetanus and 36 cases of diphtheria 
per year (mean from 2009 to 2014) [ 92 ], vaccination against these diseases is still 
of importance. Due to the mode of transmission, vaccination does not decrease the 
prevalence of the pathogen, and there is no herd immunity effect for tetanus. Every 
individual needs to be vaccinated in order to be protected. A large outbreak of diph-
theria in the former Soviet Union in the early 1990s with more than 140,000 cases 
clearly demonstrated that the pathogen is still present and can spread rapidly in a 
partially unprotected population [ 93 ]. For one of our studies a cohort of persons 
above the age of 60 was recruited in Austria in order to receive a booster shot 
against tetanus and diphtheria. Efforts to retrieve information about vaccination his-
tory were only partially successful, as it was not possible to determine the exact 
time point of the last vaccination in 10 % and 53 % of the cases for tetanus or diph-
theria, respectively [ 94 ]. Similar data are available from France and Belgium [ 95 , 
 96 ]. Appropriate vaccination documentation is crucial to deliver booster vaccina-
tions at the right time points. Vaccination against tetanus is recommended when 
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wounds which could potentially be contaminated with soil (e.g. after accidents) are 
treated and no recent vaccination is documented. Offi cial recommendations specify 
the use of a combined tetanus/diphtheria vaccine in such cases in order to avoid 
multiple tetanus shots and a lack of diphtheria vaccination, but in the past single 
tetanus vaccinations were common. In the above-mentioned study only 31 % of the 
participants had received their last tetanus/diphtheria vaccination as a combined 
vaccine [ 94 ]. 

 Several studies have demonstrated that tetanus- and diphtheria-specifi c antibody 
concentrations are frequently below levels considered to be protective for adults, and 
particularly for the old [ 95 – 98 ]. In an Austrian cohort 12 % and 65 % of persons older 
than 60 years were not protected against tetanus or diphtheria, respectively [ 94 ]. The 
elapsed time since the last vaccination, as well as age, has an impact on antibody 
titers against tetanus. At all time points antibody concentrations are lower in the old 
compared to young adults and are negatively correlated with the elapsed time since 
the last vaccination [ 99 ]. Upon booster vaccination antibody concentrations increase 
in most older persons, but approximately 10 % do not develop suffi cient antibody 
levels against diphtheria after a single booster shot [ 94 ]. This cohort was followed 
for 5 years after the booster shot and we showed that at this time point again, 10 % 
and 45 % of the participants were not protected against tetanus or diphtheria, respec-
tively. A second booster shot was administered, as Austrian vaccine recommenda-
tions include shortened tetanus and diphtheria booster intervals of 5 years for persons 
over the age of 60. Similar to the fi rst booster all participants developed protective 
antibody concentrations against tetanus, but 6 % again did not respond to the diph-
theria vaccine [ 94 ]. In conclusion, single-booster shots later in life do not elicit suf-
fi cient and long-lasting antibody responses in a substantial portion of the old. 

 Due to the poor vaccination documentation for many older adults, it is diffi cult to 
reliably assess correct primary vaccination in childhood and the number of booster 
shots administered throughout life. A study in France showed that the number of vac-
cine doses received in life decreases with age. Young adults (<30 years) received on 
average 7.1 doses (95 % CI 6.9–7.2) doses of tetanus vaccine, which corresponds well 
with recommendations of fi ve doses during childhood/adolescence and 10 year-booster 
intervals afterwards. However, persons aged 50–60 years received only 5.7 (95 % CI 
4.6–6.8) doses over their life-time, indicating a lack of regular booster vaccinations 
[ 95 ]. Vaccination strategies for the future should include regular and well-documented 
booster shots throughout life, as post-booster antibody concentrations correlate with 
pre-booster antibody concentrations [ 98 ]. The success of primary vaccination late in 
life for persons without adequate priming remains to be elucidated, as the problem of 
memory generation late in life is well documented in animal models [ 100 ]. 
Considerations about improved vaccines, particularly for diphtheria, should also be 
taken into account.      

5.3.2     Pertussis Vaccine 

  Paediatric   vaccination against  pertussis   is widely used and accepted. Epidemio-
logical data show that pertussis, which was considered to affect mainly very young 
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children, is also relevant for older age groups. Surveillance for pertussis is diffi cult 
and therefore the real burden of disease is probably underestimated, but several 
studies document an increased incidence of pertussis in adults and particularly in 
the old [ 101 ], who experience higher morbidity and mortality [ 102 ]. These observa-
tions might partially be attributed to improved surveillance and awareness among 
physicians, but it has also been demonstrated that immunity against pertussis wanes 
both after natural infection and even faster after vaccination [ 103 ,  104 ]. Booster 
doses of combined tetanus/diphtheria/pertussis vaccine are well tolerated and 
immunogenic when given periodically to young or older adults [ 105 ], but it has to 
be considered that antibody concentrations 4 weeks after the vaccination are lower 
in the elderly compared with young adults [ 98 ]. Some countries recommend one 
dose of pertussis- containing vaccine during adulthood, but others implemented 
regular booster vaccination with a  combined   vaccine  including    pertussis antigens 
throughout life in their vaccination schedules (Table  5.1 ).   

5.4     Novel Vaccines for the Older Adult 

 Currently, we still lack vaccines against many pathogens that are of particular rele-
vance for the old, despite substantial effort put into their development.  Respiratory 
syncytial virus (RSV)   is a major cause of severe respiratory infection in infants. For 
adults,  RSV   infection is usually associated with only mild or moderate symptoms. 
However, persons with underlying chronic diseases and frail older adults are suscep-
tible to severe disease. It has been estimated that almost 18,000 hospitalizations and 
8400 deaths caused by  RSV   occur in the United Kingdom per season and that 79 % of 
the hospitalizations and 93 % of deaths were in persons older than 65 years. High-risk 
elderly (with chronic conditions such as COPD, cardiovascular disease, renal and 
liver disorders, immunosuppressive therapy etc.) have an increased rate of hospital-
ization (fourfold) and death (twofold) compared to low-risk older patients [ 106 ]. A 
fi rst paediatric vaccine candidate against RSV has been developed in the 1960s, but 
was associated with a risk of enhanced disease in vaccinated children [ 107 ]. This 
failure hampered vaccine development for a long time, but nowadays several novel 
vaccine candidates  against   RSV are in clinical development, including vaccines based 
on recombinant proteins, virus-like particles and live- attenuated vaccines [ 108 ]. It 
will be of utmost importance that these vaccine candidates will be further developed 
not only for the paediatric market, but also tested in adults and the old. 

 Vaccines against nosocomial infections are highly desirable, particularly as anti-
biotic resistance is  increasing   for many bacterial species. Nevertheless, no such 
vaccine is currently licensed. The risk of nosocomial infections is particularly high 
for the old, as they are more often hospitalized, are at higher risk of invasive proce-
dures (surgery, prostheses, catheters etc.) and are more susceptible to severe conse-
quences and death in case of infection.   Staphylococcus aureus    infections range 
from mild skin infections to potentially fatal pneumonia and invasive disease [ 109 ]. 
Two vaccine candidates targeting single antigens have been clinically tested [ 110 , 
 111 ], but had only limited or no effi cacy against  S. aureus  infection. Three next-
generation vaccines comprising several antigens are currently in early clinical 
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development [ 112 ]. Most cases  of   nosocomial infectious diarrhea are caused by 
  Clostridium diffi cile    [ 113 ] and 81 % of cases in England have been reported to occur 
in older persons, in whom mortality is also increased [ 114 ]. Highly virulent strains 
have emerged and become endemic in hospitals, and antibiotic resistance is a grow-
ing problem. Clinical symptoms are caused by bacterial toxins and therefore vac-
cination strategies aim to elicit toxin-neutralizing antibodies. Clinical development 
is ongoing for three toxin-based vaccines and fi rst results indicate the induction of 
neutralizing antibodies in healthy adults including older individuals [ 112 ]. Vaccines 
against these two and other nosocomial pathogens, such as   Escherichia coli   , 
  Klebsiella pneumoniae    and   Candida ssp   . [ 115 ] have the potential to save many 
lives and to substantially reduce healthcare costs.  

5.5     Conclusions 

 Immunosenescence is responsible for impaired immune responses after vaccination 
in older individuals leading to decreased clinical effi cacy of many vaccines in this age 
group. Nevertheless, vaccination is still the most effective measure to prevent infec-
tious diseases. Childhood vaccination programs are well-established and accepted 
world-wide, but public awareness for adult vaccination is often limited. Most coun-
tries implement an adult vaccination schedule including specifi c recommendations for 
the old, but coverage is frequently poor [ 10 ,  116 ]. Recommendations, particularly for 
new vaccines, differ greatly between European countries [ 117 ] and a unifi ed European 
recommendation including all age groups would be desirable. Basic research is essen-
tial to understand mechanisms underlying immunosenescence. Cell-intrinsic defects 
of individual cell types but also the complex interplay of cells and soluble factors need 
to be studied in order to fully understand age- related changes of the immune system. 
This knowledge will enable us to rationally design new vaccines that specifi cally tar-
get the aged immune system and might be able to overcome its limitations. It is of 
crucial importance that older individuals are included in clinical studies testing vac-
cines intended to be used in this age group. Most clinical trials, particularly in early 
stages, are currently only carried out in healthy young adults.     
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  6      Immunosenescence and the Ageing 
Lung                     

     Krisztian     Kvell     and     Judit     E.     Pongracz    

    Abstract 

   Ageing is generally defi ned as the progressive decline of homeostasis that occurs 
after the reproductive phase of life is complete and the “ soma becomes dispos-
able ” and death is inevitable according to one theory of ageing. The complexity 
of the ageing process becomes strikingly evident in the lung where tissue main-
tenance and repair suffer from damage at the genetic level as well as tissue level. 
Moreover, lung function declines steadily in adulthood and if data for older 
adults are extrapolated, the outcome suggests an upper age limit beyond which 
life becomes impossible. In this chapter we cover the main changes to lung struc-
ture and function with age and the impact on respiratory health. We also describe 
the role that an aged immune system may play in the age-related decline in lung 
function and the major involvement of altered signalling through developmental 
pathways with special focus on PPARγ.  

  Keywords 
   Lung function   •   Infl ammation   •   PPARγ   •   Wnt   •   Ageing  

6.1       Introduction 

 In a recent article [ 1 ] the association of age with lung function decline was sum-
marized and showed a linear decline from maturity. If trajectories depicted in the 
paper are extrapolated (Fig.  6.1 )   , it becomes evident that the absolute extent of 
human life is limited, at least in part, by respiratory function to about 130 years but 
currently there are no confi rmed cases available of people who lived to the absolute 
limit of pulmonary functional decline. A rare exception is Mrs Tuti Yusupova of 
Uzbekistan who died in 2014 apparently at the age of 134 [ 2 ]. Although caution is 
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required as her age has not been authenticated, she died as a very old person 
approaching the absolute limits of human life. The fully authenticated age to which 
any human has ever lived is 122 years and 164 days by Jeanne Louise Calment of 
France [ 3 ], who was born in 1875 and died in 1997. Ms Calment’s and Ms 
Yusupova’s very old age suggests that they suffered no detrimental co-morbidities 
and their genetic make-up regulating lung development, function and immune regu-
lation was an enviably perfect combination. To understand more representative 
human ageing we have to use data from large population studies that have measured 
many aspects of human physiology, including lung function, over the lifespan.

6.2        Structural Changes of the Lungs During  Pulmonary 
Senescence   

  The aged lung is characterised by airspace enlargement similar to, but not identical 
with acquired emphysema [ 4 ]. Such tissue damage is detected even in non-smokers 
above 50 years of age as the septa of the lung alveoli are destroyed and the enlarged 
alveolar structures result in a decreased surface for gas exchange [ 5 ] (Fig.  6.2 ). 
Tobacco smoking, pollution and hereditary factors are all involved in the regulation 
of emphysema making it diffi cult to separate the effect of accumulating environmen-
tal factors from the process of physiological ageing. Nevertheless, as total tissue 
mass and the number of capillaries decrease and formation of new alveoli becomes 
limited breathing diffi culty is inevitable. Additional problems are that surfactant pro-
duction decreases with age [ 6 ] increasing the effort needed to expand the lungs 

  Fig. 6.1    Correlation of  lung   capacity with age ( dotted line  shows predicted respiratory symptom 
threshold), using data from [ 1 ]       
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during inhalation in the already reduced thoracic cavity volume where the weakened 
muscles are unable to thoroughly ventilate. It is therefore no wonder that the decline 
of lung capacity is detected with age even if no specifi c disease is diagnosed [ 7 ,  8 ].

   As ageing is associated with respiratory muscle strength reduction, coughing 
becomes diffi cult making it progressively challenging to eliminate inhaled particles, 
pollens, microbes, etc. Additionally,  ciliary beat frequency (CBF)   slows down with 
age impairing the lungs’ fi rst line of defence: mucociliary clearance [ 9 ] as the cilia can 
no longer repel invading microorganisms and particles. Consequently e.g. bacteria 
can more easily colonise the airways leading to infections that are frequent in the 
pulmonary tract of the older adult. In contrast to CBF, mucus production increases 
with age. Having mucus present in the airways intuitively appears to be benefi cial as 
at baseline the mucus layer is needed to trap and eliminate inhaled particles and to 
prevent desiccation of airway surfaces. Mucus consists of an assortment of mucins 
and these high molecular-weight glycoproteins provide viscoelastic, gel-forming and 

  Fig. 6.2    Age-related  changes   of in the lung alveoli. The aged lung is characterised by airspace 
enlargement as the septa of the lung alveoli are destroyed and the enlarged alveolar structures 
result in a decreased surface for gas exchange. Total lung tissue mass and the number of capillaries 
decrease with age and formation of new alveoli becomes limited. Additionally surfactant produc-
tion decreases with age increasing the effort needed to expand the lungs during inhalation       
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some anti-microbial properties to mucus. Understandably, the precise mucin 
composition of the mucus is important and whether it changes with age would be of 
high interest. Currently, however, very little is known about this aspect of mucin 
secretion. Interestingly, some recent animal studies revealed that while the production 
of mucus increases with age the ability of bronchial and alveolar cells to effectively 
produce mucus upon stimuli declines in the older animal [ 10 ] making the lungs more 
vulnerable  to environmental factors.  

6.3      Genetic and Epigenetic Regulation   of Pulmonary 
Function 

  To identify the genetic background to lung function decline with age, several thousands 
of people have participated in various gene association studies [ 11 ,  12 ] that aimed to 
fi nd correlations amongst gene locations, and specifi c genetic predisposition to senile 
emphysema as well as a closely associated disease: COPD. The result of such studies 
fi nally identifi ed a locus on chromosome 4q31 that was associated with the percent of 
expected FEV1/FVC (as forced expiratory volume in 1 s [FEV1] and forced vital 
capacity [FVC]) ratio [ 11 ]. The locus was located in an intergenic region upstream of 
hedgehog interacting protein (HHIP), a hedgehog pathway gene with a known role in 
development. Additionally, six new genetic loci were identifi ed that appeared to be 
associated with pulmonary function. These were located on chromosomes 2, 4, 5, 6 and 
15 near genes including Tensin1 (TSN1) (2q35), encoding an actin-fi lament binding 
protein, four additional genes including Glutathione S-Transferase, C-terminal Domain 
(GSTCD) (4q24), Human Serotonin Receptor (HTR4) (5q32–33) a serotonin pathway 
gene, immune function genes Advanced Glycosylation End Product-Specifi c Receptor 
(AGER) and Palmitoyl-Protein Thioesterase 2 (PPT2) (6p21), a G-protein coupled 
receptor GPR126 (6q24.1) as well as Thrombospondin type 1 domain containing 4 
gene (THSD4) (15q33) in the thrombospondin gene family [ 11 ]. Currently, it is not 
entirely clear how the elderly will directly benefi t from the results of genome wide 
association studies. Certainly, further work is needed to identify the precise relevance 
to ageing and potential targets that could prolong pulmonary function. 

 In addition to specifi c genes, pulmonary senescence is also regulated by heritable 
modifi cations in gene expression that is not coded in the DNA sequence itself, but is 
rather governed by post-translational modifi cations in histone proteins and 
DNA. These modifi cations include chromatin remodeling (histone acetylation, meth-
ylation, ubiquitination, phosphorylation, and sumoylation) and DNA methylation. 
One of the most investigated epigenetic modulators of the ageing process are class I 
histone deacetylases [ 13 ]. Apart from various other cellular functions, for example, 
 histone deacetylase 2 (HDAC2)   regulates glucocorticoid function in inhibiting infl am-
matory responses and protects against DNA damage and cellular senescence as well 
as premature ageing in response to oxidative stress. Unfortunately, in ageing COPD 
patients HDAC2 is post-translationally modifi ed by cigarette smoke leading to its 
reduction via an ubiquitination-proteasome dependent degradation process rendering 
glucocorticoid containing anti-infl ammatory drugs ineffective during their treatment 
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[ 14 ]. Recently, NAD + -dependent deacetylases known as  sirtuins   (SIRT1–SIRT7) 
have also been widely investigated for their role in the regulation of the ageing pro-
cess [ 15 ]. The best characterized is SIRT1 and although its function in prolonging 
lifespan is currently under debate, it has been shown that through deacetylation of 
many transcriptional factors, SIRT1 modulates key events in ageing [ 16 ] including 
the oxidative stress response, endothelial dysfunction, and infl ammation [ 17 ,  18 ]. 
Whether sirtuins modulate lung function is currently under investigation. 

 Age-associated alterations in gene expression are also intensively investigated at 
the level of small “non-coding”  micro-RNAs (miRNAs)   that post-transcriptionally 
regulate gene expression. Several miRNAs have already been reported to regulate 
the expression of SIRT1 including miR-217 [ 19 ] in endothelial cells, a downstream 
target of p53 microRNA, miR34a [ 20 ,  21 ], as well as miR-199a and miR-132 that 
mediate the regulation of chemokine production [ 22 ] or HIF-1α function [ 23 ]. 
Recently, some miRNAs including miR-1, miR-122 and miR-375, miR-21, miR- 
206, miR-30a that regulate conserved pathways of ageing, including insulin/IGF sig-
nalling (IIS), DAF-12 signalling and mTOR signalling, have been linked to human 
age-related disorders such as heart-, muscle- and neurodegenerative diseases [ 24 ]. 
Whether they are also involved in pulmonary senescence is currently unknown. The 
constantly present low level infl ammation characteristic of ageing is also regulated 
by microRNAs e.g. miR-146a and thus could contribute to lung functional decline, 
this microRNA is also an important regulator of toll-like receptor dependent signal-
ling pathways  and therefore epithelial cell dependent immune responses [ 25 ].  

6.4     Inflammageing and Immune Responses in the Lung 

 Structural changes of the ageing lung are regulated by genetically coded and 
acquired qualities that are tightly interconnected with systemic immune dysfunc-
tion and chronic, low level systemic infl ammation, termed infl ammageing. 
Infl ammageing is the basal activation of the innate immune system in the absence 
of an immunologic threat [ 26 ] and is marked by elevated levels of tissue and circu-
lating pro- infl ammatory cytokines including interleukin (IL)-1β, IL-6, and tumour 
necrosis factor-α (TNF-α). Infl ammageing combined with blunted innate and 
adaptive immune responses (see Chaps.   1     and   2    ) affects the lungs ability to fi ght 
infections and also leads to tissue remodelling. 

 In the adult healthy lung several immune cell types are resident at various ana-
tomical sites including bronchial, interstitial and alveolar macrophages, dendritic 
cells, interstitial T- and B-lymphocytes [ 27 ]. Their presence is highly important as 
our lungs are in constant and direct contact with the environment via epithelial sur-
faces. During ventilation the lung surfaces are exposed to various microbes, parti-
cles and potentially damaging physical forces. Together with a variety of pulmonary 
epithelial cell types, the resident macrophages, T-cells and dendritic cells orches-
trate the active protection of the lung tissue. During ageing the same is expected of 
the above cell types; however, immune cells change with age and their response to 
stimuli is no longer the same as in a young, healthy adult (see Chaps.   1     and   2    ). 
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 The immunological defence of the lungs employs both innate and adaptive 
immune responses against antigens.  Innate immunity   is the critical fi rst line of 
defence for the lungs while  adaptive (acquired) immunity   is antigen-specifi c and is 
required to ward off encapsulated bacteria, viruses, and intracellular pathogens. 
This form of immunity relies on immunological memory and antibody production. 
However, important changes in immunological responses occur with age and the 
impact on lung immunity can be summarised as follows: 

6.4.1     Lung T-Cells 

 In histologically normal (not infl amed) human lung parenchyma there are approxi-
mately 1 × 10 10  CD3 positive  T-cells   in residence. These T-cells are mainly tissue 
resident memory cells enriched for the immune response to local environmental 
antigens. This suggests that tissue resident T cells are present to maintain periph-
eral immune defence and that recruitment of memory T cells from blood or lymph 
nodes may not be necessary to recall an immune response in the lung. Memory 
T-cells originate from a pool of progenitor cells developing in the thymus that are 
undergoing a complex differentiation, selection and maturation process then 
encounter their T cell receptor (TCR)-specifi c antigen to fi nally mature into mem-
ory cells. However, naïve T-cell output progressively decreases with age due to 
involution of the thymus [ 28 ]. Epithelial cells that turn into adipocytes with age in 
the thymus, can no longer support T-cell differentiation and selection [ 28 ]. 
Consequently, the  T-cell   pool in the lung parenchyma can no longer be replenished 
by freshly released naïve T-cells reducing fast and effective immune reactions 
against novel antigens. Although lung-specifi c analysis of T-cell subtypes awaits 
further studies, data indicate that intrinsic defi ciencies and defects in signalling, 
such as pathways involving T-cell cytokine production that lead to Th2 differentia-
tion, are seen in old T cells [ 29 ].  

6.4.2     Dendritic Cells (DCs) 

 Professional, antigen presenting  DCs      play a critical role in linking innate and 
adaptive immunity. Lung DCs are categorized as  conventional DCs (cDCs)  ,  plas-
macytoid DCs (pDCs)   and  monocyte-derived DCs (moDCs)   each representing 
independent developmental lineages. Lung DCs develop in the bone marrow and 
enter the lung as pre-DCs that are thought to differentiate locally into mature DC 
subsets [ 30 ]. Although changes in pattern recognition and toll-like receptor 
expressions have not yet been reported during ageing in lung DCs, antigen uptake 
by pinocytosis has been shown to be less effective and cytokine expression pro-
fi les alter so that instead of Th1, they promote Th2-type T-cell responses [ 31 ]. 
Such a skewed response may help responses to extracellular infections but may 
dampen Th1 infl ammatory responses to intracellular pathogens such as respira-
tory viruses.  

K. Kvell and J.E. Pongracz



93

6.4.3     Macrophages 

   Tissue macrophage   subsets, including lung  alveolar macrophages (AMs)  , often arise 
from embryonic progenitors that seed the organs and mature locally before and shortly 
after birth [ 31 ]. GM-CSF instructs lung foetal monocyte differentiation shortly before 
and after birth through activation of the nuclear receptor PPARγ [ 32 ]. Deletion of PPARγ 
in AMs of experimental animals resulted in pulmonary alveolar proteinosis (PAP) a pro-
cess seen in patients with PAP who have low expression of PPARγ in AMs. AMs are 
maintained by proliferative self-renewal throughout life autonomously, independent 
from bone marrow–derived monocytes. It has been established  that   AMs suppress 
immune responses through the inhibition of DC-mediated activation of T cells and pro-
duction of transforming growth factor β (TGFβ). Recent studies have also shown that 
TGFβ-induced Foxp3+ Treg cells (iTreg cells) inhibit spontaneous and antigen-induced 
development of Th2-type airway infl ammation and induce tolerance to inhaled innocu-
ous antigens [ 33 ]. The process is AM- and not DC-dependent and occurs in the lung tis-
sue, not in the draining lymph nodes. In AMs, the switch from a tolerogenic mode to an 
infl ammatory mode is accompanied by the secretion of IL-1, IL-6, TNFα and a latent 
TGFβ secretion where the latter only becomes activated by the integrin αVβ6 expressed 
on alveolar epithelial cells (AECs). In the absence of αVβ6 on epithelial cells spontane-
ous infl ammation and emphysema develop [ 34 ]. Data indicate that detachment of AMs 
from epithelia upon infection may unleash AM infl ammation by withdrawal of active 
TGFβ. Inhibition of pathological airway infl ammation occurs via the intercommunica-
tion of AMs located in alveoli through the alveolar epithelium communication. The pre-
vention of infl ammatory responses is mediated by various inhibitory receptors on AMs, 
with the ligands expressed on AECs or present in the alveolar fl uid [ 35 ]. 

 With respect to ageing, recent studies resulted in controversial data when investigat-
ing senescent macrophages. In mouse studies some differences in TLR expression and 
cytokine responses as well as differentiation from macrophage progenitors were 
detected, but these have not all been observed or even investigated in human ageing 
studies. Nevertheless, aged macrophages exhibit low-grade pro- infl ammatory pheno-
type and signifi cantly reduced levels of autophagy that contribute to accelerated changes 
in the ageing process in general [ 36 ]. Unfortunately, little is known about specifi c 
changes characteristic to human alveolar or  bronchial resident macrophages with age.  

6.4.4     Lung Neutrophils 

    Neutrophils      play a pivotal role in lung infl ammation, but also clearance during and 
following infl ammation. The role of neutrophils has been shown in a number of 
infl ammatory lung diseases including ARDS, COPD, cystic fi broses, idiopathic pul-
monary fi brosis, bronchiectasis and asthma [ 37 ]. It appears that following a suc-
cessful infl ammatory response neutrophils can change from a pro-infl ammatory to 
an anti-infl ammatory phenotype. In this case, neutrophils stop producing and releas-
ing pro-infl ammatory mediators (i.e. leukotriene B4, platelet-activating factor, 
IL-8) and instead begin to release resolving mediators including bioactive lipids 
(i.e. lipoxins, resolvins) that enhance resolution following infl ammation [ 38 ]. 
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 With age there are dramatic changes in neutrophil function, including reduced 
chemotaxis, phagocytosis and bactericidal mechanisms (fully reviewed in Chap.   1    ). 
The reduced bactericidal function will predispose to infection but the reduced che-
motaxis also has consequences for lung tissue as this results in increased tissue 
bystander damage from neutrophil elastases released during migration [ 39 ]. This 
reduced chemotactic behavior is due to dysregulated PI3 kinase intracellular signal-
ing rather than reduced surface expression of chemoattractant receptors [ 40 ]. 
Neutrophil granulocytes are acknowledged as key players of COPD, increased neu-
trophil lung populations are associated with tissue damage, increased infl ammation 
and impaired tissue repair. There is recent evidence suggesting that neutrophil func-
tions (migration, ROS generation, degranulation, phagocytosis) are also all impaired 
in COPD resulting in bias towards increased infl ammation and reduced bacterial 
clearance   [ 40 ].  

6.4.5      Epithelial Cells   

 The numerous roles of various pulmonary epithelial cells include mucin produc-
tion, mucociliary clearance in conducting airways, reduction of surface tension in 
the alveoli of pulmonary host defences are well integrated with the ability of respi-
ratory epithelial cells to respond to and ‘instruct’ the professional immune system 
to protect the lungs from infection and injury. For example surfactants lower sur-
face tension are also involved in immune function. While the type II alveolar epi-
thelial differentiation marker is surfactant protein C, the immune function of 
surfactants is primarily attributed to two surfactant proteins: A and D. They can 
both opsonize pathogens for phagocytosis. Low surfactant production, degradation 
or inactivation may therefore contribute to enhanced susceptibility to lung infl am-
mation and infection. Furthermore, interaction of the signal-regulatory protein 
 SIRPα   (which mediates a so-called ‘do not eat me’ signal) on AMs with the globu-
lar heads of the surfactant proteins surfactant protein-A and surfactant protein-D 
suppresses AM infl ammatory responses and phagocytosis, which can be overcome 
by TLR4 triggering that down-regulates SIRPα [ 41 ]. 

 During ageing the pulmonary epithelium changes: the level of PPARγ decreases 
in both the alveolar epithelium and the supporting fi broblasts, consequently AECs 
become less capable of secreting surfactants which results in ineffi cient anti- 
microbial function and increased infl ammatory cytokine production. Although it 
has not been reported in the context of pulmonary ageing, one can speculate that the 
process might be the same in several tissues where pro-fi brotic mediators are upreg-
ulated. There is evidence that the TGF-β/Smad3 pathway forms with αvβ6 integrin, 
mTOR and PPARγ a complex signalling network with extensive crosstalk regulat-
ing the development of fi brosis. In a rodent study it has been demonstrated that 
during colorectal fi brosis up-regulation of TGFβ, Smad3, αvβ6 and mTOR expres-
sion was detected while PPARγ expression was reduced [ 42 ].   
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6.5     PPARγ: A Prominent Member of the PPAR Family 
in the Ageing Lung 

  PPARγ   expression and function appear to have a pivotal role in all  molecular and 
cellular events   associated with pulmonary senescence. PPARα, PPARβ, and PPARγ 
all show a common structure consisting of 4 domains: a variable amino terminal 
activation function-1 domain (AF-1), a DNA binding domain, a hinge region, and a 
conserved activation function-2 domain (AF-2). Domain AF-2 enables PPARs to 
bind structurally diverse natural and synthetic ligands [ 43 ]. In addition, AF-2 asso-
ciates with co-regulators affecting receptor activity, receptor dimerization and 
nuclear translocation [ 44 ]. PPARs function as hetero-dimers with  retinoid X recep-
tors (RXR)  . Hetero-dimerization of PPAR with RXR is infl uenced by competing 
PPAR isoforms and other nuclear receptors. In their absence PPAR- RXR   associates 
with co-repressor proteins of histone deacetylase activity. Ligands trigger co- 
repressor dissociation, and recruitment of co-activators [ 45 ]. Transcriptional activa-
tion or suppression may happen after recognition of  PPAR response elements 
(PPRE)   in target gene promoters and binding to PPRE consensus sequences [ 46 ]. 

 PPARγ is a prominent member of the PPAR family and was fi rst described as a 
regulator of adipocyte differentiation. Activation of PPARγ is triggered by a wide 
variety of natural as well as synthetic ligands. Natural PPARγ ligands include poly-
unsaturated fatty acids (PUFAs), eicosapentaenoic acids, and oxidized lipids [ 47 ]. 
The most studied family of synthetic ligands are the thiazolidinediones (TZDs). 
TZDs are used in the treatment of type 2 diabetes as they show insulin-sensitizing 
and hypoglycemic effects via activation of PPARγ [ 48 ]. Activation of PPARγ by 
TZDs results in the transcription of numerous genes involved in glucose and lipid 
utilization [ 49 ]. Examples for synthetic ligands include rosiglitazone (RGZ), cigli-
tazone (CGZ), pioglitazone (PGZ), and troglitazone (TGZ) [ 50 ]. 

6.5.1     PPAR Expression in Immune Cells and the Lung 

   PPARs are expressed in various cells of the  immune system   and the lungs (Table  6.1 ). 
PPARα and PPARγ are both expressed in macrophages and monocytes [ 51 ], eosino-
phils [ 52 ], with PPARβ also being expressed in neutrophils [ 37 ]. Dendritic cells 
only express PPARγ [ 53 ], while both PPARα and PPARγ are expressed by lympho-
cytes [ 54 ,  55 ]. PPARβ and PPARγ are both expressed in mast cells [ 56 ], while all 
three isoforms are present in airway epithelial cells [ 57 ]. As for mesenchymal cells, 
PPARγ is expressed by fi broblasts [ 58 ], while PPARα and PPARγ are present in 
airway smooth muscle cells [ 59 ]. These distinct patterns of expression suggest that 
activation of different isoforms may specifi cally regulate the production of infl am-
matory mediators and cellular responses.

   There is increasing evidence suggesting that PPAR receptor patterns change in 
various lung disease, with PPARγ being the most extensively studied. Literature 
consensus for the role of PPARγ expression in the lungs is that it is up-regulated in 
response to diverse infl ammatory conditions providing a negative feedback loop 
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that allows natural PPARγ ligands to limit infl ammatory responses in the lungs [ 60 ]. 
There is mounting evidence that PPAR ligands affect infl ammatory processes 
through infl uencing cellular immune responses. These actions overlap with cortico-
steroids, exerting inhibitory effects on T cells, eosinophils, neutrophils, mast cells/
basophils, and macrophages [ 61 ], with studies mostly focusing on PPARγ [ 62 ]. 

 The PPARγ ligands PGJ2 and CGZ were reported to inhibit T cell proliferation 
[ 63 ]. PGJ2 effi ciently induces T cell apoptosis and can also decrease the production 
of both Th1 and Th2 type cytokines from T cells [ 64 ]. Moreover, T cells treated 
with CGZ show decreased IFNγ, IL-4, and IL-2 secretion [ 65 ]. On the other hand, 
PGJ2 may also potentially trigger infl ammation through the induction of IL-8 
expression in T cells and macrophages via MAPK and NfkB signalling [ 66 ]. In 
monocytes, PGJ2 and TGZ effi ciently inhibit the secretion of tumour necrosis factor 
α (TNFα), interleukin-1β (IL- 1β) and IL-6 [ 67 ]. PGJ2 and RGZ also decrease 
TNFα release and the expression of inducible nitric oxide synthase (iNOS) and 
matrix metalloproteinase (MMP)-9 in macrophages through inhibiting the activities 
of AP-1, STAT, and NFkB. Moreover, both PPARα and PPARγ ligands promote 
macrophage   apoptosis as well [ 66 ,  67 ].  

6.5.2     The Role of PPARγ in  Pulmonary Tissue Homeostasis   
and Ageing 

 Tissue-specifi c stem cells have already been identifi ed for many tissues. In the lungs 
alveolar type II cells (ATII), are essential for the development and repair of the gas- 
exchange surface. Surfactant protein production and survival of ATII cells is sup-
ported by lipofi broblasts, and their differentiation is PPARγ-dependent [ 68 ]. The 
process is strongly infl uenced by the Wnt/β-catenin signaling pathway: in the case 
of PPARγ-dominance lipofi broblast differentiation is skewed towards myofi bro-
blast differentiation that does not support ATII replenishment. With age PPARγ 
expression decreases, while Wnt secretion increases. Consequently, stem cell capac-
ity to renew the ATII cell pool decreases and as does pulmonary regenerative capac-
ity shrink with age that renders the lungs more vulnerable to various diseases and 
conditions [ 6 ]. However, reinforcing PPARγ activity through TZD administration 

  Table 6.1    PPARγ- 
expressing  immune   and 
pulmonary cells  

 Cell type/subtype  PPARγ 
  Immune cells  
 Lymphocytes  + 
 Monocyte/MØ  + 
 Neutrophils  + 
 Eosinophils  + 
 Dendritic cells  + 
  Pulmonary cells  
 Epithelium  + 
 Fibroblasts  + 
 Smooth muscle  + 
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has been shown to induce myofi broblast transdifferentiation into lipofi broblast 
cells. This may replenish the stem cell pool of pulmonary tissues, potentially coun-
teracting the pro-ageing decrease of PPARγ activity observed during physiological 
senescence [ 69 ]. 

 It is currently accepted that alterations in pulmonary PPAR profi le, more pre-
cisely loss of PPARγ activity, can lead to infl ammation, allergy, asthma, COPD, 
emphysema, fi brosis, and cancer (Fig.  6.3 ) [ 70 ]. Since it has been reported that 
PPARγ activity decreases with age, this provides a possible explanation for the 
increasing incidence of these lung diseases and conditions in older individuals [ 6 ]. 
The signifi cance of maintaining PPARγ-activity in the lungs has led to research 
looking for potential novel biomarkers and therapeutic targets. A simplifi ed 
approach would postulate TZDs as universal adjuvants for the treatment of various 
lung diseases and age-related pulmonary conditions. However, one must keep in 
mind that TZDs have a history in human therapy being used for the oral treatment 
of type 2 diabetes (PPARγ decreases insulin resistance) and certain TZDs have been 
restricted due to an increased incidence of cardiac events [ 71 ]. For pulmonary treat-
ment this risk may be circumvented if nebulized TZDs are applied that maximize 
local effi ciency and minimize systemic side effects [ 72 ]. Nevertheless, there are 
also reports on the potential harmful effects of TZDs with respect to lung cancer cell 
dissemination (not formation) by rendering the pulmonary micro-environment per-
missive for tumour cell survival [ 73 ].

6.6         The Role of PPARγ in Ageing Associated Pulmonary 
Diseases 

 Pulmonary tissue infl ammation is often associated with ageing and may be triggered 
by various factors including infectious or chemical agents, but may also be initiated 
by endogenous factors as in the case of autoimmune conditions [ 74 ]. Despite the 
diversity of lung infl ammation triggering factors the subsequently activated pro-
infl ammatory pathways are often shared. PPARγ can effi ciently act on these path-
ways as it inhibits transcription factors regulating the expression of pro- infl ammatory 
genes such as NF-kB, STAT-1 and AP1 [ 75 ,  76 ]. Activated PPARγ is capable of 

  Fig. 6.3    Conditions 
related to  diminished 
  PPARγ activity ( left ) 
outweigh those linked with 
elevated PPARγ activity 
( right ) in the lungs       
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sequestering co-activator complexes on the promoter regions of pro- infl ammatory 
genes that renders them inaccessible to these transcription factors. Also, PPARγ acti-
vation leads to the production of suppressive mediators, such as TGFβ and IL-10 that 
might be even more signifi cant in the local micro-environment niche [ 77 ,  78 ]. As a 
consequence PPARγ up-regulation potentiates inhibitory loops that provide the 
molecular basis for resolution following an initially infl ammatory response. 

6.6.1     COPD 

  Chronic obstructive pulmonary disease (COPD)   is common in older people, with an 
estimated prevalence of 10 % in the US population aged ≥75 years. Inhaled medica-
tions are the cornerstone of treatment for COPD and are typically administered by 
one of three types of devices (pressurized metered dose inhalers, dry powder inhal-
ers, and nebulizers). However, age-related pulmonary changes may negatively 
infl uence the delivery of inhaled medications to the small airways [ 79 ]. In addition, 
physical and cognitive impairment, which are common in older patients with 
COPD, pose special challenges to the use of handheld inhalers in the old. Nebulizers 
should be considered for patients unable to use handheld inhalers properly. Airway 
mucus hypersecretion (AMH) is a key pathophysiological characteristic of 
COPD. Corticosteroid is the fi rst-line anti-infl ammatory treatment used to alleviate 
 COPD  , but its therapeutic effects are controversial and long term treatment often 
leads to undesirable side effects [ 80 ]. According to recent reports PPARγ agonists 
can inhibit mucin synthesis both in vitro and in vivo, but only nebulized TGZs lead 
to a reduction in mucus production in the airways, whereas oral administration has 
no such effect [ 81 ]. Administration of the PPARγ agonist ciglitazone via nebulizer 
reduces OVA-triggered mucus gland hyperplasia and airway occlusion by approxi-
mately 75 % [ 82 ]. It has been proposed that PPARγ activation may ease AMH 
through a pathway involving MMP-9, providing molecular mechanism of action for 
COPD treatment [ 83 ].  

6.6.2     Lung Fibrosis 

  Currently approx. fi ve million people are affected by pulmonary fi brosis worldwide. 
In most cases, patients are 40–50 years old at diagnosis, while the incidence of idio-
pathic pulmonary fi brosis increases drastically ≥50 years of age [ 84 ]. Fibrosis or 
fi brotic remodelling of lung tissue is a severe outcome of various lung diseases. 
Infl ammatory cell invasion, epithelial cell injury and failure of re-epithelialization 
are followed by recruitment and persistence of fi broblasts. Excessive collagen and 
extracellular matrix production results in lung fi brosis [ 85 ]. Reduced PPAR expres-
sion was shown in lung fi broblasts of patients with dysregulated infl ammation and 
fi brosis [ 86 ]. Studies found that TZDs were able to inhibit lung  fi brosis   [ 86 ]. PPAR 
ligands have negative effects on human lung fi broblasts by inhibiting proliferation 
and migration triggered by mitogenic growth factors such as PDGF [ 87 ]. 
Furthermore, PPAR agonists inhibit lung fi broblast differentiation mediated by 
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TGFβ and signifi cantly reduce the expression of fi bronectin and type I collagen 
[ 88 ]. Anti-fi brotic effects of TZDs has been demonstrated in animal models even 
after strong pro-fi brotic exposure (i.e. bleomycin) confi rming them  as potential can-
didates for therapy [ 89 ].  

6.6.3     Lung Cancer 

 Lung cancers ( LCs  ) have been defi ned as a major disease of the aged with disap-
pointing survival statistics and represent the second most common type of cancer in 
both genders worldwide [ 90 ]. Another major inducer of  LCs   is cigarette smoking, 
although specifi c LC subtypes do not correlate with either age or smoking status (i.e. 
lung adenocarcinoma is more characteristic of young females) [ 91 ]. Cigarette smoke 
has also been shown to decrease PPARγ expression in the lungs leading to detrimen-
tal effects suggesting that PPARγ agonist treatment may counteract negative effects 
related to smoking and ageing. Indeed it was shown that treatment targeting PPARγ 
can signifi cantly inhibit cigarette smoke-induced mucin production [ 92 ]. It has also 
been reported that exposure to acrolein, one of the most toxic compounds found in 
cigarette smoke, induces goblet cell hyperplasia in bronchial epithelium and induces 
airway infl ammation, as shown by the increased levels of infl ammatory cytokines 
including IL-1β, IL-8, and TNF-α in bronchial fl uid. Treatment with TGZ before 
acrolein exposure was reported to alleviate these changes in a dose-dependent man-
ner providing evidence for PPARγ effi ciency in counteracting smoking [ 75 ]. These 
studies suggest a role of PPARγ in lung tumorigenesis, and suggest PPARs as poten-
tial biomarkers of lung tumours. Furthermore, the enhancement of PPARγ activity 
(through i.e. TZDs) could prevent the formation of lung cancer, or serve as adjuvant 
during lung cancer therapy. However, once tumour cells have been formed the situa-
tion may change. It has been reported that systemic administration of TGZ acceler-
ates tumour metastasis in models of non- small cell lung cancer [ 93 ] and does not 
provide any survival benefi t. Therefore systemic administration of PPARγ agonists 
should be avoided in advanced lung cancer, but again local administration perhaps 
via inhalers may reach the desired effect.   

6.7     The Role of Wnt Pathways in Pulmonary Senescence: 
Regulation of PPARγ 

  Although PPARγ seems to play an important role in the differentiation and function 
of a great variety of pulmonary cell types, the question remains: why would PPARγ 
level and activity alter with age? Pinpointing the initial molecular trigger is diffi cult 
but recent studies highlighted the imbalance in  Wnt signalling   as age progresses 
[ 94 ]. Importantly, the opposition between PPARγ and the Wnt / β-catenin pathway 
has already been reported in several tissues by multiple research groups including 
ourselves [ 95 ]. It is conceivable that the pulmonary (epithelial) setting is similar in 
showing reciprocal changes of PPARγ and Wnt expression or activity with age. 
Indeed, increased Wnt4 and Wnt5a secretion in the ageing lung has been observed 
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and both Wnts were reported to down-regulate PPARγ using a different mechanism 
[unpublished observations]. Reduction in PPARγ also leads to a decreased number 
of the alveolar progenitor or ATII cells; which can explain age-associated reduction 
in regenerative capacity. As ATII cells are also the source of surfactants, reduction 
in SP-levels indicates weakened functionality of ATII-s that was documented in 
both ageing  animals as well as in the primary human lung tissue [ 96 ].  

6.8     Conclusion 

 In summary, accumulated data suggest that although complexity of the ageing pro-
cess is evident, by targeting some general molecular regulators (notably PPARγ 
signalling) using carefully designed, organ and tissue specifi c delivery methods, 
might allow us in the future to counteract the ageing program and delay decline of 
pulmonary function.     
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  7      Cancer, Ageing and Immunosenescence                     

     Nora     Manoukian     Forones      and     Valquiria     Bueno    

    Abstract 
   Worldwide the percentage of individuals older than 60 years is growing due to 
the increase in longevity. Age is an important risk factor for cancer and subjects 
aged over 60 also have a higher risk of comorbidities. Approximately 50 % of 
neoplasms occur in patients older than 70 years and these patients often have a 
range of therapies ranging from surgery, adjuvant or neoadjuvant therapy, or 
even palliative chemotherapy. While the OPAS (Pan American Health 
Organization) considers elderly subjects to be those aged over 60 years and for 
the WHO (World Health Organization) it is subjects over 65 years, a major con-
cern for poor prognosis is with cancer patients over 70–75 years. These patients 
have a lower functional reserve, a higher risk of toxicity after chemotherapy, and 
an increased risk of infection and renal complications that lead to a poor quality 
of life. Several biomarkers (immunological and physiological) have been evalu-
ated in cancer aiming to improve diagnostics, to predict whether a patient could 
have any benefi t from a specifi c treatment, and to perform patient follow-up. 
Cancer is a complex disease and in this chapter we will discuss the distribution 
of cancer cases in older adults, the most important types of cancer in this popula-
tion, treatment and outcomes, and possible immunosenescence characteristics 
related to cancer in the aged.  

  Keywords 
   Ageing   •   Cancer   •   Chemotherapy   •   Toxicity   •   Immunological biomarkers  
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   List of Abbreviations 

  OPAS    Pan American Health Organization   
  WHO    World Health Organization   
  US    United States of America   
  UK    United Kingdom   
  ECOG    Eastern Cooperative Oncology Group   
  CGA    Comprehensive Geriatric Assessment   
  CRASH    Chemotherapy Risk Assessment Scale   

7.1         Cancer in Older Adults 

 In 2005, individuals in  the   US aged ≥65 years contributed with 55 % of total can-
cers: 131,000 lung cancers (67 %), 90,000 colorectal cancers (64 %), 113,000 
prostate cancer (61 %) and 79,000 female breast cancer (42 %) [ 1 ]. In the UK, 
cancer-incidence rate trends (1984–2007) were higher for prostate, lung, and 
colorectal cancer in males and for breast cancer in females aged ≥65 years [ 2 ]. In 
Japan, 60.8 % of prostate cancer patients were ≥75 years old and the average death 
in 2008 was 78.8 years [ 3 ]. According to GLOBOCAN 2012 Latin American and 
Caribbean estimated incidence per 100,000 increased with age for prostate 
(360.8/65–69 years, 529/70–74 years, 729/75+ years), colorectal (77.0/65–69 
years, 109.2/70–74 years, 150.1/75+ years), lung (85.8/65–69 years, 113.7/70–74 
years, 140.5/75+ years), and female breast cancer (176.3/65–69 years, 192.2/70–
74 years, 210.5/75+ years). A similar pattern was observed for Australia/New 
Zealand: prostate (824.9/65–69 years, 941.4/70–74 years, 990.5/75+ years), 
colorectal (228.4/65–69 years, 304.2/70–74 years, 150.1/75+ years), lung 
(175.1/65–69 years, 240/70–74 years, 296/75+ years), and female breast 
(323.6/65–69 years, 322.3/70–74 years, 303.6/75+ years) cancer [ 4 ]. On the other 
hand, Egypt has a age-specifi c cancer incidence rate (2008–2011) for liver 
(314.8/65–69 years, 327.1/70–74 years, 363.5/75+ years) and bladder (128.6/65–
69 years, 194.8/70–74 years, 205.6/75+ years) in males and breast (166.3/65–69 
years, 138.7/70–74 years, 148.6/75 + years) and liver (143.9/65–69 years, 
167.9/70–74 years, 150.5/75+ years) in females [ 5 ]. China estimated incidence 
per 100,000 was higher with age for lung (178.4/65–69 years, 262.6/70–74 years, 
551.2/75+ years), stomach (119.6/65–69 years, 162.1/70–74 years, 280.4/75+ 
years), and liver cancer (111.0/65–69 years, 139.6/70–74 years, 193.2/75+ years) 
[ 4 ]. It is noticeable that there is a difference in organs with higher cancer inci-
dence in developed versus developing countries. Another observation is that can-
cer incidence increases with ageing almost irrespective of country and 
exceptionally for some organs there is a decrease in very old individuals. The 
fi ndings from Surveillance, Epidemiology and End Results Program [ 6 ] show that 
almost a third of all cancer are diagnosed after the age of 75 years and 70 % of 
cancer-related deaths occur after the age of 65 years.  
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7.2      Clinical Trials   in Older Patients 

 The traditional clinical trial focus is on younger and healthier patient, i.e. with few or no 
co-morbidities. These restrictions have resulted in a lack of data about the optimal treat-
ment for older patients [ 7 ] and a poor evidence base for therapeutic decisions. Most 
physicians extrapolate data from the younger cancer patients which could lead to over 
treatment, although under treatment of older patients is also common due to their 
reduced ability to tolerate the full treatment regimen. The main reasons for this under 
representation in clinical trial include restrictions on eligibility. Standard performance 
status, as measured by Karnofsky performance or the  Eastern Cooperative Oncology 
Group (ECOG)  , is inadequate to evaluate eligibility in older patients. Thus, components 
of clinical trials such as eligibility, endpoints, survivorship, and dose-limiting toxicity 
need to be re-evaluated in the context of the older patient. Other organ specifi c eligibility 
requirements may be more fl exible, such as adequate renal function, when the drugs 
used are known not to be nephrotoxic. Barriers that prevent the participation of ageing 
patients in clinical trials include also social aspects: transportation; fi nancial diffi culties 
since most trials request multiple visits; limited expectation of remaining life time of the 
patient leads the family to avoid aggressive therapy and accept palliative approaches. 

 An  International Society of Geriatric Oncology   was founded in 2000 with the 
mission of developing health professionals in this area and to optimize the treatment 
of older patients [ 8 ,  9 ] as some age-specifi c instruments that could predict chemo-
therapy toxicity are needed [ 10 ] and the endpoint of the studies may also be differ-
ent [ 11 ]. Most of them had as a main endpoint the patient survival. Due to the high 
risk of death in older patients due to other diseases, different endpoints need to be 
considered as response rate, clinical benefi ts, decreased pain scale, better quality of 
life may be more appropriate. Besides the common diffi culties, older patients may 
also have cognitive differences that make it more diffi cult to understand the disease 
or personal care that should be taken during chemotherapy. 

 Another factor that should be investigated is the prior history of cancer. Patients 
aged 70 and more account for up to 50 % of the survivors of previous cancer [ 12 – 14 ]. 
These patients had specifi c problems, mainly associated with the remaining toxicities 
from the fi rst treatment.  

7.3     Multidisciplinary Treatment in Older Patients 

 The treatment decisions for older cancer patients should be multidisciplinary, with 
the purpose of evaluating the risk of treatment. Geriatricians use the  comprehensive 
geriatric assessment (CGA)   [ 15 ] to determine life expectancy and the risk of com-
plications. The hand grip dynamometer allows the determination of the handgrip 
strength of the dominant hand and is a well validated measure of musculoskeletal 
function but also has a strong association with frailty and time to death. The timed 
up and go test involves asking the patient to get up from a chair without the use of 
arms, walk a distance of 3 m, turn around and return [ 16 ,  17 ]. Studies have shown 
that patients taking longer than 14 s had a high risk of falling and thus are frail or 
pre-frail and may be at high risk with aggressive treatment. 
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 The  CRASH Score   (chemotherapy risk assessment  scale  ) for older patients can 
also be used to predict the risk of chemotherapy toxicity in older patients. This score 
include a large number of variables such as predictors of hematologic (H) and non- 
hematologic (NH) toxicity. The predictors of grade 4 H toxicity were lymphocytes, 
aspartate aminotransferase level, Instrumental Activities of Daily Living score, lactate 
dehydrogenase level, diastolic blood pressure, and the toxicity of the chemotherapy 
regimen. Predictors of NH grade 3/4 were hemoglobin, creatinine clearance, albumin, 
Eastern Cooperative Oncology Group performance, Mini-Mental Status score, Mini-
Nutritional Assessment score and the toxicity of the chemotherapy regimen [ 18 ]. 

 Some common conditions in the older subjects such as malnutrition, anemia, neutro-
penia, and depression should also be treated before or alongside surgical or chemother-
apy treatment of the cancer. Co-morbidities as diabetes, hypertension, emphysema, renal 
insuffi ciency should be improved after medical intervention and sometimes the dose 
adjustment of chemotherapy is required. The  social support   (transportation, nutrition and 
medical administration of drugs) may be evaluated as it infl uences the treatment. 

 The  National Network of US Cancer   [ 19 ] recommends that people over 70 
should undergo some form of geriatric assessment. After appropriate analysis previ-
ously undiagnosed relevant conditions can be detected in more than 50 % of patients. 
There is clear evidence that CGA improves the functionality and quality of life and 
promotes the independence in older people undergoing cancer therapy, but its 
effects on survival are not yet well defi ned. 

 In the older patient, neutropenia, anemia, mucositis, cardiomyopathy and neu-
ropathy—the toxic effects of chemotherapy—are more pronounced and may be 
related in part to physiological changes of age or of a higher prevalence of comor-
bidities [ 20 – 24 ]. The correction of comorbidities and malnutrition can lead to 
greater safety in the prescription of chemotherapy [ 25 ,  26 ]. 

7.3.1     Breast Cancer 

  Breast cancer      appears frequently in females over 60 years. Older patients with early stage 
disease must be treated with surgical resection of the tumor [ 27 ]. Patients with low expec-
tancy of life and hormone receptor positive tumor can be treated with only endocrine 
therapy: aromatase inhibitors offer a better control than tamoxifen to control the disease 
in these patients [ 28 ]. Sentinel node biopsy should be considered for patients in whom it 
might affect treatment decisions. Tumor stage I/II, in older women, are in 70 % HER2 
negative and hormone receptor positive, these patients may be treated in advance with 
hormone therapy. Radiation therapy is not indicated for older patients. Studies show no 
difference in survival in older patients submitted to radiotherapy after resection.  

7.3.2      Head and Neck Cancer   

 Surgical resection of  the tumors can be done in patients over 70 years with the same 
benefi ts as younger patients. Toxicity is however higher in patients with comorbidi-
ties. Toxicity occurred in 63 % of older patients (>70 years) compared with 54 % of 
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younger patients. Bilateral resection, male sex, being more than 70 years old and at 
an advanced stage were all associated with higher risk of toxicity [ 29 ]. Radiotherapy 
can also be indicated for older patients. Functional acute toxicity may be more 
severe in older patients (67 % versus 49 %), with no difference in survival [ 30 ]. Data 
from clinical trials using induced chemotherapy  or chemoradiotherapy in patients of 
more than 70 years are rare.  

7.3.3     Gastrointestinal Cancers 

 Tumors of the gastrointestinal  tract      commonly appear in subjects over 70 years 
old. The adjuvant treatment of colon cancer in patients of more than 70 years with 
fl uoropyrimidines has the same benefi ts compared with the younger patients. The 
addition of oxaliplatin after age of 70 or 75 has to be evaluated according to the 
patient. Some studies show no benefi t in the use of oxaliplatin as an adjuvant 
among older patients [ 31 ]. 

 In metastatic patients, the chemotherapy with endovenous fl uoropyrimidine is 
better tolerated than capecitabine.  Oxaliplatin   may be added to endovenous fl uoro-
pyridine. The risk of hematologic toxicities is higher among older colorectal cancer 
patients. Bevacizumab or cetuximab may be associated to the chemotherapy [ 32 , 
 33 ]. Some studies have demonstrated a higher risk of thromboembolic disease in 
older patients using bevacizumab. There is currently not a consensus on the better 
treatment in rectal cancer in older patients. It seems that perioperative treatment, 
neoadjuvant radio chemotherapy and adjuvant chemotherapy may be indicated with 
a decreased risk of disease recurrence. In some studies this treatment was associated 
to a higher risk of death by other causes [ 34 ,  35 ]. 

 The most prevalent primary cancer in the liver is  hepatocellular carcinoma 
(HCC)   and it is the fi fth cause of cancer and the third cause of death by cancer in 
the world. Surgery, transplantation, TACE (transarterial chemoembolization)   , 
percutaneous ablation are the most common treatments. In patients over 70 years, 
HCC appears in hepatitis C or B patients, in non-alcoholic fatty liver disease or in 
subjects without any previous liver disease. These patients are commonly treated 
by palliative methods instead of surgical resection. However, a recent meta-anal-
ysis did not show differences in survival after 3 years of treatment compared to 
younger patients [ 36 ]. 

  Biliary tract cancers (BTC)   include gallbladder cancer and intrahepatic, extrahe-
patic or perihilar biliary duct cancer and are one of the less common cancer of the 
digestive system. The higher incidence of this cancer occur  commonly   in patients 
with more than 70 years and treatment of these  cancers   lack studies, probably due 
to the short incidence. BTC older patients were mostly associated with no surgery 
or chemotherapy treatment [ 37 ]. Studies compared surgery in stage I or II and 
showed no difference on survival. Chemotherapy was associated with an increased 
survival compared to best supportive care. Monotherapy with gemcitabine may be 
better supported than the association of gemcitabine to cisplatin.  
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7.3.4     Pancreatic Cancer 

  Pancreatic cancer      presents as an aggressiveness disease, with the later diagnosis and 
the poor response to chemotherapy or molecular target drugs contributing to the 
poor prognosis of this cancer. The diagnosis of this disease is commonly made in 
patients over 70 years. The association of age and resection complication has been 
investigated and shown that the mortality increases during the fi rst 30 and 90 days 
after surgery in older patients. However, among the patients that survived after this 
period the overall survival after 90 days is similar to the younger patients [ 38 ].  

7.3.5     Lung Cancer 

   Non-small cell lung  cancer     : Older patients with NSCLC may tolerate surgical resec-
tion. Adjuvant therapy in patients with ECOG 0–1 has the same advantages for 
older compared to young patients. The same is observed in advanced disease. 
However, the addition of bevacizumab to the chemotherapy has not been associated 
to a better quality of life [ 39 ]. 

 Small cell lung cancer: The treatment of this cancer with cisplatin and etoposide 
had the same response in older patients as that observed in younger patients. 
Carboplatin had the same effects as cisplatin with a decrease in renal toxicity but a 
higher hematological toxicity [ 19 ].    

7.3.6      Melanoma      

 There is no difference between the surgery or radiotherapy treatment among patients 
over 65 years compared to those under 65 in localized melanoma. In metastatic 
melanoma the use of ipilimumab, BRAF inhibitors or dacarbazine also had the 
same results [ 19 ].  

7.3.7     Urogenital Cancers 

 The main  urogenital cancer      is urothelial carcinoma. It appears frequently in the 
bladder after 65 years compared to the urethra, ureter or renal pelvis. The 5-year 
survival decreases progressively with the age being 84 % in patients with 65–69 
years and 60 % in those with more than 85 years [ 40 ,  41 ]. 

 For kidney cancer surgical resection is commonly indicated in the treatment of 
localized malignancy, but this surgery can be followed by renal insuffi ciency in patients 
over 75 years [ 42 ,  43 ]. Target treatment with sunitinib, sorafenib or temsirolimus, and 
everolimus in patients over 70 years has a higher risk of neutropenia, anemia and asthe-
nia. Infections were also more common in older patients using everolimus. Interferon 
must not be used in older patients due to high toxicity [ 44 – 46 ]. 

 Bladder cancer in 2014 was the 5th most incident (74,000 cases estimated) in 
USA and had the highest median age among all cancer types (73 years old).  Muscle 
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invasive bladder cancer (MIBC)   is present in 25–30 % of all bladder cancer diagno-
ses and requires a more aggressive approach [ 47 ]. Older patients are often under- 
treated as in 40,000 patients with  muscular invasive bladder cancer (MIBC)  , 
cystectomy varied between 55 % in those younger than 70 years of age to 21 % in 
those older than 79. In addition, in those non-receiving surgery patients (>79 years) 
only 30 % received chemotherapy and/or radiotherapy [ 48 ]. Recent adjusted analy-
ses comparing older patients receiving radiation or cystectomy found  no      difference 
in overall survival or cancer-specifi c survival [ 49 ,  50 ]. Neoadjuvant chemotherapy 
based on methotrexate, vinblastine, doxorubicin, and cisplatin was shown by 
Grossman et al. to improve 5-year overall survival and became standard of care [ 51 ].  

7.3.8      Prostate Cancer   

 The widespread use of  prostate-specifi c antigen (PSA)   screening has detected many 
early-stage prostate cancers (asymptomatic, clinically localized) increasing the prob-
ability of cure. Clinical (TNM) stage based on DRE, Gleason score in biopsy, and 
serum PSA best characterize prostate cancer. The choice for initial treatment is infl u-
enced by estimated life expectancy, comorbidities, therapy side effects and patient 
preference. Primary options for localized prostate cancer include active surveillance, 
radical prostatectomy and radiotherapy. Due to surgery risks, radical prostatectomy 
is used in general for patients whose life expectancy is greater than 10 years. For 
patients with widespread metastatic disease radiopharmaceuticals are an adequate 
option, particularly if they are not candidates for effective chemotherapy. This treat-
ment is reported as potent for bone pain relief with minimal side effects [ 52 ]. 

 Androgen deprivation therapy is the most common form of systemic therapy. 
However, it may lead to osteopenia and to an increased risk of bone fracture [ 53 ]. 
For patients with metastatic prostate cancer (M1) a survival benefi t was obtained 
with bisphosphonates plus systemic chemotherapy. Weekly docetaxel for metastatic 
cancer was better tolerated, but had a decreased survival over the standard three- 
weekly regimen [ 54 ].  

7.3.9      Ovarian Cancer   

 Older patients with  ovarian cancer   used to be treated with less aggressive treatment. 
The double treatment—surgery and chemotherapy—are not commonly used in this 
population as they result in poor survival compared to younger patients (18 % versus 
53 %) [ 55 ,  56 ]. Peritoneal chemotherapy maybe indicated in some patients over 70 
years but increased toxicity and reduced quality of life during treatment should be 
considered [ 57 ]. 

 In conclusion, curative treatments cannot be denied to older patients based only 
on chronological age.    The  Comprehensive Geriatric Assessment   and other forms of 
assessment must be used to determine the most appropriate treatment plan accord-
ing to the functional status, social support and predicted life expectancy. Some older 
individuals may benefi t from aggressive therapies,    but they have a higher toxicity 
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and may require a more complex clinical support. The estimated risk of severe tox-
icity with chemotherapy is only one aspect of treatment planning in the older patient 
and should be integrated into a multidisciplinary decision.   

7.4     Immunosenescence and Cancer 

 The higher incidence of cancer observed with ageing can be explained by the accu-
mulation of cell mutations during life, in addition to reduced potential for tissue 
regeneration and repair to cells and their constituents such as DNA. However, 
changes in the immune system also play an important role as the detection and 
elimination of tumor cells ( immune surveillance  , Fig.  7.1 ) could also be impaired in 

  Fig. 7.1    Major effector and suppressive functions in the tumor microenvironment. Transformed 
(cancer cells) secrete factors that stimulate angiogenesis (VEGF) and increase macrophages and 
myeloid-derived suppressor cells (TGF-β, GM-CSG, M-CSF) at the tumor site. Macrophages (M1 
subtype), T effector and NK cells infi ltrate tumor and promote destruction by recognizing antigens 
in tumor cells via MHC (or its lack), secretion of factors such as reactive species of oxygen (ROS), 
reactive nitrogen species (RNS), IFN-γ, granzyme and perforin. However, tumor provides the 
induction of infl ammatory/suppressive environment through factors such as IL-10, TGF-β, IL-4, 
IL-13, IL-21, and IL-3 that induces M2 macrophage, T regulatory (Treg) and myeloid-derived sup-
pressor cells (MDSC). As consequence, the cytotoxic functions of T cells and NK cells are inhib-
ited and there is a decrease in IFN-γ production and lower induction of MHC expression by 
macrophages. Killing-cell factors (granzyme and perforin) are diminished. M2 subset of macro-
phages secretes IL-10 and TGF-β and thus potentiate the suppressive tumor microenvironment       
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older individuals leading to increased susceptibility to cancer (Table  7.1 ).    Together, 
these factors will determine how complex, aggressive and resistant to conventional 
treatment a specifi c cancer could be. Indeed, several authors have reported an 
inverse relationship between immune function and the incidence of cancer and in 
older adults as the immune function decreases (see Chaps.   1     and   2    ), the incidence 
of cancer increases [ 7 ,  8 ].

   Table 7.1    Major  age-related changes   in immune system-related organs, tissues, and cells   

 Organ/Tissue  Changes  Consequences 
 Bone marrow  Hematopoietic progenitor 

generation is decreased 
 Myeloid-biased 
hematopoietic stem cells 

 Decreased percentage of naïve 
T/B cells in periphery 
 Increase of myeloid cells in 
periphery 
 Increase of myeloid-derived 
suppressor cells in periphery 
causing a more suppressive 
environment 

 Thymus  Involution, increased 
adiposity, structural 
derangement of medulla and 
cortex 

 Impairment of thymopoiesis 
 Lower frequency of naïve T 
cells in periphery, reduced 
TCR variability 

 Lymph nodes  Decrease of germinal centre 
follicles, increased adiposity, 
derangement of B and T 
cells area 

 Impairment in T follicular 
helper (Tfh) functions 
 Decreased migration and 
function of dendritic cells 

 Spleen  Basic structure maintained  Decreased proportion of CD8 +  
T cells in the T cell zones, 
changes in CD4 +  T cells both 
in T cell zones and in B cell 
areas 

 Cells  Changes 
 Neutrophils/monocytes  Increased: numbers at periphery, danger signs recognition 

(infl ammasome activation—IL-1 secretion) 
 Decreased: capacity of migration, toll-like receptor (TLR1, 
4) expression, phagocytosis, cytoplasmic antigen destruction, 
cytokines secretion after stimulation, NET (neutrophils 
extracellular traps) formation 

 NK  Increased: numbers at periphery, CD56 dim  phenotype 
 Decreased: expression of inhibition receptors, release of 
perforin into the immunological synapse, cytotoxicity 

 APCs macrophages, dendritic 
cells 

 Decreased: capacity of migration, antigen presentation 

 T cells  Increased: memory phenotype, homeostatic proliferation, 
CD8 + CD28 − , production of Th2 cytokines, nTreg (natural T 
regulatory cells) 
 Decreased: naïve phenotype, TCR repertoire, proliferation 
after stimulus, T helper function, production of Th1 
cytokines 

 B cells  Increased: production of antibodies (Ab) with low affi nity, 
production of autoantibodies 
 Decreased: production of Ab with high affi nity and 
specifi city 
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     Immunosenescence   is considered a major contributor to cancer development in 
aged individuals and thus improved understanding of this issue is fundamental to 
develop new diagnostics methods and therapies for older patients, or to tailor exist-
ing therapies to take their immune functional decline in to account. Immunosenescence 
is a general classifi cation for changes occurring in the immune system during the 
ageing process, as the distribution and function of cells involved in innate and adap-
tive immunity are impaired or remodelled [ 58 ,  59 ]. Some of these changes have 
been more extensively evaluated in clinical settings of cancer and will be discussed 
as they appear to play a role in cancer development. 

7.4.1     Myeloid-Derived Suppressor Cells and Cancer 

  Myeloid-derived suppressor cells (MDSCs     ) represent a heterogeneous population 
of myeloid cells at different stages of differentiation comprising less than 5 % of 
circulating cells in healthy adults. They originate from the same precursors in bone 
marrow that generate common myeloid progenitors such as monocytes, macro-
phages, dendritic cells and neutrophils. MDSCs percentages increase in cancer, 
infections, infl ammatory conditions, and ageing [reviewed in  60 ]. In humans 
MDSCs have commonly be identifi ed as lineage negative (CD3 − , CD19 − , CD56 − ) 
and express CD33 +  HLA-DR low/neg  CD15 +  (granulocytic MDSCs; g-MDSCs) and 
CD33 +  HLA-DR low/neg  CD14 +  (monocytic MDSCs; m-MDSCs) [ 61 ,  62 ]. The gen-
eration of MDSCs is due to macrophage colony stimulating factor (M-CSF), granu-
locyte macrophage-colony stimulating factor (GM-CSF) and granulocyte- colony 
stimulating factor (G-CSF). Infl ammatory conditions affect MDSC frequency lead-
ing to their expansion and recruitment by factors such as TGF-β, IL-1β, IL-6, IL-10, 
IL-12, IL-13, CCL-2, CXCL-5 and CXCL-12. In this context, tumors secrete fac-
tors that could act in the bone marrow to increase MDSCs and induce migration to 
the tumor site [reviewed in  60  and  63 ]. 

 MDSCs have suppressive capabilities by producing reactive oxygen species 
ROS (highly expressed in g-MDSCs), arginase-1, and nitric oxide NO (mainly 
m-MDSCs). In addition, peroxynitrite (interaction of superoxide and NO) causes 
nitration of T cell receptor-CD8 complex, reducing this cell binding to the complex 
peptide—MHC I and thus rendering T cells unresponsive to antigen-specifi c stimu-
lation. Depletion of L-arginine and cysteine caused my MDSCs leads to a decrease 
in CD3ζ chain expression, diminished IL-2 and IFN-γ production, and inhibition of 
T cell proliferation [ 64 – 67 ]. Other factors such as TGF-β, IL-10, and iNOS have 
also been reported as suppressive products of MDSCs [reviewed in  68 ]. 

 Changes in the immune system during ageing occur in several tissues and in bone 
marrow, amongst others; it is observed a decreased lymphopoiesis and enhanced 
myelopoiesis [ 69 ,  70 ]. The skewing towards myelopoiesis with age in the bone mar-
row haematopoietic stem cells may contribute to the increase of myeloid- derived sup-
pressor cells (MDSC) in older individuals [ 69 ] and potentiate tumor development. 

 Verschoor  et al.  [ 71 ]       compared donors from community-dwelling and frail older 
adults with a history of cancer (breast, lung, prostate, skin, colon) and observed a 
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signifi cantly higher number of MDSC (CD11b + CD33 + HLA-DR − , CD15 + CD11b + ) 
in the latter group even though they were in partial or complete remission. In seven 
patients with advanced stage melanoma (<60 years old, n = 2; 63–81 years old, 
n = 5) treated with the CTLA-4 antagonist Ipilimumab, there was a decrease in 
MDSC after the fi rst dose which remained low at week 9 in comparison with base-
line levels [ 72 ]. Importantly, MDSC function was also reduced based on the produc-
tion of arginase-1 which mediates many of the anti-proliferative effects of MDSCs. 
Iclozan  et al . [ 73 ] evaluated patients (48–74 years old) with small-cell lung cancer 
who received a standard platinum/etoposide regimen and 4–6 weeks later were 
treated with dendritic cells (DC) or DC and all trans retinoic acid (ATRA) therapy 
which has been shown to reduce MDSC numbers. DC + ATRA decreased MDSC 
numbers, led to a higher number of patients with detectable p53 responses and 
increased the frequency of granzyme B +  CD8 +  T cells. Finke  et al . [ 74 ] have shown 
that favourable patient outcome is associated with low levels of intratumor/lesion 
MDSCs and levels of T cell responsiveness similar to healthy donors. 

 In addition, it has been reported that the presence of MDSC could favour the 
increase of T regulatory cells (Tregs) thus promoting a more suppressive environment 
and cancer development [ 75 – 77 ]. Authors believe that the presence of MDSC and/or 
Treg at the tumor site can subvert the effector function of T-infi ltrating lymphocytes 
and generate a suppressive microenvironment that contributes to tumor development.  

7.4.2     T Regulatory Cells and Cancer 

   In humans, most authors agree that numbers of naturally occurring  T cells with regula-
tory function (Tregs)   increase with age and that the frequency of inducible regulatory 
T cells declines [reviewed in  78 ]. The increase of  Tregs   in ageing patients could impose 
a regulatory/suppressive environment and thus contribute to tumor development. 

 El Andaloussi  et al.  [ 79 ] evaluated 10 patients (female mean age 60 years, male 
mean age 52 years) with glioblastoma and found in total CD3 +  T cells a signifi cant 
increase in tumor and peripheral blood of Foxp3 +  T regulatory cells (55.1 % ± 1.88 % 
and 33.4 % ± 1.95 % respectively) in comparison with healthy donors 
(15.6 % ± 0.76 %). Sorted CD4 + CD25 +  (Treg) cells suppressed the proliferation of 
stimulated CD4 + CD25 −  T cells suggesting that the expansion of suppressive Treg 
cells in glioma patients may downregulate the antitumor response in the central 
nervous system. In agreement, Hiraoka  et al.  [ 80 ] found in patients with pancreas 
ductal adenocarcinoma (n = 198 mean age 62 ± 10 years) a prevalence of Treg cells 
in tissue-infi ltrating (stroma) lymphocytes which was negatively correlated with 
patient survival, independent of tumor-node-metastasis classifi cation, tumor grade, 
and tumor margins. 

 Chen  et al . [ 81 ] observed an increase in Treg (CD4 + CD25 + CD127 low  and 
FoxP3 mRNA) from peripheral blood of aged healthy controls (60–74 years old) in 
comparison to young healthy controls (22–56 years old). In addition, Tregs fre-
quency was signifi cantly higher in aged urinary bladder cancer patients (UBC, 
62–79 years old) than in aged healthy controls. These authors concluded that 
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upregulated FoxP3 mRNA expression in association with increased Treg frequency 
could increase tumor escape, immune suppression and lead to ineffective tumor 
clearance in aged UBC patients.    

7.4.3     T Effector  T Cell Immune Responses   in Cancer 

  Several authors have identifi ed percentage, phenotype, and function of T cells in 
ageing cancer patients both pre and post treatment with the aim to use these immu-
nologic markers as prognostic for patient outcome. Tumor-infi ltrating lymphocytes 
seem to play an important role in anti-cancer immunity. Ebelt  et al . [ 82 ] found in 
prostate cancer that T lymphocytes (mainly CD4 +  T cells) form a cluster outside the 
carcinoma-infi ltrating tissue in 17 non-treated patients (59–78 years old). However, 
almost no effector function was detected as IFN-gamma and perforin were down-
regulated on infi ltrating lymphocytes compared to cells of healthy prostate tissue 
suggesting that infi ltrating T cells with subverted function could be present at the 
tumor site and contribute for cancer development. 

 Ramirez  et al . [ 83 ] evaluated patients with resected stage IIB-IV melanoma (15–
87 years old) submitted to vaccination (12MP, multipotent vaccine derived from 
melanocytic differentiation antigens and cancer testis antigens) and verifi ed the 
immune response (IR) based on ELIspot (interferon-gamma) from the peripheral 
blood mononuclear cells and increase on the CD8 +  T cells. The 7 week cumulative 
incidence rate of IR was 53 % (130/249) in patients <64 years old and 38 % (30/78) 
in older patients over 64. Gender had no impact on IR and was not related with clini-
cal outcome but there was a trend toward improved survival in males. The authors 
noted that even though patients older than 64 years old were able to mount an IR 
after vaccination, had 5 years disease free survival and overall survival not statisti-
cally different from patients under 64 years, their results may not apply to frail older 
adults as only patients with good functional status were included in the study. 

 Saavedra  et al . [ 84 ] evaluated patients with stage IIIB or IV non-small cell lung 
cancer (NSCLC); 30 had not started fi rst-line chemotherapy and 36 were treated with 
platinum-based chemotherapy. They received an EGF vaccine designed to induce spe-
cifi c antibodies against the epidermal growth factor (EGF) and had the percentage of T 
and B cells measured. CD4 + , CD8 +  and B cells were diminished in cancer patients 
regardless of chemotherapy in addition to the signifi cant decrease in CD4/CD8 ratio. 
Terminally differentiated T cells (CD4 + CD45RA + 28 −  and CD8 + CD45RA + CD28 − ) 
were not different when cancer patients and healthy individuals were compared. 
Vaccinated patients with high CD4 +  T cells and CD4/CD8 ratio and low CD8 + CD28 −  
frequency as baseline values achieved a higher median survival suggesting that immu-
nosenescence markers could provide support for determining whether patients could 
benefi t from immunotherapy and be predictive of vaccine effi cacy. In hepatocellular 
carcinoma patients (58–81 years old), a lower percentage of WTp53 264–272 -specifi c 
naïve (CD45RA + ) and higher percentages of WTp53 149–157  and WTp53 264–272 -specifi c 
memory (CD45RO + ) CD8 +  T cells were observed and confi rmed by CTL reactivity 
detection (granzyme B, IFN-gamma) suggesting interactions between the developing 
tumor and the host immune system [ 85 ].   
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7.4.4      Macrophages   

 Tumor cells use several mechanisms to invade extracellular matrix and metastasize 
to distant organs and the interaction between tumor cells and stromal cells in the 
tumor microenvironment plays an important role in tumor growth and metastasis 
[ 86 – 88 ]. Tumor-associated macrophages (TAMs) are prominent stromal cells in this 
interaction [ 89 ,  90 ]. 

 Based on molecules expression, cytokines/chemokines and biogenic products, 
macrophages can be categorised as M1 which produce effector molecules (reactive 
oxygen intermediates, reactive nitrogen intermediates, TNFα) limiting tumor 
growth or M2 subtype. M2 macrophages promote tumor growth and metastasis by 
secretion of matrix-degrading enzymes, angiogenesis factors and immunosuppres-
sive cytokines/chemokines [ 91 – 93 ]. The balance in macrophage subtypes will be 
determined by tumor microenvironment including other immune system-infi ltrating 
cells and their products. In older humans, cancer and infl ammatory chronic diseases 
have bring the majority of information about function and preferential polarisation 
to M1 or M2 in macrophages. 

 NSCLC patients without pre-operative chemotherapy/radiotherapy and short 
(average 1 year) or long survival (average 5.4 years) after resection (aged 58.0 ± 1.4 
and 60.5 ± 1.3 respectively) had their lung tissue evaluated for the presence of macro-
phage subtypes M1 (CD68/HLA-DR) and M2 (CD68/CD163) in tumor islets, tumor 
stroma, or a combination of tumor islets and stroma [ 94 ]. M1 macrophage density in 
the tumor islets and stroma of patients with long survival time was signifi cantly higher 
than the M1 macrophage density in the tumor islets and stroma of patients with short 
survival time. M2 macrophage density was not different when the lung tissue of short 
and long survival patients were compared. The authors also showed that M1 macro-
phage density in the tumor islets, stroma, or islets and stroma was positively associ-
ated with patient survival time whereas M2 density showed no association [ 94 ]. 

 Patients with gastric cancer (≥70 years old) and peritoneal dissemination had a 
higher number of peritoneal macrophages with M2 phenotype (CD68/CD163 or 
CD68/CD204) than those without peritoneal dissemination. The authors concluded 
that the predominance of M2 phenotype could contribute to tumor proliferation/
progression and is thus a promising target in the treatment of peritoneal dissemina-
tion in gastric cancer [ 95 ]. Gastric cancer patients (61.7 ± 1.2 years old) submitted 
to resection had their tissue specimens analysed for the presence of M1 and M2 
macrophages. It was observed that patients with M1 density higher than 7.0 (n = 27) 
had a signifi cantly superior survival rate (1-year survival rate = 81 %, 2-year sur-
vival rate = 55 %, 3-year survival rate = 26 %, 4-year survival rate = 22 % and 5-year 
survival rate = 18 %) compared  to   patients with lower M1 density. In the multivari-
ate analysis M1/M2 ratio was a positive independent predictor of survival. M1 and 
M2 expression are potential markers to discriminate patients that could be more 
benefi ted from radically resection of gastric cancer [ 96 ]. Kurahara et al. evaluated 
76 cases of pancreatic head cancer submitted to curative resection. Tumor infi ltrat-
ing M2-polarized macrophages were associated with high incidence of lymph node 
metastasis and thus poor prognosis [ 97 ].  
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7.4.5     Natural Killer Cells 

  Natural killer (NK) cells   comprise a heterogeneous population possessing immune 
surveillance functions to combat viral infections and malignancy based on direct 
cytotoxicity (granzyme/perforin and death receptor mediated) and/or secretion of 
cytokines and chemokines. In humans the  NK phenotype   CD3 − CD56 +  is further 
characterized into CD56 dim  (90 %) and CD56 bright  (10 %) subsets differing in receptor 
expression and function [ 98 ]. Le Garff-Tavernier et al. [ 99 ] showed that the fre-
quency of CD3 − CD56 +  was signifi cantly increased in very old subjects 
(87.1 ± 4.9 years) whereas the subset CD56 bright  progressively decreased with age. 
The concomitant increase of CD56 dim  NK suggested that the increase in NK fre-
quency observed in older was related to CD56 dim  maturation. This scenario could 
impact the ageing immune system as upon activation CD56 dim  NK cells proliferate 
less, produce lower amounts of cytokines and are more cytotoxic whereas CD56 bright  
presents higher proliferation levels, produce cytokines (IFN-γ, TNF-β, IL-10) and 
chemokines (MIP-1a, RANTES) but is less cytotoxic [ 100 ]. 

 NK cell cytotoxicity relies on the expression of molecules as CD16 (antibody- 
mediated toxicity), killer immunoglobulin-like receptors (KIR), LIR-1/ILT-2, CD94/
NKG2A heterodimeric receptor which are inhibitory and recognize MHC I molecules 
as cognate ligands, and the collagen ligand LAIR-1 [ 101 ]. NK cells can promote 
cytolysis of cells lacking MHC I expression (i.e. cancer cells) but they will require an 
activating receptor such as NKG2C, NKG2D, NKp30, NKp44, NKp46, and NKp80 
[ 102 – 105 ]. Interestingly Le Garff-Tavernier et al. [ 99 ] showed that the expression of 
LIR-1/ILT-2 was higher in older subjects compared to adults whereas the production 
of IFN-γ was impaired. Under IL-2 activation NK lysis was more evident in subjects 
older than 80 years but in absence of stimulus there was a decrease in this function. 

 Hazeldine et al. [ 106 ] also identifi ed an  increase   in NK cell frequency with ageing 
in addition to a higher percentage of CD57 +  NK cells suggesting a shift towards a 
more mature circulating NK cell population. They also observed a signifi cant 
decrease in NK cell cytotoxicity in older adults. The authors showed a decrease of 
NK cells expressing NKp30 or NKp46 and CD94 (binding partner of NKG2A). 
More importantly, they found that NK cells from older adults released less perforin 
into the immunological synapse, which was attributed to a defect in the polarisation 
of lytic granules to the NK target interface. The group stressed the importance of NK 
functions decline during ageing as this impairment in NK cells is related not only to 
lower function in detecting malignancy but has recently been associated with the 
reactivation of latent  Mycobacterium tuberculosis , slower resolution of infl amma-
tory responses, and increased incidence of bacterial and fungal infection [ 107 ]. 

 Halama et al. [ 108 ] observed in  patients   with colorectal cancer (CRC; 40–78 
years old) that the reduced or lost MHC I expression on tumor cells was not related 
to the recruitment of NK cells and the E-, L-, and P selectin that could interfere with 
migration of NK cells to tumor site were similar in normal mucosa and CRC. Contrary 
to the scarcity of NK cells in CRC, the levels of chemokines such as CXCL10, 
RANTES, CXCL9 were highly expressed along with high amounts of granzyme B 
and sCD95L which could be derived from infi ltrating T cells instead. Papanikolaou 
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et al. [ 109 ] found in CRC patients (mean age 75.9 years) a weak tissue presence of 
NK cells in 59.8 % of cases (n = 82) and a strong presence in 40.2 % of cases (pri-
mary tumors) whereas in metastatic lymph nodes there was 45.5 % of strong NK 
cell presence. It was observed a negative association between NK presence at the 
primary tumor site and the patients’ age but this association was not seen at the 
metastatic lymph nodes. 

  Non small-cell lung cancer (NSCLC)  -infi ltrating NK cells were readily detected 
and displayed activation markers (NKp44, CD69, HLA-DR).    However, the poten-
tial of cytolysis of NK  from   cancer tissues was lower than from peripheral blood or 
normal lung whereas their capability of producing cytokines was similar [ 110 ]. 
Platonova et al. [ 111 ] observed that NK were enriched in NSCLC site and localized 
in the stroma. Cells presented a decreased expression of NKp30, NKp80, DNAM-1, 
CD16, and ILT2 receptors compared with NK cells from distal lung tissues or blood. 
Moreover, the capabilities to stimulate degranulation and IFN-γ secretion were 
abolished in these cells in opposite to the circulating NK cells.      
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    Abstract 
   The biggest threat to healthy ageing is the loss of our brain or eye function. 
Dementia and age-related vision loss are major causes of disability in our ageing 
population and it is estimated that a third of people aged over 75 are affected. 
Misfolded proteins, such as amyloid beta or alpha synuclein, pathological hall-
marks of Alzheimer’s disease and Parkinson’s disease, are generally believed to 
be causative in the pathogenesis of these devastating disorders. However, analy-
sis of post-mortem brain tissue from healthy older individuals has provided 
evidence that the presence of misfolded proteins alone does not correlate with 
cognitive decline and dementia, implying that additional factors are critical for 
neural dysfunction. We now know that innate immune genes and life-style con-
tribute to the onset and progression of age-related neuronal dysfunction, suggest-
ing that chronic activation of the immune system plays a key role in the underlying 
mechanisms that lead to irreversible tissue damage in the CNS. In this chapter 
we will discuss if, and how, the immune system regulates the CNS, which addi-
tional risk factor(s) contribute to the underlying mechanisms leading to neuronal 
dysfunction and whether intervention or immune modulation may be benefi cial 
for those at risk of developing a devastating neurodegenerative disease. In par-
ticular, we will focus on the role of systemic infections and discuss the role of 
both the innate and the adaptive immune system in health, age and disease.  
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8.1       Introduction 

 Diseases that cause progressive dysfunction of the brain and neuronal death are truly 
devastating as they are associated with memory loss, depression, and altered person-
alities. Most neurodegenerative diseases are associated with the accumulation and 
misfolding of proteins in specifi c regions of the CNS, for example amyloid beta in 
the cortex and hippocampus in Alzheimer’s disease (AD) and alpha- synuclein in the 
substantia nigra in Parkinson’s disease (PD) and it is generally believed that deposi-
tion of these misfolded proteins are causative in the pathogenesis. However, aggre-
gates have also been detected in brain tissue from cognitively normal individuals [ 1 ], 
suggesting that other factors can drive neural dysfunction and/or loss. While age is 
the largest risk factor for the development of neurodegenerative diseases, in many 
cases the disease is infl uenced by environmental and genetic factors, and experimen-
tal, imaging and post-mortem studies of human brains have shown a correlation 
between microglial activation and behavioural, and cognitive changes prior to neu-
ronal loss [ 2 ]. In addition, older patients with comorbidities such as atherosclerosis, 
type II diabetes or those suffering from repeated or chronic systemic bacterial and 
viral infections show earlier onset and progression of clinical symptoms [ 3 – 6 ] and 
recent GWAS studies have identifi ed a number of susceptibility genes linked to both 
innate and adaptive immunity (e.g. TREM2, CD33, LRRK2, HLA-DR) [ 7 – 9 ]. 
Collectively these studies provide evidence for a critical role of infl ammation in the 
pathogenesis of a range of neurodegenerative diseases, but the factors that drive or 
initiate infl ammation remain largely elusive. In this chapter we will discuss if, and 
how, ageing affects immune regulation in the CNS, which additional risk factor(s) 
contribute to the underlying mechanisms leading to neuronal dysfunction or -loss 
and whether intervention or immune modulation may be benefi cial for those at risk 
of developing a devastating neurodegenerative disease.  

8.2     Immune to Brain Communication in Adulthood 

 It was once thought that the brain was isolated from peripheral immune responses, 
however it is now accepted that the brain plays an integral role in the body’s response 
to infl ammation, infection and/or stress. The effect of infection, mimicked experi-
mentally by administration of bacterial lipopolysaccharide (LPS) has revealed that 
immune to brain communication is a critical component of a host organism’s 
response to infection and a collection of behavioural and metabolic adaptations are 
initiated over the course of the infection with the purpose of restricting the spread of 
a pathogen, optimising conditions for a successful immune response and preventing 
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the spread of infection to other organisms [ 10 ]. These behaviours are mediated by 
an innate immune response and have been termed ‘  sickness behaviours ’   and include 
depression, reduced appetite, anhedonia, social withdrawal, reduced locomotor 
activity, hyperalgesia, reduced motivation, cognitive impairment and reduced mem-
ory encoding and recall [ 11 ,  12 ]. Metabolic adaptation to infection include fever, 
altered dietary intake and reduction in the bioavailability of nutrients that may facil-
itate the growth of a pathogen such as iron and zinc [ 10 ]. These behavioural and 
metabolic adaptions are evolutionary highly conserved and also occur in humans 
[ 13 – 15 ], further demonstrated by experiments where healthy volunteers are given a 
low dose of LPS and experience short term decline in cognition and increased 
depressive behaviours [ 16 ] and signifi cant increased [11C]PBR28 binding, demon-
strating microglial activation and neuroinfl ammation throughout the human brain 
following administration of LPS [ 17 ]. 

8.2.1     Underlying  Mechanisms of Immune   to Brain 
Communication 

  How the immune system initiates and maintains these adaptation depends on the 
locality, type and severity of the infl ammatory stimulus and three principle routes of 
immune to brain communication have been described: (1) a neuronal route, via the 
vagus nerve; (2) a humoral route, via pro-infl ammatory mediators in the circulation 
that interact with the intact cerebral vasculature and (3) a direct route via  circum-
ventricular organs (CVOs)  , which are structures in the brain that are characterized 
by their extensive vasculature, fenestrated capillaries and lack of a normal  blood 
brain barrier (BBB)   [ 18 ]. Evidence for neuronal signalling comes from studies on 
the vagus nerve, which expresses interleukin (IL)-1β, tumor necrosis factor α 
(TNFα) and prostaglandin receptors on the afferent fi bers allowing detection of 
local infl ammation [ 19 – 21 ]. While vagal signalling contributes to social withdrawal 
and fever in rodents, other behavioural adaptations such as anhedonia, anxiety, 
mood and memory do not only depend on neuronal signalling and involve a humoral 
route via proinfl ammatory mediators [ 22 ,  23 ]. These mediators that act on pathogen 
recognition receptors (PRRs) and cytokine receptors expressed on endothelial cells 
and perivascular macrophages at the BBB, resulting in  de novo  cytokine and PGE2 
production by microglia [ 24 – 26 ]. The most widely studied cytokines produced in 
the CNS following peripheral LPS challenge are IL-1β and TNFα, which infl uence 
a number of behavioural changes and associated changes to microglia and neuronal 
function [ 22 ,  27 ]. The cell type responsible for the  de novo  transcription of cyto-
kines remains unknown, although immunohistochemical analysis suggest that 
endothelial cells are the predominant cells in young, healthy rodent brains that pro-
duce IL-1β protein [ 28 ]. The behavioural and neuroinfl ammatory changes are not 
solely dependent on IL-1β and TNFα; IL-10 defi cient mice show an increased and 
prolonged behavioural and neuroinfl ammatory response to systemic LPS adminis-
tration, suggesting that regulation depends on a balance between pro- and anti- 
infl ammatory mediators [ 29 ]. Furthermore, abrogation of peripheral cytokines 
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(IL-1β, IL-6 and TNFα) either separately or simultaneously with blocking antibod-
ies has been shown to only partially attenuate behavioural changes and do not affect 
central cytokine production in response to LPS [ 22 ,  30 ]. This suggests that although 
they are not mutually exclusive; LPS can directly activate brain endothelial cells or 
induce other factors that promote  de novo  cytokine synthesis in the brain. These 
factors include the enzymes COX-1 and COX-2 that catalyse prostaglandin produc-
tion [ 31 ,  32 ] and  indoleamine 2,3-dioxygenase (IDO)  , an enzyme that degrades 
tryptophan and can be induced by INFγ and TNFα. Both enzymes are expressed in 
microglia and endothelial cells and pharmacological inhibition has been shown to 
abrogate depressive like behaviour in acute and chronic infl ammation [ 33 ,  34 ]. 
Astrocytes may also contribute to immune to brain communication, either by pro-
ducing pro-infl ammatory mediators or by modulating the BBB, but these pathways 
and underlying  mechanisms are beyond the scope of this chapter.  

8.2.2     Immune to Brain Communication Following Real Live  
Infections   

  Whilst LPS is a useful tool for measuring the acute responses to an immune stimu-
lus, it does not accurately model a real infection. Infl ammatory reactions during 
infections usually have different kinetics and may engage a variety of pathogen 
recognition receptors and promote an adaptive immune response to control second-
ary infection. Currently, the number of publications on live infections and immune 
to brain communication is relatively small, when compared to microbial mimetics, 
but includes mycobacterium bovis strain  Bacillus Calmette-Guerin (BCG)  , 
 Escherichia coli (E. coli) ,  Campylobacter jejuni ,  Bordetella pertussis ,  Salmonella 
typhimurium , and infl uenza. BCG is a mycobacterium that is used as a vaccine 
against tuberculosis and stimulates an innate (macrophage) and adaptive (CD4 T 
cell) immune response, increasing circulating and local levels of TNFα and IFNγ 
[ 35 ]. Intraperitoneal injection of BCG causes an acute (<48 h) reduction in body 
weight, open fi eld locomotor activity, and an elevation in core body temperature 
that last for 5 days [ 36 ]. Longer lasting effects include depressive behaviour that 
was observed up to 21 days after infection. The behavioural changes are associated 
with central TNFα and IFNγ production by microglia and endothelial cells [ 33 ,  37 ]. 
 E. coli  leads to acute levels of LPS in the circulation of adult rats, as well as signifi -
cantly increased serum IL-1β, IL-6, and TNFα and central IL-1β levels beginning at 
6-h post infection [ 38 ].  E coli  infection leads to impaired memory function in 20 
month-old, but not young rats, which may be mediated by the increased levels of 
IL-1β in the hippocampus and reduced levels of  brain derived neurotrophic factor 
(BDNF) expression   [ 39 ]. Studies with infl uenza have shown pronounced weight 
loss and accompanied anorexia, decreased sweetened milk intake and impaired 
reversal in the Morris water maze that measures long-term memory recall [ 30 ,  40 ]. 
These behavioural changes are accompanied by a two- to threefold increase in 
expression of IL-1β, IL-6 and TNFα in the hippocampus, measured 7 days after 
infection, and a decrease in expression of neurotrophins and immune regulatory 
molecules such as BDNF and CD200 [ 40 ]. Neutralization of IL-1β, IL-6 and TNFα 
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only partially attenuated the effects of infl uenza on weight loss and sweetened milk 
intake, suggesting that this virus elicits immune to brain communication through an 
increased production of interferons and/or via the neuronal vagal route. It should be 
noted that reduction in body weight was severe (30 %), and the dose may be too 
high to translate to humans. Our own studies using a low dose of an attenuated 
strain of   Salmonella typhimurium    (SL3261) leads to a distinct neuroinfl ammatory 
and behavioural response compared to repeated injection of LPS [ 41 ]. Intraperitoneal 
infection with this intracellular bacterial strain results in robust macrophage and 
CD4 T cell activation in lymphatic tissue and circulating cytokines that peak 7 days 
post infection. These changes are associated with body weight loss (5–10 %), but 
sickness behaviours are only observed within 24 h after infection. In contrast to the 
systemic immune response, the brain responds with a delayed and prolonged cyto-
kine production, which lasts up to 3 weeks, and coincides with increased CD4 T cell 
infi ltration, and reduced activity in novel object recognition test, implying a decline 
in memory function (Hart et al., unpublished). Phenotype changes observed in 
microglia and endothelial cells include expression of MHCII and ICAM-1, suggest-
ing a role of the BBB in these observations. These changes are observed up to 2 
months post-infection, and are not observed following repeated LPS injection, 
clearly showing that a real life infection stimulates a more complex, but more physi-
ological relevant  immune to brain communication response.   

8.3     Immune to Brain Communication in Ageing and Disease 

  Sickness behaviour   and  transient microglial activation   are benefi cial for individuals 
with a normal, healthy CNS, but in the ageing or diseased brain the response to periph-
eral infection can be detrimental and increases the rate of cognitive decline. Aged 
rodents exhibit exaggerated sickness and prolonged neuroinfl ammation in response to 
systemic infection, measured by increased levels of the proinfl ammatory cytokine 
IL-1β and microglia with increased levels of CD11b, CD68, MHCII, F4/80 [ 42 – 44 ]. 
Older people who contract a bacterial or viral infection or experience trauma postop-
eratively, also show exaggerated neuroinfl ammatory responses and are prone to 
develop delirium, a condition which results in a severe short term cognitive decline and 
a long term decline in brain function [ 45 – 47 ]. One explanation for these observations 
is that the innate immune cells of the CNS, the microglia are primed by their microen-
vironment due to neuronal changes and/or presence of misfolded proteins, and have a 
lower threshold for activation to secondary stimuli, including systemic infection. 
Priming is a well described response in macrophages  in vitro , where an initial treatment 
of interferons or growth factors (e.g. IFNγ, GM-CSF, G-CSF) exacerbates their 
response to LPS [ 48 ].  Godbout’s research group   was the fi rst to demonstrate the pres-
ence of primed microglia in aged rodents and showed twofold greater induction and 
prolonged expression of IL-1β and IL-6 mRNA in the brain after intraperitoneal injec-
tion of LPS in 20–24 month-old mice vs. 3–6 months adults. These molecular and 
cellular changes were accompanied with increased immobility in the forced swim test 
measured 72 h post infection and increased levels of indoleamine 2,3-dioxygenase 
(IDO), suggesting increased level of depression. Microglia are at least partly 
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responsible for these effects as isolation of microglia from young and aged mice 
showed increased transcripts of IL-1β, iNOS and IDO [ 49 – 51 ], although other cell 
types, such as astrocytes and endothelial cells cannot be excluded. Peripheral surgical 
wounding in mice also activates microglia and increases the levels of TNFα and IL-6 
in the hippocampus of both 9 and 18 month-old mice, but age potentiates these effects. 
In this study a critical role for peripheral macrophages and their production of TNFα 
was thought to drive cognitive impairment following aseptic trauma [ 52 ]. To unravel 
the underlying mechanisms, L’Episcopo et al., treated young and aged mice with 
HCT1026, a NO-donating derivative of fl urbiprofen followed by a single sublethal 
dose of LPS. HCT1026 effi ciently reversed the age-dependent increase of microglial 
activation in response to LPS to levels measured in younger mice and prevented the 
progressive loss of dopaminergic neurons in aged mice [ 53 ], suggesting that microglial 
priming occurs in multiple brain regions. Further experimental evidence for primed 
microglia, comes from studies using mice with ongoing neurodegeneration, which pro-
duce higher and prolonged levels of cytokines (IL-1β, TNFα) after local or peripheral 
LPS treatment resulting in nonreversible neuronal dysfunction and death [ 28 ]. Systemic 
administration of LPS also affects amyloid beta and tau pathology; two well described 
neuropathological hallmarks of AD. Repeated dosing of LPS can cause the accumula-
tion of Aβ in both wild type and transgenic APP mice due to increased beta secretase 
activity [ 54 ,  55 ], and treating mice transgenic for human Tau (i.e. P301L, Tg4510) with 
LPS can result in the increased phosphorylation and accumulation of Tau in neurons 
[ 56 ]. Interestingly, a recently identifi ed genetic risk factor for AD, CD33, was increased 
only in aged mice, which was correlated with increased Aβ beta load, cognitive impair-
ment and ameliorated by treatment with ibuprofen, suggesting that systemic infl amma-
tion can modulate neuroinfl ammation and aggregation of misfolded proteins [ 57 ,  58 ]. 
Collectively these studies demonstrate that peripheral infl ammation can increase the 
accumulation of two neuropathological hallmarks of AD, further strengthening the 
hypothesis that infl ammation in involved in the underlying pathology. 

8.3.1     Immune to Brain Communication Following Real Life 
Infections in Age and Disease 

 Despite epidemiological and clinical evidence for systemic  infections   as a driving 
force of neuronal dysfunction, mechanistic studies using real live microbial infec-
tion in experimental models of normal aging are still limited, and in particular 
chronic infection models. The studies that have been published to date show that old 
rats (24 month-old), experience prolonged loss of weight and core body temperature 
in response to live  E. coli , associated with memory defi cits [ 39 ]. A follow up study 
showed increased levels of proinfl ammatory cytokines in the liver and spleen, mea-
sured 4 days post infection, which was attenuated by depletion of hepatic and 
splenic macrophages, but the neuroinfl ammatory and memory defi cits were not 
affected, suggesting that peripheral macrophages and release of pro-infl ammatory 
cytokines do not play a role in the long-lasting adaptations in the hippocampus [ 59 ]. 
Others have reported that treatment of aged rats with dexamethasone treatment 
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provides neuroprotection against  E. coli -associated neurobehavioural and immuno-
logical changes via anti-infl ammatory and immunomodulatory effects [ 60 ]. Studies 
using live  E. coli  in normal aged mice have not yet been reported, but infection with 
an attenuated strain of Mycobacterium bovis, Bacillus Calmette-Guérin (BCG), 
shows prolonged sickness and depressive like behaviours in 20 month-old mice 
which can be detected up to 3 weeks post infection [ 61 ], but detailed analysis of 
microglia phenotype and function or immune modulation was not included in this 
study. Our own studies using a low dose (10 5  cfu) of  S. typhimurium , showed exag-
gerated and prolonged loss of weight, open fi eld activity and static rod balance, and 
exaggerated IL-1β production in the hypothalamus, but not hippocampus, in the 
absence of robust phenotype changes when compared to non-infected aged mice 
(Hart et al., unpublished). Interestingly, infection of APP/PS1 with the life respira-
tory pathogen Bordetella pertussis caused increased numbers of Aβ plaques and 
activation of microglia [ 62 ], but one of the less expected results was a robust infi ltra-
tion of CD4+ and CD8+ effector T cells [ 62 ]. Interestingly, recurrent infection of 
three common mouse models for AD, PD, and ALS (i.e., Tg2576, (Thy1)-[A30P] 
alpha SYN and Tg (SOD1-G93A)) with the most frequent respiratory pathogen, 
Streptococcus pneumonia, did not alter the course of neurodegeneration or levels of 
misfolded proteins, despite increased central production of IL-6 [ 63 ]. 

 Studies from  our   own laboratory have shown that AD patients with mild cognitive 
impairment show a fi vefold increased rate of cognitive decline when contracting a 
systemic urinary tract or respiratory tract infection, especially when serum levels of 
TNFα are elevated at baseline [ 64 ]. These observations are not restricted to normal 
aging and AD. Clinical manifestation of PD symptoms are increased following recent 
infl uenza infection (last infection 0–29 days: OR 3.03, 95 % CI 1.94–4.74), the num-
ber of infl uenza episodes ≥3 attacks: OR 2.00, 95 % CI 1.45–2.75) and severity of the 
infection [ 65 ]. Apart from bacterial infection, chronic viral infections have also been 
linked to increased incidence of neurodegeneration, including cytomegalovirus 
(CMV). This virus is ubiquitously distributed in the human population, and along 
with other age-related diseases such as cardiovascular disease and cancer, has been 
associated with increased risk of developing vascular dementia and AD [ 66 ,  67 ]. 
The underlying mechanisms may include CMV induced immune changes, such as 
a reduction in naive T cells and/or increased number of T effector memory cells 
(CD4+/CD27−) and terminally differentiated memory T cells (CD27–CD45RA+), 
following chronic immune activation over a prolonged period [ 68 ].  

8.3.2     Is There a Role for the  Adaptive Immune System   
in Immune to Brain Communication? 

  Given the results of experimental models using real life infection, which, when 
given at physiological doses, show different outcomes when compared to selected 
innate immune stimuli, it is plausible that the adaptive immune system is involved 
in regulating how the immune system communicates with our brain. It is well 
known that adaptive immune responses progressively decline with age [ 69 ,  70 ]. 
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Increasing experimental data suggest that T cells may also contribute to the regulation 
of microglia and neurons. For example, nude and severe combined immune defi cient 
(SCID) mice that lack T cells, underperform in the Morris water maze, suggesting 
a reduced cognitive ability and adoptive transfer of splenocytes from wild-type 
donors resulted in improved learning behaviour [ 71 ,  72 ]. Similar results were 
obtained following the depletion of CD4+, but not CD8+ T cells [ 73 ], implying that 
CD4 T cells play a role in regulating neural function and/or plasticity. Modulation of 
T cells in experimental models of neurodegeneration further support these observa-
tions. Treatment with the immunosuppressive drug Tacrolimus (FK506), a molecule 
that inhibits the development and proliferation of T cells by neutralizing IL-2, sig-
nifi cantly increased the survival of dopaminergic neurons following AAV-mediated 
overexpression of α-synuclein. Remarkably, no change in α-synuclein aggregation 
was observed, but FK506 signifi cantly lowered the infi ltration of both CD4+ T 
helper and CD8+ cytotoxic T cells and reduced the number of CD11b + microglial 
cells in the affected brain area, without changing CD68 and MHCII expression [ 74 ]. 
Interestingly, genetic loss of tau results in a reduction in microglia number and acti-
vation, and administration of FK506 to young Tau transgenic mice (P301S) attenu-
ates tau pathology and increased lifespan, thereby linking neuroinfl ammation to 
early progression of tauopathies [ 75 ]. Similarly, acute treatment of APP transgenic 
mice (Tg2576) with FK506 improves memory function [ 76 ]. In accord, treatment of 
APP/PS1 mice with Copaxone (Glatiramer Acetate), a drug that breaks tolerance and 
promotes T cells development to brain antigens, results in decreased amyloid load 
associated with reduced cognitive decline and a microglial switch towards a neuro-
protective phenotype [ 77 ]. However, aged APP/PS1 mice treated with live Bordetella 
pertussis results in a signifi cant increase in effector CD4+ T cell infi ltration that 
correlates with increase amyloid load [ 62 ]. These observations imply that the timing 
of activation and type of CD4+ T cell, may determine if the adaptive immune 
response is  neuroprotective or not.  

8.3.3     A Role for Regulatory T Cells? 

 With the aim of further understanding neuroinfl ammation in an experimental model 
of PD, Laurie et al., immunized mice with glatiramer and observed neuroprotection 
following  1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)   intoxication [ 78 ]. 
Adoptive transfer of lymphoid cells from glatiramer-immunized mice led to 
CD4+CD25+ T cell accumulation, increased IL-10, TGFβ and decreased TNFα, 
iNOS production in microglia, upregulation of glial cell derived neurotrophic factor, 
and signifi cant rescue of Nissl+TH+ neurons in the SN [ 79 ]. Other studies have 
shown similar effects after immunization using Complete Freund’s Adjuvant and, 
surprisingly, after infection with BCG [ 80 ]; the cell type responsible for the neuro-
protective effect were identifi ed as CD4+CD25+FoxP3+ T cells [ 81 ]. In addition, 
GM-CSF treatment reduces microgliosis, mediated by IL-27 production and promo-
tion of natural Treg development, whilst increasing apoptosis of effector memory 
T cells, similar as reported for Rapamycin [ 82 ]. In the same  MPTP model  , adoptive 
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transfer of natural regulatory T cells (Treg) specifi c for α-synuclein, are 
neuroprotective, while N-α-syn-specifi c helper T cells (Th1 and Th17) exacerbated 
neuronal degeneration [ 83 ]. Collectively these studies led to the conclusion that 
brain-specifi c Treg cell responses can home to damaged areas in the CNS and ame-
liorate neurodegenerative disease, but it should be noted that most studies used adult 
healthy mice treated with the neurotoxin MPTP. The use of aged mice has not yet 
been reported in the literature, but other models of neurodegeneration have. Synuclein 
vaccination of rats at early stages of PD (i.e., prior to neuronal dysfunction) induces 
a neuroprotective infi ltration of CD4+/FoxP3+ Treg cell into the SN with sustained 
microglial activation, characterised by MHCII expression [ 84 ]. Neuroprotection was 
achieved by deleting α-synuclein specifi c effector T cells during thymic develop-
ment in the mice; therefore, vaccination most likely induced a regulatory or tolerant 
immune response toward α-synuclein that conveys protection by preventing or stopping 
a detrimental immune response. To further confi rm a protective effect of the adaptive 
immune system, Treg depletion in APP/PS1 mice, results in enhanced effector 
CD4+ T cell responses in AD compared with wild-type animals [ 85 ].  

8.3.4     Evidence of Adaptive Immunity in Humans 

 The experiments using immunization and/or real infections imply that systemic infec-
tion can be both neuroprotective and exaggerate neuronal dysfunction, so how can we 
explain these opposing results? The answer may lie in timing of the infection and 
ability to regulate of the immune response, which is determined by both genetics and 
environmental risk factors. For example, healthy ageing is associated with a compro-
mised adaptive immune response, but increased number and function of naturally 
occurring Treg cells [ 86 ]. In contrast, patients with symptomatic neurodegeneration 
lack this protection and instead have an ‘exhausted’ immune  system  . Evidence for this 
comes from immune phenotype studies: PD patients with more severe stages of dis-
ease (i.e. unifi ed Parkinson’s disease rating scale [UPDRS-III] of >30) have an 
increased circulating CD45RO+ and FAS+CD4+ T cells and decreased α4β7+ and 
CD31+ CD4+ T cells, indicative of increased effector/memory T cells likely due to 
chronic immune activation in disease progression. Furthermore, these cells do not 
suppress CD4 and CD8 cells  in vitro —and do not proliferate after a CD3/CD28 
stimulation [ 87 ,  88 ]. Similarly, immunophenotyping AD patients revealed a lower 
proportion of naïve T cells, more late-differentiated cells and higher percentages of 
activated CD4+CD25+ T cells without a Treg phenotype, implying that the neuro-
protective effect of nTreg cells is lacking in older people with a neurodegenerative 
disease [ 89 ,  90 ]. These changes to CD4+ cells maybe the result of persistent anti-
genic challenge, perhaps induced by chronic immune activation and microbial 
infections. CD4+CD25(high) potentially Treg cells with a naive phenotype are also 
reduced in AD patients. 

 In conclusion, infl ammation is increasingly linked to the pathogenesis of age- 
related neurodegenerative diseases. In this chapter we have described how systemic 
infection may drive neuroinfl ammation and innate immune activation in the brain, 
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especially during ageing. The underlying mechanism are complex but experimental 
and clinical studies suggest that dysregulation of both our innate and adaptive 
immune system are responsible for the exaggerated responses observed following 
systemic infection. Figure  8.1  summarises the potential  immune signalling   scenar-
ios in the young, aged and diseased brain. A recent clinical trial using etanercept, a 
selective TNFα inhibitor shows promising effect in delaying cognitive decline [ 91 ], 

  Fig. 8.1    Schematic diagrams illustrating potential immune-to-brain signalling scenarios in (1) the 
normal young adult brain, (2) the normal aged adult brain, (3) the pathological disease adult brain 
and (4) the pathological disease adult/aged brain and systemic infection       
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but further work is needed to test if immune modulation of the adaptive immune 
system to boost the function of regulatory T cells is benefi cial for those at risk of 
developing a devastating neurodegenerative disease.

   Systemic infl ammation results in  increased   levels of cytokines and PGE2 in the 
adult young brain, and transient de novo infl ammatory mediators production by cere-
bral endothelial cells, perivascular macrophages and microglia. These events lead to 
sickness behaviours, such as anhedonia, but not neuronal damage. Systemic infl am-
mation results in exaggerated cytokine production in the aged brain, due to the pres-
ence of primed microglia, but the infi ltration of brain-specifi c Treg cells can regulate 
neuroinfl ammation and neuronal damage. In the older diseased brain, systemic 
infl ammation results in exaggerated cytokine production by primed microglia, trig-
gered by brain specifi c T effector cells which contributes to neuronal damage, and 
thus cognitive decline; these events are exaggerated following systemic infl amma-
tion. This imbalance in adaptive immune regulation maybe the result of life long 
exposure to environmental stimulation causing exhaustion of the aged immune 
system and promotion of low grade infl ammation. These adaptation may be one 
explanation for why systemic infections contribute to the onset and progression of age-
related neurodegenerative diseases.      
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  9      Frailty and Ageing                     

     Thomas     A.     Jackson     ,     Daisy     Wilson     , and     Carolyn     A.     Greig    

    Abstract 
   Frailty is a common condition affecting older adults, but is not an inevitable part 
of the ageing process. Frailty is a method of describing the observed heterogene-
ity in function, disability and health among older people. Importantly what frailty 
identifi cation allows is the prediction of risk of adverse events such as mortality 
or disability. Frailty is defi ned as a syndrome with multiple causes and contribu-
tors that is characterised by diminished strength, endurance and reduced 
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physiological function that increases an individual’s vulnerability for developing 
increased dependency and/or death. Frailty is important clinically as older peo-
ple with frailty present to healthcare services atypically with frailty syndromes 
such as falls and delirium. Frail older adults may benefi t from assessment by 
specialist geriatricians and a wider multi-disciplinary team. 

 Frailty is associated with changes to the immune system, importantly the pres-
ence of a pro-infl ammatory environment and changes to both the innate and adap-
tive immune system. Some of these changes have been demonstrated to be present 
before the clinical features of frailty are apparent suggesting the presence of poten-
tially modifi able mechanistic pathways. To date, exercise programme interventions 
have shown promise in the reversal of frailty and related physical characteristics, 
but there is no current evidence for successful pharmacological intervention in 
frailty. Multicomponent interventions such as those based on Comprehensive 
Geriatric Assessment have also demonstrated some reversal of frailty. 

 There are numerous knowledge gaps within the literature. A clearer under-
standing of the fundamental science underpinning frailty is vital to allow for the 
development of successful interventions  

  Keywords 
   Frailty   •   Sarcopenia   •   Immunity   •   Aged   •   Comprehensive geriatric assessment   • 
  IL-6   •   IL-10   •   Muscle   •   Immunesenescence   •   Infl ammageing  

9.1       Introduction, Definitions and Operationalisation 

 The Oxford English dictionary  defi nes   frailty as ‘the condition of being weak and 
delicate’. In the clinical setting, a number of key terms including ‘decreased 
reserve’, ‘increased vulnerability’ and ‘declines across multiple physiological sys-
tems’ are embedded within a number of published defi nitions [ 1 – 3 ]. 

 More recently, the  Frailty Consensus Conference   highlighted the need to specify 
physical frailty as a medical syndrome and proposed it be defi ned as “a medical syn-
drome with multiple causes and contributors that is characterized by diminished 
strength, endurance, and reduced physiologic function that increases an individual’s 
vulnerability for developing increased dependency and/or death” [ 4 ]. Frailty is associ-
ated with increased risk of morbidity and mortality [ 5 ]. By defi ning frailty, the observed 
heterogeneity in function, ability and health status of older adults can be described. 

 There is no current consensus on a single  operational  defi nition with respect to 
assessing frailty status. The most commonly reported methods are based either on 
a frailty ‘phenotype’, i.e., problems within two or more domains of physical func-
tion [ 5 ] or on a frailty ‘index’ based upon a proportion of accumulated defi cits [ 3 ]. 
Both have been widely tested for validity but not for reliability and neither instru-
ment is regarded as a ‘gold standard’ [ 6 ]. The  Fried frailty phenotype   is based on 
fi ve components: shrinking (unintentional weight loss), weakness (low grip 
strength), poor endurance and energy (self-report exhaustion), slowness (slow 
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walking speed) and low physical activity. Individuals meeting ≥3 of these fi ve 
operational criteria are characterized as frail; those who meet one or two criteria 
are pre-frail, i.e., they are at risk of progressing to a frail state while those who do 
not meet any of the operational criteria are classifi ed as non-frail [ 5 ]. The  Frailty 
Index   is based on the accumulation of up to 70 variables or ‘defi cits’. Health defi -
cits can be symptoms, diagnosed diseases, laboratory abnormalities, or disability. 
Defi cits must become more prevalent with age, not saturate too early and cover a 
range of health systems. Subsequently the more defi cits a person accumulates, the 
more likely that person is to be frail [ 3 ]. 

 It is suggested that these assessment instruments should not be considered as 
alternatives, but rather as complementary as they serve different purposes. Thus the 
frailty phenotype may have utility in identifying older adults at risk of disability 
whereas the Frailty Index acts as an objective marker of defi cit accumulation and/ 
or assessment of the effi cacy of an intervention [ 7 ]. Equally, in terms of measuring 
outcomes, the frailty phenotype is a categorical classifi cation (not frail, pre-frail, or 
frail) whereas the frailty index gives a continuous measured classifi cation between 
zero and one (Fig.  9.1 , Table  9.1 ).

  Fig. 9.1    Cycle of frailty as hypothesised in the original frailty phenotype paper. This demon-
strates the inter-relationship between disease and symptoms of frailty, which in turn worsen dis-
ease, thus creating a cycle of accumulating defi cits. Age related changes to the immune system 
would impact on the degree of affect disease has on this cycle. Reproduced with permission from: 
Linda P. Fried et al. J Gerontol A Biol Sci Med Sci 2001;56:M146–M157       
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9.1.1        Prevalence 

 Although physical frailty is not exclusively a phenomenon of old age, its prevalence 
increases with advancing age and is most  prevalent   in persons over 85 years [ 8 ]. 
A recent systematic review which included 21 community-based studies of 61,500 
participants aged 65 years or older reported a global prevalence of frailty assessed 
using a defi nition (mostly the Fried Frailty phenotype) of 4.0–59.1 % (weighted 
mean 9.9 % in those studies utilising a physical frailty defi nition and mean 7.9 % 
using the Fried Frailty phenotype). The weighted mean was higher (13.6 %) in 
studies which employed a broader phenotypic defi nition. The prevalence of frailty 
in those over 85 years of age was 26.1 % (the assumption is that this value would 
be higher in older adults in institutionalised care). Women were almost twice as 
likely as men to be frail (9.6 % versus 5.2 %; [ 8 ]). The reported gender difference 
confi rms a previous report (8 % versus 5 %; [ 5 ]) and may be due to a longer life 
expectancy in women and/ or more years of terminal dependency compared with 
men [ 8 ]. A more recent European-wide study, the Survey of Health, Aging and 
Retirement in Europe (SHARE) which included more than 85,000 individuals aged 
over 65 years reported an average prevalence of 17 % (range 5.8–27.3 %), [ 9 ]. 
According to another review, the mean prevalence of frailty in Latin America and 
Caribbean older people is even higher, 22–35 % in men and 30–48 % in women [ 1 , 
 10 ]. In Japan, the prevalence of frailty in a community-dwelling older people was 
24.3 % for men and 32.4 % for women, and increased for age  > 80 years to 45.3 % 
for men and 50 % for women [ 11 ].   

9.2     Clinical Utility of Identifying Frailty 

 The  clinical utility   of identifying frailty is related to the fact that frailty is strongly 
associated with increased health care service use [ 12 ]. Initially a concept in the 
geriatric literature, frailty has now been explored in both the community and 

   Table 9.1    The main differences between the frailty phenotype model and the defi cit accumula-
tion model   

 Frailty phenotype model  Defi cit accumulation model (frailty index) 
 Signs, symptoms  Diseases, activities of daily living, results of a 

clinical evaluation 
 Possible before a clinical assessment  Only possible after a comprehensive clinical 

assessment 
 Categorical variable  Continuous variable 
 Pre-defi ned set of criteria  Unspecifi ed set of criteria 
 Possible to defi ne a ‘pre-frailty’ syndrome  Frailty as an accumulation of defi cits 
 Meaningful results potentially restricted to 
non-disabled older persons 

 Meaningful results in every individual, 
independently of functional status or age 

  Adapted from: Cesari M et al. The frailty phenotype and the frailty index: different instruments for 
different purposes. Age Ageing. 2014;43(1):10–12  
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hospital settings. Frailty has been recognised as a risk factor for adverse events in 
both community populations [ 13 ] and older people admitted to hospital [ 14 ]. 
Specialist hospital services such as surgery [ 15 ], hip fractures [ 16 ] and oncology 
[ 17 ] have now begun to recognise frailty as an important predictor of mortality and 
morbidity. In high risk healthcare settings such as care homes, there are very high 
levels of frailty [ 18 ]. As the population ages and healthcare systems begin to adjust 
to a different demand, then frailty can be used as an important construct to guide 
changes in healthcare resources [ 19 ]. 

 The clinical signifi cance of frailty lies in the consequences of acute illness on a 
frail person. Older people with frailty are common users of emergency departments 
because frailty may predispose them to acute illness due to reduced physiological 
reserve [ 20 ]. Acute illness in a frail adult often presents atypically (differently than 
in younger adults) and this has given rise to the frailty syndromes of delirium, falls, 
immobility and susceptibility to drug side effects [ 21 ]. Heightened awareness and 
identifi cation of frailty in clinical practice can then allow implementation of geriat-
ric medicine focussed management as well as specifi c interventions which will be 
discussed later. In practice, acute illness in a frail person results in a disproportion-
ate change in a frail person’s functional ability when faced with a relatively minor 
physiological stressor, associated with a prolonged recovery time or early tipping 
point [ 22 ]. This is illustrated in Fig.  9.2  [ 23 ].

   The identifi cation of frailty as part of routine medical practice has been advo-
cated with the development of a number of screening tools to allow clinicians to 

  Fig. 9.2    Vulnerability of frail older people to a sudden change in functional ability after a minor 
illness. The  upper line  represents a fi t older individual who, after a minor stressor event such as an 
infection, has a small deterioration in function and then returns to full function. The  lower line  
represents a frail older individual who, after a similar stressor event, undergoes a larger deteriora-
tion, which may manifest as functional dependency, and who fails to return to previous function 
over a longer recovery period. The  horizontal dashed line  represents the threshold between inde-
pendence and dependence. Reprinted from The Lancet, Vol.381, Clegg, A; Young, J; Iliffe, S; 
Rikkert, Mo; Rockwood, K. Frailty in Elderly People, 752–767, Copyright (2013), with permis-
sion from Elsevier       
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rapidly assess frailty [ 24 ]. The best described of these is the PRISMA-7 question-
naire, a short self-reported questionnaire, which is recommended as the most appro-
priate screening tool by the British Geriatrics Society [ 25 ]. This allows rapid 
identifi cation of frailty and has reasonable diagnostic test accuracy with a sensitiv-
ity of 83 % and a specifi city of 83 % when compared to a comprehensive geriatric 
assessment identifying frailty by the Fried phenotype [ 26 ].    A simple functional test, 
such as a timed walk or timed get up and go test has also been suggested as a good 
screening tool for frailty [ 26 ]. 

 Clinical operationalisation of the defi cit accumulation model of frailty has been 
seen with the Rockwood Clinical Frailty Scale [ 3 ], as well as a frailty indices based 
on routine laboratory tests [ 27 ], biomarkers of ageing [ 28 ] and routinely collected 
primary healthcare data [ 29 ]. All these scales accurately predict the risk of adverse 
events such as mortality or new institutionalisation. 

  Comprehensive Geriatric Assessment (CGA)   is a multidisciplinary, multidi-
mensional assessment, led by geriatricians [ 30 ]. CGA is designed as both a diag-
nostic tool and a tool to develop treatment plans. The key objective of CGA is to 
diagnose specifi c geriatric conditions. CGA involves the detailed assessment of 
the patient by a geriatrician, physiotherapist, occupational therapist, social 
worker and others professionals. This includes physical examination, medical 
history, and functional assessments of the patient as well as assessment of their 
home environment and psychosocial support. The information from these assess-
ments form the management plan which involves specifi c treatment goals that 
are patient and carer focused. The primary aims of CGA are to improve both 
physical and psychological health, reduce or shorten hospital stay, reduce insti-
tutionalisation and improve quality of life [ 31 ]. A meta-analysis of CGA in hos-
pitals in 2011 identifi ed 22 randomised trials with a total of 10,315 older patients 
included. This reported that older patients receiving CGA in hospital increased 
the chance of being alive or in their own home at six months by 25 % (OR 1.25 
95 % CI 1.11–1.42; P < 0.001) [ 32 ]. 

 CGA also improves outcomes in other settings such as stroke medicine [ 33 ], hip 
fracture management [ 34 ], surgical care [ 35 ], care homes [ 36 ] and oncology [ 37 ]. 
However, to date there is no direct evidence that CGA prevents or improves frailty, 
only the consequences of frailty. Research investigating the improvement of frailty 
with CGA is challenging due to various methodological issues [ 38 ].  

9.3     Frailty and Immunesenescence 

 The role played by the immune system in frailty is believed to be fundamental in 
the development and maintenance of a frailty state, but it remains mostly unchar-
acterised. The role of senescence and infl ammageing has been discussed in detail 
earlier in Chap.   1     and in this chapter we shall focus on fi ndings directly related 
to frailty. 
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9.3.1     Models 

 There has been little fundamental mechanistic research investigating the immune 
system in frailty in its truest sense. Therefore, it is necessary to consider models of 
frailty and draw conclusions where possible. Some of the models of frailty that have 
been utilised in research are discussed below. 

 Population based studies have demonstrated that the incidence of infection and 
subsequent mortality is higher in populations of frail people. Nursing homes repre-
sent a population where frailty can be assumed without direct measurement. The 
prevalence of pneumonia in a nursing home population is 30 times higher than the 
general population [ 39 ,  40 ]. Population based studies have identifi ed that frailty is 
associated with infl ammageing and immunesenescence [ 41 – 44 ]. As HIV could lead 
to the same characteristics of immunesenescence in older individuals, the identifi ca-
tion of a subpopulation of HIV patients with frailty has led to comparison cohort 
studies between HIV patients with frailty and those without [ 45 ]. These studies 
focus upon the adaptive immune system and T cells in particular. Conversely, cen-
tenarians have been employed as a model of successful ageing [ 46 ,  47 ]. 

  Sarcopenia      has been suggested as a human model of physical frailty. Sarcopenia 
as defi ned by EWGSOP is a syndrome characterised by progressive and generalised 
loss of skeletal muscle mass and strength with the risk of adverse outcomes such as 
physical disability, poor quality of life and death [ 48 ]. It is a more tangible concept 
than frailty and is easier to utilise in a research setting. Severe sarcopenia as defi ned 
by EWGSOP is considered pre-frailty as defi ned by the frailty phenotype. This sug-
gests it could be either the physical component or a precursor to frailty. The preva-
lence of sarcopenia in frailty is unknown and this represents an important knowledge 
gap. However, the most common frailty phenotype parameters are slow gait speed 
and weakness which are also sarcopenia defi ning criteria [ 49 ]. 

  Murine models   have been developed to investigate sarcopenia and frailty using 
either cell signalling pathway knock out models or accelerated ageing models. Cell 
signalling pathway knock out models display changes in muscle fi bre size, growth 
and the proportions of type 1 and 2 muscle fi bres. In addition to these changes accel-
erated ageing models also display additional features of ageing such as osteoporosis 
and alopecia [ 50 ]. One murine model, the IL-10 knock out mouse, has been reported 
as a specifi c murine model of frailty [ 51 ] and a valid murine frailty index has been 
developed to improve murine frailty research [ 52 ]. These models offer an excellent 
and unique opportunity to study frailty in vivo but lack the sophistication and sub-
tleties of frailty in humans.  

9.3.2     Inflammageing 

  The concept of  infl ammageing  , a state of discrete chronic infl ammation, has been 
discussed in depth in Chap.   1    . In brief, it is characterised by an age related immune 
imbalance with increased pro-infl ammatory cytokines such as IL-6, CRP, TNFα and 
decreased IL-10, an anti-infl ammatory cytokine. 
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 A positive association has been demonstrated between IL-6 and CRP with frailty 
on multiple occasions in different frail populations [ 41 – 43 ,  53 ]. High levels of IL-6 
predict disability and mortality, which are signifi cant outcomes in frailty, in older 
community dwelling adults [ 54 – 56 ]. PBMCs from frail older adults produce greater 
amounts of IL-6 on stimulation compared to non-frail counterparts [ 57 ]. 

 Infl ammatory and immunological biomarkers of frailty have been used in a vari-
ety of settings to predict poor outcomes [ 28 ,  58 ] The  Biomarker Frailty Index   incor-
porates markers of infl ammation and immunesenescence as well as haematological 
and genetic markers. This model is associated with mortality and at low levels of 
frailty is better than the frailty index at predicting mortality [ 28 ]. 

 Investigation of the individual components of sarcopenia and frailty has demon-
strated an association with infl ammageing and infl ammageing predating a loss of 
physical function. Cross-sectional studies have demonstrated both an association of 
high levels of IL-6 and TNFα with low muscle mass and strength [ 59 ] and low lev-
els of CRP with high grip strength [ 60 ]. Longitudinal studies have shown that higher 
levels of IL-6 predict reduction in fat free mass, a hallmark of sarcopenia [ 61 ]. 
Higher levels of IL-6 and CRP at baseline equate to a two- to threefold greater risk 
of losing more than 40 % of grip strength over a 3-year follow up [ 62 ]. TNFα mRNA 
and protein levels are higher in frail older adults. It was also demonstrated that this 
could be reversed with an exercise program, which correlated with an increase in 
muscle strength [ 63 ]. 

 The frailty murine model, IL-10 knock out mouse, has increased levels of IL-6 at 
50 weeks and phenotypically displays increased muscle weakness and decreased 
activity levels in comparison to the wild type [ 51 ]. In murine models the exogenous 
administration of TNFα results in anorexia and weight loss in the mouse [ 64 ,  65 ]. 

 In centenarians IL-6 −174 GG genotype, associated with higher plasma levels of 
IL-6, is under represented and IL-10 −1082 CC, associated with higher plasma lev-
els of IL-10, are over-represented [ 46 ]. 

 The limited data available demonstrates that frailty is associated with a state of 
chronic infl ammation. There is also evidence that infl ammageing predates a diagno-
sis of frailty suggesting a causative role .  

9.3.3     Innate Immunity and Frailty 

 A small number of studies have demonstrated a dysregulation of the  innate immune 
system   in frailty. Frail adults have raised white cell and neutrophil count. This 
remains signifi cantly elevated even after adjustment for common confounders [ 66 –
 68 ]. Raised neutrophils are also associated with low levels of physical activity and 
frailty [ 69 ]. High white cell count can predict frailty at a ten year follow up [ 70 ]. An 
association has been demonstrated between frailty and the upregulation of mono-
cytic expression of CXCL 10 gene which codes for a potent pro-infl ammatory che-
mokine [ 71 ].  
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9.3.4     Adaptive Immunity and Frailty 

 A small number of studies have described the dysregulation of the  adaptive immune 
system   in frailty, but the results have been confl icting 

 A prospective review of response to vaccination showed a reduction in adaptive 
immune function in frail individuals [ 72 ]. However, the study did not attempt to inves-
tigate the individual roles of T and B cells in poor response to vaccination. Initial work 
into frailty in HIV patients demonstrated higher levels of frailty in HIV positive patients 
compared to non-HIV infected age matched controls [ 73 ] and subsequently that CD4+ 
T cell count can predict the development of frailty in HIV positive men independent of 
HAART and plasma viral load [ 45 ]. Research into T cell subset expression in frailty 
has revealed confl icting results, particularly in the investigation of CD4:CD8 ratio 
which has both been positively [ 68 ,  74 ] and inversely associated with frailty [ 75 ,  76 ]. 
The association of CMV with frailty is also unclear. Frailty has been associated with 
higher titres of CMV IgG [ 77 ,  78 ] and also higher levels of CD8+CD28− T cells [ 74 , 
 76 ]. CD8+CD28− T cells are highly associated with seropositivity to persistent infec-
tions such as CMV. However, the extremely high prevalence of CMV in all older adults 
make these data diffi cult to interpret. Only one study has investigated the B cells of a 
frail population and showed that with increasing age the diversity of the B cell popula-
tion decreases and this correlates with poor health [ 79 ]. 

 To date there is limited research describing a direct relationship between frailty, 
and immunesenescence or infl ammageing. However, initial results have demonstrated 
an association of frailty with a state of chronic infl ammation and dysregulation of both 
the innate and adaptive immune system. It has also established that immunesenes-
cence and infl ammageing predate a diagnosis of frailty suggesting a causative role.   

9.4     Interventions for Frailty 

 Given the general impact of frailty on the individual and society, it is clear that 
interventions, both preventive and therapeutic, are required. Interventional studies 
where a change in frailty status is the primary outcome are limited. Due to the lack 
of research with these clear outcomes, it is necessary to consider interventional 
studies using measurements of an element of frailty such as muscle strength, or 
walking speed as a primary outcome. The interventions are often specifi cally exer-
cise and nutrition based, or pharmacological. However some trials use multifacto-
rial interventions and the use of the Comprehensive Geriatric Assessment. 

9.4.1     Exercise and Nutritional Based Interventions 

 When  considering  exercise and nutritional   based interventions in frailty there is 
confl icting evidence within the available literature. To some extent this may be due 
to the variability in outcomes and inclusion criteria. Clinical studies have both ana-
lysed the independent and combined effect of exercise programmes and nutrition on 
frailty and the components of frailty. 
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 A recent meta-analysis and four individual systematic reviews have found benefi -
cial evidence of exercise programmes on selected physical and functional ability 
[ 80 – 83 ]. Improvements have been demonstrated in gait speed [ 80 ,  84 ], balance [ 80 ], 
performance in activities of daily living (ADL) [ 80 ,  85 ] and the Short Physical 
Performance Battery (SPPB) [ 84 ]. However, there was substantial variability in the 
method of frailty assessment in these studies, with the meta-analysis including only 
participants classifi ed as frail according to a recognised frailty defi nition (eight 
RCTs, 1068 participants classifi ed as frail according to Fried Frailty Index, Speechley 
and Tinetti criteria and Edmonton Frail Scale) [ 80 ]. A recent systematic review 
reported that exercise programmes appeared to be more effective in studies which 
did not assess frailty using an operational defi nition. The authors suggested that the 
participants in these studies may have been more responsive to exercise due to better 
baseline health or actually being non-frail [ 81 ]. This suggests that exercise may be 
less effective once clinical frailty is evident. A further review found that although 
fi ve out of six exercise intervention studies reported benefi t in at least one perfor-
mance measure in ‘frail‘ individuals [ 83 ], the one study reporting no benefi t was the 
only one assessing frailty using an operational defi nition [ 85 ]. This adds evidence 
that exercise interventions may have no positive effect in operationally defi ned frail 
individuals. Another recent review of 19 RCTs that included recruited participants 
defi ned as, or considered as, frail reported variable benefi ts of an exercise pro-
gramme; evidence of benefi t was shown for gait speed and short physical perfor-
mance battery but no consistent effect on ADL or balance was demonstrated [ 84 ]. 

 Epidemiological studies have shown associations between protein intake and 
frailty: The InCHIANTI study reported that the risk of frailty (Fried frailty criteria) 
was twice as high in those in the lowest quintile of protein intake compared with 
those with higher intakes [ 86 ]. These data were supported by a later study of 24,417 
participants (frailty-free at baseline) in the Women’s Health Initiative Observational 
Study which showed that a higher baseline protein intake at baseline was associated 
with a reduction of frailty risk after 3 years of follow up [ 87 ]. A more recent cross- 
sectional study of 194 community dwelling adults older than 75 years reported an 
association between frailty (Fried frailty criteria) and distribution of daily protein 
intake [ 88 ]. Frailer individuals did not eat less protein compared with non-frail 
counterparts (median daily intake 1.07 g kg −1 ) but they had a more uneven distribu-
tion of protein. There are very few studies solely using nutrition as an intervention: 
one study of 87 older adults classifi ed as frail according to the Fried frailty criteria 
and taking a commercial supplement containing additional calories, protein, and 
essential amino acids twice daily for 12 weeks, showed improvements in selected 
functional outcomes compared with controls: improved physical function and timed 
get up and go, a stable SPPB score compared with a decrease SPPB score in the 
control group and attenuated reduction in gait speed when compared with the con-
trol group [ 89 ]. However, no benefi t in muscle strength or function from a protein-
energy supplement was reported in an earlier trial that did not use a standardised 
assessment of frailty [ 90 ]. In a further trial participants identifi ed as frail on the 
basis of physical inactivity and weight loss showed no signifi cant effects on fi tness 
or disability measures [ 91 ]. The same study included an exercise-only group and 
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showed benefi t in functional performance. One of the major methodological 
challenges in nutritional supplementation studies with frail adults is attempting to 
control for baseline nutritional status, weight and body composition, as well as 
accounting for adherence to supplementations in the real world. This may explain 
the lack of major effects to date. 

 Other studies have combined nutrition with physical activity and exercise train-
ing [ 92 ]. A recent RCT in 62 institutionalised older adults classifi ed as frail using 
the Fried frailty criteria reported that protein supplementation combined with resis-
tance exercise training increased muscle mass compared with a training-only group 
[ 93 ]. In the Singapore Frailty Intervention Trial, 246 frail older adults were ran-
domised into fi ve groups: 48 received just physical training and 49 received just 
nutritional supplementation for 6 months. The other three groups received cognitive 
training, a combined intervention and usual care respectively. At both 6 and 12 
month follow-up a signifi cant reduction in frailty scores compared with control was 
shown for both interventions when delivered individually as well as in combination 
with cognitive training [ 92 ]. A pilot RCT study of 117 pre-frail and frail Taiwanese 
older adults reports that those randomised to a 3-month combination of nutritional 
consultation and exercise training showed a short-term benefi cial effect on frailty 
status at 3 months, but not at 6 or 12 months compared with those receiving the 
interventions individually [ 94 ]. The nutritional component in this study however 
was educational in nature rather than a direct intervention using dietary modifi ca-
tion or supplementation. Results from the LIFE-P trial comparing a physical activ-
ity intervention with a successful lifestyle (educational) intervention in 424 
community dwelling older adults showed a signifi cant difference in frailty (Fried 
criteria) prevalence after 12 months in the physical activity group [ 95 ]. 

 Read together these reports highlight a major unmet need for trials that examine 
exercise interventions, and nutritional supplements to specifi cally improve physical 
function in frail older adults. With the recent recommendation to increase protein 
intake in older age [ 96 ], the relative lack of nutrition and exercise intervention study 
data to improve frailty status is surprising.   

9.4.2      Pharmacological Interventions   

 To date there is no  clear evidence that pharmacological interventions improve or 
ameliorate frailty. 

 ACE inhibitors, targeting the renin-angiotensin-aldostrerone axis have been shown 
to have no effect on incident frailty in a cohort of older women (aged 65–79 years at 
baseline) followed up for 3 years [ 97 ]. However, a single randomised control trial of 
perindopril used over 20 weeks showed an improvement in 6 min walking distances 
in 130 older adults (mean age 79 years) with pre-existing mobility problems [ 98 ]. 

  Vitamin D   is a potential candidate for pharmacological management of frailty 
given its effects on skeletal muscle, osteoporosis, and falls prevention. However, 
studies to date have demonstrated confl icting results. Higher serum 
25- hydroxyvitamin D levels are associated with a lower prevalence of frailty in 
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older men and women in observational studies [ 99 ,  100 ]. Vitamin D supplementation 
has been shown to improve functional performance in older fallers with low serum 
25-hydroxyvitamin D [ 101 ], but a recent real world RCT of high dose vitamin D 
supplementation in older fallers with both reduced and normal serum 25-hydroxyvi-
tamin D demonstrated no improvement in lower limb function and a surprising 
increase in falls at 6 and 12 months [ 102 ]. 

  Testosterone supplementation   as a pharmacological intervention has shown con-
fl icting results. Older men with low plasma testosterone treated for 36 months with 
transdermal testosterone, showed a signifi cant improvement in lean muscle mass, 
but this did not translate to improvements in function [ 103 ]. Similar results were 
seen in older men with low testosterone and frailty given transdermal testosterone 
for 12–24 months [ 104 ]. However, improvements in hand grip strength and timed 
walking were found in older men treated with intramuscular testosterone therapy 
[ 105 ]. A recent large RCT of 790 older men with low serum testosterone given 
transdermal testosterone for 12 months showed no benefi t to walking distance or 
self-reported vitality [ 106 ]. The main concern with testosterone treatment is its 
potential for cardiovascular side effects. 

 Replacement of  dehydroepiandrosterone (DHEA)  , a steroid precursor of testos-
terone is a plausible treatment as levels of DHEA fall with advancing age and lower 
levels are associated with mortality and frailty [ 107 ]. A meta-analysis from 25 trials 
(n = 1353) of DHEA treatment in older men concluded that DHEA had a small effect 
on body composition but was not able to demonstrate an effect on  function   at a 
mean follow-up of 36 months. 

 Reduced IGF-1 is associated with frailty components [ 108 ], but to date treatment 
with growth hormone in the somatopause (the age related reduction in circulating 
growth hormone) leads to adverse events and only a minimal change to body com-
position and no improvement in function [ 109 ]. 

 Of interest, the TNF-α antagonist drugs and other biologicals that have been used to 
treat diseases such as rheumatoid arthritis show a positive effect on the systemic symp-
toms of these diseases such as weakness and fatigue [ 110 ,  111 ]. These could be consid-
ered components of frailty and as such merit further investigation in a frail population. 

 Clearly further high quality trials are needed to discover new treatments and a 
search of the National Library of Medicine clinical trials registration website in 
January 2016 identifi ed 15 ongoing interventional trials  with frailty as an outcome 
including important trials of multifactorial interventions [ 112 ].  

9.4.3     Multifactorial Investigations Based on  Comprehensive 
Geriatric Assessment (CGA)   

 A randomised trial of a multifactorial intervention based explicitly on  CGA   (medica-
tion adjustment, exercise, nutritional support, rehabilitation, social worker consulta-
tion and speciality referral) in 310 frail older men and measured using the Fried 
frailty criteria showed those who received CGA were less likely to deteriorate, but 
this was not signifi cant (OR = 1.19, 95 % confi dence interval = 0.48–3.04, p = 0.71). 
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The Frailty Intervention Trial (FIT) was established to provide a multidisciplinary, 
multifaceted intervention that specifi cally targeted individually identifi ed compo-
nents of the Fried frailty criteria (weight loss, weakness, exhaustion, slowness, and 
low activity) [ 113 ]. It comprised 241 older people identifi ed as frail (positive for 
three or more of the Fried criteria) and randomised to the intervention or usual 
healthcare. The intervention was delivered by a multidisciplinary team led by a geri-
atrician and was akin to CGA. At 12 months there was a lower prevalence of frailty 
in the intervention group and a reduction in the number of Fried criteria by an aver-
age of 0.80 (SD = 1.19) in the intervention group compared with 0.41 (SD = 1.02) in 
the control group [ 114 ]. Adherence to the interventions was the signifi cant limitation 
(median adherence to each interventions was only 50 %), refl ecting the diffi culties 
inherent to the implementation of multifactorial interventions in the real world.   

9.5     Conclusions 

 To conclude we have described frailty, a common condition important to both clini-
cians and fundamental scientists. There remains considerable uncertainty about the 
concept, defi nition, and operationalisation of frailty; in particular we have described 
the differences between the two core theories of frailty, the phenotype model, and 
the defi cit accumulation model. The identifi cation of frailty clinically can signpost 
older people towards healthcare interventions such as Comprehensive Geriatric 
Assessment. However, there is still a large research gap in terms of both targeted 
and multifactorial interventions to prevent, reverse or ameliorate frailty. The study 
of fundamental mechanisms in the development of frailty shows real promise. Early 
research has demonstrated immune dysfunction which predates the development of 
the clinical features of frailty. Thus, further description of these mechanisms and 
their relationship to frailty and sarcopenia, along with identifi cation of potential 
pathways amenable to intervention should be a research priority.     
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    Abstract 
   Regular participation in exercise and physical activity is associated with many 
health benefi ts including improvements in metabolic and cardiorespiratory func-
tion. However, as we get older the time and intensity at which we exercise is 
severely reduced. Physical inactivity now accounts for a considerable proportion 
of age-related disease and mortality. These diseases are associated with an increased 
systemic infl ammatory milieu and immunesenescence. Regular exercise and 
physical activity has been suggested to exert anti-infl ammatory and anti- 
immunesenescence effects, potentially delaying the health declines with ageing. 
No immune cells are impervious to the effects of ageing and exercise appears to 
modify many immunological functions. Regular exercise has been shown to 
improve neutrophil microbicidal functions which reduce the risk of infectious dis-
ease. Exercise participation is also associated with increased immune cell telomere 
length, and may be related to improved vaccine responses. The anti- infl ammatory 
effect of regular exercise and negative energy balance is evident by reduced infl am-
matory immune cell signatures and lower infl ammatory cytokine concentrations. 
In this chapter we will discuss the role of physical activity and energy balance in 
modifying the immune system. Specifi cally we discuss what role each plays on 
limiting the incidence of immunesenescence in older adults.  

  Keywords 
   Innate immunity   •   Adaptive immunity   •   Immunesenescence   •   Infl ammation   • 
  Exercise   •   Physical activity   •   Metabolism  
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10.1       Introduction 

 Poor lifestyle choices associated with advancing age are characterized by physical 
inactivity and increased fat mass. It is estimated that physical inactivity is associated 
with around 9 % of premature deaths worldwide (5.3 million) from non- 
communicable diseases [ 1 ]. The burden of chronic disease associated with physical 
inactivity ranges from 6 % for coronary heart disease to 10 % for breast and colon 
cancer [ 1 ]. The aetiology of many of these diseases is associated with immunese-
nescence and infl ammation [ 2 ]. This chapter will discuss studies which have 
assessed the effects of physical activity, structured exercise and energy balance on 
immune function and infl ammation in the aged, and what still needs to be done to 
better understand the benefi ts of exercise for immunity. In light of the majority of 
research on exercise immunology being conducted in younger individuals or animal 
models, these will be referred to in the absence of data pertaining to older humans. 

 Maintaining regular habitual physical activity levels throughout life is associated 
with a number of health benefi ts including, reduced risk of cardiovascular disease 
(CVD), diabetes and stroke; as well as reduced physical disability and mortality [ 3 ]. 
However, after the age of 45 years there is a progressive and sharp decline in both 
time and intensity of physical activity which is attributed to a lack of time, motiva-
tion and knowledge of the health benefi ts [ 4 ]. Reduced physical activity is associated 
with a positive energy balance leading to increased adiposity and subsequently sys-
temic infl ammation [ 5 ]. The link between immunesenescence and infl ammation is 
clear with the two having major negative effects on health [ 6 ]. In the following sec-
tions we will describe the effects of different measures of exercise on immune func-
tion and the role exercise has in modifying immunesenescence and infl ammation.  

10.2     Innate Immune Response to Exercise and Physical 
Activity 

10.2.1     Neutrophils 

   As described in Chap.   1    , ageing is characterized by reduced  neutrophil   phagocytic 
capacity, chemotaxis, ROS production and extracellular trap formation. However, 
despite the well characterized dysfunctions with age, less is known about the effects 
of exercise on  neutrophil   function in the aged human. 

 Elevated neutrophil counts accompany increased infl ammation with age and the 
increased ratio of neutrophils to lymphocytes is associated with many age-related dis-
eases including cancer [ 7 ]. Compared to more active individuals, less active and over-
weight individuals have higher circulating neutrophil counts [ 8 ]. Six weeks of cycling 
exercise, 1–6 times per week at around 80–90 % of aerobic capacity (VO 2max ) was 
associated with reduced neutrophil counts in women over 50 years old [ 8 ]. Furthermore, 
long-term exercise training of around 80 minutes per day, 5 days per week in those over 
70 years resulted in lower neutrophil counts than age-matched non-exercising indi-
viduals [ 9 ]. Although these studies suggest an intervention and years of exercise train-
ing can reduce neutrophil numbers the data are not consistent [ 10 ,  11 ]. 
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 More likely is that neutrophil numbers, with no obvious disease state, are 
homeostatically maintained in relation to body mass. In overweight individuals, aer-
obic exercise training can reduce neutrophil numbers, which is associated with glu-
cose homeostasis and body fat content [ 8 ,  12 ]. These data suggest that neutrophils 
are susceptible to infl ammatory perturbations associated with the metabolic conse-
quences of a positive energy balance and that exercise training can impact neutro-
phils by improving energy balance and glucose homeostasis [ 13 ]. Indeed, poor 
neutrophil function is associated with increased fasting glucose levels [ 14 ]. Thus, 
neutrophil numbers might be reduced in those with underlying infl ammatory or met-
abolic disparities and may explain differences in healthy older individuals [ 11 ,  15 ]. 

 Although neutrophil numbers are associated with poor disease prognosis, their 
function is critical to their response. Neutrophil function is a diffi cult mechanism to 
assess in large scale studies due to their short half-life and inherent activation capacity. 
This is further augmented by the acute effects of exercise, which promotes a transient 
increase in cell numbers following acute exercise and the delay before returning to 
basal levels. Thus exercise studies are complicated by when and how to assess neutro-
phil function and to-date it remains unclear the ideal time that should be used. 

 Subsequently, few studies have assessed neutrophil function in response to exer-
cise or physical activity. When compared to age-matched individuals completing 
5000 steps/day, physical activity of over 10,000 steps/day was associated with bet-
ter neutrophil chemotaxis towards the infl ammatory chemokine IL-8 [ 11 ]. No dif-
ferences were observed for phagocytic capacity or reactive oxygen species (ROS) 
production towards ingested  E. coli , which is in contrast to other reports [ 10 ,  16 ]. In 
these studies, increased physical activity in older individuals was associated with 
better phagocytic capacity than age matched physically inactive elders [ 10 ,  16 ]. In 
younger individuals, neutrophil chemotaxis, mitochondrial function and phagocyto-
sis have all been improved either by an acute exercise bout or months of aerobic 
training [ 17 ,  18 ]. However, ROS production has been shown to be impaired during 
periods of excessive exercise training [ 19 ]. 

 In older people with disease, the role of exercise on neutrophil function is even 
more complicated. Interpretation of results is diffi cult because it is unclear their 
pathogenic role. For example, in respiratory diseases such as COPD neutrophil func-
tion may be elevated or reduced and still contribute to disease pathology [ 20 ]. Twelve 
weeks of moderate-intensity walking was recently shown to reduce basal levels of 
ROS production and increase CD62L expression, suggesting an improved infl amma-
tory and immune-surveillance phenotype in older individuals [ 21 ]. However, aquatic 
exercise for 8-months was associated with no improvements in phagocytic or che-
motactic properties of neutrophils in women with fi bromyalgia [ 22 ]. 

 The release of extracellular DNA by neutrophils (NETs) as a mechanism of 
infection and tissue damage control has received signifi cant attention recently. 
Although cell free DNA is associated with a number of infl ammatory and disease 
conditions, NET production is reduced in healthy elders [ 23 ]. As NET production 
is associated with ROS activity and ROS activity is also reduced this would seem 
causally linked. However, elevated and uncontrolled NET production is associated 
with contributing to cell free DNA and thus disease such as atherosclerosis [ 24 ]. 
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An interesting study by Beiter and colleagues suggested that NET release was 
increased following acute exercise [ 25 ]. They suggest that this response in a ster-
ile, non- infl ammatory state promotes immune homeostasis and protection from 
chronic infl ammation through cross-talk with other immune cells such as dendritic 
and T-cells [ 25 ]. 

 Taken together, exercise and physical activity has the potential to modify neutro-
phil cell composition and function in older adults. More work is required to fully 
understand the effects of exercise on neutrophil functions such as chemotaxis and 
microbicidal activity in seniors and whether there is relationship with overall 
improved health outcomes. Furthermore, little is known about the intensity, duration 
and type of exercise which can provide benefi ts to neutrophil function. Considering 
neutrophil function is severely impaired with age and is associated with the patho-
genesis of many age-associated diseases it is perplexing that so little is known.    

10.2.2     Monocytes, Macrophages and Dendritic Cells 

   Monocytes   make up a relatively small proportion of circulating leukocytes (2–12 %) 
but due to their diverse role in immune function and infl ammation have received 
more interest in the exercise literature than neutrophils. With age, there is a ten-
dency for monocytes to adopt a pro-infl ammatory phenotype as characterized by 
increased expression of CD16 and synthesis of TNFα, IL-6 and IL-1β in the basal 
state [ 26 ,  27 ]. However, they and their differentiated forms, macrophages and den-
dritic cells, are less functional as characterized by reduced TLR stimulation, cyto-
kine production and antigen presentation upon stimulation [ 28 ,  29 ]. Together, 
dysfunctional monocytes are associated with the pathogenesis of infl ammatory dis-
eases such as CVD and peripheral artery disease [ 30 ]. Exercise may serve as a tool 
to reduce the infl ammatory nature of monocytes and macrophages [ 31 ]. 

 In response to acute short bouts of exercise such as running and cycling, periph-
eral monocyte numbers are increased. The pro-infl ammatory CD16 +  population 
accounts for the largest percentage change and is likely indicative of a surveillance 
mechanism [ 32 ]. Although following acute exercise the numbers and percentages of 
subtype’s return to basal levels there is a marked reduction in CD16 +  monocytes 
after exercise training interventions [ 32 ,  33 ]. It is unclear whether the repeated exer-
cise sessions of training is removing CD16 +  monocytes from the circulation or 
whether the differentiation to a CD16 +  monocyte is perturbed in relation to changes 
in infl ammation, metabolism and endocrine mediators. Timmerman and colleagues 
showed that older active individuals had lower percentages of CD16 +  monocytes 
than inactive age and sex matched individuals [ 33 ]. Following 12-weeks of aerobic 
exercise at 70–80 % of heart rate reserve combined with resistance exercise the inac-
tive individuals reduced the total percentage of CD16 +  monocytes [ 33 ]. Recently, 
resistance training with no weight loss was suffi cient to reduce the CD16 +  popula-
tion [ 34 ]. Thus, both aerobic and resistance training have been shown to infl uence 
CD16 +  monocyte numbers, highlighting these cells as potential exercise-mediated 
infl ammatory biomarkers of disease risk. 
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 In addition to reduced CD16 expression, 12-weeks of combined aerobic and 
resistance training was suffi cient to reduce basal and LPS stimulated TNFα produc-
tion [ 33 ]. Although TLR-4 expression was unaffected by training and the infl amma-
tory response likely due to the reduced percentage of CD16 +  cells, others have 
shown lowered TLR-4 and TLR-2 expression with training in the elderly [ 31 ,  35 , 
 36 ]. Following prolonged acute exercise TLR expression is reduced for several 
hours. Mechanisms behind the exercise induced reduction in TLR expression are 
unknown however it has been suggested that anti-infl ammatory cytokines and/or 
glucocorticoid production may have an impact [ 37 ]. Additionally, 12-weeks of a 
combined resistance and aerobic exercise intervention resulted in an increase in 
expression of the co-stimulatory molecule CD80 [ 38 ]. Reduced expression of CD80 
on monocytes has been shown to relate to poor vaccine responses in the old due to 
reduced activation potential of T-cells and antigen presentation capabilities [ 39 ]. 
Phagocytosis of pathogens is reduced with ageing however the effects of exercise 
have received little attention. To date the only study to assess phagocytosis was in 
middle aged men and showed no changes following 12 weeks of training [ 40 ]. 

 Migration of peripheral blood monocytes and their subsequent differentiation to 
macrophages in adipose tissue is critical to the development of sustained infl amma-
tion during obesity. Whether exercise can moderate this process and reduce infl am-
mation is unknown. Although it is unclear if exercise or the negative energy balance 
associated with exercise reduces adipocyte mass, the production of chemokines 
(MIP1α and MCP-1) responsible for macrophage infi ltration is reduced with exer-
cise [ 41 ]. Vascular adhesion molecules such as ICAM-1 are increased with ageing 
and chronic disease but have been shown to be reduced by 6 months of aerobic 
exercise [ 42 ]. Therefore it is plausible that exercise reduces the migratory capacity 
of monocytes into adipose tissue [ 43 ]. Macrophages with the infl ammatory pheno-
type (M1) are preferentially associated with increased adipose tissue [ 44 ]. The 
effects of exercise on macrophage phenotype in humans remains to be determined, 
however in mice it has been recently suggested that exercise induces a phenotypic 
switch of M1 to anti-infl ammatory/regulatory  M2 macrophages in the adipose tis-
sue as well as reducing M1 infi ltration [ 43 ]. 

   Few studies have assessed the relationship of exercise and  dendritic cell (DC) 
function     . Similar to monocytes, DCs with age exhibit an increased pro- infl ammatory 
phenotype and reduced antigen presenting capacity [ 28 ,  45 ]. Recently, a single bout 
of acute exercise was suffi cient to increase numbers of monocyte derived DCs with-
out compromising function [ 46 ]. Therefore, in those with compromised DC function 
it is plausible that exercise can facilitate generation of more DCs and at least main-
tain DC function. In individuals with non-small cell lung cancer, 8-weeks of tai chi 
classes was suffi cient to increase numbers of myeloid DCs in the blood, potentially 
providing enhanced immunity against cancer [ 47 ]. Both myeloid and plasmacytoid 
DC’s are mobilized by acute exercise with myeloid DC’s increasing to a greater 
extent [ 48 ]. Given the importance of DC function in relation to health and disease 
risk, more research is needed to determine the role of exercise on DC function. 

 Taken together, it is clear that exercise and physical activity have an impact on 
monocytes, macrophages and dendritic cells. Although obtaining tissue resident 
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macrophages and DCs is a laborious, expensive and highly invasive task in relation 
to exercise, the generation of these cells from exercise modifi ed blood monocytes 
will provide greatly needed insight to the functions of   such critical immunologic 
and infl ammatory mediators.  

10.2.3     NK Cells 

    Natural Killer (NK) cells      are of signifi cant interest in relation to ageing, health and 
exercise, whereby their functions are severely impaired by age but with exercise and 
physical activity functions are often improved [ 49 ]. NK cells are predominantly 
associated with recognition and elimination of transformed malignant cells. 
However, their role has expanded to include modulation of adaptive immune 
responses, anti-microbial activity and resolution of infl ammation [ 50 ]. Therefore, 
reduced NK cell function may play a pivotal role in the development of malignancy 
and increased viral infections seen in the old. 

 The majority of NK cell and exercise research has been conducted in younger 
individuals, with few studies assessing age or disease in relation to exercise. Increased 
NK cell cytotoxicity (NKCC) against the tumor cell line K562 was evident in response 
to 6 months of moderate intensity (50–65 % VO 2max ) aerobic training in old individu-
als [ 15 ]. However, no differences for NKCC were observed for 12 months of moder-
ate-intensity (40–75 % VO 2max ) aerobic training in post- menopausal women [ 51 ]. No 
differences in NKCC or NK cell numbers were evident following 12 weeks of walk-
ing exercises in older sedentary women, although a highly active age-matched group 
had better NKCC than the sedentary women [ 52 ]. No differences were observed 
between physically active and inactive men, although total numbers of NK cells were 
higher in active men [ 10 ,  53 ]. These results are unexpected given the relationship with 
increased physical fi tness and cancer survivorship [ 54 ]. NK cells are highly respon-
sive and mobile cells, rapidly mobilized during periods of homeostatic imbalance. 
Therefore, it is plausible that NK-cell function is not being assessed to its fullest 
potential. For example, baseline NK cell function may not give the full picture and 
instead an acute bout of exercise may be required to assess global NK cell function. 

 NK-cells consist of multiple sub-types which appear to mirror that of the T-cell arm, 
with distinct cytotoxic and regulatory properties [ 55 ]. NK cells are highly responsive to 
acute exercise, being mobilized from the marginal to the peripheral compartments rap-
idly [ 56 ]. Bigley and colleagues have recently improved the potential for assessing NK 
cell function using acute bouts of exercise to mobilize NK-cells, giving a more compre-
hensive picture of functional capacity [ 57 ,  58 ]. Acute exercise is associated with a redis-
tribution of NK cells with altered phenotypes and results in increased NKCC towards a 
number of HLA-defi cient tumor cell lines [ 58 ]. A recent study by Pedersen and col-
leagues showed that 30 days of wheel running in mice was associated with an exercise 
dependent mobilization of NK cells which reduced tumor burden in 5 cancer models 
[ 59 ]. Unfortunately neither of these studies was conducted in older humans or animals. 
Until these studies are conducted in old animals or humans it remains unclear whether 
exercise and physical activity can override the effects of NK cell dysfunction in the old.     
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10.3     Adaptive Immune Function Responses to Exercise 
and Physical Activity 

10.3.1     T Cells 

   The T-cell compartment  with   ageing is associated with signifi cant changes; espe-
cially in respect to the composition of subsets. In the older adult, the T-cell compart-
ment is characterized by an altered CD4:CD8 ratio which is dominated by increased 
proportions of late-stage differentiated CD8+ T-cells (CD28 − , CD57 + , KLRG1 + , 
CD27 − ) [ 60 ]. These cells are often specifi c to epitopes of latent viral infections such 
as cytomegalovirus (CMV) and Epstein Barr Virus (EBV). Subsequently, produc-
tion of IL-2 is lower and their proliferative capacity is reduced, while increases are 
observed for pro-infl ammatory cytokines [ 61 ]. Together, this characterization is 
termed the “Immune Risk Profi le” (IRP) and is associated with increased risk of 
mortality in the older adult [ 62 ]. 

 A considerable number of studies have assessed the effects of acute and chronic 
exercise on measures of T-cell immunesenescence including T cell subsets, phenotype, 
proliferation, cytokine production, chemotaxis, and co-stimulatory capacity. At least 
one comprehensive review is published each year [ 63 – 67 ]. We will attempt to condense 
this large body of research, focusing primarily on exercise studies specifi cally in the old. 

  T-cells   are mobilized into the peripheral blood compartment by an acute bout of 
exercise in both young and older individuals [ 53 ,  68 ]. This mobilization is charac-
terized by a preferential increase in late-stage differentiated T-cells [ 68 ,  69 ]. 
Following exercise the balance and numbers of cells are restored over the space of 
1–24 h. Where these cells come from, where they go and what the impact this has 
on T-cell homeostasis or immune function remains unknown. However it has been 
proposed that dysfunctional cells are selectively eliminated allowing for improved 
T-cell function [ 70 ]. To confi rm this, exercise training in the old should elicit 
improved T-cell function and altered subset phenotypes when compared to non- 
exercise or sedentary elders. 

 A recent cross-sectional analysis of over 100 men, aged 18–61 years suggested 
that increased exercise capacity, as measured by VO 2max , was associated with 
reduced late-stage differentiated T-cells [ 71 ]. While fi ndings did not withstand sta-
tistical adjustment for VO 2max  they offer an interesting insight into T-cell repertoire 
response to physical activity with age. In support of this, 6 months of aerobic exer-
cise in older sedentary men and women resulted in increased proliferative capacity 
and a reduced memory phenotype of T-cells [ 15 ]. Furthermore, 12 weeks of aerobic 
and resistance training increased the numbers of CD28 expressing CD8 +  cells, sug-
gesting an enhanced immune capacity [ 38 ]. Although responses to vaccinations 
appear improved following aerobic exercise training, it is unclear whether this is 
improved T-cell function, DC function or both [ 72 ,  73 ]. Unfortunately these fi nd-
ings are not consistent in the majority of studies. Aerobic and/or resistance training 
ranging from 12 weeks to 12 months have shown no changes in proliferative capac-
ity [ 51 ,  52 ,  74 ], naïve to memory phenotype [ 15 ], T-cell markers of immunesenes-
cence [ 75 ], CD4:CD8 ratios, regulatory T-cell numbers or γδT-cell numbers [ 65 ]. 
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  Cell telomere length   is at present a widely accepted measure of biological and 
immunological ageing in humans. Telomeres are the repetitive DNA nucleotide 
caps present on the ends of each chromosome, protecting the chromosome from 
fusion with other chromosomes. During each cellular division, erosion of the DNA 
cap protecting the end of chromosomes results in shorter telomeres and over time 
will result in reduce telomere length with age. Cross-sectional studies have high-
lighted that compared to inactive older individuals, physically active older individu-
als have longer telomere lengths [ 76 ,  77 ]. Increased telomere lengths in young 
individuals peripheral blood mononuclear cells (PBMCs) following acute exercise 
have also been reported [ 68 ]. Recently, Silva and colleagues suggested that older 
exercisers had increased T-cell telomere lengths when compared to age and BMI 
matched controls [ 77 ]. Interestingly, these longer telomere lengths were found to be 
associated with CD8 +  T-cells lacking expression of CD28, suggesting exercise as a 
means to attenuate the effects of immune cell ageing. In support of this, telomere 
lengths are also longer in less frail older individuals suggesting that regular activity 
and   exercise training has a signifi cant impact of cellular health [ 78 ,  79 ].   

10.4     Exercise and Chronic Low-Grade Inflammation 

   A common characteristic of ageing is an increased  chronic low-grade systemic 
infl ammation      which contributes to a number of diseases including diabetes, cardio-
vascular disease, Alzheimer’s and cancer [ 80 ,  81 ]. Termed ‘infl ammageing’ it is 
characterized by increased concentrations of pro-infl ammatory cytokines and 
reduced concentrations of anti-infl ammatory cytokines [ 81 ]. Although the cause of 
infl ammation is multifactorial, immunesenescence and obesity are thought to con-
tribute signifi cantly [ 82 ]. Both ageing and a positive energy balance are associated 
with metabolic and physiological changes leading to increased adiposity. The result 
is an increased production of cytokines leading to catabolic effects in muscle and 
deprives tissue of nutrients through altering insulin signaling leading to chronic 
damage [ 83 ]. Couple this with a dysfunctional immune system prone to producing 
increased infl ammatory cytokines and the effects on health are potentially great [ 6 , 
 78 ,  84 ]. Moreover, the anti-infl ammatory effect of exercise is associated with a 
reduced risk of chronic metabolic and cardiorespiratory diseases [ 66 ]. Three possi-
ble mechanisms have been suggested: the reduction in visceral fat mass, synthesis 
and secretion of anti-infl ammatory cytokines from skeletal muscle and modifi cation 
of immunesenescence (discussed previously) [ 31 ,  66 ,  85 ]. 

 This anti-infl ammatory effect of exercise may be mediated by the release of the 
typically pro-infl ammatory cytokine IL-6 from working muscle [ 86 ]. IL-6 is a 
pleiotropic cytokine that signals differently depending on its origins and target cells 
[ 85 ]. Subsequently, during exercise there is a transient increase in muscle derived 
IL-6 which promotes the synthesis of anti-infl ammatory cytokines such as IL-10 
and IL-1 receptor agonist (RA) from immune cells [ 87 ]. Immune cell infi ltration 
into adipose tissue is also reduced by exercise. Subsequently, reduced adipocyte 
infi ltration by neutrophils, macrophages and perhaps T-cells has been shown with 
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exercise [ 13 ,  43 ]. Furthermore, exercise promotes increases in the adrenal hormones 
cortisol and adrenaline which have anti-infl ammatory effects on immune cell pro-
duction of TNFα and IL-1β [ 88 – 90 ]. 

 Cross-sectional studies are often used to determine associations with physical 
activity and systemic infl ammation. It remains unclear whether exercise alone 
reduces fat mass, however with exercise there is a shift in energy balance which is 
associated with reduced visceral fat mass [ 91 ]. Critically, the metabolism of adipo-
cytes is altered and they become sensitive to insulin and glucose metabolism which 
is associated with increased adiponectin, a metabolic hormone responsible for fatty 
acid metabolism [ 92 ]. Therefore, reduced infl ammatory cytokines such as CRP, IL-6 
and TNFα coincide with elevated concentrations of adiponectin in physically active 
older individuals [ 93 – 96 ]. Similarly, exercise interventions ranging from 12 weeks 
to 6 months of aerobic and/or resistance exercise in older individuals resulted in 
reduced markers of infl ammation and increased anti-infl ammatory markers [ 97 ,  98 ]. 

 Taken together exercise appears to promote an anti-infl ammatory response which 
is mediated by altered adipocyte function and improved energy metabolism leading to 
suppression of pro-infl ammatory cytokine production in immune cells. Although oth-
ers have shown no effects of exercise and physical activity on infl ammation [ 11 ,  99 , 
 100 ], these studies are atypical and the majority report exercise as anti-infl ammatory.    

10.5      Potential Mechanisms   

  To-date it remains unclear the mechanisms associated with exercise mediated 
immune enhancement, but it is likely to be multi-factorial. Exercise and energy bal-
ance have direct infl uences on a number of systems with immunomodulatory prop-
erties, including metabolism, infl ammation, endocrine, oxidative stress and muscle 
function [ 66 ]. Many of these systems are exclusively associated with adipose tissue 
and adipose infl uenced infl ammation. Even in the absence of weight changes with 
exercise training, fi tness and metabolism are often improved and go hand in hand 
with multi-organ functional improvements. Unlike model  in vitro  experimental 
designs, it is diffi cult to untangle these interactions in human research. 

 Simpson and colleagues have suggested that repeated bouts of acute exercise are 
suffi cient to mobilize cells from the marginal space into the peripheral blood whereby 
dysfunctional T-cells are selectively removed [ 65 ,  70 ]. Although others have sug-
gested that apoptosis is increased following exercise it remains unclear which cell 
sub-types are being ‘selectively’ removed [ 101 ,  102 ]. If exercise does selectively 
remove dysfunctional T-cells then reconstitution of T-cells with functional perhaps 
immature or naïve T-cells would imply an improved thymic function. Thymic atrophy 
is a hallmark of ageing and is associated with reduced naïve T-cell output [ 103 ]. 
Recently, administration of IL-7 therapy is associated with a temporary increase in 
thymic mass and production of naïve T-cells [ 103 ]. Interestingly exercise induces pro-
duction of IL-7 from the muscle and IL-7 has been observed to increase systemically 
following exercise, suggesting a possible feedback mechanism [ 104 ]. Measures of 
thymic function in response to exercise are limited with few studies assessing recent 
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thymic emigrants (RTE), which can be assessed by enumerating T cells bearing T-cell 
receptor excision circles (TREC). Recently it was shown that compared to age-
matched controls elite athletes had lower TREC levels [ 105 ]. This would imply a 
negative impact for older exercisers in response to naïve T-cell output. 

 The impact of exercise and physical activity on adaptive immune function in 
older adults appears less pronounced than effects on the innate arm. Neutrophils and 
monocytes are relatively short-lived cells and at any given time the peripheral blood 
contains unknown proportions of cells at the end of their lifespan than at the begin-
ning. It is plausible that exercise also selectively removes more innate cells at the 
end of their lifespan, improving the balance and function. Neutrophils at the end of 
their lifespan begin to express markers for homeostatic clearance including CXCR4 
and lose markers such as CD62L, and are more susceptible to apoptotic signaling 
[ 106 ]. Acute exercise mobilizes neutrophils into the blood which are more suscep-
tible to apoptosis [ 18 ]. Additionally, regular exercise training is associated with 
reduced apoptosis and increased expression of CD62L on neutrophils; suggesting 
that the balance of ‘old’ to ‘newer’ neutrophils has been changed [ 18 ,  21 ]. Further 
work needs to be conducted to determine if this is the case and understand the 
mechanisms. Neutrophils mature in the bone marrow; therefore it is likely that the 
effects of exercise may be infl uencing bone marrow biology. 

 Recently, gene and microRNA analysis has attempted to determine changes in 
immune cell functional mechanisms responding to acute exercise. Radom-Aizik and col-
leagues are leading the way with changes in response to exercise in multiple cell types 
[ 107 – 110 ]. These studies employ analysis of gene changes in response to acute exercise, 
and although interpretation is diffi cult due to the compositional changes in immune cells 
caused by acute exercise the results are fascinating. A short bout of acute exercise was 
suffi cient to alter gene expression profi les of monocytes that were characterized by anti-
infl ammatory and anti-atherogenic alterations. These included downregulation of  TNFα , 
 TLR4  and  CD36  genes and upregulation of  epiregulin  ( EREG ) and  CXCR4  genes [ 107 ]. 
These fi ndings were recently strengthened by Abbasi and colleagues who determined 
gene profi les following high intensity acute exercise [ 111 ]. Similarly, 986 NK-cell gene 
alterations were characterized by increased tumor cytotoxicity such as tumor-cell com-
munications, p53 signaling pathway, tumor cell adherens and focal adhesion genes [ 108 ]. 
Both neutrophils and PBMCs appear to have altered gene expression characterized by 
increased infl ammatory and growth and repair processes [ 109 ,  110 ]. The next step for 
these studies is to assess the effect of an exercise intervention and determine whether 
gene expression results in protein translation. Together, these studies suggest that although 
we may be unable to see phenotype and functional changes of immune cells, the potential 
is there for them to adapt to  exercise training.  

10.6     Considerations and Future  Perspectiv  es 

  As with all human studies, interpreting results with caution is required. The major-
ity of cited literature assesses immune responses in healthy individuals and thus 
their immune system may be working optimally in preventing infection and disease. 

D.B. Bartlett and K.M. Huffman



171

Therefore, although at times no effects for exercise are observed this should be 
expected. Subsequently, when exercise studies are applied to individuals with 
chronic diseases such as cancer or CVD the results are often positive [ 9 ,  112 ,  113 ]. 
Because these individuals are immunocompromised by their disease, exercise often 
promotes enhancements in function. 

 We have specifi cally avoided discussing the interactions of exercise and immune 
function in those infected with latent viral infections for the following reasons. 
Immunesenescence is associated with repeated antigenic exposure over time and an 
exhaustion of immune function [ 114 ]. Latent infections with herpes viruses such as 
CMV and EBV are known to promote clonal expansion of viral specifi c T-cells. These 
cells occupy a relatively large immune space compared to uninfected hosts and may 
contribute to a reduced capacity to deal with novel pathogens. Indeed, in the IRP the 
presence of CMV and EBV is associated with mortality in the elderly [ 115 ]. These viral 
infections are characterized by an altered phenotype of T-and NK-cells and acute bouts 
of exercise are known to mobilize cell phenotypes differently in infected versus unin-
fected [ 116 ]. However, the role of CMV and EBV in the pathogenesis of ageing is not 
clear and its relationship with infl ammation and physical function with age is question-
able [ 117 ,  118 ]. Thus, the suggested need to remove these viral specifi c cells via exer-
cise may not be the mechanism by which exercise improves measures of senescence. In 
fact removal of these cells may increase re- activation of CMV, EBV or their cousin 
herpes virus varicella-zoster, responsible for shingles in the elderly. Furthermore, CMV 
specifi c T-cells have reduced expression of the programmed death-1 receptor (PD-1) 
[ 119 ]. Malignant tumors often express the PD-1 ligand which inhibits T-cell tumor cyto-
toxicity; therefore removal of CMV specifi c T-cells may increase the risk of cancer. 

 As the immune system of the older adult is dominated by the actions of the 
myeloid compared to the lymphoid lineage, much more work is needed to deter-
mine the role of exercise in modifying viral specifi c T-cells. Clearly, there will be a 
number of such cells which are senescent and contribute to poor immunity; however 
this remains to be determined. 

 A major limitation of the role exercise and energy balance plays on immune 
function in the old is the lack of standardized testing protocols, participant popula-
tions and low participant numbers. A number of studies have compared interven-
tions of various exercise intensities, modes and durations on health measures such 
as glucose tolerance, cardiovascular function and physical function [ 99 ,  120 ]. With 
the recent development of the National Institute of Health common fund designed 
to understand the molecular transducers of exercise perhaps we will have a clearer 
understanding of how exercise can modify the immune system. 

 In summary, exercise training and regular physical activity likely promotes an 
anti-infl ammatory and anti-immunesenescence effect. A repeated acute bout of 
activity increases heart rate and works multiple muscle groups stimulating a mobi-
lization of immune cells into the peripheral blood. Where these cells go and what 
happens after exercise remains unknown, but this repetitive exercise over time can 
modify aspects of immunesenescence. Whether these effects are rejuvenating or 
delay the impact of infl ammation and senescence remains to be seen. What is clear 
is that physical activity and energy balance infl uence the immune and infl ammatory 
responses  reducing the risk of age-associated disease and infection.     
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