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Lymphocyte maintenance during healthy aging requires no
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Summary
In healthy humans, lymphocyte populations are maintained at a
relatively constant size throughout life, reflecting a balance
between lymphocyte production and loss. Given the profound
immunological changes that occur during healthy aging, including a significant decline in T-cell production by the thymus,
lymphocyte maintenance in the elderly is generally thought to
require homeostatic alterations in lymphocyte dynamics. Surprisingly, using in vivo 2H2O labeling, we find similar dynamics of
most lymphocyte subsets between young adult and elderly
healthy individuals. As the contribution of thymic output to
T-cell production is only minor from young adulthood onward,
compensatory increases in peripheral T-cell division rates are not
required to maintain the T-cell pool, despite a tenfold decline in
thymic output. These fundamental insights will aid the interpretation of further research into aging and clinical conditions
related to disturbed lymphocyte dynamics.
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Introduction
Advanced aging is associated with greater susceptibility to infections,
reduced vaccine efficacy, and a higher incidence of cancer and
autoimmune disease (Goronzy & Weyand, 2013; Montecino-Rodriguez
et al., 2013). This is believed to be at least partly due to aging of the
immune system. Immunological aging is a process characterized by
several micro-environmental and cellular changes in the hematopoietic
system, which collectively affect both the production and functioning of
the peripheral blood lineages. Particularly in the adaptive immune
system, profound age-associated changes take place at the cell
population level, both in the T-cell and in the B-cell pools.
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In the human peripheral T-cell pool, immunological aging is reflected
by a numerical decline of naive T cells, loss of T-cell receptor diversity,
and changes in T-cell subset distribution (Fagnoni et al., 2000; Lazuardi
et al., 2005; Saule et al., 2006; Goronzy et al., 2007; Wertheimer et al.,
2014). The widely held view is that these changes are caused by a
combination of lifelong exposure to various pathogens and the gradual
involution of the thymus, an irreversible process during which functional
thymic tissue becomes progressively replaced by fat (Steinmann et al.,
1985). Also, the total number of circulating cd T cells has been reported
to decline with age, which is mainly due to a reduction in the most
dominant Vd2 subset (Argentati et al., 2002; Michishita et al., 2011).
The composition of the cd T-cell population changes with age, with a
skewing toward differentiated effector cells in the elderly (Re et al.,
2005). The observation that absolute cd T-cell numbers in young adults
thymectomized during early childhood were similar to those in healthy
controls (Roux et al., 2013) suggests that the decline of cd T cells during
healthy aging may be independent of thymic involution. An alternative
explanation could, however, be that thymic tissue may have regrown
(van Gent et al., 2011). Despite large interindividual variation in
peripheral B-cell numbers, studies have uniformly reported a numerical
decline of total CD19+ B cells with age (Ademokun et al., 2010; Kogut
et al., 2012). How different B-cell subsets are affected by aging is less
clear, with conflicting literature reporting decreased or unchanged naive
B-cell numbers and increased or decreased memory B-cell numbers
(Ademokun et al., 2010; Kogut et al., 2012). There is no unambiguous
evidence for declining B-cell production by the bone marrow in humans
with age, although an age-related reduction in B-cell progenitors has
been reported by a few studies (Ogawa et al., 2000; McKenna et al.,
2001; Kuranda et al., 2011) and a pronounced loss of B-cell receptor
repertoire diversity was observed in some elderly (Dunn-Walters &
Ademokun, 2010), which could reflect decreased bone marrow output.
The occurrence of lymphopenia-induced proliferation in rodents
(Miller & Stutman, 1984; Bell et al., 1987; Freitas & Rocha, 2000) has
suggested that the immune system has an intrinsic capacity to maintain
cell numbers at sufficiently high levels by inducing a compensatory
homeostatic response when cell numbers are low. Because such
responses rely on a general principle of cellular competition for limiting
resources [e.g., stimulatory signals from endogenous peptide/MHC
complexes and cytokines such as IL-7 (Fry & Mackall, 2001)], it is
thought that similar compensatory mechanisms can also be called into
action in humans, for example, in response to lymphopenia in HIV
infection or following stem cell transplantation (SCT), and in response to
thymic involution during aging. Indeed, previous aging studies have
reported increased percentages of proliferating Ki-67+ naive T cells in
the elderly, correlating with reduced naive T-cell pool size, and hence
suggestive of a homeostatic increase in cell production triggered by low
numbers (Naylor et al., 2005; Sauce et al., 2012). Aging is, however, a
complex, multifactorial process with a highly variable impact on health
status, which makes it difficult to determine to what extent chronological age contributes to age-associated changes in the immune
system. Here, we selected only individuals with a particularly good
health status and used in vivo labeling with deuterated water (2H2O) to
quantify the turnover rates of naive, memory, and natural effector B
cells, naive and memory CD4+ and CD8+ T cells, and cd T cells in young
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and elderly healthy individuals. In contrast to the analysis of Ki-67
expression, providing a snapshot of the fraction of cells dividing at a
single moment, labeling with 2H2O allowed us to record lymphocyte
turnover over a longer period of time, thereby providing a very robust
and reliable tool to quantify these dynamics. By combining the
parameters obtained by 2H2O labeling and T-cell receptor excision circle
(TREC) analysis in a mathematical model devised previously by den
Braber et al. (2012), we also quantified to what extent thymic output
declines during healthy aging, and whether and how this decline is
compensated for by peripheral homeostatic mechanisms. Our data
show that the turnover rates of almost all lymphocyte subsets hardly
change during healthy aging. Only naive CD8+ T cells had a significantly
faster turnover in elderly individuals, which was related to a larger
fraction of CD95+ T cells in older individuals. Despite the observation
that CD4+ T-cell production by the thymus declines at least tenfold
between the third and seventh decade of life, we find no signs of
peripheral compensation for this loss of naive T-cell production.

Results
Individuals and follow-up
To quantify the dynamics of different leukocyte subsets in healthy aging,
five young individuals [plus five from a previous study by Vrisekoop et al.
(2008)] and ten elderly individuals were enrolled in a heavy water (2H2O)
labeling study (Table 1). During a 9-week labeling period, and a
subsequent delabeling period of approximately 1 year, we frequently
collected blood samples for the measurement of deuterium enrichment
in the DNA of granulocytes, B-cell subsets, total cd T cells, and ab T-cell
subsets (for details on sort gating strategy, see Fig. S1; Supporting
information). The average turnover rate (“p”), that is, the percentage of a
cell population that is replaced by new cells per day, was estimated from
the enrichment data using a multi-exponential model, which takes into
account that populations can contain cells with different turnover rates
(Ganusov et al., 2010; Westera et al., 2013a). The enrichment curves of

Table 1 Subject characteristics

Age group

Subsets

ID

Young
Vrisekoop
et al., (2008)

T cells

Young

B cells, cd T cells

Aged

T cells

Aged

B cells, cd T cells

A
B
C
D
E
Y01
Y02
Y03
Y04
Y05
A01
A02
A04
A07
A09
A03
A05
A06
A10
A11

Symbol

●
■
▲
▼
●
■
▲

♦

▼

Age at start
Protocol

Gender

24
22
25
20
22
24
23
21
20
21
66
72
68
68
69
67
66
75
69
67

M
M
M
M
M
F
F
M
M
M
M
M
M
M
M
F
M
F
F
F

all leukocyte subsets were normalized to the estimated maximum level of
label incorporation in peripheral blood granulocytes, as this cell
population is known to turn over rapidly. The dynamics of granulocytes
were similar between young and elderly individuals (Fig. S2; Supporting
information).

Dynamics of naive, memory, and natural effector B cells
To investigate whether aging is associated with alterations in peripheral
B-cell dynamics, we first determined the absolute number and distribution of the three main B-cell subsets present in the circulation, that is,
naive (IgM+CD27), memory (IgMCD27+), and natural effector
(IgM+CD27+) B cells. For none of the subsets we found significant
age-related differences in absolute B-cell counts, although the interindividual variation in naive B-cell numbers in the aged was relatively large
(Fig. 1A, Table 2). As there are indications that B-cell production by the
bone marrow declines with age (Ogawa et al., 2000; McKenna et al.,
2001; Kuranda et al., 2011), B-cell numbers may stay constant because
of compensatory changes in peripheral B-cell dynamics. Fitting the multiexponential model to the enrichment data of each individual (Figs S3 and
S4; Supporting information) revealed that the average turnover rates of
all B-cell subsets in elderly individuals were not significantly different
from those in young individuals (Fig. 2A, Table 2). The interindividual
variation in memory B-cell turnover rates between young subjects was
rather large, which was not related to the relative abundance of the
different B-cell subsets in these individuals. In conclusion, variation in Bcell dynamics between individuals seemed to be related to factors other
than aging.

Dynamics of cd T cells and naive and memory CD4+ and CD8+
T cells
We compared absolute numbers of naive (CD27+CD45RO) and
memory (CD45RO+) CD4+ and CD8+ ab T cells and cd T cells in young
and elderly individuals (Fig. 1B,C,D, Table 2). Naive T-cell numbers
tended to be lower in elderly subjects; this difference was significant for
CD8+ (P-value = 0.008; Fig. 1C) but not for CD4+ (P-value = 0.06) naive
T cells. The number of memory CD4+ T cells was significantly higher in
elderly subjects (P-value = 0.008), whereas the number of memory
CD8+ T cells was not different in young and aged individuals (Fig. 1D).
We observed considerable interindividual variation in the number of cd T
cells, but did not find a significant difference between the age groups
(Fig. 1B). Within the cd T-cell pool, the fraction of Vd2+ cells was not
different in young and elderly subjects (median values were 40% for
young and 57% for elderly individuals).
As changes in the size of the T-cell subsets might be related to
changes in their dynamics, we quantified their turnover rates. For cd T
cells, fitting the multi-exponential model to the deuterium-enrichment
data (Figs S3 and S4) yielded no different average turnover rates
between young and aged individuals (Fig. 2B, Table 2). For memory T
cells, the average turnover rates estimated from the enrichment data
[(Westera et al., 2013a) and Fig. S5; Supporting information] were also
not different between young and elderly subjects (Fig. 2D, Table 2).
Hence, the age-related increase in memory CD4+ T-cell numbers was not
concomitant with altered turnover rates.
Deuterium enrichment in naive T cells tended to be higher in elderly
than in young individuals (Fig. 3A), especially in the case of naive CD8+ T
cells, suggesting a faster turnover for this subset in elderly individuals.
Fitting the multi-exponential model to the enrichment data of each
individual (Fig. S5) revealed that the average turnover rate of naive CD4+
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Fig. 1 Absolute numbers of B cells and T
cells in young and elderly individuals.
Absolute numbers (per ml of blood) of (A)
naive, memory, and natural effector B cells,
(B) cd T cells, (C) naive CD4+ and CD8+ T
cells, and (D) memory CD4+ and CD8+ T
cells in young (gray symbols) and aged
(black symbols) individuals. The elderly male
tested seropositive for CMV is depicted by a
semi-filled diamond (C+D). Horizontal lines
represent median values. Asterisks mark
significant differences (P-value < 0.05)
between young and aged individuals.
Different symbols indicate different
individuals (see Table 1) within panels (A+B)
and within panels (C+D); note that different
individuals were included for analysis of Bcell subsets and cd T cells (A+B) and T-cell
subsets (C+D).

(A)

(B)

(C)

(D)

Table 2 Median (range) of average turnover rates, cell numbers, and total daily production of the different lymphocytes

Naive B cells
Mem B cells
Nat Eff B cells
cd T cells
Naive CD4+ T cells
Naive CD8+ T cells
Mem CD4+ T cells
Mem CD8+ T cells

Average turnover rate (% per day)
median (range)

Cell number (per ll blood)
median (range)

Total production (9106 cells per day)
median (range)

Young

Aged

Young

Aged

Young

Aged

0.23
2.29
0.47
0.52
0.04
0.03
0.60
0.53

0.34
0.69
0.44
0.20
0.07
0.09
0.45
0.36

108
18
21
38
534
254
403
90

170
26
14
30
337
31
470
113

67
85
31
33
89
24
391
109

78
36
19
15
40
7
542
107

(0.16–0.36)
(0.42–3.89)
(0.42–0.70)
(0.14–1.21)
(0.03–0.07)
(0.03–0.05)
(0.22–1.02)
(0.23–0.98)

(0.16–0.37)
(0.20–1.15)
(0.26–0.61)
(0.05–7.86)
(0.05–0.16)
(0.05–1.86)
(0.44–0.80)
(0.26–9.12)

T cells was not significantly different between the age groups (median
pyoung = 0.04% and paged = 0.07% per day, P-value = 0.2), whereas
the average turnover rate of naive CD8+ T cells was significantly higher in
elderly subjects (median pyoung = 0.03% and paged = 0.09% per day,
P-value = 0.02; Fig. 2C, Table 2). Even though this increase should be
interpreted with caution in light of the small group sizes and the large
interindividual variation in the elderly group, the data show that the
turnover rate of naive CD8+ T cells in four of the five elderly individuals
was higher than in the young (Fig. 2C).

Turnover-associated changes in the naive CD8+ T-cell pool in
elderly subjects
To study whether the increased turnover of naive CD8+ T cells concurred
with other alterations within this subset, we analyzed the naive T-cell

(85–117)
(9–33)
(12–39)
(25–53)
(307–898)
(185–484)
(221–448)
(53–165)

(13–196)
(14–47)
(11–63)
(3–78)
(192–417)
(21–54)
(339–546)
(55–153)

(33–101)
(17–136)
(12–41)
(18–120)
(20–137)
(15–39)
(221–911)
(70–227)

(11–167)
(19–75)
(7–54)
(5–53)
(31–138)
(6–98)
(393–936)
(35–3497)

pools of the elderly subjects in more detail. Because samples of the
young subjects who received 2H2O were no longer available, we also
analyzed the composition of the naive CD8+ T-cell pool in 41 additional
healthy controls of different ages. In both young and elderly individuals,
naive CD4+ and CD8+ T cells had a high expression of CCR7 and CD28
(median values for naive CD4+: 98% CCR7+ and 98% CD28+; for naive
CD8+: 95% CCR7+ and 96% CD28+), confirming their naive phenotype.
However, we found substantial age-related differences in the percentage of naive CD8+ T cells expressing CD95 (Fig. 3B). Whereas naive
CD4+ T cells had a low expression of CD95 at any age (generally around
5% CD95+), the percentage of naive CD8+ T cells expressing CD95
increased over age, comprising between 18% and 36% in the elderly
subjects (Fig. 3B), and appeared to be inversely correlated with the
number of naive T cells (for CD4+: r = 0.37, P-value = 0.01; for CD8+:
r = 0.54, P-value < 0.0001; Fig. 3C). To investigate whether the
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Average turnover rate (% per day)

Average turnover rate (% per day)

(C)

(D)
Average turnover rate (% per day)

(B)

Average turnover rate (% per day)

(A)

Fig. 2 Summary of estimated average
turnover rates in young and elderly
individuals. Estimates of the average
turnover rate of (A) naive, memory, and
natural effector B cells, (B) cd T cells, (C)
naive CD4+ and CD8+ T cells, and (D)
memory CD4+ and CD8+ T cells in young
(gray symbols) and aged (black symbols)
individuals. The elderly male tested
seropositive for CMV is depicted by a semifilled diamond (C+D). All estimates were
obtained by fitting the multi-exponential
model to the individual data sets (see
Supporting Information). Horizontal lines
represent median values. The asterisk marks
a significant difference (P-value < 0.05)
between young and aged individuals.
Individual fits are shown in Figs S3–S5.
Different symbols indicate different
individuals within panels (A+B) and panels
(C+D).

relatively large CD95+ fraction of naive CD8+ T cells in elderly subjects
could have contributed to the faster turnover rate of the aged naive
CD8+ T-cell pool, we measured the expression of the cell-cycle marker
Ki-67 in the CD95 and CD95+ fractions of the naive CD4+ and CD8+ Tcell pools. Indeed, the percentage of Ki-67-expressing cells was
significantly higher among CD95+ compared to CD95 cells
(P-value = 0.03 for both CD4+ and CD8+; Fig. 3D). Thus, the larger
fraction of rapidly proliferating CD95+ cells could explain the observed
increase in turnover of the ‘naive’ CD8+ T-cell pools of the elderly
individuals.

No peripheral homeostatic compensation in the naive CD4+ Tcell pool, despite decreasing thymic output
Because the thymus involutes with age (Steinmann et al., 1985), and
deuterium is incorporated by new naive T cells that are produced in both
the thymus and the periphery, the similar turnover rates of naive CD4+ T
cells in our young and elderly individuals could be an indication for a
compensatory increase in peripheral T-cell division in the elderly.
Therefore, we quantified the contribution of thymic T-cell production
and peripheral T-cell division to the daily turnover of naive CD4+ T cells in
young and elderly subjects. We previously demonstrated that daily
thymic output can be deduced from the average turnover rate, the
absolute cell number, and the TREC content of naive T cells (den Braber
et al., 2012). Using this approach (see Supporting Information), we
estimated that thymic output declined significantly from 16 million cells
per day in young individuals to < 1 million cells per day in elderly
individuals (P-value = 0.02; Fig. 4A), a change that is well in line with the
previously estimated tenfold decrease in thymic output during adulthood
(Steinmann et al., 1985). By subtracting the estimated daily thymic
output from the total daily production of naive CD4+ T cells (Fig. 4B), we
deduced the average naive CD4+ peripheral T-cell division rate in young
and elderly subjects (see Supporting Information). Remarkably, despite

the tenfold decrease in thymic output, peripheral naive CD4+ T-cell
division rates were not significantly higher in the elderly (Fig. 4C),
suggesting that peripheral homeostatic compensation for loss of thymic
output either did not occur or was negligible.

Discussion
Using long-term in vivo 2H2O labeling in healthy young and elderly
individuals, we observed neither age-related differences in population
dynamics nor signs of compensatory mechanisms for the population
maintenance of different B-cell and T-cell subsets. Our data convincingly point out that maintenance of lymphocyte populations during
healthy aging does not require substantial alterations in lymphocyte
turnover. These results are consistent with a previous deuterated
glucose labeling study, which reported no significant age-related
difference in the turnover of total B cells (Macallan et al., 2005), and
we extend these insights by showing that also within the different Bcell subsets as well as for cd T cells, turnover rates do not change
during healthy aging.
Although lymphopenia-induced T-cell proliferation is clearly triggered
in rodents with low T-cell numbers (Miller & Stutman, 1984; Bell et al.,
1987; Freitas & Rocha, 2000), there is no unambiguous evidence for the
occurrence of homeostatic T-cell proliferation in primates and humans.
Increased percentages of Ki-67-expressing T cells have been observed in
different clinical conditions of lymphopenia, including in HIV infection,
after SCT, and post-thymectomy (Hazenberg et al., 2000b, 2002;
Borghans et al., 2006; van Gent et al., 2011), and also under more
physiological circumstances in aging rhesus macaques and humans
(Naylor et al., 2005; Cicin-Sain et al., 2007; Sauce et al., 2012). In the
rhesus macaque model of immune senescence, fractions of Ki-67+ naive
T cells were found to correlate positively with age, and negatively with
the percentage of naive cells in the CD4+ and CD8+ T-cell pools and
with TCR diversity (Cicin-Sain et al., 2007). Naive T-cell turnover rates
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(A)

Time (days)

Time (days)

(B)

Fig. 3 Analysis of 2H enrichment and
CD95 expression within the naive T-cell
pools. (A) Best fits of the mixed effect multiexponential model (see Data S1; Supporting
information) to 2H enrichment in the DNA
of naive CD4+ and CD8+ T cells from young
[(Vrisekoop et al., 2008), gray symbols and
curve] and elderly individuals (black symbols
and curve). Label enrichment was scaled
between 0 and 100% by normalizing for
the maximum enrichment in granulocytes.
(B, C) The expression of CD95 on naive
CD4+ (left) and CD8+ (right) T cells was
determined in elderly males (black symbols)
of the 2H2O labeling study and in other
healthy donors of varying ages (open
symbols, n = 41). The percentage of CD95+
naive T cells was plotted against age (B) and
against the number of naive CD4+ or CD8+
T cells per ml blood (C). The elderly male
who tested seropositive for CMV is
depicted by a semi-filled diamond (B+C).
The lines in panels (C) and (D) represent
linear regression analyses. (D) Ki-67
expression was measured within the
CD95 and CD95+ fractions of naive CD4+
and CD8+ T cells in elderly males of our
labeling study (n = 4). The median is
represented by a horizontal line. Different
symbols indicate different individuals.
Asterisks mark significant differences
(P-value < 0.05).

(C)

(D)

increased exponentially when the percentage of naive T cells in the
CD8+ T-cell pool dropped below 4% (Cicin-Sain et al., 2007), supporting the idea that a certain pool size threshold may exist below which
compensatory mechanisms get activated. In humans, Naylor et al.
(2005) reported an increase in CD4+ T-cell division rates after the age of
70, and Sauce et al. (2012) observed a direct association between
decreased naive T-cell numbers and increased frequencies of Ki-67+
naive T cells in healthy elderly individuals aged 76 and older. Although
such correlations may be suggestive for the occurrence of homeostatic
proliferation, it is in fact not clear whether increased cell division rates
are induced by low cell numbers. What may be interpreted as a
favorable homeostatic response to low cell numbers may alternatively
reflect a different, perhaps even maleficent proliferative process. In fact,
a third factor (related to aging) may induce both cell loss and increased

lymphocyte turnover, or increased lymphocyte proliferation could even
be driving cell loss. Increased levels of proliferation observed in HIV and
SCT patients, for example, turned out to be related to immune
activation or clinical events, rather than to reflect a homeostatic
response to low cell numbers (Hazenberg et al., 2000b, 2002). Likewise,
a chronic inflammatory state associated with aging (Macaulay et al.,
2013) may drive increased lymphocyte proliferation and lymphocyte
loss.
We found a reduced pool size and an increased turnover rate of naive
CD8+ T cells in the aged, which was accompanied by the relative
abundance of cycling CD95+ T cells. As expression of CD95 has been
shown to be upregulated in response to IL-7 in vitro (Cimbro et al.,
2012), and IL-7 is known to play a key role in regulating proliferative
responses in vivo (Takada & Jameson, 2009), these CD95+ cells could in
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*

(B)

(C)

Peripheral division rate
(% per day)

100

1000

Total production
(x106 cells per day)

Thymic output

(x106 cells per day)

(A)

10

1

100

10

0.1
Young

Aged

Young

Aged

0.20
0.15
0.10
0.05
0.00
Young

Aged

Fig. 4 Contributions of daily thymic output and peripheral T-cell division to total naive CD4+ T-cell production. (A) Estimated daily thymic output (cells per day) in young and
aged individuals, calculated by multiplying the total daily naive CD4+ T-cell production by the normalized naive CD4+ T-cell TREC content (normalized using TREC contents of
single positive CD4+ thymocytes), as described previously (den Braber et al., 2012). The asterisk marks a significant difference (P-value < 0.05) in daily thymic output
between young and aged individuals. (B) Total production of naive CD4+ T cells per day in young and aged individuals, calculated as (the average turnover rate p) 9 (the
absolute number of naive CD4+ T cells per liter blood) 9 (5 L blood) 9 50, assuming that 2% of lymphocytes reside in the blood (Westermann & Pabst, 1990). (C) Estimated
daily peripheral division rate per cell, calculated by dividing the estimated total peripheral T-cell division (in Fig. S7B) by the total number of naive CD4+ T cells present in the
periphery. The normalized TREC content of naive CD4+ T cells in young individuals was previously reported in den Braber et al. (2012); as no TREC measurements were
obtained for individual C, this individual was not included in the analysis. TREC contents are shown in Fig. S7A. Different symbols indicate different individuals. The elderly
male who tested seropositive for CMV is depicted by a semi-filled diamond.

theory reflect homeostatically dividing naive CD8+ T cells. However, this
idea is not supported by the observation that almost all CD95+ cells
expressed the IL-7 receptor (> 90% CD127+), which is typically
downregulated upon IL-7 binding. Phenotype analyses indicated that
the CD95+ (CD27+CD45RO) CD8+ T-cell population contained both
memory stem cells (Gattinoni et al., 2011), expressing CCR7 and CD28,
and effector-like (CCR7CD28+/) cells (for representative density dot
plots, see Fig. S6; Supporting information). These results stress that the
age-related increase in naive CD8+ T-cell turnover should not be
interpreted as evidence for homeostatically increased naive CD8+ T-cell
division at old age.
Deuterium labeling data of the naive CD4+ T-cell pool gave more
straightforward insights into the possible role of homeostatic compensation during healthy aging, as this population did not contain high levels
of CD95+ T cells at any age. We found that the average turnover rate of
CD45RA+CD27+ naive CD4+ T cells did not change during healthy aging,
which is in line with a previous deuterated glucose labeling study
(Wallace et al., 2004) which reported similar dynamics of CD45RA+
CD4+ T cells in healthy young and aged individuals. Remarkably, despite
the significant loss of thymic output that we estimated between the 3rd
and the 7th decade of life, peripheral naive CD4+ T-cell division rates
were not increased. Naive CD4+ T-cell numbers tended to be reduced in
the elderly, but this was not significant (Fig. 1C). The significant drop in
naive CD8+ T-cell numbers and the nonsignificant change in naive CD4+
T-cell numbers over age are perfectly in line with observations from a
recent large cross-sectional study, in which aging correlated with a
decline in the naive CD4+ count in CMV-positive individuals, but not in
CMV-negative individuals (Wertheimer et al., 2014). In this respect, it is
important to note that nine of the ten healthy elderly individuals in our
study were CMV-negative (the only CMV-positive elderly individual is
marked in all figures by a semi-filled diamond). Loss of thymic output
was also not compensated for by increased cell survival, as this should
have been reflected by reduced naive T-cell turnover rates. Hence, our
data show no signs of homeostatic compensation for reduced thymic
output in the naive CD4+ T-cell pool during healthy aging.
As deuterium labeling studies are always limited to relatively small
sample sizes, one may wonder whether our study had the power to
detect compensatory responses in lymphocyte turnover during healthy
aging. Indeed, statements of statistical nonsignificance should be
interpreted with caution for such small sample sizes. Our study was,
however, able to detect twofold changes in lymphocyte turnover with a

power larger than 80% and 1.5-fold changes with a power larger than
70%. We show that the most likely explanation for our findings is that
thymic output contributes so little to the total production of naive T cells
even in young adults (Fig. S7C; Supporting information) and that a
compensatory response for the further decline in thymic output with age
is simply not required or too small to be measured. Importantly, the
disadvantage of small numbers of individuals in deuterium labeling
studies is counterbalanced by the advantage that they provide very
reliable quantitative estimates. This is firstly owing to the frequent
sampling per individual during labeling and delabeling phases, and
secondly because in long-term labeling studies the information on cell
turnover is recorded over a period of several weeks, thereby providing a
turnover estimate that is considerably less sensitive to fluctuations in cell
turnover than, for example, a ‘snapshot’ measurement of Ki-67
expression.
The lack of correlation between naive CD4+ T-cell numbers and
turnover rates that we found (Fig. S8; Supporting information) contrasts
the previously observed correlations between the fraction of Ki-67+ naive
T cells and the naive T-cell pool size in elderly rhesus macaques and
humans (Naylor et al., 2005; Cicin-Sain et al., 2007; Sauce et al., 2012).
Although we cannot formally exclude the possibility that such a
correlation may have gone unnoticed because of our relatively small
group sizes, we think that other reasons underlie this difference. One
option is that age differences explain the contrast between the studies,
as our elderly individuals were slightly younger than the subjects in the
previous human aging studies (Naylor et al., 2005; Sauce et al., 2012).
However, we think it is more likely that other factors related to immune
status underlie the previously observed correlation between T-cell counts
and proliferation rates at high age. Because Ki-67 can be expressed by
homeostatically dividing cells but also by naive T cells that proliferate to
become memory cells, the increased Ki-67 levels observed in some
elderly might reflect increased immune activation, for example, due to
persistent infection with CMV, which has a high prevalence in the
elderly, or to other factors that increase inflammation with age
(Macaulay et al., 2013). The increased naive T-cell turnover rates
observed in aging rhesus macaques (Cicin-Sain et al., 2007) are
compatible with this scenario, as all monkeys turned out to be
CMV-positive (Dr. J. Nikolich-Zugich, personal communication).
Although the number of CMV-positive elderly individuals was too low
to investigate the effect of CMV in our elderly cohort, the low frequency
of CMV-positive individuals among our elderly subjects is at least
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suggestive that CMV may play a role. Future studies among CMVpositive and CMV-negative individuals are needed to address the role of
CMV in truly healthy aging. Finally, although the largely CMV-negative
group of elderly individuals included in this study may not be
representative for the elderly population, it provided us with the unique
opportunity to study whether homeostatic mechanisms are evident in
truly healthy aging in the absence of CMV as a possible confounder.
Thanks to the combination of deuterium labeling data and TREC
analyses, we were also able to calculate how the absolute number of
cells produced by the thymus per day changed during healthy aging. We
found that thymic output declined from 16 million cells per day in young
adults to < 1 million cells per day in elderly individuals, in line with the
previously estimated tenfold decrease in thymic output based on
histological studies (Steinmann et al., 1985). Previously, Bains et al.
(2009) also combined different techniques to estimate daily thymic
output in young adults, by analyzing TREC contents and Ki-67 expression
data. Remarkably, with roughly 350 million newly produced naive CD4+
T cells per day, their estimate of thymic output was an order of
magnitude higher than our estimated 16 million cells per day. Recent
work suggests that Bains et al. may have overestimated the fraction of
dividing cells by the measurement of Ki-67 expression, which appears to
remain elevated for days after completion of cell division (de Boer &
Perelson, 2013; Hogan et al., 2013) and may thereby have indirectly
overestimated daily thymic output.
In summary, we have provided reliable estimates of the average
turnover rates of various B-cell and T-cell subsets in healthy young and
elderly individuals and found no signs of homeostatic compensation
during truly healthy aging. Our insights will aid the interpretation of past,
current, and future investigations in a variety of interventions and
diseases, which may reveal, for example, whether increased cell division
rates in certain lymphopenic conditions reflect a favorable compensatory
mechanism or rather the detrimental effect of inflammation.

Experimental procedures
Subjects and in vivo 2H2O labeling
Five young and ten elderly healthy volunteers (Table 1) were enrolled in
the study after having provided written informed consent. On day 1,
volunteers received an oral ramp-up dose of 7.5 ml of 2H2O (99.8%
enriched, Cambridge Isotope Laboratories, Tewksbury, MA, USA) per kg
body water, in small portions throughout the day. Body water was
assumed to be 60% (males) and 50% (females) of body weight (Watson
et al., 1980). Blood was drawn before the first portion, and urine was
collected after the last portion. As maintenance dose, volunteers drank
1.25 ml kg1 body water at home daily for the duration of the labeling
period (9 weeks; for logistic reasons the labeling period was ~7.5 weeks
and ~10 weeks for two subjects). Urine was collected an additional 15
times during the first ~100 days of the study. Blood was drawn six more
times during labeling and eight times during delabeling, with the last
withdrawal ~1 year after stop of 2H2O administration. All volunteers
were healthy and did not take drugs (a questionnaire was taken to
confirm that subjects were healthy and did not have serious illnesses
(e.g., malaria; cancer) in the past; serological testing was performed to
exclude infection with HIV, HBV, and HCV). To determine CMV
serostatus, CMV-specific IgG antibodies were determined in plasma by
ELISA according the to manufacturer’s instructions (IBL International
GmbH). For the purpose of analyzing the T-cell compartment, in
particular CD95 expression on naive T cells, additional blood samples
were specifically collected from healthy volunteers not following the

labeling protocol after having provided written informed consent. This
study was approved by the medical ethical committee of the University
Medical Center Utrecht and conducted in accordance with the Helsinki
Declaration of 1975, revised in 2008.

Cell isolation, flow cytometry, and sorting
Peripheral blood mononuclear cells were obtained by Ficoll-Paque (GE
Healthcare, Little Chalfont, UK) density gradient centrifugation from
heparinized blood. Granulocytes were obtained by erythrocyte lysis of
the granulocyte/erythrocyte layer. Total peripheral blood mononuclear
cells were frozen as a sample with baseline enrichment on the first study
day (t = 0).
Absolute cell numbers were determined using TruCOUNT tubes (BD
Biosciences, San Jose, CA, USA), in which whole blood was stained using
CD45-PerCP, CD3-FITC (BioLegend, San Diego, CA, USA), CD8-V500
(BD Biosciences), CD4-APC-eF780, and CD19-eFluor450 (eBioscience,
San Diego, CA, USA). After erythrocyte lysis with FACS Lysing Solution
(BD Biosciences), tubes were instantly analyzed.
CD95 expression on CD27+CD45RO naive T cells was measured
using CD3-eFluor450, CD27-APCeFluor780 (eBioscience), CD8-PerCP
(BioLegend), CCR7-APC (R&D systems, Minneapolis, MN, USA),
CD45RO-PE-Cy7, CD95-APC, and CD28-FITC (BD Biosciences). To
analyze the expression of cell-cycle marker Ki-67, cells were stained with
extracellular markers [CD3-eFluor450, CD4-APCeFluor780 (eBioscience),
CD8-PerCP, CD27-PE (BioLegend), CD45RO-PE-Cy7, and CD95-APC (BD
Biosciences)], fixed and permeabilized (Cytofix/Cytoperm; BD Biosciences), and stained intracellularly with Ki-67-FITC (DAKO, Glostrup, Denmark). Washing steps were performed using Perm/Wash buffer (BD
Biosciences). Absolute numbers of cell subsets (e.g., CD95+ naive) were
calculated using the absolute number of CD4+, CD8+ T cells, or CD19+ B
cells from TruCount analysis. All cells were analyzed on an LSR-II flow
cytometer using FACSDIVA software (BD Biosciences).
For sorting of T-cell subsets, cells were incubated with CD3-FITC,
CD4-Pacific Blue, CD8-PerCP-Cy5.5, CD45RO-PE (BioLegend), and
CD27-APC (eBioscience). For sorting of B-cell subsets and cd T cells,
cells were incubated with CD3-eFluor450, CD27-APC (eBioscience),
CD19-PerCP (BioLegend), F(ab0 )2 IgM-FITC (Southern Biotech, Birmingham, AL, USA), and TCR-pan-cd-PE (Beckman Coulter, Brea, CA, USA).
Naive (CD27+CD45RO) and memory (CD45RO+) CD4+ and CD8+ T
cells, or naive (IgM+CD27), memory (IgMCD27+), and natural effector
(IgM+CD27+) CD19+ B cells and pancd+ T cells were sorted on a
FACSAria II cell sorter (BD Biosciences). Flow cytometric analysis and
sorting were always performed on freshly isolated cells. Representative
density dot plots and the gating strategy for all sorted subsets are shown
in Fig. S1.

DNA isolation
Genomic DNA was isolated from granulocytes, total peripheral
blood mononuclear cells (t = 0), and sorted cells using the Blood
QuickPure kit (Macherey-Nagel, Dueren, Germany) or the Reliaprep
Blood gDNA Miniprep System (Promega, Madison, WI, USA) and stored
at 20 °C before processing for gas chromatography/mass spectrometry (GC/MS).

TREC analysis
In sorted naive CD4+ T-cell samples of elderly individuals, signal joint
TREC numbers and DNA input were quantified with a ViiATM 7 Real-Time
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PCR System (Applied Biosystems, Foster City, CA, USA) and calculated as
described previously (Hazenberg et al., 2000a).

Measurement of deuterium enrichment in body water and
DNA
Deuterium enrichment in DNA from granulocytes and sorted T-cell
fractions was measured according to the method described by Busch
et al. (2007) with minor modifications. Briefly, DNA was enzymatically
hydrolyzed into deoxyribonucleotides and derivatized to penta-fluorotriacetate before injection (DB-17MS column; Agilent Technologies,
Santa Clara, CA, USA) into the gas chromatograph (7890A GC System;
Agilent Technologies). Penta-fluoro-triacetate was analyzed by negative
chemical ionization mass spectrometry (5975C inert XL EI/CI MSD with
Triple-Axis Detector; Agilent Technologies) measuring ions m/z 435 and
m/z 436. For quantification of 2H enrichment, standard solutions with
known enrichment (Tracer-to-Tracee ratios ([M + 1]/[M + 0]) 0, 0.0016,
0.0032, 0.0065, 0.0131, 0.0265, 0.0543, and 0.1140) were made by
mixing 1-13C-deoxyadenosine (Cambridge Isotopes Inc.; generates an
‘M + 10 ion) with unlabeled deoxyadenosine (Sigma, St. Louis, MO,
USA). To correct for abundance sensitivity of isotope ratios, we followed
the approach proposed by (Patterson et al., 1998) on log 10-transformed enrichment data. Deuterium enrichment in urine was analyzed
on the same GC/MS system (using a PoraPLOT Q 25 9 0.32 column;
Varian Medical Systems, Palo Alto, CA, USA) by electron impact
ionization as previously described (Westera et al., 2013b).

Statistical analyses
Our study was designed to detect a twofold or greater difference
between groups with a power of 80%, based on a two-sided test with
an error a of 5%. The power calculation was based on our previous
deuterium labeling studies among healthy young individuals (Vrisekoop
et al., 2008), which revealed a mean turnover of naive T cells of 0.00042
per day with a SD of 0.00015 per day and a mean turnover of memory T
cells of 0.0056 per day with a standard deviation of 0.0028 per day,
assuming similar standard deviations at old age. Of note, with the group
sizes that were used, even 50% differences should be detected with a
power larger than 70%.
Medians were compared between age groups using Mann–Whitney
tests (GRAPHPAD Software, Inc, La Jolla, CA, USA). Differences with a Pvalue < 0.05 were considered significant. Correlations were analyzed
using Pearson’s correlation coefficient. Deuterium-enrichment data were
fitted with the functions nlme and nlm in R. The 95% confidence
intervals were determined using a bootstrap method where the residuals
to the optimal fit were resampled 500 times.
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