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SUMMARY

In the armoury of the immune system developed to combat the various micro-organisms that could

invade the host, the neutrophil forms the ®rst line of defence against rapidly dividing bacteria and

fungi. However, as humans age they become more susceptible to infection with these microbes and

this has been ascribed to a decline in immune status, termed immune senescence. Here we

summarize the literature speci®cally concerning the attenuation of neutrophil function with age and

the possible mechanisms underlying their reduced response to infectious agents.

INTRODUCTION

As we enter the third millennium, one of the greatest challenges

facing health care providers is the consequence of a falling birth

rate and the steady increase in adult lifespan. If current trends

continue, by the year 2025 one in ®ve of the population in the

Western world will be over 65 years of age.1,2 However, whilst

life expectancy for people living in the UK is now 79 years for

women and 74 years for men, the age at which good health can

be expected to continue is < 10 years less. In particular, the

elderly suffer a higher morbidity and mortality from infectious

diseases and it is now accepted that compromised immune

function is a primary cause of increased disease risk in the

elderly.3 Much research effort is now focused on identifying

age-related changes in immune function3±5 in the hope of

developing intervention strategies to delay or prevent immune

senescence. To ensure that any changes to the immune system

identi®ed are related to normal ageing and are not secondary to

illness or chronic disease, only healthy elderly subjects meeting

the immunogerontological criteria of the SENIEUR protocol6

should be used. Indeed, much of the early literature concerning

ageing and the immune system cannot be readily interpreted

because of concerns over the health status of the elderly

subjects used.

Defence against infectious disease consists of adaptive

immune responses, involving T and B lymphocytes, and innate

immunity, mediated by phagocytic cells, cytotoxic natural

killer (NK) cells, cytokines and complement. Functional

decline in the adaptive immune response with increasing age

is already well characterized.3 For example, aged humans have

a diminished ability to generate high-af®nity antibodies after

immunization7 and CD4+ T-cell populations of aged humans

show a shift from naõÈve to memory or primed cells,8 resulting in

decreased response to new antigen challenge. There is also an

increase in T cells with a T helper 2 (Th2) cytokine pro®le upon

stimulation, relative to T helper 1 (Th1), in the elderly, and the

production of proin¯ammatory cytokines by monocytes is also

raised,6,9 both of which will in¯uence the host response to

speci®c infectious agents. However, the innate immune system,

more speci®cally neutrophils, respond most rapidly to infection

and play a crucial role in the early days of an infection by

phagocytosing and killing invading microbes. Despite the fact

that neutrophil function does decline with age and will be a

signi®cant factor in immune senescence, there is relatively little

known of the molecular basis of this loss of function. This

article reviews our current understanding of immune senes-

cence in the neutrophil and suggests areas where further study

is now required.

AGE AND NEUTROPHIL PRODUCTION

Neutrophils mediate the immediate host response to bacterial

and fungal infections, which are largely responsible for the

higher rates of mortality and morbidity in the elderly

population.10 Vulnerability to infection in the elderly could

result from an age-related decline either in neutrophil supply

and/or functional ef®ciency. Neutrophils are short-lived (half-

life 12±18 hr), postmitotic granulocytic cells that are produced

in vast numbers (1±2r1011 per day) in the bone marrow.

Haemopoiesis is a tightly regulated process controlled by

chemokines,11 growth factors such as interleukin (IL)-3 and

lineage-speci®c cytokines, speci®cally granulocyte±colony-sti-

mulating factor (G-CSF) and granulocyte±macrophage

colony-stimulating factor (GM-CSF) in the case of neutro-

phils.12 Several studies have shown that neutrophil numbers in

the blood12,13 and neutrophil precursors in the marrow12 are
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not lowered in the healthy elderly, although the proliferative

response of neutrophil precursor cells to G-CSF was reduced.12

As responses to GM-CSF and IL-3 were not affected by age,12

the altered response to G-CSF is unlikely to affect the ability of

the elderly to maintain normal neutrophil numbers. However,

during periods of severe, chronic infection, neutropenia can

arise in the elderly14 and this could be caused, in part, by a

blunted response to G-CSF.12 If responsiveness of neutrophil

progenitors to GM-CSF is, however, retained in the elderly,

then this could provide a useful short-term therapy for

neutropenia during chronic infection. Whether the reduced

responsiveness of neutrophil progenitors to G-CSF is caused

by a decrease in receptor number/af®nity or altered intracel-

lular signalling is not known and warrants further study.

Owing possibly to the dif®culty of obtaining bone marrow

from healthy elderly subjects, a majority of studies concerning

ageing and neutrophil status have considered mature neutro-

phil function. The initial response of neutrophils to infection

(Fig. 1) is initiated by their recruitment from peripheral blood

along a gradient of chemotactic factors, including complement

components (C5a) and bacterial products (e.g. N-formyl-

methionyl-leucyl-phenylalanine [FMLP]), produced at the site

of infection. Later on in the immune response, recruitment also

involves chemokines and proin¯ammatory cytokines produced

by neutrophils and other in¯ammatory cells. Binding of

chemotactic factors induces adhesion to vascular endothelial

cells and migration into the affected tissue, a process known as

margination. At the site of infection neutrophils attach to the

infecting microbes via receptors for bacterial components (i.e.

lipopolysaccharide [LPS]), the opsonizing molecules comple-

ment C3b and C3bi, and immunoglobulin G (IgG), leading to

phagocytosis. Ingested microbes are killed by processes

involving degranulation, which releases lytic enzymes, and

the generation of reactive oxygen species, including superoxide.

The neutrophil then dies by apoptosis. The effect of ageing on

each of these aspects of neutrophil function has been

investigated, although in many cases the data are sparse and

often contradictory.

Chemotaxis and adhesion

In vitro studies of chemotaxis have found migratory responses

of neutrophils from healthy elderly subjects to be either

unaltered2,15 or only slightly reduced.16,17 In order to leave the
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Figure 1. Neutrophil response to infection. The ®gure shows the adhesion of neutrophils to vascular endothelium, which is mediated

by selectins and b2-integrins, leading to extravasation from blood into the infected tissue. Neutrophils then migrate towards the

microbe along a chemotactic gradient, composed of bacterial products and activated complement molecules. The pathogenic

organism is ingested by phagocytosis, which is stimulated by bacterial membrane components, complement and/or immunoglobulins,

that are recognized by receptors on the neutrophil. Once ingested the microbes are killed by lytic enzymes and reactive oxygen species,

and the neutrophil dies by apoptosis. LPS, lipopolysaccharide.
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circulation, neutrophils roll along and then adhere to vascular

endothelial cells, predominantly at the intersection of three

endothelial cells.18 Rolling and adhesion are mediated by the

sequential interaction of selectins, which initially tether the

neutrophil to endothelium, and b2-integrins, which induce

rapid (mediated by lymphocyte function-associated antigen-1

[LFA-1]/CD11a) and sustained (mediated by Mac-1/CD11b)

adhesion.18 Adhesion assays with neutrophils from elderly

subjects have demonstrated increased adhesion to nylon

®bres,16 whereas no alteration in adhesion to endothelium

was detected.2,19 Measurements of adhesion molecule expres-

sion also suggest the lack of any negative effect of ageing on

neutrophil recruitment processes. The level of neutrophil

CD15, which binds to E-selectin on endothelium and mediates

neutrophil rolling, was slightly increased with donor age,19

CD11a was found to be unaltered19 and CD11b has been

reported as either unaltered20 or slightly increased.19 Taken

together, these data suggest that reduced extravasation and

recruitment of neutrophils are not major factors contributing

to increased risk of infection in the elderly.

Phagocytosis

Phagocytosis is initiated by the interaction of speci®c

receptors on the surface of the neutrophil with particulate

ligands on the microbe. In the presence of circulating

antibodies to microbial antigens, the key receptors inducing

phagocytosis are those for the Fc region of immunoglobulin

(FccRIII/CD16 and FccRII/CD32), and for the complement

molecules C3b (CD35/CR1) and C3bi (CD11b/CR3), all of

which are bound to the surface of the infecting microbe.

CD35 enhances phagocytosis induced by antibody, but

cannot act independently of antibody. However, neutrophils

can phagocytose bacteria in the absence of antibody, which is

crucial in the early phase of infection and if the host has not

encountered the pathogen previously. In these situations

phagocytosis can be stimulated through CD11b and CD11c,

which bind complement but also recognize bacterial surface

molecules, such as LPS, and other speci®c receptors for LPS

and lipoprotein such as CD14 and bactericidal/permeability-

increasing protein (BPI). BPI is expressed exclusively in

neutrophils and binds LPS, thus promoting the uptake and

killing of Gram-negative bacteria.21

The data concerning phagocytic ability of neutrophils from

the elderly are reasonably consistent. Studies measuring

phagocytosis of opsonized bacteria or yeast and opsonized

zymosan as the neutrophil target have all shown a signi®cant

reduction in phagocytic ability in the elderly.22±24 The reduced

response of neutrophils to Staphylococcus aureus24 is of

particular clinical importance bearing in mind the increased

susceptibility to this pathogen in elderly subjects.10 The few

studies that have not found decreased phagocytosis have in the

main used targets either not opsonized with complement and

antibody23 or coated only with antibody.25,26 Adequate

recruitment of neutrophils to sites of infection may thus be

offset by reduced phagocytic capacity and result in the poor

resolution of infection seen so frequently in the elderly.

The molecular basis of reduced phagocytosis in neutrophils

from elderly subjects is not known. However, Emmanuelli et al.

showed that neutrophil phagocytosis of unopsonized bacterial

targets occurred at the same low level in young and old

subjects.23 Their data suggest that the receptors for innate

recognition of bacterial components (BPI, CD14) are not

affected by ageing and, moreover, con®rm that they do not

contribute signi®cantly to phagocytosis in the absence of

complement and antibody. The reduced response of neutro-

phils to opsonized targets suggests that the relevant receptors

may be present at a reduced level or have compromised

signalling function, particularly as serum immunoglobulin and

complement levels are within the normal range in the elderly.2

Levels of CD11b and CD11c, as stated above, are essentially

unaltered in the elderly, and there are no published data

concerning expression of CD35. There are also no reports

describing the effect of age on the expression of Fcc receptors,

although our own studies show a signi®cant decline in CD16

levels with age (S. Butcher et al., unpublished). Attenuated Fc-

mediated phagocytosis may thus prove to be a signi®cant factor

in reduced microbicidal function in the elderly19 and deserves

further investigation. Furthermore, there are no published data

directly relating to the effect of ageing on Fc receptor signals

that induce phagocytosis. Fc receptors are tyrosine kinase

linked, with ligation resulting in activation of the src family

kinase, Syk.27 Fc-induced phagocytsosis involves subsequent

activation of phospholipase D (PLD) leading to the generation

of diacylglycerol and activation of protein kinase C-d and

Erk2. Erk2 phosphorylates and activates myosin light-chain

kinase leading to the formation of pseudopods and phagocy-

tosis.28 Interestingly, activation of PLD following ligation of

FMLP receptors has been shown to be normal in neutrophils

from elderly donors.29,30 However, these data cannot be

extrapolated to Fc receptors because FMLP receptors recruit

and activate signalling enzymes via distinct G protein-linked

mechanisms. Further studies are clearly required to establish

any effect of normal ageing on Fc-receptor signalling.

Microbicidal mechanisms

Microbial killing following phagocytosis is achieved through

two basic processes: the generation of reactive oxygen species

with a broad range of antimicrobial properties, including

superoxide which is produced by the enzyme NADPH oxidase;

and degranulation of cytoplasmic granules, which contain a

variety of cytotoxic proteases. In the case of Gram-negative

bacteria, BPI also contributes to killing by increasing

permeability of the bacterial cell wall and inducing lysis.21

Neutrophil microbicidal activity has been examined by several

groups and although data are often con¯icting31,32 a majority

support a decline in cytotoxicity towards bacteria and yeast

with age.16,19,26,33,34 What is not clear from these basic assays is

whether the observed reduction in microbicidal function with

age is additional to the decline in phagocytic capacity, or occurs

secondary to this effect. Analysis of individual microbicidal

processes addresses this question and suggests that superoxide

responses to Fc ligation are reduced per se with age.26

Several authors have reported normal superoxide produc-

tion by neutrophils in response to FMLP,19,31 whilst others

have shown reduced responses.35,36 Activation of PLD by

FMLP receptor ligation leads to production of phosphatidic

acid, which is able to activate NADPH oxidase.37 As FMLP-

induced activation of PLD is not affected by age,29,30 this

supports those studies reporting a normal neutrophil super-

oxide response in the elderly. In contrast to the data regarding
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FMLP, studies concerning superoxide generation in response

to particulate stimuli consistently report a reduced response to

these agents in the elderly. In a recent publication by Wenisch

et al.,24 superoxide generation was decreased in response to

S. aureus, but not to Escherichia coli, an observation with

particular clinical relevance bearing in mind the reduced ability

of the elderly to resolve infection by Gram-positive bacteria. It

is possible that neutrophil superoxide responses to E. coli

involving binding of LPS by CD1438 may be unaffected by age,

whilst responses to Gram-positive bacteria such as S. aureus,

which are more dependent upon complement and Fc-receptor

ligation, are attenuated. Indeed, the Fc receptor-mediated

superoxide response has already been shown to be signi®cantly

reduced in the elderly,26 again identifying attenuation of Fc-

mediated responses as a signi®cant factor in age-related

functional decline.

Neutrophil priming and apoptosis

Neutrophil responses to microbes and soluble microbial

products (FMLP) at the site of infection are optimized by

agents that prime the neutrophil in the circulation and during

margination. The major priming agents are proin¯ammatory

cytokines such as IL-8 and GM-CSF, and a reduction in the

priming process would signi®cantly affect neutrophil ef®ciency.

Seres et al.39 have shown that neutrophils from elderly

volunteers were not primed as ef®ciently by GM-CSF as those

from young subjects. Although only a single report, these data

suggest that lack of responsiveness to GM-CSF could affect

neutrophil function at sites of infection. In addition, neutro-

phils are short-lived leucocytes with a half-life in the circulation

of < 12±18 hr. Effete neutrophils die by apoptosis40 and

extension of their lifespan contributes signi®cantly to the

accumulation of functional neutrophils at sites of infection.

Neutrophil apoptosis can be delayed by antiapoptotic signals

provided by a variety of factors including: proin¯ammatory

cytokines (GM-CSF, IL-8), complement C5a and bacterial

components, such as LPS.41 The rates of spontaneous and Fas-

induced neutrophil apoptosis are normal in the elderly,42,43 but

the ability of GM-CSF, G-CSF and LPS to delay neutrophil

apoptosis was found to be signi®cantly reduced.43 These data

predict that, compared with their younger counterparts,

neutrophils from elderly donors will respond less well to

infectious stimuli upon recruitment to the site of infection and

will also die more rapidly, blunting the neutrophilia response to

infection. Further studies are now required to establish whether

neutrophil senescence might be related to their attenuated

response to proin¯ammatory cytokines.

NEUTROPHIL FUNCTIONAL DECLINE: NATURE

VERSUS NURTURE

Neutrophil function is adversely affected by ageing. An

important question that remains, the answer to which will

in¯uence attempts at therapeutic intervention to prevent

functional decline, is whether this arises in the progenitor

population during haemopoiesis, or in the circulation, possibly

under the in¯uence of cytokines. One of the dominant theories

of ageing, the soma theory,44 suggests that replicative cells

accumulate genetic damage, resulting in functional decline.

Arguing against this proposal, in the case of neutrophil

functional decline, are the data showing that the proliferative

and differentiation capacity of haemopoietic progenitor cells is

largely unaffected by ageing.12,13 However, the ability of

neutrophil progenitors to proliferate and differentiate in

response to haemopoietic factors does not necessarily guaran-

tee that the resulting neutrophils are competent. In¯ammation

and infection increase the rate of neutrophil production,

shortening the maturation time of progenitors and leading to

the release of immature neutrophils in to the circulation.

Studies of peripheral blood neutrophils in the elderly during

neutrophilia would be informative as they would indicate

whether immature neutrophils already exhibit reduced phago-

cytic and microbicidal functions.

Age-related changes in neutrophil function may, however,

develop in the circulation. A variety of cytokines, particularly

proin¯ammatory cytokines, are able to modify neutrophil

biology and function. As stated above, GM-CSF is able to

prime neutrophils for response to FMLP and extend their

lifespan by delaying apoptosis. However, continued exposure

to GM-CSF can also induce shedding of CD16 from the

surface of neutrophils,45 which could modify their phagocytic

and microbicidal ability. If cytokines such as GM-CSF are

present in the circulation of elderly subjects, in the absence of

infection and chemotactic agents, this could lead to reduced

CD16 and concomitant reduction in the response to opsonizing

immunoglobulins and immune complexes when infection does

occur. To date there is little information on the levels of

cytokines in the circulation of healthy elderly subjects,

although monocyte function is increased in the elderly, with

higher levels of IL-1, IL-6, IL-8 and tumour necrosis factor-a
(TNF-a) production in response to LPS (reviewed in 5). In

addition, exposure of neutrophils to proin¯ammatory cyto-

kines in the circulation of healthy elderly subjects has been

suggested by studies showing elevated CD11b2,19 and an

increase in the fraction of neutrophils responding to FMLP.19

Further studies in this area would help to determine whether

the basal level of circulating cytokines is altered with age and

might contribute to neutrophil functional decline.

SUMMARY AND FUTURE PERSPECTIVES

The data published so far on the decline of neutrophil function

in the elderly are con¯icting in many instances and lacking in

information on the mechanisms of functional decline with age.

However, some consistent observations can be made, including

a decline in phagocytic capacity and bactericidal mechanisms,

particularly those initiated by contact with opsonized yeast and

Gram-positive bacteria such as S. aureus. As phagocytosis is

the primary mechanism by which elimination of extracellular

micro-organisms is initiated, identi®cation of the molecular

basis of phagocytic decline is clinically relevant and may lead to

intervention strategies to improve immune status in the elderly.

Calcium mobilization,4 actin polymerization20 and GM-CSF39

mediated signals are all reduced in neutrophils from the elderly,

supporting the proposal that intracellular defects may underlie

neutrophil immune senescence. Whether these altered

responses arise in neutrophil progenitors, or re¯ect the

in¯uence of cytokines on mature neutrophils in the circulation,

is not yet known. This information will be required if we are to

develop therapeutic strategies to prevent neutrophil functional

senescence in the aged. The ultimate reward of such endeavours
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will be an improved quality of life, rather than extension of

lifespan, for those in the third age of humans ± in other words,

a good life and a short death!
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