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 Introduction 

 Scientific and clinical advances in the last century 
have led to a worldwide increase in life expectancy. This, 
combined with falling birth rates in most countries, has 
led to a striking increase in both the relative and the ab-
solute numbers of persons over 65 years of age not only 
in economically developed countries but also in devel-
oping countries. This increase in life expectancy has led 
to a striking increase in the frequency of diseases associ-
ated with aging, including infections  [1, 2] , an increased 
incidence of cancer  [3, 4] , and an increase in neurode-
generative and cardiovascular diseases  [5, 6] . Many of 
these diseases are linked to age-associated deterioration 
of the immune system, a process termed immunosenes-
cence.

  Immunosenescence is defined as the state of age-as-
sociated dysregulation of the immune function demon-
strated in diverse species, including humans, that con-
tributes to morbidity and mortality due to the greater 
 incidence or reactivation of infectious diseases, as well
as possibly autoimmune phenomena and cancer  [2, 7–9] . 
The capacity of the immune system to cope with infec-
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 Abstract 
 Natural killer (NK) cells are a key component of innate im-
munity involved not only in the elimination of virus-infected 
or tumor cells but also in the regulation of the immune re-
sponse by producing cytokines and chemokines that can ac-
tivate other cellular components of innate and adaptive im-
munity. NK cell subsets are differentially affected by aging. 
Whereas CD56 bright  cells are decreased in healthy elderly in-
dividuals, the CD56 dim  subset is expanded. The expression of 
CD57, a marker of highly differentiated NK cells, is increased 
in the elderly; this supports the notion that a remodeling 
process of NK cell subsets occurs in aging with a gradual de-
crease in more immature CD56 bright  NK cells and an increase 
in highly differentiated CD56 dim  CD57+ NK cells. This NK cell 
redistribution can explain many of the phenotypic and func-
tional changes in NK cells associated with healthy aging such 
as decreased proliferation and the maintenance of CD16- 
dependent cytotoxicity.  Copyright © 2011 S. Karger AG, Basel 
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tious diseases is lower in the elderly than in the young, 
probably as a consequence of altered immune responses 
to pathogens  [10] , indicating that the ability to respond 
efficiently to pathogens is eroded by immunosenes-
cence.

  Although it has been generally accepted that some as-
pects of innate immunity are well preserved in aging  [11] , 
cumulative evidence in the last decade supports the no-
tion that immunosenescence affects not only adaptive 
immunity but also innate immunity. Thus age-associated 
alterations of cells of the innate immune system are in-
volved in the increased susceptibility of elderly individu-
als to infectious diseases. In particular, alterations in the 
number, phenotype, and functions of natural killer (NK) 
cells have been shown in the elderly  [8, 12] .

  NK Cell Subsets 

 NK cells are bone marrow-derived lymphocytes that 
participate in the early defense against intracellular 
pathogens and tumor cells. They are cytotoxic non-T 
lymphocytes that do not rearrange the genes encoding 
the T cell antigen receptor and characterized by the ex-
pression of CD56 and/or CD16  [13] . NK cells are part of 
innate immunity, acting within hours of infection in con-
trast to CD8 T cells that require several days to proliferate 
and differentiate to cytolytic effector T cells. Peripheral 
blood NK cells represent 10–15% of all lymphocytes. Al-
though NK cells have been considered for many years as 
being a simple, homogenous, and unspecific population 
in comparison with T or B cells of adaptive immunity, 
different subsets have been defined according to the ex-
pression of NK markers and their capacity to kill or pro-
duce cy tokines. Human NK cells are classically divided 
into 2 functional subsets based on their cell surface den-
sity of CD56, i.e. CD56 bright  immunoregulatory cells and 
 CD56 dim  cytotoxic cells. Both subsets have been charac-
terized extensively regarding their different functions, 
phenotype, and tissue localization. The CD56 bright  NK 
cell subset has a distinctive role in the innate immune re-
sponse as the primary source of NK cell-derived immu-
noregulatory cytokines  [14–16]  although CD56 dim  NK 
cells can produce higher levels of cytokines and chemo-
kines upon target cell recognition compared to CD56 bright  
cells, as emphasized by Fauriat et al.  [17] . CD56 dim  and 
CD56 bright  subsets also differ in the expression of chemo-
kine receptors that may contribute to cell trafficking  [14, 
18, 19] . In addition CD56 dim  NK cells can be subdivided 
into functionally heterogeneous subsets (‘educated’ or 

 ‘licensed’ vs. ‘unlashed’ or ‘unlicensed’ NK cells), based 
on the expression of other cell surface receptors, includ-
ing inhibitory and activating KIR and NKG2A, which 
can interact with self-HLA class I ligands. Licensing of 
NK cells by self-MHC class I has been proposed as a 
mechanism for NK cell tolerance to self. This process re-
sults in 2 types of tolerant NK cells: (a) licensed NK cells 
that are functionally competent and whose effector re-
sponses are inhibited by self-MHC class I molecules 
through the same receptors that conferred licensing, and 
(b) unlicensed, functionally incompetent NK cells. This 
process was defined for mouse NK cells and several find-
ings suggest that human NK cells also undergo this li-
censing process  [13, 20–23] . The acquisition of functional 
competence through ‘licensing’ by self-MHC molecules 
implies that effector-target interactions are governed by 
the integration of inhibitory and activating signals that 
determines whether the NK cell is finally activated, se-
cretes cytokines, and lyses target cells  [24] .

  In addition to this functional tuning by self-HLA class 
I ligands during NK cell education, it has been recently 
suggested that the NK cell number is maintained by a 
continuous differentiation process associated with the 
expression of CD57 that ends in NK cells with poor re-
sponsiveness to cytokine stimulation but high cytolytic 
capacity  [25, 26] . CD57+ NK cells show increased respon-
siveness to target cells and decreased responses to cyto-
kines  [25] ; they are highly mature and display a mature 
phenotype, a higher cytotoxic capacity, a higher sensitiv-
ity to stimulation via CD16, a decreased responsiveness 
to cytokines, and a decreased capacity to proliferate com-
pared to the CD57– counterparts  [26] , supporting the no-
tion that a gradual shift in functionality occurs during 
differentiation from CD56 bright  via CD56 dim  CD57– to 
CD56 dim  CD57+ NK cells ( fig. 1 ).

  This differentiation process is uncoupled from the 
functional tuning by self-HLA class I ligands during NK 
cell education, indicating that differentiation and educa-
tion are parallel but uncoupled processes  [25] .

  Clinical Significance of NK Cells in the Elderly 

 Several alterations have been described in NK cells 
with advancing age both in animals and in humans ( ta-
ble 1 ). The somehow contradictory results are likely due 
to the different criteria used for the inclusion of study 
subjects in the diverse studies of elderly humans. While 
some authors have used the strict SENIEUR criteria  [27, 
28]  of very healthy elderly individuals or healthy cente-
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narians, other authors have studied unselected popula-
tions of elderly people, analyzing the association of NK 
cell alterations with diseases or even with the risk of 
death. The studies using very healthy elderly people and 
centenarians show that the overall NK cell number tends 
to increase with age   and that NK cytotoxicity is not sig-
nificantly affected  [29–35] .

  However, studies of unselected elderly populations 
have shown that the decreased NK cell function in old 
individuals is associated with an increased incidence of 
infectious diseases and death due to infection in elderly 
humans  [36, 37] , and elderly people (aged  1 85 years) 
with low numbers of NK cells have been reported to 
have an increased mortality risk in the first 2 years of 
follow-up compared to those with high NK cell numbers 
 [38] . It has also been reported that decreased NK cell 
activity in the elderly is also associated with an increased 
frequency of disorders such as atherosclerosis  [39]  and 
that a preserved NK function is related to a better health 
status and a lower incidence of respiratory tract infec-
tions in elderly individuals and to a better response to 
influenza vacci nation  [40] . Additional evidence sup-
porting the significance of NK cells in healthy aging 
comes from studies in nonagenarians and centenarians 
who, in general, have well preserved numbers and func-

tions of NK cells  [35, 41, 42] ; this is also associated with 
a better ability to maintain an autonomous life style, 
higher serum vitamin D levels, a well-nourished status, 
a balanced basal metabolism, and higher concentrations 
of micronutrients  [11, 43, 44] . Together, these results 
support the fact that preserved NK cytotoxicity can be 
considered a marker of healthy aging, whereas low NK 
cytotoxicity is a predictor of increased morbidity and 
mortality due to infections.

  It has also been shown that aging has an impact on 
NK cell kinetics  [45] . These cells are in a state of dynam-
ic homeostasis consistent with a model of postmitotic 
maturation preceding circulation and with a turnover 
time in blood of about 2 weeks. NK cells from healthy 
elderly subjects have proliferation and production rates 
which are significantly lower than those of NK cells 
from young healthy individuals  [45] , indicating that al-
though NK cell numbers are well preserved in healthy 
aging there is a reduction in total NK cell production 
rates of 50% and suggesting an increased proportion of 
long-lived NK cells in the elderly subjects. This may be 
related to the increased proportion of CD56 dim  cells, as 
previously reported in elderly subjects  [29] . Further-
more, the increased expression of CD57 observed in NK 
cells from elderly donors  [29, 32]  also supports the ac-
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  Fig. 1.  Lineal model of the differentiation of peripheral blood NK 
cells. CD56 bright  NK cells are more immature NK cells and the 
precursors of CD56 dim  cells. Subsequent differentiation leads to 
phenotypic and functional changes associated with the acquisi-
tion of CD57. Aging is associated with a shift of these subsets with 
a reduction of CD56 bright  and expansion of CD56 dim  CD57+ NK 
cells.   
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eTable 1. E ffect of aging on the NK cell compartment

Parameter Aging

Number
Number/percentage of NK cellsa preserved or increased
CD56bright subset decreased
CD56dim subset preserved or increased
In vivo proliferation and production rates decreased

Function
Natural cytotoxicity decreased or preserved
ADCC maintained
Proliferation decreased
Response to cytokines decreased or preserved
Cytokine and chemokine production decreased
Intracellular signaling decreased

Phenotype
CD57 expression on CD56dim cells increased
CD94/NKG2A expression decreased
KIR expression increased
Perforin content decreased or preserved

a  A decreased frequency is associated with an increased risk of 
infection, inflammation, or death.
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cumulation of terminally differentiated NK cells in the 
elderly subjects. The decreased proliferation and pro-
duction rates of NK cells in the elderly can be associated 
with the telomere shortening observed in the elderly. 
Thus it has been demonstrated that NK lymphocytes 
show an age-associated loss of telomeres together with 
an age-associated reduction of telo merase activity that 
is evident in individuals over 80 years of age, in particu-
lar in the oldest individuals and in those with increased 
NK cell numbers  [46, 47] .

  Effect of Aging on NK Cell Subsets 

 As discussed above, the NK cell frequency and abso-
lute value tend to increase in healthy aging. However, a 
redistribution of NK cell subsets is also found in the el-
derly with a profound decrease of CD56 bright  NK cells and 
a concomitant expansion of the CD56 dim  subset  [29, 30, 
32] , suggesting that the increase in NK cell frequency 
with age results from expansion of the mature CD56 dim  
subset rather than of the immature CD56 bright  NK sub-
set. Furthermore, the expression of CD57 is increased on
CD56 dim  NK cells from elderly donors. CD57 (HNK-1 
 epitope, sialyl-Lewis X) is a sulfated trisaccharide prefer-
entially added to N-glycans of neural cell adhesion mol-
ecules, which is expressed on CD56 dim  NK cells and on 
CD28– CD8+ T cells  [48, 49] . It has recently been shown 
that CD57+ CD56 dim  cells represent a highly differenti-
ated subset of NK cells. Thus, a continuous differentia-
tion process of NK cells associated with the expression of 
CD57 that ends in cells with poor responsiveness to cy-
tokine stimulation and retained cytolytic capacity has 
been proposed. CD57+ NK cells show an increased re-
sponsiveness to target cells and decreased responses
to cytokines; this supports the notion that a gradual shift 
in functionality occurs during differentiation from 
 CD56 bright  via CD57– CD56 dim  to CD57+ CD56 dim  NK 
cells  [25] . Transcriptional, phenotypic, and functional 
differences between CD57+ and CD57– NK cells also 
support the notion that CD57+ NK cells are highly ma-
ture and might be terminally differentiated, displaying a 
mature phenotype, a higher cytotoxic capacity, a higher 
sensitivity to stimulation via CD16, a decreased respon-
siveness to cytokines, and a decreased capacity to pro-
liferate compared to the CD57– counterparts  [26] . Thus 
the decline in CD56 bright  NK cells and the increase in the 
CD56 dim  CD57+ subset support the notion that the popu-
lation of NK cells suffers a process of remodeling with a 
reduction in the output of more immature CD56 bright  

cells and an accumulation of highly differentiated
CD56 dim  CD57+ NK cells ( fig. 1 ). This possibility can ex-
plain many of the phenotypic and functional features of 
NK cells in the elderly such as the altered expression of 
some NK receptors, decreased proliferative response to 
cytokines, or preservation of the CD16-mediated cyto-
toxic capacity.

  This remodeling of NK cell subsets can also contribute 
to the dysregulation of other cells of the adaptive and in-
nate immune system since CD56 bright  cells are critical
to the cytokine response of these cells; they can play an 
important role in the activation of dendritic cells (DCs) 
and interact with monocytes promoting inflammation 
 [14, 19] .

  Effect of Aging on the Expression and Function of 
NK Cell Receptors 

 CD16 is the low-affinity IgG Fc receptor (Fc � RIII-A). 
It is expressed on NK cells and its cross-linking by anti-
body-coated target cells triggers the so-called antibody-
dependent cell cytotoxicity. CD16 associates with immu-
noreceptor tyrosine-based activation motif (ITAM)-con-
taining chain (CD3 �  or Fc � RI � ) complexes. Signaling via 
CD16 activates the PI-3-kinase pathway and results in the 
production of cytokines, including IFN- � , GM-CSF, and 
several chemokines, and causes degranulation of NK 
cells  [50] . Neither CD16 expression nor CD16 function is 
affected by aging  [11, 32, 39, 51–53] , although it is of inter-
est to note that cord blood and infant NK cells display 
very low CD16-dependent cytotoxicity  [32] .

  Although the overall NK cell cytotoxicity is not sig-
nificantly affected in very healthy elderly donors, it has 
been demonstrated that there is a decreased cytotoxicity 
of K562 target cells per NK cell and that the maintenance 
of the overall NK cell activity is probably due to the in-
crease in NK cells  [32, 44, 53, 54] . The decreased per-cell 
NK cytotoxicity against the classic target cell line K562 
suggests that the expression and/or functionality of other 
NK-activating receptors are likely to be defective in the 
elderly.

  Little is known about the effects of aging on the ex-
pression and function of NK receptors other than CD16, 
and discrepant results have been reported in this context. 
While it was reported that the expression of HLA-specif-
ic killer immunoglobulin-like receptors (KIR) is not sig-
nificantly affected in NK cells from elderly compared to 
young donors  [44] , another study showed an age-related 
increase in KIR expression and a reciprocal decrease in 



 NK Cell Immunosenescence J Innate Immun 2011;3:337–343 341

CD94/NKG2A expression  [51] . A decreased expression of 
CD94 and of the coinhibitory receptor KLRG-1 on NK 
cells from old donors has been shown  [55] . KLRG-1 has 
been postulated to be a marker of senescence in antigen-
experienced T cells, although very little is known of its 
function in NK cells. In a recent study  [32] , no significant 
differences in KIR or CD94/NKG2A expression were ob-
served between healthy adults and elderly donors, prob-
ably due to the high variability of the results and the 
broad age ranges considered. In that work  [32] , a group of 
cord blood samples was included and, interestingly, it was 
observed that cord blood NK cells displayed phenotypic 
features such as the lack of expression of CD57 and LIR-
1/ILT-2 or the low expression of KIR and high expression 
of NKG2A that could be linked to NK cell immaturi-
ty. Nevertheless, they express perforin  [56]  and produce 
high levels of IFN- �  upon stimulation  [32] . NK cells from 
cord blood have a low cytolytic capacity  [32] , but their 
cytolytic activity in infants is comparable to adult NK 
cytotoxicity  [56] .

  In relation to the effect of aging on the expression of 
other NK receptors involved in NK cell cytotoxicity, a de-
creased expression of the activating receptor NKp30 has 
been shown in NK cells from elderly donors  [32, 57, 58] . 
NKp30 also plays an important regulatory role mediating 
the cross talk between NK and DCs via the recognition 
of an unknown ligand expressed on DCs. The engage-
ment of the NKp30 receptor can lead either to a direct 
killing of DCs by NK cells or to the secretion of IFN- �  
and TNF- �  and the subsequent maturation of DCs. 
Therefore, NK-activated DCs loaded with tumor or vi-
rally derived antigen have an increased capacity to prime 
T cells. In return, activated DCs release Th1 cytokines 
that further enhance NK activation  [59, 60] . The de-
creased expression of NKp30 on NK cells from elderly 
individuals should also affect the interaction between 
these cells leading to a decreased capacity to collaborate 
in the initiation of the adaptive immune response against 
virus-infected or tumor cells.

  Effect of Aging on NK Cell Response to Cytokines 

 Cytokine activation of NK cells results in prolifera-
tion, enhanced cytotoxicity, and the synthesis and release 
of cytokines and chemokines. While IL-2-induced NK 
cell proliferation is decreased in old donors  [29] , the en-
hancement of the cytotoxic activity of NK cells in re-
sponse to IL-2, IL-12, or IFN- �  and IFN- �  is well pre-
served in the healthy elderly  [32, 61–63] . The production 

of IFN- �  by NK cells after activation is also maintained 
in the elderly  [32] , with a increased production of IFN- �  
by CD56 bright  cells, potentially representing a compensa-
tory augmentation of cytokine production to maintain 
the important immunoregulatory role of these cells in 
older individuals  [55] . However, a marked early decrease 
in IFN- �  secretion in response to IL-2, which can be over-
come by increasing the incubation time, has also been 
shown  [63] . The production of chemokines by NK cells is 
decreased in old subjects in response to IL-2 or IL-12  [64–
66] . Considering that CD56 dim  NK cells can produce high 
amounts of IFN- � , and whereas chemokines are mainly 
produced by CD56 bright  NK cells, the decrease in this sub-
set in the elderly can explain their decreased production 
by NK cells associated with aging. Because of the costim-
ulatory role of chemokines in NK responses, the de-
creased production of chemokines can be involved in the 
defective functional activity of NK cells from old sub-
jects.

  Concluding Remarks 

 NK cells are cytotoxic lymphocytes involved in the 
early defense against virus-infected and tumor cells. Be-
sides their cytotoxic capacity, NK cells also regulate the 
immune response by producing cytokines and chemo-
kines that directly participate in the elimination of 
pathogens or activate other cellular components of im-
munity. The NK cell frequency and absolute value tend 
to increase with age. In very healthy elderly, including 
centenarians, NK cell numbers and functions are well 
preserved, whereas decreased NK cell activity is associ-
ated with an increased incidence of infectious and in-
flammatory diseases. Several alterations have been de-
scribed in human NK cells with advancing age, thus 
contributing to age-associated deterioration of the im-
mune response. The results summarized in this work 
support the notion that aging leads to a redistribution of 
NK cell subsets with a decrease in CD56 bright  cells and 
an expansion of the CD56 dim  subset, in particular high-
ly differentiated CD56 dim  CD57+ NK cells. Age-associ-
ated NK cell remodeling can explain many of the phe-
notypic and functional changes in NK cells associated 
with healthy aging.

  Further studies on the effect of aging on all NK cell 
subsets and on the expression and function of activating 
and inhibitory receptors, as well as a more profound 
study of the molecular mechanisms involved in these 
processes, are required to better understand age-associ-
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