
In vivo kinetics of human natural killer cells: the effects of ageing
and acute and chronic viral infection

Introduction

Natural killer (NK) cells are bone-marrow-derived

lymphocytes that form part of the innate immune sys-

tem.1,2 They provide early non-specific defence against

viral infections, particularly in the early phase before the

adaptive immune system has been activated,3 and have

a role in tumour cell detection and elimination.4 In

humans, the importance of NK cells in protection against

viral infections is demonstrated by the susceptibility of

individuals with NK cell deficiencies to infections such

as cytomegalovirus, Epstein–Barr virus (EBV), varicella-

zoster virus (VZV) and herpes simplex virus.5 An extreme

case occurs with fatal childhood primary EBV infection in

X-linked proliferative disease, where a defect in the gene

encoding a protein pivotal in NK cell activation (signal-

ling lymphocytic activating molecule (SLAM)-associated

protein (SAP)) results in the inability of NK cells to kill

EBV-infected cells.6 In mice, depletion of NK cells results

in enhanced susceptibility to viral infections such as mur-

ine cytomegalovirus (MCMV) infection.7 Thus the main-

tenance of adequate numbers of functional NK cells is

crucial in maintaining defence against viral infections.

NK cells account for about 10–20% of peripheral blood

lymphocytes at any one time. Most (� 90%) express high

levels of FCcRIII (CD16) and are CD56dim, although
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Summary

Human natural killer (NK) cells form a circulating population in a state of

dynamic homeostasis. We investigated NK cell homeostasis by labelling

dividing cells in vivo using deuterium-enriched glucose in young and

elderly healthy subjects and patients with viral infection. Following a 24-hr

intravenous infusion of 6,6-D2-glucose, CD3– CD16+ NK cells sorted from

peripheral blood mononuclear cells (PBMC) by fluorescence-activated cell

sorter (FACS) were analysed for DNA deuterium content by gas chroma-

tography mass spectrometry to yield minimum estimates for proliferation

rate (p). In healthy young adults (n ¼ 5), deuterium enrichment was

maximal � 10 days after labelling, consistent with postmitotic maturation

preceding circulation. The mean (± standard deviation) proliferation rate

was 4�3 ± 2�4%/day (equivalent to a doubling time of 16 days) and the

total production rate was 15 ± 7�6 · 106 cells/l/day. Labelled cells disap-

peared from the circulation at a similar rate [6�9 ± 4�0%/day; half-life

(T½) < 10 days]. Healthy elderly subjects (n ¼ 8) had lower proliferation

and production rates (P ¼ 2�5 ± 1�0%/day and 7�3 ± 3�7 · 106 cells/l/day,

respectively; P ¼ 0�04). Similar rates were seen in patients chronically

infected with human T-cell lymphotropic virus type I (HTLV-I) (P ¼
3�2 ± 1�9%/day). In acute infectious mononucleosis (n ¼ 5), NK cell num-

bers were increased but kinetics were unaffected (P ¼ 2�8 ± 1�0%/day) a

mean of 12 days after symptom onset. Human NK cells have a turnover

time in blood of about 2 weeks. Proliferation rates appear to fall with age-

ing, remain unperturbed by chronic HTLV-I infection and normalize

rapidly following acute Epstein–Barr virus infection.

Keywords: natural killer cells; ageing; acute infectious mononucleosis;

Epstein–Barr virus; human T-cell lymphotropic virus type I
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a CD16dim/neg CD56bright subpopulation with distinct

functional attributes has also been described. NK func-

tional responses occur in tissues and depend on the bal-

ance of activating and inhibitory signals. Inhibition,

primarily signalled through interaction of major histo-

compatibility complex (MHC)-1 with inhibitory NK

receptors on the NK cell surface, prevents autoaggression.

Once activated, NK cells are cytolytic and they thus show

functional similarities with cytotoxic T lymphocytes

(CTLs). However, unlike CTLs, they do not progress

through a prior activation and proliferation stage before

acquiring cytolytic potential. For NK cell populations,

proliferation and expansion mostly precede activation,

whereas for CD8+ T lymphocytes most (clonal) expansion

follows activation (although, of course, generation of

naı̈ve CD8+ T-cell populations depends upon prolifer-

ation of immature cells.) Thus, in NK cell physiology,

regulation of proliferation may be considered a key

‘upstream’ event, the role of which is to maintain suffi-

cient NK cells in the circulation and in tissues to provide

for rapid non-specific responses.

Proliferation of NK cells primarily occurs in the bone

marrow from the same common progenitor cells as T

lymphocytes.8,9 Immature cells undergo a serial maturation

process with further significant expansion during the latter

stages of this process. Finally, functional capabilities are

acquired [associated with expression of Mac-1 and CD43

in the mouse] before cells are released into the circulation.1

Further division of mature cells may occur on stimulation,

although this only occurs at relatively low levels; in mice,

according to bromodeoxyuridine (BrdU) studies, only

1–3% of splenic NK cells are dividing.10

Like other lymphocyte populations, NK cells show

apparent homeostasis. When transferred to NK-deficient

mice, both mature and immature NK cells undergo pro-

liferation, but such cells do not proliferate when trans-

ferred into a host with an endogenous NK cell pool.11

Thus it appears that factors such as ‘space’ (the availabil-

ity of physiological niches), the availability of growth-

promoting factors or the presence of cytokines that limit

proliferation operate to regulate NK cell numbers.11,12

Homeostasis is the consequence not just of proliferation

but also of cellular loss. NK cells disappear from blood

either by entering tissues, predominantly the spleen and

the liver,13,14 or through cell death. Relatively few NK cells

are found in lymph nodes and there is little evidence for

recirculation, although cells from the small CD56bright sub-

population of NK cells are found in parafollicular T-cell

areas of lymph nodes, where they may play a role in inter-

actions between innate and adaptive immune responses.14

Survival of mature NK cells is cytokine dependent; in mice,

interleukin (IL)-15 appears to prolong survival via the

antiapoptotic factor Bcl-2.15 Adoptive transfer experiments

and long-term BrdU studies in mice have demonstrated

short circulating half-lives of about 7–10 days for mature

NK cells.16 In mice, therefore, the NK cell pool is more

dynamic than the T-lymphocyte pool, but little is known

of the parallel kinetics in humans.

NK cell function and dynamics may be affected by

pathophysiological states such as ageing and viral infec-

tion. Ageing impairs human NK activity. Several studies

have shown age-related reductions in NK-cell-mediated

cytotoxic activity (reviewed by Mocchegiani and Mala-

volta17) which appear to be clinically relevant as they are

associated with increased risk of infection or death in

cohorts of elderly subjects.17,18 However, this functional

impairment is not related to a reduction in NK cell num-

bers, as NK cell numbers tend to be well maintained or

to increase with age.17,19–21 The disparity between NK

cells, which are increased, and T cells, which tend to

decline in number with ageing, may be related to better

preservation of telomere length in NK cells compared

with T cells.22 It has been suggested that the increase in

NK cell numbers with age, which is the consequence of

expansion of the CD56dim (mature) rather than the

CD56bright subset,23 may be a compensatory mechanism

to offset the reduction in per-cell cytotoxicity.17

Although mature NK cells do not normally divide fre-

quently in vivo, acute viral infections may be associated

with substantial proliferation. In the mouse, MCMV

infection induces proliferation in two phases: an initial

non-specific phase, analogous to ‘bystander proliferation’

in T cells, is generally followed by specific proliferation of

Ly49h+ cells.1 Down-regulation of proliferation occurs

early (day 6 in MCMV infection) and is associated with

the onset of an adaptive response.10 Parallel data in

humans are lacking and the cytokine responsiveness of

precursors and mature NK cells differs between humans

and mice. In patients with acute EBV infection, numbers

of CD3– CD56+ CD244+ NK cells in blood are increased,

with an increased proportion of CD56bright cells.24 Whe-

ther this elevation represents peripheral expansion (by

analogy with MCMV infection1), increased bone marrow

production from NK precursors, or redistribution

between fixed tissue and circulating NK cells remains

unclear.

Although there are some murine data on NK cell kinet-

ics, there are no in vivo data on human NK kinetics. We

therefore set out to provide preliminary data on human

NK cell dynamics using stable (non-radioactive) in vivo

labelling with deuterium-labelled glucose.25 As glucose is

a precursor for nucleotide pentose ring synthesis, new

DNA synthesis can be labelled using this tracer. This

approach has been successfully applied to investigate

T- and B-lymphocyte kinetics in human studies in health

and disease.25–29 Firstly, we set out to investigate the kin-

etics of normal NK cells in terms of the lag between

mitosis and appearance in the circulation, the production

rate of new cells, and their disappearance rate from the

circulation. Secondly, we investigated the effects of ageing
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on NK cell dynamics. Thirdly, we explored the effects of

acute and chronic viral infection on NK cell dynamics by

investigating the impact of acute EBV infection and

chronic HTLV-I infection.

Materials and methods

Subjects

In order to study NK cell kinetics in health, to assess the

impact of ageing and to investigate the impact of acute

and chronic infection, subjects were recruited from four

groups: firstly, young healthy subjects [n ¼ 5; three

male and two female subjects; median age (range) 22

(19–34) years]; secondly, healthy elderly subjects [n ¼ 8;

two male and six female subjects; median age (range) 78

(65–85) years] as previously described;29 thirdly, subjects

with chronic HTLV-I infection [n ¼ 5; one male and four

female subjects; median age (range) 48 (39–72) years];

and fourthly, five subjects with acute infectious mononuc-

leosis (AIM) as a result of acute EBV infection [n ¼ 5;

four male and one female subject; median age (range) 19

(18–21) years, as previously described30]. All subjects with

AIM had been previously healthy; all had a positive

monospot test and EBV-specific immunoglobulin M

(IgM) in the context of fever, pharyngitis and fatigue.

Investigation was performed 4–14 days from the onset of

symptoms and 0–7 days from maximal symptoms, as

judged by the subject. All made a prompt complete clin-

ical recovery subsequent to investigation. All subjects gave

written informed consent under protocols approved by

the Local Research Ethics Committee and executed in

accordance with the declaration of Helsinki.

Labelling

Subjects received � 1 g/kg deuterium-labelled glucose

(6,6-D2-glucose; Cambridge Isotopes, Cambridge, MA) as

a primed 24-hr intravenous (i.v.) infusion, as previously

described.25 To estimate 2H-enrichment in cellular DNA,

50 ml of heparinized blood was taken on days 3, 4, 10

and 20 or 21 postinfusion in control and acute EBV-

infected subjects. In elderly subjects, day 3 samples were

omitted to minimize blood-taking and in HTLV-I-infec-

ted subjects days 3, 4, 7 and 10 were sampled, or the

closest days possible, throughout.

Cell sorting

Peripheral blood mononuclear cells (PBMC) were isolated

from blood by Ficoll-Paque (Pharmacia, St Albans, UK)

density gradient centrifugation and stained [1 · 107 cells/

ml in phosphate-buffered saline (PBS) + 0�2% bovine

serum albumin (BSA)] with CD3-RPE (Serotec Ltd,

Oxford, UK) before sorting (Moflow flow cytometer;

Cytomation, Fort Colins, CO). CD3– cells were further

stained with CD16 Cy-Chrome (PharMingen, San Diego,

CA) or CD16-Quantum Red (Sigma, St Louis, MO) and

sorted into CD3– CD16+ cells; population purities were

typically greater than 90%.

Analysis of deuterium enrichment and modelling
of proliferation

Enrichment of deuterium in DNA was assayed essentially

as previously described25,27 Briefly, the deuterium content

of DNA was estimated from analysis of the aldononitrile

triacetate derivative of deoxyadenosine, extracted and

digested enzymatically by gas chromatography mass

spectrometry (HP 6890/5973 GCMS with HP-225 col-

umn; Agilent Technologies, Bracknell, UK). Plasma glu-

cose enrichments, taken approximately every 4 hr during

infusion, were analysed similarly (mass/charge ratio (m/z)

328 and 330). Results were expressed as the fraction of

labelled cells present on each day (F), being the ratio of

the enrichment of label in DNA (E) to the mean glucose

enrichment over 24 hr · 0�65.25 The proliferation rate (p)

was taken as the peak value for F, but this assumes no

cell death between proliferation and appearance at day 10

and is therefore a minimum estimate of the true prolifer-

ation rate. A disappearance rate constant for labelled cells

(d*) was calculated from the slope of the log-plot against

time of labelling from the peak value to the last sampling

point, assuming exponential decay. This is also a mini-

mum estimate as it assumes no ongoing appearance of

labelled cells in blood after day 10. Proliferation and dis-

appearance were expressed as doubling time (T2) and

half-life (T½), where T2 ¼ ln2/p and T½ ¼ ln2/d*. Data

were expressed as mean ± 1 standard deviation (SD).

Comparisons between groups by two-tailed Student’s

t-tests of log-transformed data were made for age by

comparing young and elderly healthy subjects, for HTLV-I

infection by comparing HTLV-I subjects with both young

and elderly controls, and for EBV infection (AIM) by

comparison with the young control group.

Results

Normal NK cell kinetics

Analysis of deuterium enrichment in DNA of NK cells

following labelling in healthy young subjects yielded

enrichment–time curves as shown in Fig. 1(a). Three

characteristics of these labelling curves were noted. Firstly,

peak labelling was delayed from the end of labelling to

day 10 in four subjects and to day 21 in one, suggesting a

significant postmitotic maturation phase of about 10 days

in bone marrow before emergence into peripheral blood

(although confidence in estimating the exact duration of

this lag time is limited by the number of sampling
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points). This delay was longer than that seen with T or B

lymphocytes using the same protocol, where peak label-

ling was seen at day 3 or 4 postinfusion.25,27 Interestingly,

a significant proportion of labelled cells was found in

samples taken at day 3 (mean 2�2%), suggesting either

that some cells have very short lag times between mitosis

and release or that there is significant division of recircu-

lating mature NK cells in the periphery. Indeed, if one

made the extreme assumption that all labelled cells detec-

ted at day 3 represent cells arising from division of the

mature peripheral NK cell pool, one would conclude that

about 50% of newly formed circulating NK cells derive

from division in the periphery rather than from bone

marrow precursors.

Secondly, mean peak labelling of 4�3 ± 2�4% was

observed in this group of subjects, consistent with a mean

minimum proliferation rate within this population of at

least 4�3%/day (Table 1). (This estimate of proliferation

represents a minimum because it assumes no cell death

between division and sampling at day 10.) This rate is

equivalent to a doubling time (T2) of no more than

16 days. As in T- and B-cell studies, there was significant

inter-individual variation (range 1�9–7�7%/days; Table 1).

The overall production rate of NK cells was estimated to

range between 6 and 25 (mean 15) · 106 cells/day per

litre of whole blood (Table 1).

Thirdly, labelled cells disappeared from the circulation

between days 10 and 21 in four of the subjects. The mean

disappearance rate constant for labelled cells (d*) in these

subjects was 6�4%/day, although this is a minimum

estimate, because it assumes no further appearance of

labelled cells after day 10. The equivalent half-life, about

12 days, is similar to that found in murine studies.16

NK cell kinetics in elderly humans

When elderly subjects were studied, NK cell counts in

blood were found to be similar to those of young controls

(Table 1). Similar patterns of enrichment were obtained

(Fig. 1b) to those found in young subjects, but peak

enrichment and estimated proliferation rates tended to be

lower (2�5%/day versus 4�3%/day; Table 1) and the mean

total production rate was significantly reduced compared

with the young controls (7�3 versus 15�1 · 106 cells/l/day;

P ¼0�03; Table 1). These data suggest that NK cell

production from bone marrow may be impaired by

ageing.

The effect of HTLV-I infection on NK cell dynamics

Infection with the human retrovirus HTLV-I did not

appear to affect NK cell numbers, which were similar to

those in the young and elderly healthy subjects. Peak

labelling (mean 3�2%/day) tended to be reduced and pro-

duction rates were significantly lower than in young con-

trols (Table 1; P ¼ 0�03) but similar to those in the

healthy elderly subjects. As HTLV-I subjects were nearer

in age to the elderly than to the young healthy group, this

reduction may be age-related. Follow-up blood samples

were not taken after day 10 in this group and thus no

disappearance rates were estimated; an underestimate of p

caused by peak enrichment after day 10 cannot be exclu-

ded but peak enrichments beyond day 10 were not seen

in the other groups.

The effect of acute viral infection on NK cell
dynamics

In five young individuals with clinically diagnosed AIM,

mean NK cell numbers in blood were increased by a

factor of about three compared with values for uninfec-

ted young subjects (Table 1). However, enrichment

curves (Fig. 1c) and labelling and disappearance rates

(Table 1) in AIM subjects were very similar to those for

the healthy young controls, except that, in three of the

five AIM subjects, peak labelling was seen earlier (day 3

or 4 rather than day 10 postinfusion), suggesting either

shortening of the lag time between division and release

from marrow or increased division of peripheral, as

opposed to marrow-derived, NK cells. Although this lack

of increased enrichment in NK cells in AIM is sur-

prising, when increased cell numbers were taken into

account, mean production rates tended to be higher
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Figure 1. Labelling of natural killer (NK) cells following infusion of

6,6-2H2-glucose in (a) healthy young subjects, (b) healthy elderly

subjects and (c) young subjects with acute Epstein–Barr virus (EBV)

infection. Values represent the mean ± standard deviation for

labelled cells at time-points after commencement of infusion for

24 hr. Subjects infected with human T-cell lymphotropic virus type I

(HTLV-I) are not shown as blood samples were not taken after

day 10.
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than in healthy young controls, although not reaching

statistical significance in this small group (P ¼ 0�08).

There was good correlation of the total NK production

rate with the clinical severity score26 and with the total

blood lymphocyte count (r ¼ 0�81 and r ¼ 0�76, respect-

ively), although with only five subjects these relation-

ships were not statistically significant.

The surprising lack of enrichment in NK cells in AIM

may be related to the timing of the study. Serial NK cell

counts following the day on which the label was given

(Fig. 2) showed that, at the time of investigation, the

circulating NK cell pool was contracting in all subjects,

rapidly in two individuals.

Table 1. Natural killer (NK) cell kinetics from deuterated glucose labelling

Group

Subject

identifier

NK cell number

(· 106 cells/l)

Peak fraction

labelled cellsa

(%)

Doubling time (T2)

(days)

Production rateb

(· 106 cells/l/day)

Disappearance rate

(d*)c (%/day)

Half-life

(T1/2)

(days)

Young, healthy C05 422 5�91 12 24�9 11�1 6

C06 272 7�68 9 20�9 8�9 8

C07 599 1�88 37 11�3 1�3 53

C08 462 2�56 27 11�8 4�5 16

C10 180 3�60 19 6�5 8�8 8

Mean 387 4�33 16d 15�1 6�9 10d

SD 164 2�42 7�6 4�0

Elderly, healthy E01 298 2�08 33 6�2 9�3 7

E02 181 3�45 20 6�2 4�8 14

E03 198 2�87 24 5�7 6�1 11

E04 706 0�85 81 6�0 2�5 27

E05 588 1�22 57 7�2 5�3 13

E06 509 3�04 23 15�5 8�2 9

E07 n/a 3�35 21 n/a 5�8 12

E08 163 2�80 25 4�6 7�1 10

Mean 377 2�46 28d 7�3* 6�1 11d

SD 221 0�98 3�7 2�1

HTLV-1-infected L06 148 6�22 11 9�2 n/a n/a

L08 192 2�42 29 4�6 n/a n/a

L09 220 4�03 17 8�9 n/a n/a

L10 200 2�09 33 4�2 n/a n/a

L11 496 1�35 51 6�7 n/a n/a

Mean 251 3�22 22d 6�7*

SD 139 1�94 2�3

Young, with AIMe M01 1256 3�04 23 38�1 n/a n/a

M03 1234 1�74 40 21�5 1�9 37

M04 364 4�27 16 15�5 7�1 10

M05 2598 1�84 38 47�9 n/a n/a

M06 619 3�09 22 19�1 7�9 9

Mean 1214* 2�79 25d 28�4 5�6 12d

SD 865 1�04 13�9 3�3

aThe peak fraction of labelled cells gives a minimum estimate of the proliferation rate, p, in percentage/day. bThe production rate is expressed

per litre of blood. cThe disappearance rate estimates represent a minimum value as the model does not account for continued appearance of

labelled cells after peak labelling. dValues represent doubling-time/half-life equivalents of the mean p or d (ln2/p or ln2/d), rather than the mean

of doubling-time/half-lives which have a skewed distribution. eFor acute infectious mononucleosis (AIM) subjects, the NK cell number shown is

on the day of labelling. *P < 0�05 versus young healthy group by two-tailed Student’s t-test.
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Figure 2. Time–course of natural killer (NK) cell numbers in acute

infectious mononucleosis. Time is from the beginning of in vivo

labelling. Curves represent individual subjects: M01 (filled square),

M03 (filled diamond), M04 (triangle), M05 (open square) and M06

(open diamond).
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Discussion

This study has demonstrated the dynamic nature of NK cell

homeostasis in humans. In healthy young individuals,

substantial daily turnover, with a mean of 4%/day in the five

subjects studied here, equivalent to a doubling time/half-life

of the order of 1–2 weeks, is fuelled by the total production

of about 70 · 106 NK cells/day, taking blood volume into

account. This high rate of NK cell turnover is analogous to

that seen in mice, where adoptive transfer experiments sug-

gest a half-life for mature NK cells of 7–10 days.1

True NK cell turnover may be greater than the estimates

given in this preliminary study, as estimates of p do not

account for cell death before measurement of labelled cells

in the circulation and estimates of d* only relate to

labelled cells (not to the whole population)25 and do not

account for ongoing late release of labelled cells. These fac-

tors will contribute to uncertainty in the minimum values

given to p and d* and thus to inter-individual variation.

This limitation would be mitigated by more frequent

sampling following labelling; additional time-point esti-

mates of enrichment would allow more complete model-

ling of the data, as has been applied to T-cell kinetics,25

and thus more accurate estimation of kinetic parameters.

Expression of life span as doubling time/half-life tends to

exaggerate the apparent variance because of the reciprocal

relationship with turnover. Clinically, there were no

apparent differences in health status among the ‘healthy’

young controls to explain such variation, although sub-

clinical infection cannot be excluded. We therefore con-

clude that most of the inter-individual variation seen in

this study is probably physiological, as seen with T cells.25

Indeed, in this small number of subjects there was a good

correlation between proliferation rates for NK cells and

for CD4+ CD45R0+ T cells (r ¼ 0�89, n ¼ 5, P ¼ 0�045),

but not for other T-cell subtypes.

Both ageing and viral infection have an impact on NK

cell kinetics. In the elderly subjects, NK cell numbers were

well preserved, although in this small number of subjects

we did not see an increase in NK cell numbers as des-

cribed in some previous studies.17,19–21 However, we did

find evidence for a reduction in total NK cell production

rates of about 50%, despite the small numbers of subjects.

This combination of reduced production rate with pre-

served cell numbers would be most consistent with an

increased proportion of long-lived NK cells in the elderly

subjects and may be related to an increased proportion of

CD56dim cells, as previously reported in elderly subjects.23

Although such an increased proportion of long-lived cells

might be expected to result in an increase in the estima-

ted disappearance rate, d*, no change was seen in the

elderly subjects (Table 1). However, the value given to d*

represents the disappearance rate of dividing cells only,25

and thus for it to remain unchanged does not exclude an

increase in the proportion of non-dividing (and thus

unlabelled and ‘invisible’) long-lived cells in the NK pop-

ulation. This is the first demonstration of impaired NK

production in elderly people, and these age-related chan-

ges in NK kinetics merit further investigation.

The effect of ageing on NK kinetics probably also

explains the lower NK production rates in subjects with

chronic HTLV-I infection when compared with young

controls. The absence of a proliferative response in this

condition contrasts with the accelerated turnover rates of

CD8 cells seen in the same group (B. Asquith et al. 2005,

unpublished results), consistent with independent regu-

lation of T-cell and NK cell proliferation, and may be

related to impaired IL-2 responsiveness, as seen in NK

cells from elderly subjects.23

The lack of increased NK cell labelling in acute EBV

infection is surprising and contrasts with the dramatic

proliferative responses seen in mice with MCMV infec-

tion1 and with the massive CD4 and CD8 lymphocyte

proliferative response occurring at the same time in

the same individuals in whom proliferation rates for

CD8+ CD45R0+ T cells were 100 times normal.26 Despite

this lack of labelling, there did appear to be expansion of

the circulating NK cell pool, consistent with, although less

marked than, the findings of a previous study in AIM in

which NK cell numbers at diagnosis were increased

6-fold24 and the total production rate of NK cells did

appear to be related to clinical severity.

How then do we explain the apparent lack of prolifer-

ation of NK cells in AIM? The most likely explanation is

that NK cell expansion had indeed occurred in our subjects

but was resolving by the time our investigations were per-

formed. Despite recruiting and investigating subjects as

early as logistically possible, median time to investigation

was 12 days (range 4–35 days) from onset of symptoms

and 5 days (range 0–28 days) from the time of maximal

symptoms. NK cell numbers in blood were falling at the

time of the study (Fig. 2), suggesting rapid contraction of

the circulating NK cell pool, analogous to the down-regula-

tory ‘phase-III’ of the murine response to MCMV (from

about day 6 postinfection).1 Activation of the adaptive

immune response, which was very evident in our AIM sub-

jects, down-regulates NK cell proliferation and there is evi-

dence that IL-21 mediates this effect.31 If this is the case,

much earlier studies would be required to demonstrate the

magnitude of the NK proliferative response to EBV, which

may not be feasible in human clinical investigation; indeed,

the phase of NK expansion may even precede symptoms

and clinical presentation, which are largely related to the

excessive lymphocytic response induced by EBV.

An alternative, but not mutually exclusive, explanation

for the paucity of NK proliferative response in acute EBV

would be that the proliferative response for NK cells is

genuinely much smaller than that for T cells. Whereas

T-cell responses are clonally restricted, NK responses are

not, activation occurring via multiple germline-encoded
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receptors with considerable overlap;1,32 thus a large num-

ber of NK cells may have responded to EBV infection,

within the context of an already dynamic NK cell pool,

without extensive clonal expansion.

The proliferation rates measured in these studies rep-

resent an average value for the whole NK cell population

defined by a CD3– CD16+ phenotype. However, NK cells

are not homogenous and include two important sub-

populations which may have distinct kinetics. Firstly,

some NK cells are CD56+ CD83+ CCR7+ CD25+ and

have helper activity.33 Such cells are likely to home pref-

erentially to the lymph node as they express high levels

of CCR7 and this may affect their dwell time in the cir-

culation; further studies with additional antibody stain-

ing and sorting would elucidate whether this affects

their dynamics. Secondly, the CD56bright subpopulation

differs from the rest of the NK cell pool in IL-2 respon-

siveness and interferon (IFN)-c production.14 These cells

may have been underrepresented in our sorts, as

CD56bright cells tend to be CD16dim. We estimated the

magnitude of this effect on our data by dual staining

with CD16 and CD56 in a further five (healthy) sub-

jects. We found that about half (range 33–71%) of the

CD56bright population, constituting a mean of 4% (range

0�9–8%) of total NK cells in blood, would have been

excluded from our analysis as CD16–. This may be par-

ticularly relevant in AIM subjects who have an increased

proportion of CD56bright cells,24 although omission of

this population from the analysed cells is unlikely to

explain the paucity of labelled NK cells in AIM. Further

studies using CD56 expression as a sort criterion would

demonstrate whether this population has a dispropor-

tionately high proliferation rate.

This study represents the first report of in vivo kinet-

ics of NK cells in humans. Although subject numbers

were limited, we have demonstrated the highly kinetic

nature of the NK cell population, with turnover rates of

the same order of magnitude as in murine data. The

early appearance of some labelled cells suggests that

division of mature peripheral NK cells may contribute

to NK cell homeostasis in vivo. Immunosenescence

appears to reduce bone marrow production of new NK

cells, although circulating numbers are well maintained.

Chronic infection with HTLV-I does not measurably

perturb NK dynamics, whilst in acute EBV infection

NK cell proliferation occurs early in the infection, with

rapid restoration of proliferation rates to normal once

the adaptive response has been initiated. These prelim-

inary findings need confirmation in larger groups of

subjects and could be extended to include further NK

subsets; however, the data presented represent the first

in vivo human kinetic data and have important implica-

tions for approaches that might seek to utilize or per-

turb NK cells within the context of a therapeutic

strategy.
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